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PROSPECTIVES OF USING TECHNOLOGIES OF NICOLA TESLA
IN UP-TO-DATE POWER ENGINEERING
Dmitry S. Strebkov
The All-Russian Scientiﬁc Research Institute of Electriﬁcation
of Agriculture State Scientiﬁc Institution (VIESH SSI) Moscow
E-mail: viesh@dol.ru

Grid-2012 forum that there are over two million kilometers of power networks in Russia, more a half
of which have exceeded their regulatory lifetime.
They should be replaced within the next 15 years.
The Head of the Federal Network Company of the
Uniﬁed Energy System, Oleg Budargin, declared:
“We expect new materials and technologies of large
distance energy transmission. But, in terms of breakthrough solutions for electric systems; they are absent” during the last years [1]. As a matter of fact,
breakthrough technologies for power electric circuits
and systems do exist.
The history of science shows that major inventions, which essentially change our understanding
of the world around us and the development abilities
of mankind, appear very rarely.
Examples include the discovery of electricity, the
emergence of atomic and solar power engineering,
of aircraft and rocket facilities, of computers and telecommunication technologies.
However, even in the present moment, we are
witnesses and participants in the creation of new
technologies, which change the world, make it better, more pure and safe. At the forefront are power
technologies, which Nicola Tesla proposed a hundred years ago. N. Tesla created alternating current
electrical engineering, however he did not have time
to develop his main project “Global system of Earth
electric power supply” for the reasons stated in [2]:
“My project was restrained by nature’s laws. The
world was not ready for it. The project was much
too ahead of its time. But the same laws will prevail
later, and will carry it out with a great triumph”…
“Probably, in the modern world, a good courtesy

ABSTRACT
The article considers resonant systems of electrical power supply using single-wire wave-guide lines
at a raised frequency. The article presents results of a
comparison between classical electrical engineering,
taught to future electrical engineers in three semesters, with resonant electrical engineering as proposed
by Nicola Tesla 100 years ago. The power technologies of N. Tesla surpass classical systems of power
supply by parameters including current density and
line losses, energy transmission distance, transmitted
power, as well as possibilities of cable and wireless
energy transmission. Results of the VIESH SSI researches on development of electrical power supply
systems proposed by N. Tesla are considered. An energy model of a world based on solar power engineering and on the electric energy transmission technologies of N. Tesla is proposed. Ten directions for the future development and for the application of resonant
electrical power supply systems. Electriﬁed mobile
robots with external wireless electric power supplies,
will provide agricultural production in the future using the Industrial Aﬁeld Factory principles with a
complete automation of the technological processes.
Keywords: resonant systems of electric power
supply, single-wire wave-guide lines, energy wireless transmission, N. Tesla, energy model of the future world, solar energy system
INTRODUCTION
Michael Kurbatov, Deputy Minister of power engineering of the Russian Federation said at the UP-
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ReFuSol Company has developed a silicon carbide
transistor inverter of 20 kW power and 98 % efﬁciency, which has come on the market.
In contrast to direct current power transmission
lines with converting substations at the high-voltage transformer side, we use frequency converters
and inverters at the low-voltage transformer side,
which reduces their cost to a level of 100–200 USD
for 1 kW.
The table below gives a comparison of the classical electrical engineering, which future electrical
engineers are taught for three semesters at university,
with the N. Tesla's electrical engineering.
Electric systems of N. Tesla surpass classical electric power supply systems by such parameters as current density and line losses, energy
transmission distance, transmitted power value,
as well as possibility of wire and wireless energy
transmission.
In radio engineering we have examples of singlewire transmission systems using frequencies, which
are 1000 times more than those used by N. Tesla:
beam aerial systems, single-wire wave guides, transformer and galvanic connection between resonance
circuits. The theory of coupled resonance circuits
can be used for energy transmission by a single-wire
line. In the theory of coupled circuits, efﬁciency
of energy transmission tends to 100 %, when power
transmitted between the resonance circuits tends to
zero. A maximum power is transmitted with transmission efﬁciency equal to 50 % because of energy
losses in the circuits [8]. In order to increase transmission efﬁciency up to 96 %, N. Tesla used a pulse
mode of pumping Tesla transformer, with which dur-

is to put obstacles in the way of revolutionary discoveries and to smother them from gathering momentum, instead of supporting and helping. Egotistic interests, pedantry, stupidity and ignorance
attack, dooming scientists to bitter tests and sufferings, to a heavy struggle for existence. Such is the
destiny of education. Everything that was great
in the past, ﬁrst was subjected to derision and contempt, was suppressed and humiliated, in order later
on to revive with a greater force, to win with a bigger triumph”. All of this resembles the attitude to
Russian scientists after 1991. N. Tesla has left thousands of pages of books, articles and patents with
the results of the experiments [2–4].
COMPARISON OF THE CLASSICAL
ELECTRICAL ENGINEERING WITH
THE ELECTRICAL ENGINEERING OF N.
TESLA
Fig. 1 shows an electric circuit of the resonant
single-wire electric system of electric power supply
proposed by N. Tesla and improved in the VIESH
SSI [4–5].
There were no diodes and transistors at the beginning of the 19 th century, and N. Tesla used a
method of shock excitation with a spark discharge
arrestor for pumping the resonance circuit and the
Tesla’s transformer with a transmission efﬁciency
of 96 % [2]. At the end of the 20th century we used a
25 kW power thyristor frequency converter of 86 %
efﬁciency and 400 kg mass with water cooling. At
present, IGBT silicon transistor frequency converters of 97 % efﬁciency and of 30 kg mass are used.

Fig. 1 а. A resonant single-wire system of electric power supply of N. Tesla, 1897
Fig. 1 b. An up-to-date resonant system of electric power supply:
1 –frequency converter; 2, 4 – two resonant high-frequency Tesla transformers; 3 – single-wire high-voltage line; 5 – inverter; 6 – generator; 7 – loading

5

Light & Engineering

Vol. 22, No. 2

Table. Comparison of classical electrical engineering with N. Tesla's electrical engineering
concerning transmission of electric energy
#

Classical electrical engineering based on use
of active current in a closed circuit

Electrical engineering of N. Tesla based on use
of reactive current in an open circuit

1

2

3

1

Alternating current frequency is 50 Hz (Europe),
60 Hz (USA), 400 Hz (aircraft)

Alternating current frequency is 500 Hz – 500 kHz

2

Modes of suppression of resonant line properties,
transformers with a closed core, three-phase and
single-phase aerial lines are used

Line resonant operation modes, resonance circuits, resonant
transformers with opened cores or without cores, waveguide single-wire cable lines are used, as well as globe line

3

Potentials on leads of a high-voltage winding of a
single-phase transformer are equal by value and
opposite by sign

Potential of one lead of the high-voltage winding of Tesla transformer is equal to zero, and potential of the second
lead has a maximum positive or negative value by module

4

Single-layered electric coil is classical inductance

Single-layered electric coil is a decelerating system, a delay
line, a spiral wave guide, a spiral aerial or an electric resonator depending on the use version

5

Transformer contains low-voltage and high-voltage windings, which are manufactured as multilayered coils with lumped parameters, and a classical theory of transformer winding calculation
exists

High-voltage Tesla transformer contains an additional single-layered high-voltage winding, which is an electric resonator with distributed parameters, and parameters of the
electric resonator cannot be computed using the classical
theory of electric circuits [5–6]

6

Power transmission line phase break at the consumer is an emergency mode

Opened line mode from the generator side is an operation
mode of electric energy transmission

7

Electric energy from generator to the consumer
is transmitted in a continuous mode

Pulse mode of energy pumping to Tesla transformer from a
transmitting resonance circuit is used

8

For current ﬂow, the circuit should be closed

Current ﬂows in an open circuit

9

Closed current of a generator should pass through
a loading and return to the generator

Not closed current ﬂows from a generator to a loading without return to the generator

10

Current should be identical for all intervals of the
closed circuit. This is true for direct current and
for quasi-stationary alternating current with 50 Hz
frequency at the circuit length up to 100 km

Current at different intervals of the line can ﬂow to opposite
directions and have any values from zero to a maximum

11

Electric energy is transmitted by means of active
current in a closed circuit

Electric energy is transmitted using a reactive capacitive
current in an opened circuit.

12

When transmitting electric energy in a closed line,
current and voltage traveling waves appear

When transmitting electric energy in an opened line, current
and voltage stationary waves appear

13

Current and voltage waves in a line coincide
by phase: ϕ = 0, соsϕ = 1

о:

Current and voltage waves in a line are phase-shifted by 90
ϕ = 90 о, соsϕ = 0

14

Antinodal and nodal points of current and voltage
waves coincide in time and by length of the line

Antinodal and nodal points of current and voltage waves
do not coincide in time and are located at different intervals
of the line. At the time moment, when voltage along all the
line is equal to zero, line current has a maximum value, and
vice versa

15

Antinodal and nodal points of current and voltage
move along the line

Antinodal and nodal points of current and voltage are securely ﬁxed along the length of the line
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Classical electrical engineering based on use
of active current in a closed circuit

Electrical engineering of N. Tesla based on use
of reactive current in an open circuit

16

Maximum effective current density in a line
is 1.5–3.5 А/ mm2 [7]

Maximum effective current density in a copper conductor
line at room temperature is 600 А/ mm2. Parameters of the
VIESH SSI operating installation are as follows: conductor diameter is 80 μ, transmitted power is more than 20 kW,
and voltage is 6.8 kV

17

Electric energy line transmission losses are 8.5 %
(standard), and 10–20 % (actual)

Electric energy line transmission losses are 1–3 % (experimental data of N. Tesla)

18

Voltage along a line in the mode of active power
transmission, is constant, and an angle between voltage vectors at the beginning and at the end of the
line exists

An angle between voltage vectors at the beginning and at
the end of a line is equal to zero, and voltage value changes
largely and is determined by Q-factor of the line

19

The transmitted active power is controlled
by change of the angle between voltage vectors at
the beginning and at the end of the line, as well as
by change of voltage value

The transmitted active power is controlled by a change
of voltage and frequency values

20

With 2 % frequency change, the transmitted power
changes slightly

With 2 % frequency change, the transmitted power decreases to zero

21

The Umov-Poynting vector (power ﬂow vector)
is directed along the line from generator to loading

The Umov-Poynting vector changes its direction for opposite every quarter of wave

22

Distance of energy transmission is 2000–3000
km [7]

Distance of energy transmission is unlimited within the
Earth

23

Maximum transmitted power of a three-phase
power transmission line is limited by electromagnetic stability of the line at a level of 6 GW [7]

Maximum transmitted power is limited by insulation electric strength and exceeds 100 GW

24

Wireless transmission of energy is impossible at a
frequency of 50–60 Hz and is economically unacceptable at a raised frequency

Wireless transmission of energy has a high efﬁciency and
will be widely used in railway and motor transport, as well
as in space-and-rocket facilities

25

In direct current power transmission lines, converting substations of 500–750 кV voltage are
used

Converting substations of 0.4–10 kV voltage at the Tesla
transformer low side are used

ing energy transmission along a single-wire line, the
transmitting circuit was opened to be inﬁnite resistance for the reﬂected waves correspondent to opened
line mode for the generator [2, 6]. This provided a
standing wave mode and lossless conditions in the
series transmitting circuits, in which a Tesla transformer pumping currents amounted to ten thousand
amperes with supplying voltage of 70 kV and idling
loss power of 3 h.p.
The classical electrical engineering curriculum
should be supplemented with a section describing
resonant electrical engineering of N. Tesla.

DIRECTIONS FOR THE FUTURE
DEVELOPMENT OF ELECTRICAL AND
POWER ENGINEERING
N. Tesla has left for us the following technologies
to be developed:
1. Single-wire resonant technologies of electric
power supply of stationary consumers.
2. Technologies of wireless electric power supply
for ground and sea transport.
3. Technologies of directed wireless transmission
of electric energy using conducting channels in the
atmosphere and in space.
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9. Mobile electric robots providing computerbased soil treatment, cultivation, as well as growth
and harvest cleaning agricultural products without
herbicides and pesticides;
10. Underground protected cable lines and replacement of aerial power transmission lines by underground ones.
All ten directions of power engineering development and technologies for the future world have
been developed in the VIESH SSI over the last 20
years. All the developments are protected with ﬁfty Russian patents. The main essence of these patents and the results of the research are published
in a monograph [4], which should was published
in its fourth edition in 2012. More than 80 experimental models of electric low power devices using
the technologies of N. Tesla, are described in the
monograph [9].
Now we’ll consider each of the ten directions
in more details.
WIRELESS METHODS OF ELECTRIC
ENERGY TRANSMISSION
IN ATMOSPHERE AND IN SPACE

Fig. 2. High-frequency resonant transformers of new generation for voltages more than one million V

In the 21st century these technologies allow creating the following:
1. Fuel-free rockets with electric rocket engines,
which increase useful mass of the load placed into
orbit, from 5 % at present up to 90 % of the full rocket mass;
2. Long-distance power transmission lines with
smaller losses than with using superconducting cable lines;
3. A uniform power system for Russia, from Chukotka to Kaliningrad;
4. A global solar power supply system with terawatt transcontinental power overﬂows with roundthe-clock generation of 20 000–50 000 TW×h
electric energy for millions of years, which correspondents with modern and future Earth power
consumption;
5. Plasma chlorine-free production technologies
of solar silicon of one million tons a year for annual
building photo-electric stations of 150 GW power;
6. Hydrogen power engineering due to decreasing
the costs for water electrolysis tenfold;
7. Electriс cars without batteries, with unlimited
distances of run;
8. Contactless electric power supply systems
of high-speed railway transport, trams, air and sea
transport;

N. Tesla's resonant technologies of electric energy transmission are based on use of reactive currents in single-wire opened lines. N. Tesla wrote
in 1927 [3]: “I showed in 1893 that there is no necessity to use two conductors for transmission of electric energy… Transmission of energy using a single
conductor without return was reasoned practically”.
Existence of unclosed currents was conﬁ rmed
by D. Maxwell: “An exclusive difficulty of accommodation of electromagnetism laws with existence of unclosed electric currents is one of the
reasons among many others, why we should admit the existence of currents created by change
of displacement”.
N. Tesla has proposed energy transmission using a conducting channel in the atmosphere created by means of x-ray radiation. N. Tesla wrote
in 1927 [2]: “More than 25 years ago, my efforts to
transmit a considerable quantity of energy through
the atmosphere led to development of a promising
invention, which has since obtained name the Death
Ray. The basic idea consisted of the creation of conductivity in air using an acceptable ionizing radiation
and current transmission with a high potential along
the ray way… The experiments performed in large,
had shown that practically unlimited quantity of en-
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ergy can be transmitted with voltage of many millions volt…“.
We have obtained ﬁve patents for transmission
of electric energy using laser, electronic and microwave ray between objects in the Earth’s atmosphere,
in space and between the Earth and space objects.
Structures of Tesla transformers for voltage more
than one million V are developed (Fig. 2).
Technologies of the directed wireless electric
power transmission develop the technologies of N.
Tesla on the use of conducting channels as a guide
system (a single-wire wave guide) for transmission of electromagnetic high-potential energy at a
frequency of 10–500 kHz with voltage levels from
hundreds kilovolts to tens million volts. The energy
transmitted along a conducting channel, exceeds the
energy consumed to create and support the conducting channel 102–106 times.
On the 15th July 2012, the Soyuz spaceship was
launched with a crew onboard to work at the International Space Station. For 529 seconds of the rocket’s engine operation, 300 tons of liquid fuel was
consumed. That means that the starting mass of the
spaceship exceeded 300 t with a payload mass less
than 5 %. Use of electric rocket engines with wireless transmission of electric energy aboard the spaceship from a ground power supply system along a
conducting channel within the atmosphere and outside it, will allow decreasing the mass of the rocket,
the cost of the energy and the cost of space ﬂights
by tens times.

Fig. 3. A global solar power system of three solar power
stations

there is no receiver, there is no energy consumption
anywhere… When there are no receivers, the station
consumes a little power only necessary to support
electromagnetic oscillations; it works in an opencircuit operation mode, as Edison's stations when
lamps and motors are switched off…”
The project envisioned the creation of a power
station net with systems of energy transmission to
every point of the globe on the ground and ocean
surface as well as in the atmosphere using the Earth
as a single-wire line. At the same time, the illumination of oceans and cities at night due to atmosphere
ionization was supposed. Tests of the experimental
systems in Colorado Springs and near New York revealed ecological problems caused by the system’s
operation: sparks from water taps and from horses’
hoofs, glowing hands and hair, power supplying station failure etc..
To create a world power system as a development
of N. Tesla’s ideas, we have suggested to transmit
electric energy using high-voltage single-wire cable gas-insulated lines, and to use three solar power
stations (SPS) in the deserts of Australia, Africa and
Latin America as energy sources (Fig. 3, 4) [5].

GLOBAL POWER SYSTEM OF THE
EARTH
Another approach of N. Tesla consisted in use
of the Earth as a single-wire line for electric power supply of ground, sea and air electric transport
facilities. From N. Tesla's speech on the occasion
of receiving the Thomas Edison Award at a session
of the American Institute of Electrical Engineers on
the 18th May 1917: “In terms of energy transmission
through space, this is a project, which I for a long
time consider to be absolutely successful. Already
some years ago, I could transmit energy without
wires over any distance without limitations, which
were imposed by physical size of the Earth. My system does not have differences depending on the distance. The transmission efﬁciency can reach 96 or 97
percent, and there are practically no losses, except
inevitable machine operation consumption. When
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Fig. 4. Round-the-clock production of electric power using a global solar power supply system of 20 000 ТW×h a year
during millions years

cable. In N. Tesla’s second patent, it was suggested to lay wave-guide single-wire cable lines in areas of permanently frozen soil to increase insulation strength, and to create a permafrost area around
the cable, to use as a conductor an electric insulated
metal tube, through which gaseous or liquid coolant
of could be pumping at low temperature.
Fig. 5 (a, b) shows equipment for resonant waveguide transmission of electric energy, and Fig. 5 (c),
tests of resonant electric system (RES) of 20 kW
electric power in a laboratory at the VIESH SSI.
Single-wire cable lines, which are protected by N. Tesla's patents, will replace aerial lines
of power transmissions, and this will considerably
increase reliability of electric power supply, lower
electric injury rate and will free considerable space
in Russia’s ﬁelds, cities and woodland.

The dimensions of every SPS needs to be
200×200 km, at an efﬁciency of 25 %, which will
provide 20 000 TW×h a year of electric power
around the clock; this is in line with the world’s
electric power consumption in 2010.
Thus Russia has offered a power model of the
future world development based on direct transformation of solar energy at solar power stations and
on transcontinental terawatt power crossﬂows using
resonant wave-guide technologies proposed by N.
Tesla.
Mankind will be able to unite power supply systems of all countries into a global solar power supply
network in order to support high quality living conditions for all and to implement large-scale scientiﬁc
and technical projects on the Earth and in a space.
WAVE-GUIDE CABLE LINES

PLASMA ELECTROTECHNOLOGIES
Using insulated single-wire cable lines instead
of the Earth could avoid ecological problems associated with the implementation of N. Tesla’s the
project of a global electric power supply system. N.
Tesla published two patents for cable single-wire
lines [4], which can be used to create an integrated
power system in Russia from Chukotka to Kaliningrad. In the ﬁrst patent, the use of cables with special screens, which reduce radiation energy losses to
practically zero, was proposed. The diameter of the
current-conducting cable conductor amounted to 1–5
mm, which provided a small electric capacity of the

Single-electrode high-frequency plasmatrons using N.Tesla's technologies developed in the VIESH
SSI, allow managing chlorine-free production of silicon for SPS of one million tones a year for annual SPS electrical energy production of 150 GW
in comparison with the existing SPS production
world level of 30 GW/year. N. Tesla's technologies
allow creating special single-electrode electrolysis
cells and lowering electric power consumption tenfold for water electrolysis when obtaining hydrogen. A cold-plasma single-electrode сoagulator for
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Fig. 5 (a). A frequency converter and a resonance circuit of the transmitting high-frequency transformer
(b). A resonance circuit of the step-down high-frequency transformer
(c). Tests of a resonant power system of 20 kW with a single-wire cable line of 1.2 km in a laboratory of the VIESH

veterinary and medical applications has been developed (Fig. 6).

experimental models of an electric car and a tram
of the future, without a battery, have been developed
and patented. These vehicles obtain electric power
supply from an external power supply system via an
air gap from a single-wire cable laid under the road
coating surface (Fig. 7).
Electric power consumption when moving a light
electric car, will amount to one dollar per 100 km
of road travelled, the costs of the electric car will

CONTACTLESS HIGH-FREQUENCY
ELECTRIC TRANSPORT
N. Tesla developed a contactless electric power
supply method for rail transport using a single-wire
cable laid below ground level [4]. In the VIESH SSI,
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Fig. 6. A resonant cold-plasma coagulator

decrease twice due to the lack of a battery, and will
be cheaper than a car with an internal combustion
engine. Using these vehicles the ecological problem faced by big cities and motorways will be completely solved. Trolleyless systems of electric power
supply will raise the reliability of trams and of highspeed trains, allow the possibility of electric lorries
with a large load-carrying capacity on long-distance
highways. Systems of electric power transmission to
underwater sea devices with immersing depth up to
10 km and to airborne aircraft are proposed.
N. Tesla wrote in his letters of the 14th and 17th
July, 1905 [3]:
“Using a generator of standing waves and receiving equipment, which is installed and adjusted in an
arbitrary distant locality, one can transmit distinct
signals, control or bring devices into action…
By means of a transmitter, electricity moves in all
directions equally through earth and air, but energy
is only consumed in the place where it is concentrated and used for work. Though electric oscillations can be found at any place of the Earth, both
on the surface and in the air, the energy is not being
consumed practically. Electromagnetic energy of a
transmitter is transmitted to the point of the Earth or
its atmosphere, where a resonant frequency receiver
adjusted for the transmitter frequency is located.”
Electric tractors and robotized mobile facilities
in agriculture will obtain electric power from a cable laid in the earth, however, for this purpose a special constant path (track) is necessary for left or right
wheel row of the electriﬁed mobile facility. The electriﬁed mobile robots with external wireless electric
power supplies will provide organization of future
agricultural production using the principles of “Industrial Aﬁeld Factories”, with complete automation
of technological processes.

Fig. 7. A prototype model of the electric car with electric
power supply from a single-wire cable line laid under the
road coating

WIRELESS METHODS OF SEA
TRANSPORT ELECTRIC POWER
SUPPLY
Sea spaces represent a ﬁne conducting medium
for energy transmission and for information interchange between onshore installations and sea-crafts
using the resonant methods. N. Tesla wrote about
this as follows: “In the near future we will see many
new applications of electricity, in particular on seacrafts and on the sea. We will have electric instruments to prevent collisions, and we will be even able
to drive away fog by means of an electric exposure
and of powerful penetrating rays. I also hope that
within several years, wireless power stations will be
installed in order to illuminate oceans. This project
is absolutely realistic, and if it is be accomplished,
its contribution will be more than others’ in providing safety of property and of human lives at sea.
These stations will be also able to create steady electric waves and will allow sea-craft to know at any
time their exact position and other valuable practical
data without addressing existing facilities. The stations will be also used to send time signals and for
many other purposes of a similar nature” [10].
“The new principle can be also applied to submarines, and in particular it will create the most perfect
facilities ever invented for shore protection. But its
full abilities will be only applied, when use of cer-
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Fig. 8. A diagram of electric energy transmissions to a boat by means of the water conducting channel, and tests of an
electric river boat model in the VIESH laboratory using tap water as a single-wire wave guide. The transmitting unit has
electric power of 100 W and voltage of 1 kW

A general view of the boat model sample obtaining electric power via the surrounding water, which
is located into a water medium insulated from the
ground, and a ﬂow chart of its water medium electric power supply are presented in Fig. 8.

tain electric waves, to which the Earth is sensitive
in a resonant way, will be possible. Then directing a
sea-craft or an air balloon without a crew, over long
distances of hundreds miles will be possible, guiding them according the map of the globe and releasing their potential energy at any desirable point will
be realistic” [11].
For a resonant electric system, receiving and
transmitting aerials are necessary, as well as providing a resonance in the high-voltage and in the lowvoltage coils of the Tesla transformer is needed.
Electromagnetic waves are poorly absorbed by sea
water and by soil and consequently can be used
in the system of underwater and underground information transmission. Weakening of electromagnetic
waves in sea water amounts to [12]:

α ( f ) = 0.00345 f

CONCLUSIONS
1. The article presented the results of comparing
the parameters of electric power supply classical system with the electric power supply system using single-wire wave-guide lines at a raised frequency, as
proposed 100 years ago by N. Tesla. N. Tesla's electric systems surpass technologies of the electric power supply classical systems by parameters including
current density and line losses, energy transmission
distance, transmitted power value, as well as possibilities of cable and wireless energy transmission.
2. An energy model for future development
is proposed, which is based on direct transformation of solar energy at solar power stations and on
transcontinental terawatt power crossﬂow using resonant wave-guide technologies offered by N. Tesla.
3. Ten directions for the development of electrical engineering and power technology are proposed
to be used in agriculture, astronautics, solar power
engineering, hydrogen power engineering and electric transport. All of these are based on resonant
wave-guide methods of transmission and application
of electric energy.
4. Electriﬁed mobile robots with external wireless electric power supply will in the future provide agricultural production based on the Industrial
Aﬁeld Factoriy principles with a complete automation of the technological processes.

dB / m.

At a frequency f = 100 Hz, attenuation at 300 m
sea depth will amount to 90 dB.
Our experiments show that via sea water and via
soil, not only can electronic information be transmitted but also electric energy. This means, for example
that an underwater transport facility can obtain energy and information from water, without rising to
the surface or using antennae.
An operating model sample of the boat with the
drive of a propeller screw through a reduction unit
from a direct current motor has been developed and
manufactured. The electric power supply of the boat
comes from a water container insulated from the
ground. The boat is on this water surface i.e. water
fulﬁlls the role of the single-wire transmission line.
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two limiting stages of responsiveness, faced with the
inﬂuence of a noise with both endogenous and exogenous components.
Keywords: warm lighting, cold lighting, visual
responsiveness, ﬁne grain, circadiancy, melatonin
secretion, cortisol

ABSTRACT
The distinction between the possible effects
of warm and cold lighting on visual responsiveness
has attracted the attention of researchers in various
ﬁelds for some time (from psychology to colour vision, to modelling, etc.). In the case of natural light,
the warm – cold dichotomy, relates to the differences
in illumination from the sky and the sun, diffuse and
direct illumination respectively, affected by meteorological and latitude variability. This dichotomy can
also be conceptualised for indoor lighting. Research
in this ﬁeld involves understanding the mechanisms
underlying the visual process, the additional effects
on health and quality of life and even the reasons
why natural light is preferred to electrical lighting. In designing an installation, lighting engineering practice is concerned with the combination effects of lighting intensity and SPD at various times
of day. Instead, the present experiment is devoted
to the inﬂuence on circadiancy under cold light and
under warm light at a given luminance in sessions
kept at two particular ranges of the time of day, that
is, when the decrease and the increase of melatonin
secretion, respectively, are expected. Our contribution is now the extension of a previous experiment
devoted to the peculiarities of responses to blue and
to the ambiguity of the so called “blue-green replacement”. Our task measures the reading time (RE) as a
response index. The plots of RE versus time of day
are showing differences when passing from cold
to warm lighting and when considering the timing
of the session (early morning versus early night).
In turn, the analysis of the ﬁne grain shows some differences when passing from faster to slower reading,

1. MATERIALS AND METHOD
The experimental environment is an ofﬁce furbished in a usual way, under controlled indoor
lighting. The observer’s task consists of reading
aloud and without errors. A stop watch is used to
record the reading time of ten printed lines (differing from trial to trial) taken from a book written
in German, the “third” language for our two observers, both of whom are biologically morning types
(“larks”) [1]. The viewing distance is 30 cm. The
test object is an 8.5 cm wide, 4.0 cm high rectangle, placed horizontally on the writing desk, covered
by a 1 m x 1 m white cardboard. Its luminance is the
same as that of the background of the printed test,
the average luminance of which (including the printed letters) is 10 cd / m2 as measured by a Minolta luminance meter, moved back and forth over the test.
Selected light sources (two cold, two warm) were
compared. The chromaticity coordinates of their
SPD are: cold 2, Philips Daylight, Starlite RFFR,
bluish white, x= 0.399; y=0.387; Imperia bluish relax, x=0.390; y= 0.402; warm lamp Philips E27 ES
CE, x =0.466; y= 0.429; Imperia green yellowish,
x= 0.333; y=0.624.
Each session, which lasted four hours, was preceded by 15 minutes of pre-adaptation to the environment, and in particular around the test, consisted
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Fig. 1. Circadian variability of hormonal secretion and related phase shift between melatonin and cortisol [6,14]

urnal phase shifts, let us refer to Boyce [6] and to
van den Beld [7]. For a general treatment of a variability, even unpredictable, let us refer to Figueiro
and Rea [8] and related bibliography. In particular,
these authors recall that the circadian sensitivity
is differentially sensitive during 24 hour cycle, so
it is important to measure the light stimuli during
the day [7,9,10]. To conclude, a quotation from [7]
recent work: the diurnal trend of time shifts might
have a complex, even unpredictable, patterning, because of the overlapping components of the circadian peaking at different times of day, without excluding undocumented extraneous variables escaping
from our control, even when the extraneous factors
are strictly monitored.
During the past few years we have developed a
particular experimentation procedure, which is used
as the observer’s task in the present experiment. This
includes reading time: duration of a session, four
hours; the inter-trial interval lasts 5 min. The four
hour plot exhibits three or four peaks, probably related to the oscillation of the attentional effort in reading [11], overlapping a intermediary curve which
may be ﬂat, rising or descending, depending on the
experimental conditions including the time of day.

of 4 x 12 trials, with a ﬁve minute interval between
trial onsets. Since the reading or “response” time,
RE, lasted from 0.5 to 1.0 min about 4 minutes were
devoted to other ofﬁce work, reading excluded.
2.1. The vagaries of circadian rhythm
One of the traditional ways of visualising how
a visual response changes during the day after the
nocturnal input to the entrainment with the natural
light-dark-light transitions consists of plotting the
recorded responses versus time. The interpretation
of the plots depends on several factors, for instance:
– The sampling strategy, to avoid suffocating the
circadian rhythm, biased by aliasing;
– The duration of a session. This is a problem for
current psychophysical research, but not for clinical experiments, and for research on animals. R.A.
Weale [2] maintains that the circadianism is expected to dominate the response in a limiting case, where
the responses are recorded at regular or irregular
intervals during one or more 24 hour cycles. According to Weale, ﬁnding such observers is a proof
of true “friendship”;
– The regular sinusoidal shape of a plot is an
ideal, as it was the case of the early data recorded by Aschoff and produced by Weale [2], where
the response index was the RT (psychometric
performance).
In a recent review [3,4,5], we collected the deviations from the ideal pattern described above, as
recorded by various authors. During our past forty
ﬁve years of experimentation, we also recorded the
occurrence of some half-cycles covering 12 hours,
with inter-trial intervals of 30 minutes, for some responses of the eye dioptric system (e.g. accommodation amplitude). However, deviations from the ideal
and complexities in the shape of the plots emerged
in slightly different situations. For research on di-

3. EXPERIMENTAL FINDINGS
Our ﬁndings are subdivided into three groups: 1)
the need of sufﬁcient adaptation to the test conditions; 2) the dependencies of the reading time (response RE) versus the time of day covered by each
four hour session, one from 6 to 10 a.m., the other
from 8 p.m. to mid night, probably related to the decrease and to the increase, respectively of melatonin
secretion (Fig. 1, right); 3) the analysis of the distribution of the differences between two consecutive
RE values, in view of modelling of circadiancy, different from the tacit expectation of sinusoidal plots.
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Fig. 2. Reading time (in minutes) versus the time (inter-trial interval, 5 min.), across an early morning session. Effect
of training and practice, before attaining the ﬁnal state of the response. Data from a skilled observer, during his “adaptation
to the task” based on speed of reading, across two weeks. A cold light source is used

ﬁnding mirrors the known increased alertness due to
blue light [8], which can be ascribed to the increase
in melatonin secretion.
– Warm sources: a flat trend during the early
night session, and an increasing trend (increasing
RE) of the carrier in the early morning session.
In terms of hormone correlation, the latter ﬁnding
might resemble, qualitatively and at least in part,
the phase difference of the diurnal hormone secretion of cortisol and that of melatonin [15, 7, 16], as
shown in Fig. 1.

3.1. Training and practice effects
Our two observers are expert in psychophysical
testing and highly skilled. However, as is the case
of the responses of second order vision, a long period of training is needed for each speciﬁc experiment [12,13,14]. The examples are shown in Fig. 2
are presented, as expected, that the reading time decreases under accumulating practice. Two weeks
of diurnal testing were needed, before attaining the
stable level (right plot).
3.2. The visualisation of the “ﬁne grain”
of circadian rhythm

3.3. Analysis of the sequence of responses
across the 4 hour lasting session

The term “ﬁne grain” is deﬁned [7,9] in relation
to the daily dose, where timing implies the control
of the biological clock related to the circadiancy.
We are using it as an extreme avoidance of aliasing
by adopting a narrow sampling procedure.
Figs. 3 and 4 summarise our ﬁndings on the differences between the effects of cold and warm lighting, respectively. In every case the response shows
oscillating behaviour within each session, as discussed above. Moreover, the trends of the carrier
recorded under cold illumination differ from those
recorded under warm illumination. To summarise:
– Cold sources: a ﬂat trend is observed in the
morning session, and a descending trend (decreasing
RE) of the carrier, denoting an improvement in performance during the early night session. The latter

The mathematical analysis of our data has been
performed using the “cluster test” and non-parametric “runs test”, to assess the statistical signiﬁcance
of the nature of the trend of the carriers, whether ﬂat,
ascending or descending. However, in dealing with
the “ﬁne grain” it seems worthwhile to examine the
local ﬁne oscillations of the plot. For this, we calculated the difference s = RE” – RE’ between the response RE” at each point of the plot and the immediately preceding RE’.
Fig. 5 shows two examples of the obtained frequency distributions of s values. These Figs. are subdivided into blocks, from top to bottom. Each block
refers to the range of RE displayed in the legend.
Note that when RE passes from smaller to larger
values the distributions shift from positive to nega-
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Fig. 3. Reading time versus time of day
Left columns, early morning session, ﬂat trend
Right column, descending trend, early night sessions, improving performance and with an alerting effect.
Upper data, bluish white source. Lower data, incandescent old relax blue source

in early morning sessions and in early night sessions.
We ﬁnd that the carriers (or trends) of the response
plot (reading time, RE) differ in each case. In turn,
the effects of cold lamps are found to be opposite to
those of warm lamps, in every case considered within this experiment.
We are conscious that further research is needed
before suggesting explanations of our ﬁndings. At
this stage we may limit ourselves to qualitative references to the known time dependencies of melatonin excretion during the 24 hours, and to the relative
phase shift of cortisol (Fig. 1).
Moreover, we are using the term “alertness effect of blue light”, as referred to the particular response index used by us, the reading time, an extension of the RT (visual motor reaction time), ofﬁ-

tive values of the abscissae. It is as if two alternating
antagonistic mechanisms were at work, by creating
a balance, by compensation. The contribution of a
multiple component “noise” is represented by the
related modelling [8], (Figueiro and Rea, 2011: Pelli and Farrell, 1999; Ogmen et al., 2003; Levy et al.
2005).
4. DISCUSSION
Some of the data recorded as part of the present
experiment conﬁrm the blue alerting effect (in session from 20 to 24 hours), obtained with the same
method and by three different observers in a previous experiment [5]. Moreover, in the above described experiment, we compare the data recorded
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Fig. 4. As per Fig. 3, but now the source is warm. Upper data, warm daylight. Lower data, incandescent green yellowish
source. Note that, contrary to the use of cool light, now, in the morning session the trend is rising. In the incipient night
sessions the trend seems ﬂat. Note the similarity of recorded points on the upper and lower plots of the right column

rio and Rea [8] assert that blue serves as an alerting stimulus at night. Van Bommel [10] concludes
that “for some endocrinological reasons… related
to the excretion and control of different hormones,
cortisol and melatonin, we understand why the natural wake and sleep rhythms imply alertness and
energy during the day and suppression peak during the night”
Next, we consider our observers as “larks” [1]
and in the future the investigation should be extended to individuals with different predispositions
to morning versus evening. It should be remembered that the modalities applying to these terms
to psychophysical experiments are not yet entirely
clear [9].

cially regarded as a response of second order vision,
global in nature, hence applicable to a complex
response index of visual performance. However,
it should not be forgotten that we are faced with
only one of several aspects of alertness, which is a
multidimensional, complex phenomenon. For instance, after Weale [2], both the numerous peculiarities of blue reported in the literature and the effects due to short wavelengths cannot be ruled out.
Brainard and Provencio [17] conﬁrmed the peculiar
effects in alertness due to blue light, which is a very
potent suppressor of melatonin. Van Bommel, with
van den Beld and van Ooyen [15] conﬁrmed alertness as a factor contributing not only to mood, but
also to performance and avoidance of risks. Figue-
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Fig. 5. Histograms of the frequency of occurrence of the differences (s) of two consecutive responses (the reading time minus the previous one). The indication of the start of the RE ranges considered is shown in the legends. Note the shift from
left to right of the ensembles of histogram as the range decreases. Left: one observer, bluish-white light, incipient night
session. Right: warm light, early morning session. Data from two observers are presented together

competing. On the one hand, the value of RE should
be driven according to the entrainment of the exogenous rhythms, mainly the cyclical light-darklight-dark alternation. On the other hand, the situation is noisy, for a number of reasons and there is a
need of maintain a relative stability and balance.
For this purpose a mechanism operates at the ﬁne
grain level, by acting on the size of the response,
RE, even if at irregular time intervals. Fig. 5 shows
how the RE values have a probability of being preceded or followed by a small or large size RE and
vice versa, as indicated by the positive or negative
sign of quantity “s”. The basic impulse, which controls the biological processes in the human organism
and acts on visual performance, is an outcome of a
large number of factors and interactions, including
the hidden number of largely uncorrelated micro
vibrations present in all the cells of the visual sys-

Finally, looking for possible underlying mechanisms, we tried to learn more about the ﬁne grain
variability of the plots like those shown in Figs. 3
and 4. For this, we calculated the difference between
two successive responses, s = RE” – RE’, being s>0
when the former response, RE’, is followed by a
longer reading time RE”; and vice versa, being s<0
when E’ is followed by a shorter reading time. Examples of the frequency of occurrence of s values are
shown in histograms like those in Fig. 5, subdivided
into blocks, one above the other. Each block refers to
a given range of RE values, the starting point is given at the right, in the legend. The larger RE values
are found to correspond to the negative branch of the
s axis, while the smaller RE values correspond to the
positive branch.
As a speculation, we might suggest that there
are at least two mechanisms are compensating and
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the ensemble of all the other intervening factors. We
are also considering the possibility that the stability of the two basic phases, day and night with their
regular alternation, representing the basic impulse,
which controls the biological processes are dynamically controlled at the ﬁne grain level of the ﬁne
grain of circadiancy of our diurnal speed of reading
performance. This is in line with Weale’s suggestion [2] regarding adaptive mechanisms.
In terms of application, one might argue that
the current use of blue lamps ﬁtted under the beds
in some health care units facilitates the nurses, but
their alerting effect might disturb the patients falling asleep. Of course, this will depend on the power
of the sources, on the reﬂection factor of the ﬂoor
tiles, etc. As far as we know, no recommendations
exist for a source, which is simultaneously alerting and not alerting. Finally, it should be noted that
our data based on the warm-cold distinction cannot be compared with results shown in the literature
(van den Beld, van Bommel) because we consider
only one factor – the SPD at constant luminance (10
cd/ m2). On the other hand, the authors proposing the
indication for optimization, deal with the interaction
of illumination level and lamp SPD, and even with
a dynamic situation, the daily change in both intensity and SPD.

tem. This concept is ampliﬁed by the schematization
of the “noise” by Figueiro and Rea [8] as the ensemble of known and unknown constraints, factors and
events present both in the observer and in the environment; the ingredients of the very complicated nature of the problem.
The body of literature on associated statistical
analyses is growing; these are a matter for further
research. It is worth mentioning here the model proposed by Perry and Farrel (1999) concerning the relationship of task difﬁculty and stimulus parameters.
For this, visual sensitivity is considered as the product of two factors, invariable with respect to many
stimulus properties and tasks. One can isolate visual processes more easily than by using sensitivity
alone. Moreover, as Levi et al. [18] noted, when we
know how much noise there is, the ideal performance can be calculated. Ogmen et al. (2003) recalled
that the responses do not depend on a single sensory
pathway. A dual pathway model is suggested, named
“RECORD”, wherein fast and slow activities interact. In this way the dependence of the dissociation
of stimulus on time is explained
Our data suggest two different stages, for high
and low responses, respectively and a correction
mechanism acting between them at the ﬁne grain
level, implementing the basic control of biological and physiological processes and the complexity of noise.
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and emerging set of handmade solar-LED lamps
to a big business with several million products being sold annually [1]. Replacing fuel-based lighting with rechargeable, efﬁcient lighting can provide
higher quality and less expensive lighting services
to end-users [2,3,4,5] reduce health risks [6,7,8], and
mitigate the greenhouse gas impact of lighting technology use. [9,10]. As the market develops, critical
questions about the way to appropriately measure
impacts of improved lighting remain.
This study summarizes work that was completed
in two small towns in Kenya circa 2008–2009– the
“early days” of the Kenya solar-LED market – to understand the dynamics of adoption.

ABSTRACT
We evaluated the uptake of grid-independent
LED lighting among night vendors in two small
Kenyan towns during the “early days” of the solarLED market. The methods we used combine social
geography with energy and technology analysis to
understand LED lighting adoption patterns in the
context of a market that is getting its ﬁrst exposure to LED technology, a situation that is repeating itself in villages and towns across the developing world. Of 23 night vendors to whom we offered
LED lanterns at realistic market prices, 14 (61 %)
opted to purchase. We identiﬁed wide variations
in baseline kerosene fuel use, signiﬁcant ﬂuctuations
in the pricing of kerosene, an only partial degree to
which kerosene was displaced, the value of highfrequency utilization information derived from embedded data loggers, consumer willingness to pay for
improved lights, and signiﬁcantly confounding effects of market spoiling due to prior experience with
low-quality LED products. In a likely response to
signiﬁcant reductions in kerosene prices during the
trial period, a non-adopter control group increased
kerosene use by 70 %.
Keywords: LED, solar, developing countries,
economics, market

RESEARCH APPROACH
The population we studied was comprised
of night market vendors who operate in two towns
in the Rift Valley Province, Kenya and rely on offgrid lighting to illuminate their businesses. After
conducting an initial baseline survey of 50 vendors,
we made detailed measurements of kerosene use for
a subset (n=23) of them and offered them the opportunity to purchase an LED task light, with or without
solar charging. Fourteen vendors chose to purchase
the LED task light. One purchased the optional solar
panel (others opting to recharge the light through local phone-charging enterprises).
In a previous report we focused on the baseline economics of off-grid lighting for the study
group and documented many of our ﬁeld methods

CONTEXT
The market for improved off-grid lighting has
developed rapidly in recent years, from a nascent
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Fig. 2. Gooseneck lamp and solar module offered for sale
in the study. The AC-DC recharging circuit ("wall wart")
that was available as an alternative to solar charging is
not pictured. The pen is shown in the picture for scale.
Speciﬁcations - useful battery life: 1000 mAh, useful battery energy: 3.7Wh, lighting service duration: 10h, peak
illuminance at 1 meter: 14 lx, PV power: 1W

dustrial greenhouses and ﬂower farms that line the
shores of Lake Naivasha. The people in Karagita are
generally less prosperous than those in Maai Mahiu,
owing to their reliance on relatively low-wage labor
as opposed to the more diverse trading and service
economy of Mai Mahiu.

Fig. 1. Location of the ﬁeld study sites, Mai Mahiu and
Karagita

for measuring fuel-based lighting energy use [3]. We
also documented qualitative user feedback and the
demand for lighting services [11].
This article documents the overall methods we
developed for measuring the dynamics of off-grid
lighting adoption and findings on the dynamics
of the early market for LED lighting in Kenya. The
outcomes from this work are relevant for scoping future monitoring and evaluation efforts to track global
progress on energy access and institutional and private sector efforts to catalyze markets and measure
impacts for improved off-grid lighting.

Field Methods Approach
The goal of the market study was to measure the
economic and environmental effects of efﬁcient,
LED lighting technology adoption by existing users
of fuel-based lighting. To ensure that people who
adopted (bought) LED products in our study were
representative of the early adopters for the technology – and to examine the willingness to pay – we
chose a “market-based” approach (i.e., we offered
products to people at realistic market prices) as opposed to a giveaway. We chose to focus on night
market vendors because they are relatively easy to
access at night for observations and measurements,
they have an income that might allow them to be
early adopters of LED lighting, and they have a
business incentive to adopt lighting that is less expensive to operate and more eye-catching for customers. While those characteristics made night market vendors a good target population for this initial
work, their unique needs (e.g., lighting so customers can see their wares, lighting to attract customers
from the street) means that their choices related to
lighting technology are not necessarily broadly applicable to the general population.

Geographic and Population Details
The night market vendors we studied live and
do business in the towns of Maai Mahiu and Karagita. Both towns are located in Kenya’s Rift Valley Province, and at the time of the study were each
populated by approximately 8,000 residents (Fig. 1).
Maai Mahiu is a crossroads town, and provision
of goods and services to passing travelers and truck
drivers is an important economic driver there. The
town is dispersed over a large area, encompassing
about 3 km2, and has a market area centered on the
intersection of highways that link the cities / towns
of Nairobi, Naivasha, and Narok. Karagita is more
isolated and compact than Maai Mahiu, situated
on an approximately 1 km2 area in between the in-
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To establish a baseline, we ﬁrst surveyed 50 vendors (25 in each town) on their access to lighting and
their knowledge base about emerging LED products.
Next, we identiﬁed a subset of 23 of those vendors
and made detailed measurements of their baseline
kerosene consumption for lighting. This was an opportunistic sample of vendors who were both amenable to having us make measurements each night
and who maintained a stationary shop location that
our research team could ﬁnd night-to-night. We developed a host of techniques to characterize the baseline kerosene consumption patterns for the subset
of 23 vendors that we focused on; they are described
in detail in [3]. In one method we used successive
measurements of lamp mass over an evening of use
to estimate the burn rate of lamps, and measured
the lamps the following morning to estimate the total kerosene consumption. As a second method we
repeatedly asked vendors to self-report how many
hours they used their lamp (s) and how much kerosene they purchased on a daily basis. For each vendor, we collected at least one week’s worth of data.
These data were complementary to the survey questions we asked about typical use patterns. Those 23
vendors were each offered an LED product at market
prices, and 14 of them (61 %) chose to purchase one.
The LED products we offered for sale were gooseneck task lights with two charging options: solar
and grid. The lamp with its associated solar module
is pictured in Fig. 2.
After six months and again after one year, we
conducted follow-up surveys with 20 and 18 of the
subset of 23 vendors, respectively (three vendors
were unavailable at six months and ﬁve at one year).
The follow-up surveys replicated the baseline survey
questions related to lighting use and included some
user-satisfaction and habit information for those that
chose to purchase an LED product. Throughout the
year, we offered a full warranty to the LED lamp users to ensure that durability issues were not the limiting factor in their choice to access LED lighting
or not. One member of the research team is a solar
energy technician and longtime resident of the area
who has social connections to people in both town,
and provided technical support and maintenance
throughout the study period.

Fig. 3. Two versions of integrated data-loggers
The top (larger) version was used in this study. Based on
experience using the devices and incremental improvements, we and our colleagues developed a more reliable
version pictured below that can be used in future

Unfortunately the data-loggers were early versions
and were fraught with problems that limited their
effectiveness and resulted in significant periods
of missing data. However, we were able to monitor
lamp use patterns for 350 days in total among the
14 vendors over a six-month period (out of a potential 2,500 days of monitoring). The data we obtained
provided a ﬁrst-order check on the survey responses
from vendors about their frequency of charging and
typical use patterns, and revealed other interesting
aspects of usage patterns.
The data loggers monitored battery voltage and
current at a sampling frequency of one minute. From
the data one can discern solar or grid charging modes
during the day and patterns of use at night (and in the
early mornings) (Fig. 4). The data were stored onboard the device and retrieved via USB connection
by a research assistant who visited participants during the course of the study.
With careful analysis (automated in a data
processing script) one can discern users’ effectiveness of solar charging strategies, patterns of energy
use, and responses to energy scarcity (a low battery).
True Cost of Kerosene
One requirement for our analysis was measuring
the true cost of kerosene to the night market vendors.
The value can be used to estimate the operating cost
for devices with a known burn rate or to estimate the
total amount of kerosene consumed by people that
self-report the amount they spend on fuel.
The vendors predominantly purchase their kerosene from owner-operated storefront pumps that

Integrated Data-logging
The lamps had embedded data-loggers that were
custom-developed by our team (pictured in Fig. 3).
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hiu market center. The rural-markup phenomenon
was conﬁrmed on an African continental scale [12],
where the median urban-rural discrepancy across
ﬁve countries was found to be 35 % (or 46 % when
population-weighted).
Kerosene Consumption Measurement
In the course of our study, we used three methods
to measure the nightly kerosene consumption of vendors at their businesses:
Direct measurements: Fuel burn rates were estimated from multiple measurements of the mass of a
lamp over each night of use for several days. These
were combined with self-reported hours of operation
from the vendors. We gathered enough data of this
type to make total fuel-consumption estimates for 23
vendors; the data were the basis of an earlier report
on the comparative economics of off-grid lighting
alternatives [3].
Record keeping / high frequency survey: Vendors tracked the amount of kerosene they had purchased the previous day and reported to our team
daily over a period of several nights. They also
tracked the number of hours they used fuel-based
lighting in the home and business context. These
data were gathered from the same 23 vendors in conjunction with the more detailed nightly measurements described above and combined with unit cost
measurements from the local kerosene market to estimate the volume consumed.
Recall survey: We included a question to capture
the typical amount a vendor spends on kerosene each
day in the larger survey (n=50) that we employed
and in the two follow-up surveys to a more limited
set (n~20) at the 6 month and 1 year points.
We found that the relationship between the approaches to estimating the baseline nightly kerosene
use at each business was not uniform (Fig. 5). The
relationship between the survey and record keeping
estimates exhibited the best linearity (i.e., internal
consistency and agreement), particularly for large estimates, and was very near unity at the low end. The
record-keeping based estimate could be construed
as the most accurate and precise. Based on the relationship we observed between record-keeping and
survey-based estimates, we chose to derate all of the
survey estimates from the baseline survey by 30 %.
Both relationships involving the nightly measurements were relatively linear on the low end and
highly variable above 200 ml/night. The difﬁculty

Fig. 4. Example data stream for monitoring LED task
lighting

are located in the market centers; the pumps have
pushed out smaller operations that were previously
ubiquitous (e.g., those who use a dipper or pre-measured soda bottles to sell). We measured the unit cost
of kerosene by purchasing small, typical quantities
(from 10–50 Kenyan Shillings (Ksh)) from the local
vendors then measuring the volume we received with
a graduated cylinder. We worked with local research
assistants who made anonymous purchases in the
early stages of the survey to ensure the unit price was
the same for them as it was for the research team.
World oil prices reached a long-term peak during
the study period, with local kerosene prices rising
from four-fold between early 2007 and mid-2008,
falling by the same amount by early 2009. The impact of the kerosene price spike on the results of our
study is not known, although the implication is that
people may have more highly valued LED alternatives during June 2008 when we offered them for
sale, since it occurred during a time of historically
high fuel costs.
The cost of “town” kerosene was systematically
higher in Karagita than Maai Mahiu; the town prices
in Maai Mahiu did not deviate signiﬁcantly from the
highway ﬁlling station price. In June 2008 the approximate price in Karagita was 105 Ksh/l and was
80 Ksh/l in Maai Mahiu, 23 % lower. Six months later the Karagita price was 80 Ksh/l but the Maai Mahiu price dropped to 65 Ksh/l, 18 % lower. The reason for the markup in Karagita is likely its distance
from highway ﬁlling stations – Karagita is several
kilometers from the nearest ﬁlling station and there
are two within hundreds of meters of the Maai Ma-
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Fig. 5. Relationship between methods for estimating kerosene consumption by night market vendors (n=20)

Hurricane lamps, the clear preference among
night market vendors in Mai Mahiu and Karagita,
provide luminous ﬂux on the order of 20–60 lm
and provide useful lighting service (illuminance)
of 3–5 lx at a one meter distance, which translates
to approximately 0–10 lx on typical working surfaces [11]. The median fuel consumption rate of the
hurricane lamps we made detailed ﬁeld measurements for was 20.5 g/hour for larger hurricane
lamps (n=14) and 14.4 g/hour for small ones (n=2).
On a power basis, this translates to about 250 W
and a luminous efﬁcacy of about 0.1 lm/W (compared, for reference, to ~75–100 lm/W for efﬁcient
solar-powered CFL or LED light sources) on a primary energy basis.
Pressurized kerosene lamps (“pressure lamps”)
are the other prominent kerosene burning lighting
technology we observed; they were in use by 13
of the 50 vendors as a primary lamp. Pressure lamps
burn about 10–20 times brighter and consume fuel
at a faster rate than hurricane lamps. The lighting
service from pressure lamps is typically 50–75 lx at
1 meter, and the median kerosene consumption rate
we measured was 70 g/hour [3]), about 900 W on a
power basis. The luminous ﬂux output for the pressure lamps we measured was likely between 350
and 550 lm. The luminous ﬂux output of pressure
lamps has not been reported in the literature, but we
can estimate it assuming that the ratio of luminous
ﬂux to illuminance for hurricane lamps is the same
(i.e., the luminaire efﬁciency and luminous distribution for the two lamp types is the same). A ratio
of 7.14 has been reported for hurricane and pressure
lamps [13]. The luminous efﬁcacy of pressure lamps
is better than hurricane lamps, about 0.5 lm/W, but
operating costs are substantially higher because they
produce more light.

in estimating overall use based on nightly measurements of kerosene consumption rates may stem from
variable lamp operation, missing periods of high
consumption (like on start up), or spillage.
OUTCOMES: MARKET DYNAMICS
The vendors we worked with were strategic users of light – it is a costly yet necessary expense for
operating their business. They used kerosene burning devices like hurricane, pressure, and tin lamps;
candles; and a variety of rechargeable and dry cell
electric lighting. Nearly 20 % (9 of 50 vendors) used
more than one lighting source at their business.
Most of the vendors we surveyed primarily used
fuel-based lighting (47 of 50 vendors); those that
primarily used electric lighting were special cases (3
of 50 vendors), including one Kinyozi (barber shop)
that used a small solar system that powered CFL
bulbs and electric razors. Some fuel-based lighting
users supplemented or backed-up their lamp with an
electric light (normally a ﬂashlight), but 42 of the 47
vendors used exclusively fuel-based lighting in the
context of their night market enterprise.
By far, the dominant lighting technology among
the vendors was kerosene hurricane lamps, which
were the primary lighting source of 31 out of 50
(62 %) of the vendors and the secondary source for
two additional vendors. This is in contrast to earlier
work in western Kenya, where the majority of night
market vendors used less expensive tin lamps, which
are named after the emptied food tins they that are
reformed to create the lamp [2]. Only one vendor
we surveyed used a tin lamp as their primary source
of light. Tin lamps provide luminous ﬂux on the order of 10 lm [13], similar to that of the candles used
by two vendors.
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Fig. 6. Annual fuel cost estimates in the business context for each of the four fuel-based lighting types we observed. The
estimates are based on users’ estimate of their daily fuel costs (originally in Kenya Shillings, converted to $US), their estimate of the relative amount of time that the lamp is used at their business versus elsewhere, and a de-rating factor of 30%
based on our ﬁndings related to how accurately the night market vendors we worked with tend to estimate their daily fuel
costs. Three vendors who used hurricane lamps were not included in this plot because they were unable to estimate their
daily fuel cost during the survey

lamps, 77 % of the pressure lamp (order of magnitude higher brightness than hurricane lamp) users,
and only 23 % of hurricane lamp users were satisﬁed. In spite of the higher operating costs reported
by pressure lamp users, the majority was satisﬁed,
indicating that they have made a choice to pay more
for higher quality lighting because they can afford to
and feel it is cost-effective for their business.
Sixty % of the night market vendors we talked
to were dissatisﬁed with their current lamp. Of the
31 hurricane lamp users, 77 % were dissatisfied,
comprising the majority in the “dissatisﬁed” group.
Of those who were dissatisﬁed, insufﬁcient lighting service (“too dim”) was the most common complaint, followed by high operating costs. Inconvenience, health, safety, and durability concerns were
mentioned also, but infrequently. Three pressure
lamp users were dissatisfied, two because of the
high operating costs and even one who operated a
butchery because it was “too dim” for the application (sharp knives, multiple cutting stations spread
over ~10 m2).
The vast majority (90 %) of vendors were interested in exploring LED alternatives to their baseline lighting technology. Many of them were already
somewhat familiar with LED lighting [14,15]. The
reasons people cited for their interest in LEDs mirrored the complaints of dissatisﬁed fuel-based lighting users. Brightness and lower operating costs were

The vendors we surveyed tended to use their
lamps for about 2 hours each night in a business
context, although those in Mai Mahiu operated for
longer (median use 2.5 hours) and Karagita for shorter (median use 1.8 hours). The vendors in Karagita
operated for a shorter time due to security concerns
in the area. Anecdotes from people familiar with
the area indicated that Karagita was heavily impacted by the post-election civil violence that occurred
in early 2008 and that peoples’ ongoing security concerns led them to avoid public areas after dark, leading to truncated market hours compared to normal.
Additionally, many vendors used their fuel-based
lamps to illuminate their homes after business hours.
The cost of fuel-based lighting was quite high on
an annual basis. Fig. 6 shows the distribution in selfreported annual fuel costs based on primary fuelbased lighting type.
Baseline Impressions of Lighting Technology
We asked each of the vendors in the baseline survey about their satisfaction with their current lighting technology (which was low) and interest in LED
alternatives (which was high). A follow-up to each
question asked respondents to identify factors that
determined their dissatisfaction / interest.
Only 40 % of fuel-based lighting users were satisﬁed with their lamps. All users who used electric
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the top two perceived beneﬁts from LED technology, followed by convenience, health, and safety
beneﬁts.

to between 25–100 % of their income during the decision period. With that in mind, it is sensible that
many vendors required ﬁnancing to make their purchase. Had our “business model” been less time sensitive (e.g., if we had set up a long-term shop to sell
lighting products), the interested buyers may have
been able to save ahead to make their purchase over
several weeks and months, as needed, and some may
not have required ﬁnancing to make a purchase.

Adoption of LED Lighting by Night Market
Vendors
Fourteen vendors out of the 23 were offered the
opportunity chose to purchase a grid-charged LED
lamp, many with ﬁnancing offered by the research
team. Their purchase choices reﬂected the charging options available in the peri-urban town centers,
where the grid was present but access was limited
by high connection costs, higher initial costs for solar charging, and concerns about security.
Thirteen vendors chose to purchase the lamps
with an AC/DC adapter for accessing grid electricity
from our research team for 700 Ksh (~$US 10.75)
and one chose to purchase a solar module along with
the lamp for an additional 800 Ksh (~$US 12.30).
Some vendors had easy access to electricity, either
with a grid connection at home, at a friend’s home,
or from an existing solar home system. For them, the
additional expense of a solar module did not make
sense from a ﬁnancial standpoint. Other vendors intended to pay a ﬁxed fee for charging services at a
shop – a common enterprise in Kenyan towns that
has grown with the mobile phone industry and a
transaction the vendors were comfortable with. At
those shops, the vendors paid 20 Ksh (~$US 0.25–
0.30 depending on the exchange rate) for each recharge. This amounted to paying approximately 10
$US/kWh, two orders of magnitude higher than the
marginal retail rate for commercial customers, about
0.14 $US/kWh.
Financing the initial costs of the lamps was a critical issue for many of the vendors we worked with.
We offered zero-interest ﬁnancing (half up front, half
in one month) to the vendors after their requests for
credit and nine of the fourteen used it to purchase
their lamp. The repayment rate was 100 %, but several vendors took longer than the agreed one month
to pay. In practice, the ﬁnancing model we offered
would obviously not be sustainable on free market
terms. Our experience lends credence to the importance efforts to expand end-user ﬁnancing for offgrid lighting. However, the time line on which we
asked vendors to make purchase decisions was on
the order of 2 weeks. We estimate that their daily
income was between 50–200 Ksh, so the 700 Ksh
initial cost of the lamps we offered would amount

Market Spoiling and Other Factors in the
Choice to Buy Off-Grid LED Lighting
The vendors who were offered LED lighting
products for sale (23 of them) faced a decision about
whether the technology was affordable, appropriate for their needs, and likely to work out well over
time. One factor that may have inﬂuenced their purchase decisions was the high time value of money
(i.e., the people we worked with were generally
“cash poor” and acted as though they had high personal discount rates). The cost of fuel-based lighting
is driven mainly by ongoing fuel purchases, which
stands in contrast to the cost of electric lighting
systems, which can have ongoing costs that range
from zero (in the case of solar charged products,
aside from battery replacements) to high percentages of the total (in the case of users who pay for each
recharge at a shop, typically once or twice a week).
Switching from fuel-based to a solar-charged lighting system represents a paradigm shift in one’s economic strategy for accessing lighting in addition to
the technology shift that is readily apparent – essentially a shift from small daily purchases (like a lighting subscription) to a single outlay up front (or with
short-term ﬁnancing) for several years of lighting
service. For those who are cash-poor, it can be difﬁcult to abandon the economic model of accessing
lighting where the initial cost of equipment is lower
and the outlay on any given day is modest.
Discount rates aside, there are other concerns that
lead to a vendors’ decision to purchase or not purchase an LED lamp. The vendors we worked with
had an estimated net income of 50–200 Ksh per
day1, so an LED lamp would represent four to fourteen days of income for them. Depending on their
1
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want to colour the interaction by asking about income.
We estimated based on casual observation of their business
and local rules of thumb.
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Fig. 7. LED task light purchase choice for those who were given the option (n=23) and familiarity with LED lighting by
type for the night market vendors who were surveyed (n=50). Of the 32 (64%) of all (n=50) night market vendors who
were familiar with LED lighting 30 of 32 (94%) were familiar with ﬂashlights

also ostensibly offered on the packaging of many
low quality products in general in Kenya, with limited recourse to the consumer to service them).
Fig. 7 illustrates our ﬁndings related to purchase
choice and shows LED lighting familiarity by type
for night market vendors in Mai Mahiu and Karagita. Of the 23 vendors who were offered LED lamp
for sale, eleven were familiar with the technology
and twelve were not. Ten of the eleven were familiar
with LED torches, four were familiar with strip or
array style LED lighting; a similar pattern of familiarity was observed in the larger population of night
market vendors, where 32 of 50 (64 %) were familiar
with LED lighting, 30 of whom were familiar with
ﬂashlights. Out of the eleven vendors who were familiar with and offered the choice to purchase an
LED task light, only three (27 %) chose to purchase.
Out of the twelve who were unfamiliar, eleven chose
to purchase (92 %). A linear regression model [17]
also indicates that prior familiarity with LED lighting is the largest magnitude and most statistically
signiﬁcant factor that predicted the purchase choice.
Our results show that a market spoiling effect exists from exposure to existing LED products – primarily ﬂashlights – among the night market vendors
we engaged with. We found no overlap between the
95 % conﬁdence intervals on the estimated proportion of those who will purchase improved LED lighting products for two groups: those who are and are
not already familiar with lower-quality existing LED
lighting products.

other cash obligations, it may have been simply too
difﬁcult to pull together the cash necessary to pay
for a lamp regardless of any desire to save money
by switching to LED lighting. The optional ﬁnancing was helpful in this regard.
Finally, any consideration of new technology adoption includes the criterion, “Will it work”
Flame based lighting has worked reliably, albeit at a
high economic, health, and environmental cost, for
millennia. Quality issues are a particular concern
for LED lighting as it has emerged in the African
market. A recent set of studies by Lighting Africa
showed that inexpensive LED torches like the ones
used by some of the vendors we surveyed in 2008
have become ubiquitous [4] and are of extremely
low quality [14]. A series of reports focused on LED
torches [15, 16] showed that nearly 90 % of LED
torch users – some in the towns in which the current
study was being conducted – experienced qualityrelated problems over a six-month period and that
there was a signiﬁcant demand for higher quality
LED torches in the market. Because most African
consumers will likely experience LED technology
ﬁrst with a low-quality torch, there is a signiﬁcant
market spoilage risk
We found that in the limited sample size of our
study, previous experiences and familiarity with
LED lighting, primarily ﬂashlights, had a statistically signiﬁcant negative impact on users’ decision to
purchase an LED gooseneck lamp from us, in spite
of the one-year warranty we offered (warrantees are
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The vendors who used LED lamps as the primary lighting source in the market reported using them
for approximately 2 hours each night at their businesses and an additional hour at home. The datalogger records do not distinguish between business
and home use, but we asked vendors to disaggregate
their use in the surveys. The agreement in the mean
total use per day between the surveys and data-logger records lends credence to vendors’ estimates
of how long they use their lamps. Additionally, their
estimates of daily run time reconcile well with the
run-time of the lamps (10 hours) and how often users
reported they typically recharged, a median answer
of every three days. The median number of days per
recharging cycle we observed using the data-loggers
was four days. Based on the apparent quality of the
daily use data provided by the vendors, we have conﬁdence in the overall ability of vendors who use offgrid lighting to estimate their hourly use patterns and
charging frequency.
Fig. 8. Adoption rates of LED lighting at night market businesses by vendors who purchased LED products from us at
0, 4, 6, and 12 months after the beginning of the study

Solar Energy Concerns for Vendors
After six months we gave solar modules to each
of the vendors still participating in the study; it was
clear by then that none of them intended to purchase one from us and we were interested to see
how (and if) their charging practices would be inﬂuenced by the ownership of a solar module. At the sixmonth point, nine vendors typically recharged at a
fee-based shop, three had access to grid connections
at their home or that of a friend, and one used a solar home system with a DCDC converter to recharge.
In spite of the “free” nature of solar charging, many
vendors chose to continue paying for charging services from fee-based recharging shops after receiving a solar module. Only two vendors adopted solar
charging as their primary method. The reasons vendors gave for not adopting solar charging included
security concerns (they did not want to module to be
stolen), perceptions of ineffectiveness (they felt that
grid charging resulted in a more “full” charge), and
the inconvenience of needing to tend the solar module. Some vendors did choose to solar charge, noting
that their costs were lower. The vendors who used
solar charging successfully tended to recharge each
day, while those who did not reporting that they attempted to use solar charging like grid charging (i.e.,
they put it out to charge when the state of charge was
low instead of every day). The vendors’ use of solar charging in this context cannot be taken as rep-

First Year of Modern Lighting
The vendors who purchased LED lamps did not
uniformly adopt them and eliminate kerosene use at
their businesses. The LED lighting adopters in our
study achieved a mean reduction from the purchasetime baseline of ~50 % (and substantially more if
compared to rising use among non-adopters).
We asked vendors on each survey (0, 6, and
12 months into the study) what their primary light
for the business was, and our ﬁeld agents made a
series of randomly timed nighttime observations
of the night market vendors of Mai Mahiu in the
fourth month to check adoption rates. We included
the nightly observational study as a check on vendors’ responses; we wanted to avoid the phenomena
of vendors “telling us what they think we want to
hear” regarding their adoption of LED lighting. Each
vendor was observed 24 times over the course of a
week, 240 total observations among the 10 vendors
in Mai Mahiu who purchased LED lamps. Fig. 8
shows the results of the surveys and observations.
Note that there was some attrition over time as we
lost track of vendors who moved during the study.
Overall, the adoption rate of LED lighting as a primary business lighting system was about 60 % over
the yearlong study period.
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users paid to recharge their lamps essentially eliminated much of the potential economic beneﬁt from
switching to LED lighting over the course of the
study; both user-groups thus experienced falling
costs for lighting overall (60 % reduction for the
LED purchasers and 10 % reduction for the nonpurchasers). The expenses for fuel and ongoing
costs did not drop to zero for the LED purchasers
because several of them continued to use kerosene
lamps at their businesses either solely or in combination with the LED lamp. Furthermore, those who did
not choose to purchase or use solar charging for their
lamps paid a fee to recharge (~$US 0.25 each time).
The mean kerosene consumption for the LED
purchaser group was reduced on the order of 50 %
over the year. For the non-purchasers, their consumption over the study period increased by 70 %,
which was likely due to falling fuel prices. In spite
of the increased use their costs fell on average from
the rapidly falling prices.
The failure to fully offset kerosene by LED lamp
purchasers occurred for both hurricane and pressure
lamp users but in different ways for each group. For
hurricane lamp users, a typical pattern was to continue using the hurricane lamp occasionally in addition
to the LED lamp. For pressure lamp users, those
who used the LED lamp at their business typically
did not also use the pressure lamp (which is two orders of magnitude brighter), but there were also two
vendors who purchased LED lamp for sole use at
their household. If the lights we had offered were
bright enough to meet their needs or if we had offered brighter alternative lights to them, it is likely
that they would have switched as well. Both of them
reported trying the LED lamp at their business and
concluding it was not bright enough, which indicates
a diversity of needs in terms of lighting levels even
among night market vendors. The degree of market
segmentation in the wider off-grid lighting market
also includes very many levels of service need and
ability to pay.
The most notable result from our analysis of the
time-series data is that the primary energy requirements for those who purchased LED lights were not
reduced to zero. While approximately 60 % of those
who adopted an LED light completely eliminated
their use of kerosene, the others continued using
kerosene at the same or slightly higher rates. For
the purposes of uncertainty assessment, we assume
the estimate for the fraction of kerosene that is still
in use by the average user is 0.5, but with a triangu-

resentative of how solar charging might be treated
in the wider market because the modules were gifts
rather than a purchase and the vendors had access
to alternative charging means that they successfully
used for six months prior to having a solar option.
People who live far off-grid would face much different circumstances. However, concerns about security
near solar charging points to the fact that there are
non-monetary costs to those who use portable solar
lighting products and have to spend time and energy
managing the charging process and ensuring their
lamp and/or solar module is not stolen.
Impacts of LED Lighting Technology Over
Time
We divided the vendors who were tracked over
one year into two groups: the vendors who purchased LED lighting (“LED purchasers”) and those
who did not (“LED abstainers”). By tracking both,
we maintained a pseudo-control group (albeit a selfselected one), the LED abstainers, as a basis for
comparison. While there were differences in the
baseline for each group in terms of mean and median daily costs and kerosene consumption, there was
no statistical signiﬁcance to the difference (i.e., the
groups were not distinct in terms of their kerosene
consumption to begin with).
It was important to account for the electricity
consumption for vendors who used grid-charging
for their lamps. The Kenya grid includes both hydroelectric and oil-burning thermal plants that can operate on the margin [18]. We assume the additional
load from grid charging lamps is equally likely to
come from either hydroelectricity or thermal plants
that have an efﬁciency of 33 %; both sources are assigned 10 % line losses. This results in an estimate
for the average marginal primary energy intensity
of 6 MJ/kWh. Based on the measured charging efﬁciency of the AC charger of 21 % and assumed
battery efﬁciency of 70 %, the lamps we offered required 25 W·h of grid electricity for each charging
cycle. The median observed recharging rate for lamp
users was once every three days.
The price volatility in the kerosene market2 (falling prices) combined with the fact that many end-

2

One vendor mentioned that being shielded from price volatility was a positive aspect of using LED lighting. She recounted that there was a temporary price spike in kerosene
due to national shortages in month 5 of the study and she
was glad to have been unaffected by it.
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lar distribution of likely values for individuals with
a maximum offset of 5 % more than the baseline,
median of 100 % of the baseline, and minimum of a
50 % increase (Figs. 9, 10) above baseline, which
corresponds to the distribution of observations in our
study and results in a mean displacement of 50 %.
We should stress that the population we worked
with has special needs and were nested in a particular economic and geographic context. They may not
be representative of the larger consumer market for
in-home off-grid lighting, but the implication for
emissions reduction assumptions around LED lighting is that 100 % offset may not be likely to be a defensible choice for other products of similar size.
It is possible, however, that design changes (e.g., a
brighter light with longer run time) may lead larger offsets. Indeed, subsequent studies using betterperforming systems have shown larger offset rates.

Fig. 9. Kerosene consumption ratios before and after LED
adoption choice for those who did and did not adopt

perience with low-quality LED lighting, suggesting
market spoiling. Additionally, reﬂecting the diversity
in incomes and lighting needs, many vendors who
did purchase improved LED lighting continued to
use fuel-based lighting (while others did not). This
increase in lighting service is important to account
for in any development impact assessment for offgrid lighting where there is pre-existing suppressed
demand due to economic hardship or fuel scarcity.
There were also important similarities among
the vendors in the study. Most (60 %) were dissatisﬁed with their baseline fuel-based lighting, particularly those who used hurricane lamps, which have
lower output and efﬁcacy (along with lower operating costs) than the pressure lamps that some vendors used. Those who were dissatisﬁed cited brightness as a key factor. Additionally, in spite of the revealed skepticism engendered by market spoiling,
90 % of the vendors we surveyed were interested to
learn more about improved LED lighting. Targeted
consumer education and exposure to good-quality

CONCLUSIONS AND KEY RESEARCH
DIRECTIONS
Our work illustrates the importance of locally
grounded information to support emerging markets.
One might expect the vendors we worked with to
be a relatively homogenous population– they live
in the same towns, have similar occupations and income streams, etc.– but we observed a great deal
of diversity in their approaches to accessing lighting
for their businesses. There was a range of baseline
technology in use, with annual fuel costs ranging
from about $20 to $200. These costs varied across
vendors and also are strongly inﬂuenced by volatile
world oil prices, leading to cost uncertainty for users.
More than half the people who had the option purchased an improved off-grid LED light as part of the
research study, and the most signiﬁcant and largest
factor predicting the purchase was lack of prior ex-

Fig. 10. Differences in mean kerosene expense, and consumption for LED purchasers and abstainers
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• The patterns of daily use, by observing the
current discharged from the battery (and further disaggregation by load type if appropriate). These patterns would inform product design and could lead
to predictive messages targeted to consumers whose
historical use patterns indicate they may face an energy shortage due to upcoming weather events or
seasonal variation in solar energy.
• Product maintenance issues, by identifying
diminished performance that cannot be explained
by patterns of use or a lack of solar energy, or more
starkly based on products that simply go out of service. Outreach to users who have a device with likely
issues could prevent backsliding to kerosene lighting. The same data would be useful for tracking development impacts of off-grid lighting by verifying
continued use.

LED lighting that is owned and operated by friends
and neighbors could gird the market against spoiling
from low-quality LED lights.
Beyond the results for these vendors, which are
a useful case study on the dynamics of the market,
we identiﬁed several methodological approaches
that are useful for understanding the market more
broadly. Speciﬁcally, a combination of “true cost
of kerosene” estimates and high frequency or short
term recall surveys provides a useful baseline on fuel-based lighting use. Because these methods do not
require detailed surveys or explanation by end-users
(beyond the type of lighting they use and how much
they spent on fuel in the last day/week) it may be
possible to leverage the ubiquity of mobile phones
to conduct automated, high resolution surveys via
SMS (i.e., directly back and forth with end-users) to
improve the data on the baseline fuel-based lighting
market. We recommend pilot testing an automated
approach with follow-up in person surveys to verify
the results. If this approach proved useful it would
be a powerful tool for targeting market interventions
and supporting research.
In addition, in spite of the technical difﬁculties
we experienced with the ﬁrst-generation integrated data-loggers employed in the study, the data we
obtained showed the potential value from high-frequency use-pattern data for researchers, product developers, and institutions supporting the market. The
value is magniﬁed when those data are combined
with good analytics and outreach to consumers via
mobile phones or other modern communications.
From simple measurements it is possible to make estimates and inform interventions that address three
important factors:
• The effectiveness of users’ solar panel placement, by comparing the solar energy input from a
number of solar modules in close geographic proximity (or compared to a reference pyranometer).
Some users consistently place the module in fullsun exposure day after day while others often do not
place it outside until the late morning or place it in a
location prone to shade. This would be an important
factor for product design/sizing and estimates of performance, as any losses from ineffective placement
effect performance just like any other inefﬁciency.
This can be corrected with user education, either
through feedback from the device or with targeted outreach from a project developer or institution.
With good data, it would be possible to effectively
target the interventions.

POSTSCRIPT: TRACKING ADOPTION
RATES
The lighting product we assessed is now roughly ﬁve years old, and rapid technological improvements in all system components have been made
during that timeframe. A recent review found that
product performance across the marketplace more
broadly– measured in terms of lumen-hours per daily
battery charge (under standardized solar conditions)–
had quadrupled between just 2010 and 2012 (Dalberg Global Development Advisors 2013). These
trends suggest a good outlook for improved rates
of fuel-substitution.
We identiﬁed a number of other studies and ﬁeld
reports that attempted to quantify the degree to
which lighting fuels were offset following the introduction of LED lanterns. The results (Table 1) suggest a wide range of outcomes, many of which are
more successful than results from our 19 small sample of night vendors. A variety of metrics can be used
to inform such analyses, including numbers of lights
replaced and quantities of fuel displaced.
One of the other studies, conducted during the
same period as ours (testing seven different lamps,
n=99), also found less than a 1:1 substitution rate,
which authors trace to product performance that
did not meet user requirements. Replacement rates
varied widely, however, (from 0.4 to 1.5 fuel-based
lights replaced by each LED lantern) depending on
the type and performance of lantern. The issues included inadequate lumen maintenance, undersized
batteries or solar chargers, etc., which occurred
in 18 % of the cases [21].
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Multiple factors contribute to variations in estimates of fuel displacement:
• The variety of new light sources introduced to
target groups (and their performance).
• Changes in use of the new lighting system over
time as it becomes less novel or due to other factors.

Thus, the duration of the evaluation can be important. In our study, savings declined over time (see
Fig. 8) as technical problems beset the LED lanterns.
Conversely, another study found progressive reductions in kerosene use as more LED lanterns were
introduced [22].
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Preference Survey for Illuminance in an Off-grid, African Setting”. Lumina Project Research Note #7, Lawrence Berkeley National Laboratory: Berkeley, CA http://
light.lbl.gov.
12. Tracy, J. and A. Jacobson. 2012. “The True Cost
of Kerosene in Rural Africa”. Lighting Africa. http://
www.lightingafrica.org/component/docman/doc_download/237 kerosene-pricing-lighting-africa-report.html.
13. Mills, E.. 2003. “Technical and Economic Performance Analysis of Kerosene Lamps and Alternative
Approaches to Illumination in Developing Countries.”
Lawrence Berkeley National Laboratory. http://evanmills.
lbl.gov/pubs/pdf/offgrid-lighting.pdf.
14. Johnstone, P., J. Tracy, and A. Jacobson. 2009.
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15. Harper, M., P. Alstone, and A. Jacobson. 2013. “A
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16. Mink, T., P. Alstone, J. Tracy, and A. Jacobson.
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Problems Conﬁrmed by Laboratory Testing.” Lighting Africa: Washington, DC. http://lightingafrica.org/resources/
technical-res.html.

• Product failure rates.
• Changes in the behavior of control groups (as
seen in this study where a steep drop in world oil
prices led to increased kerosene use).
• Changes in service levels (e.g., one study
in Malawi found that lighting hours increased from
2.7 h/day to 4.4 h/day after the LED lantern was
introduced [26]).
Data collection efforts that depend on some form
of direct observation or measurement over time (including both, before and after adoption, as well as
over time during both periods) will generally give
much more accurate results.
The key conclusion from this body of research
is that improvements in the quality of LED lanterns
will help obtain greater levels of energy savings.
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ANALYSIS OF THE FACTORS, WHICH INFLUENCE CONSUMPTION
OF ELECTRIC POWER FOR ILLUMINATION OF HOUSEHOLDS
IN RUSSIA AND IN THE USA
Yury M. Kogan

sufﬁciently measured but not always indisputable,
digital illustrations.
A substantial report from the US Department
of Energy issued in 2012 [1] was taken as the main
source of information for the USA temporal case
study (2010). For Russia, the information was obtained from various sources, ﬁ rst of all from the
VNISI and the Light and Engineering journal data,
as well as from papers of Prof. J. B. Aizenberg (including [2]) and Ph.D. N.V. Antonov. Internet materials were also used, if they seemed important. The
population data, data on housing, total household
electrical power consumption and so forth were taken from ofﬁcial statistical materials [3, 4]. The total
electric power consumed for illumination in households of Russia and of the USA in comparison with
other economics sectors, is showen in Table. 1.
According to Prof. J. B. Aizenberg, the electric
power consumed for illumination in domestic dwellings in Russia, was approximately equal to 34 billion
kW∙h in 2010, or 27 % of all household consumption
of electric power and almost 1/4 of the electric power
consumed for illumination for the whole of Russia.
Per capita, this amounts to 238 kW∙h per year.
In the USA, the electric power consumed for illumination, was 5.15 times more than in Russia, and
in 2010 amounted to 175 billion kW∙h in total or
567 kW∙h per capita [1]. In the US domestic sector,
the portion attributable to illumination essentially
less than 12.1 % of the electric power consumption
in households. As can be seen from Table 1, the portion of the domestic sector electric power consumption for illumination in the USA was almost equal to
that in Russian.

ABSTRACT
The article considers the factors which inﬂuence
the difference in electric power consumed for illumination of households in Russia and in the USA:
population, providision of the population with living space and the following number of single light
sources (lamps) and an average level of household
illuminance. Special attention is given to the composition of the individual light sources and to the light
efﬁcacy of various lamp types. It is shown that totality of these factors has determined the 11-fold difference (in favour of the USA) in the general value
of light ﬂux used in households. The average light
ﬂux of a lamp in Russia has appeared to be 2.3 times
less than in the USA, and in the USA contribution
of the high-effeciency light sources amounted to approximately 20 %.
Keywords: electric power consumption, dwelling, housing, light source, efﬁciency, light efﬁcacy,
incandescent lamps, ﬂuorescent lamps
The present article aims to show, what factors
drive the signiﬁcant difference in electric power consumption for illumination of households in Russia
and in the USA.
It should be noted that unlike the USA, where detailed research of the electric power consumed in the
housing sector is regularly performed, such research
in Russia is negligeable in number. Hence, reliable
statistics are not available, and there are only evaluations of independent organisations and some specialists, which sometimes do not even agree with each
other. Therefore, for the time being, conclusions can
be drawn only about some base provisions and about
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Table 1. Electric power consumption in the housing sector and other industries
of the USA and Russia in 2010
The USA [1]
Consumption, billion kW∙h

Portion
of illumination, %

Structure
by industries, %

12.1

25

In
total

For illumination

1445.7

175

Per capita, kW∙h

4082

567

Service industry *

1330

349

24.1

Industry**

979

58

Other
industries***

388

In total

4143

Housing sector

Russia, evaluations using data [3]
Consumption, billion kW∙h

Portion
of illumination, %

Structure
by industries, %

27

24.8

In
total

For iIllumination

127

34

889

238

49.9

123.5

59

48

43.1

4

8.3

564.9

37

6.5

27

118

8.2

16.8

100.3

7

7

5.1

700

19.3

100

915.7

137

14.9

100

* Including illumination of streets
** Including building
*** Transport and agriculture

which in the USA amounts to a rather considerable
value.
If the provision of habitation in both countries
was alson the same as well, electric power consumption for illumination would amounted in Russia to
1593 kW∙h per capita, that is would even exceed the
the USA by 2.8 times scores.
Illuminance standards for dwellings in both countries are almost identical, but in Russia these standards are implemented by no more than 85–90 % land
lords. Alignment of illuminance actual level would
increase electric power requirement for illumination
of dwellings in Russia at least up to 1752 kW∙h per
capita a year, that is value, which is 7.35 times higher than the actual.
This virtual though, but really fantastic Russian
excess compared with the USA level, is primarily
caused by differences in composition of the being
used light sources and in their efﬁciency.
We will begin however from the fact that number
of single light sources, in other words, of electric
lamps in the USA amounts to almost 5812 million
units, that is 25–35 lamps per a household. Number
of lamps of all types in Russia does not exceed 670
million units (on the average it is 10–12 lamps per a
household), that is almost 8.7 times less than in the
USA.

In our opinion, electric power consumption
in households depends on four major factors: population, size of the living space, illuminance standards
and the light source composition used in everyday
life, which differ from each other by efﬁciency1.
Russia’s population in 2010 amounted to 142.8
million, in other words it was less 2.16 times than
in the USA (308.75 million). In order for the comparison to be correct, difference should be eliminated
by means of indexation of the Russian population.
As a result, it can be calculated that in if both countries’ populations were equal, household power consumption would increase in Russia up to 514 kW·h
perperson and up to 73 billion kW·h as a whole all
over the country.
The average living space calculated per person
in Russia (22.6 m²) is 3.1 times lower than in the
USA (70 m²). Thus, with due regard for the difference in the population, the available housing in the
USA is 6.7 times more than that in Russia, and this
is without unoccupied and temporary properties,

1

Such scarcely identiﬁable factors as duration of solar radiation, cardinal directions primary orientation of premises
depending on climate, as well as difference in geographical
latitude of the place are laid aside (as the latitude northerns,
the more time period per year artiﬁcial illumination is used.)
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Table 2. Composition of single light sources
(lamps) in housings of Russia and of the USA, %
Russia
(evaluation)

The
USA [1]

Incandescent lamps

95.2

62

Halogen incandescent
lamps

0.2

4

Types of lamps

Compact ﬂuorescent lamps

the manufacturers continue to produce incandescent
lamps of 100 W power at a stated power of 96–98
W-power.
Today incandescent lamps in the USA are applied
much less than in Russia. Their single-unit power
based upon the available data is also less than in our
country4. It means that they are used to a greater degree either as sources of local illumination, or in less
critical rooms (at lofts, in closets, etc.). It should be
noted that light efﬁcacy of incandescent lamps used
in the USA is higher than in Russia. Average power
and light efﬁciency of halogen incandescent lamps
are essentially higher in the USA as well. Fluorescent lamps in Russia and in the USA on the average
have similar parameters.
The total capacity of light sources following from
the number of the lamps, from their composition and
power appeared in 2010 to be equal to 58 million kW
for Russia and almost 4.5 times greater, namely 259
million kW for the USA.
According to [1], Russian and American specialists use different methods of transition from lamp
total capacity to the electric power consumed for illumination of households. In Russia, it is customary
to be guided by the so-called coefﬁcient of demand
(Kd) reﬂecting a degree of simultaneous use of various light sources, and then to take into consideration average quantity of lamp burning hours a year
(Тyear). In accordance with J. B. Aizenberg paper, the
Kd value was accepted to be equal to 0.4, and Tyear to
be equal to 1500 h.
In the USA, daily average lamp usage time is taken into consideration. In most cases, it is equal to
only 1.8 h. During a year, the average lamp usage time thus does not exceed 657 hours that is it
amounts to less than 40 % of the Russian usage ratio. This can be explained by the fact that households of the USA have a greater density of single
light sources and hence a lower number of the lamps
burning simultaneously.
In the case under consideration, the calculation
results given in Tables 3 and 4, show that electric
power consumption in 2010 was equal in Russia
to 34.88 billion kW∙h, and that exceeded the value
given above (34 billion kW∙h), which is only 2.59 %

23
4.5

Other ﬂuorescent lamps

10

Other lamps

0.1

1

IN TOTAL

100

100

Though the USA is not a leader in light source
efﬁciency2, this country has formed a more progressive composition of such sources than Russia (Tables 2–4).
The light sources used in Russian homes consist
by 90 % consists of incandescent lamps with light efﬁcacy, which does not exceed 10–12 lm/W, and service life of 1000 h (practically, according to Prof. Yu.
B. Aizenberg, this is by 93.7 %). In Russian houseolds, halogen incandescent lamps with light efﬁcacy of 20–22 lm/W and service life of 4000 h does
not almost use: their portion does not exceed 0.2 %
of the total number of light sources. Even much
more energy-effective (70 lm/W) and more durable
(10000–15000 h) ﬂuorescent lamps in Russia amount
to only 4.5 % of the total number of lamps3.
“As to the newest, though so far yet so great”
expensive light-emitting diode lamps (light efficacy of the serial lamps amounts to 90–100 lm/W,
and their service life reaches 50000 h), in the housing sector of our country they take up no more than
0.1 %.
Incandescent lamps have not been manufactured
in ten years in the USA and Europe. In Russia, the
manufacture of 100 W-power and more such lamps
was ﬁrst forbidden so that production of this type
lamps would be generally stopped during 2014–
2015. However demand for ﬂuorescent lamps in our
country did not almost grow, including, amongst
other reasons, due to their poor quality. Therefore,

4
2

Here the dominant role belongs to the countries with expensive electric power, for example to Denmark, Germany and
Japan.

3

Among these, compact ﬂuorescent lamps using a standard
sockets, are also most widespread today.

40

In Russian sources, an average power of incandescent lamps
in the inhabited sector are considered to be equal to 100 W.
However in inhabited apartments, more powerful lamps occur more rarely. Therefore, in this paper, an average power
of incandescent lamps for Russia is accepted to be equal to
90 W. One can propose that practically it is even less.
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Table 3. Calculation results of electric power consumption for dwelling illumination in Russia

Lamp type

Number
of lamps,
million
pieces

Portion in all
number
of lamps, %

Average
power
of one
lamp,
kW

Total capacity
of lamps,
million
kW

Power
consumption, million kW

Power
consumption, billion
kW∙h/year

Average
light efﬁcacy,
lm/W

Light
ﬂux,
billion
lm

Incandescent lamps

637.8

95.2

0.09

57.40

22.96

34.44

12.5

430500

Halogen

1.4

0.2

0.035

0.049

0.02

0.03

20

600

Fluorescent

30.1

4.5

0.02

0.602

0.24

0.36

80

28800

Light-emitting diode

0.7

0.1

0.011

0.077

0.03

0.05

60

3000

In total

670

100

0.087

58.13

23.25

34.88

13.3

462900

Таблица 4. Calculation results of electric power consumption for dwelling illumination in the USA

Lamp type

Number
of lamps,
million
pieces

Portion in all
number
of lamps, %

Average
power of one
lamp, kW

Total capacity of lamps,
million kW

Power consumption*,
million kW

Average
light efﬁcacy,
lm/W

Light
ﬂux, billion lm

Incandescent lamps

3603

62

0.056

201,8

132582

18

2386476

Halogen

257

4

0.065

16,7

10972

35

384020

Compact
ﬂuorescent

1323

23

0.016

21,2

13928

75

1044600

Other
ﬂuorescent

572

10

0.024

13.7

9001

100

900100

Others

56.5

1

0.1

5.7

3745

150

561750

In total

5811.5

100

0.046

259

170228

31

5276946

* On the basis of 1.8 h burning a day or 657 h burning a year

come value accordingly. So here, Engel’s law cannot
be fully implemented not fully. This law states that
with population income growth, allotment of nutrition in its expenditure decreases, and requirements
of a higher order, including the household comfort
level, increases.
Taking into consideration that progressive light
sources have a higher light efﬁcacy than incandescent lamps, as can be seen from Tables 3 and 4, the
ratio of separate lamp types in the total light ﬂux
in the USA appeared to be appreciably better than
the same ratio by the lamp number (Table 5).
From the differences in light source composition,
a conclusion also follows that the average power
of the lamps in Russia appeared to be equal to 87 W,
and in the USA – to 46 W only.

less, and in the USA wloud be equal to 170.23 billion kW∙h, which is only 2.73 % less than the ofﬁcially published value (175 billion kW∙h).
Such a difference in electric power consumption
is caused by, among other factors, by the difference
in population incomes existing in both countries and
by the difference in tariff values for household electric power.
Really, the average income per capita in Russia
amounted in 2010 to $5.3 thousand, and in the USA
it amounted to $13.7 thousand. At the same time, the
household electric power tariff amounted to approximately $0.10 and $0.118 for one kW∙h accordingly.
Thus electric power population’s payment for dwellings should be about $23.8 per person in Russia and
$67 in the USA, or 0.45 and 0.49 % of the annual in-
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Table 5. Comparison of lamp types used in dwellings by number and participation
in the total light ﬂux, %
Lamp number, %

Participation in the light ﬂux, %

Russia

The USA

Russia

The USA

Incandescent lamps

95.2

62

76.3

45.2

Halogen incandescent lamps

0.2

4

0.2

7.3

Fluorescent lamps

4.5

34

23.1

36.9

Other lamps

0.1

1

0.4

10.6

Editorial note. The last work of a known specialist in economic problems of power engineering Dr.
Kogan who died in August 2013, according to the
editorial staff is of a doubtless interest by his approach to the comparison of economic-and-power
parameters of illumination for different countries
and by the statistical data containing in it. The article is published practically without changes, despite an indisputable nature of the calculations presented in it.

The data on light efﬁcacy of different type lamps
have allowed estimating total light ﬂuxes as well for
dwellings of the both countries (Table 5).
Altogether, taking into consideration the all factors: a bigger population, its higher providing with
housings, an appreciably higher level of actual illuminance and a much more progressive composition of single light sources, difference in light ﬂuxes
in dwellings of the USA and of Russia has turned out
to be very considerable: 5276 and 463 billion lm or
11:1. The average light efﬁcacy of a lamp in Russia
is 13.3 lm/W, whereas in the USA it is 31 lm/W, that
is 2.3 times higher. The latter is connected with the
fact that the contribution of highly-effective light
sources to formation of the average light efﬁcacy
in the USA is very signiﬁcant and amounts to approximately 20 %.
It follows from here that the primary goal of Russia in the domestic illumination is increase of its energy efﬁciency by means of advancing introduction
of forward light sources, which will give a chance
to increase the light ﬂux and to essentially lower the
relative volume of the electric power consumed for
population needs.
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Dmitry S. Strebkov
Prospectives of Using Technologies of Nicola Tesla
in Up-To-Date Power Engineering

Fig. 2. High-frequency resonant transformers of new generation for voltages more than one million V

Fig. 5 (a). A frequency converter and a resonance circuit
of the transmitting high-frequency transformer

Fig. 5 (b). A resonance circuit of the step-down high-frequency transformer

Fig. 5 (c). Tests of a resonant power system of 20 kW with
a single-wire cable line of 1.2 km in a laboratory of the
VIESH
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Peter Alstone, Kristen Radecsky, Arne Jacobson, and Evan Mills
Field Study Methods and Results from a Market Trial of LED Lighting for
Night Market Vendors in Rural Kenya

Fig. 3. Two versions of integrated data-loggers
The top (larger) version was used in this study. Based on experience using the devices and incremental improvements, we
and our colleagues developed a more reliable version pictured below that can be used in future

Fig. 6. Annual fuel cost estimates in the business context for each of the four fuel-based lighting types we observed. The
estimates are based on users’ estimate of their daily fuel costs (originally in Kenya Shillings, converted to $US), their estimate of the relative amount of time that the lamp is used at their business versus elsewhere, and a de-rating factor of 30%
based on our findings related to how accurately the night market vendors we worked with tend to estimate their daily fuel
costs. Three vendors who used hurricane lamps were not included in this plot because they were unable to estimate their
daily fuel cost during the survey
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Manuel Jesús Hermoso Orzáez and José Ramón de Andrés Díaz
Statistical Methodology Proposal for Evaluating Uniformity:
Application to LED Luminaires

Fig. 3. Illuminance representation and photograph of the
illuminated zone 45-W LED lamp, manufactured by SSIE
Fig. 4. 3 D illuminance representation (lx) –56-W LED
lamp, manufactured by DLED. Photograph of the DLED
luminaire. Source: Elaborated by the authors

Fig. 6. 3 D illuminance representation (lx) – REXDOS
360 50-WLED lamp, manufactured by REXDOS

Fig. 5. 3 D illuminance representation (lx) – REXDOS
270 45-WLED lamp, manufactured by REXDOS. Source:
Elaborated by the authors
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Mehmet Sait Cengiz and Sabir Rustemli
The Relationship between Height and Efficiency and Solution Offerings
in Tunnel and Sub-sea Tunnels

Fig. 1. Side view and front view of a two lane tunnel

Fig. 2. Two and three lane tunnel lighting design
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STATISTICAL METHODOLOGY PROPOSAL FOR EVALUATING
UNIFORMITY: APPLICATION TO LED LUMINAIRES
Manuel Jesús Hermoso Orzáez1 and José Ramón de Andrés Díaz2
1 University

of Jaen, 2 University of Malaga

A general and massive replacement is not recommended based on the cost-effectiveness and novelty of this technology, but the signiﬁcant energy savings (up to 40 %) and increased duration (the LED
lifespan is three times longer than that of dischargebased lamps) of LED technology have motivated
experimental tests of this new generation of lamps
in street lighting [10].
However, based on observations and studies
of the illuminances and uniformities of LED luminaires and recommendations from the International
Commission on Illumination (CIE) and the Regulation of Energy Efﬁciency for Exterior Lighting
(RD-1890/2008), it is clear that illuminance and
uniformity require new, more rigorous deﬁnitions.
According to current research, average uniformity,
as deﬁned by the CIE [10], is a perfectly valid term
for discharge-based conventional lamps (due to their
light emission from a single light source). However,
for LED lamps, due to their directionality and light
projection from several light sources, the deﬁnition
of average uniformity has been described as insufﬁcient (as described above).
In this paper, we propose a statistical methodology for analysing and computing uniformities in a
more rigorous fashion for LED luminaires. This
methodology enables the comparison of LED luminaires and discharge-based lamps with similar
performance.
To carry out this study, we equipped a single luminaire with ﬁve LED appliances (provided by four
manufacturers) that utilise the same type of diode
(CREE brand) and have similar powers but different optic systems. Previous studies have followed
a similar methodology [12–14].

ABSTRACT:
A growing interest has arisen in new technology
related to LED street lighting.
The energy savings of this technology are evident
due to the reduced power and energy achieved with
LED luminaires in comparison to equivalent traditional discharge lamps.
However, uniformity, directionality and the associated optics involved in LED luminaires remain
a problem.
In this article, we propose a methodology that
enables a graphic-statistical uniformity study for luminaires in general and LEDs in particular. Thus,
we can compare lighting performance measures
of LED lighting technology in terms of brightness
and uniformity for comparison with traditional discharge lamps.
Keywords: public lighting, LED lighting, energy
efﬁciency, metal-halides, uniformity
1. INTRODUCTION
Street lighting accounts for 2.3 % of the world
electricity consumption [1,2], as much as 80 %
of municipal electric energy and 60 % of associated
energy costs [3–5].
Opportunities for energy savings are high, with
the possibility of reductions between 20 % and 50 %
for power consumption and amortisation periods
of less than 5 years [6–9].
The progressive substitution of traditional sodium-vapour discharge lamps and metallic halogen
lamps by novel lamps based on LED (Light Emitting
Diode) technology is gradually becoming the norm
in urban lighting.
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Table 1. Theoretical parameters and electric measurements of the light sources
Characteristics

Electrical measurements

Pot,
W

Flux,
lm

Efﬁciency,
lm/W

Tª Colour,
ºK

Pot,
W

React.
Induc.
(VarL)

React.
Capac.
(VarC)

Power
factor

Mater City CDO
TT/828

150

13.500

90 l

2800

170

10

0

0.95

SSIE

45

3.500

80

5.500

40

0

0

-0.99

ETILED

51

4.059

80

4.000

50

0

20

-0.92

DLED

56

3.958

83

4.000

60

0

10

-0.99

REXDOS 270

45

3.800

80

4.000

40

0

0

-0.98

REXDOS 360

50

4.000

80

4.000

50

0

0

-0.99

Luminous source

Fig. 1.Road type and grid dimensions

ready apply this novel LED technology adapted to
the same VILLA-type luminaire.

2. MATERIALS AND METHODS
2.1. MEASURED LUMINAIRE
CHARACTERISTICS FOR COMPARING
LED AND DISCHARGE-BASED
TECHNOLOGIES

2.2. EQUIPMENT AND INSTRUMENTS
For illuminance and electric parameter measurements, we used two luxmeters and one electric network analyser apparatus:
1. GOSSEN luxmeter, model MAVOLUX 5032
C/B, developed by the Engineering Projects Department within the Engineering School of the
University of Malaga; this meter was calibrated
and tested.
2. KOBAN luxmeter, model Digital KL-1330,
provided by the Maintenance Technical Services
of the Fuengirola City Council; this meter was calibrated and tested.
3. AR6 electric network analyser, manufactured
by CIRCUITOR, a company owned by the Main-

We selected a VILLA-type luminaire manufactured by ATP (commercial trademark: Public Street
Lighting, Ltd. [Alumbrado Técnico Público S.A])
installed on a street in Fuengirola (Malaga, Spain).
The luminaire is located 3.5 m high above an asphalt
road with terrazzo tiles on the pavement, where a
PHILIPS 150-Wmetal-halide (MH) discharge lamp
was initially installed. The road is a two-way street,
6 m wide, with two 3-m-wide side walks and no on
street parking (Fig. 1).
We compared the MH lamp with ﬁve LED lighting systems provided by four manufacturers that al-
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Table 2. Matrix of measurements with respect to the distance expressed in meters and illuminance
measurements expressed in lx for the PHILIPS 150-W MH lamp
COLUMN

1

2

3

4

5

6

7

8

9

10

11

DISTANCE
(m)

7

5

3

2

1

0

1

2

3

5

7

6

2.97

3.96

5.03

7.79

6.90

6.80

6.74

6.24

5.63

4.66 3.17 6.0

1

4

4.93

4.79

7.45

7.76

7.17

6.72

7.57

7.06

6.95

4.05 5.30 4.0

2

2

7.56

9.19

7.09

8.87 14.88

16.14

12.88 9.00

6.19

8.59 6.66 2.0

3

1

7.60 12.01 12.86 13.41 11.36

11.04

10.61 12.23 11.66 10.01 7.60 1.0

4

Driveway

0

8.00

9.65 14.60 14.78 16.64 MH 150 W 15.34 16.73 12.39 11.65 7.52 0.0

5

Sidewalk

1

5.57 10.03 7.89 14.79 12.78

14.88

13.93 12.51 8.00

9.17 4.79 1.0

6

2

4.56

7.59

8.73

8.50 18.68

19.56

17.22 9.62

7.07

8.59 4.02 2.0

7

3

2.59

9.19

6.75 11.36 11.32

12.47

10.93 9.21

7.05

8.09 3.52 3.0

8

tenance Technical Services of the Fuengirola City
Council; this meter was calibrated and tested.

Rows

Each point in the matrix (Table 2) corresponds to
a point in the grid shown in Fig. 1. The illuminance
given in units of lx at the ground level for each point.
Subsequently, the surface is deﬁned by the illuminance samples obtained for each point in the matrix
(Fig. 2).
The following graphical and statistical analysis
of the illuminance measurements will result in the
deﬁnition of a novel concept: statistical uniformity
(hereafter Us). We compute Us for each of the light
sources and compare the results of this statistical
uniformity with the average uniformity (Um), which
is computed from the traditional method according
to CIE recommendations. Let us ﬁrst consider Equations (1) and (2):

2.3. METHODOLOGIES AND
GRAPHICAL AND STATISTICAL
PROCEDURES FOR COMPARATIVE
UNIFORMITY MEASUREMENTS
We selected six VILLA luminaire-type street
lamps according to the previous description. In one
of the lampposts, a discharge-based MH lamp was
installed, with two years of usage and approximately
6000 hours of operation. The remaining lamps were
installed with LED light sources.
The electric parameters were measured with the
AR6 analyser, which tested the lamp power and its
parameters according to the manufacturer’s speciﬁcations, as shown in Table 1.
Below, we describe the proposed methodology
based on luminance measurements obtained from
luxmeters for the 150-MH lamp. Previous studies [15–17] have followed a similar methodology.
On the pavement (sidewalks and driveway), we
drew 87 points organised in a matrix of 8 rows and
11 columns. The centre point corresponds to the origin coordinates (0, 0), and the lamppost is located
in the same point (row 5, column 6). The curb corresponds to row 5, rows 1 to 4 correspond to the road
(6 m wide), and the sidewalk pavement is represented by rows 5 to 8 (3 m), (Fig. 1, Table 2)
We performed weekly illuminance measurements
in situ. Average values were obtained for these measurements for a localised point in the grid using the
two luxmeters to achieve a contrast measurement.

Um =

L min
.
Lav

(1)

(Deﬁnition of the theoretical average uniformity
(Um) according to CIE)
where:
Um= Average uniformity
Lmin = Minimal illuminance (lx)
Lav = Average illuminance (lx)
S tan dard deviation (σ )
=
Lav
= Coef . of variation (%).

Us =

(2)

(Deﬁnition of statistical uniformity (Us) proposed
in this paper)
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Fig. 2. 3 D illuminance representation (lx) – Lamp: MH 150–W, manufacturer: PHILIPS

Table 3. Illuminances and uniformities obtained from the CIE method and the proposed method
CIE methodology

New methodology

Lmin

Lmax

Um

Ug

Lav

Sidewalk

2.59

19.56

0.25

0.13

10.42

Driveway

2.97

16.14

0.37

0.18

8.12

Total

2.59

19.56

0.28

0.13

9.27

Var σ2

SD σ

Coef.

Us

14.89

3.85

0.4164

41.64

to a higher statistical uniformity (Us) of the illuminance. Moreover, we computed the average uniformity (Um) and the extreme uniformity (Ug) according
to the CIE speciﬁcations (Table 3).

where:
Us = Statistical uniformity
Standard deviation (σ) = Standard deviation
of the sample
Lav = Average illuminance (lx)
The coefficient of variation is expressed in
percent.
We aimed to accurately compute both the coefﬁcient of variation of the sample, which is deﬁned
as the ratio between the standard variation of the
average illuminance and the average illuminance,
and the illuminance statistical uniformity (Us).The
standard deviation (s) measures the data dispersion
with respect to the average illuminance and allows
us to accurately deﬁne the illuminance uniformity.
This new deﬁnition resolves the problem of investigating multi-directional LED luminaires with a new
and more rigorous computational method.
As indicated in the previous formula, the data
dispersion is computed as the standard deviation
of the average illuminance. Thus, it is statistically
deﬁned as the coefﬁcient of variation expressed as a
percentage. In this way, a smaller standard deviation
with respect to the average illuminance corresponds

3. RESULTS OF A COMPARATIVE STUDY
OF LEDS
3.1. 45-W LED LAMP MANUFACTURED
BY SSIE
Table 4 shows the illuminance matrix obtained
after applying the method described in the previous
section. The results are displayed in three dimensions (Fig. 3).
The results are shown in Tables 4 and 5. Fig. 3
indicate the existence of speciﬁc points in the sample matrix with very high illuminances at intermediate distances. In contrast, some points present low
illuminances at a small distance from the focus and
correspond to sub-illuminated zones close to overilluminated zones. In general, although the average
illuminance is slightly higher than that of the MH
lamp, there is a signiﬁcant contrast between the av-
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Table 4.Matrix of measurements with respect to distance (in meters) and measurements
of illuminance (in lx) for the 45-W LED lamp, manufactured by SSIE
MATRIX OF ILLUMINANCES
Distance, m

7

5

3

2

1

0

1

2

3

5

7

6

1.39

2.22

4.24

4.84

5.33

5.38

5.15

4.70

3.52

2.63

1.06

6.0

4

3.90

4.71

8.41

12.46

13.81

13.76

13.46

10.46

7.14

6.03

3.90

4.0

2

7.53

15.69

22.40

17.97

28.20

21.80

23.40

17.80

18.07

15.60

8.81

2.0

1

8.91

22.40

36.70

29.7

13.87

29.20

13.35

35.30

28.90

21.10

11.27

1.0

0

13.20

25.90

55.20

63.20

42.00

SSIE 45 W

42.10

54.60

45.60

23.00

10.20

0.0

1

7.06

26.40

57.00

54.70

15.18

32.40

15.83

36.90

41.50

23.60

7.88

1.0

2

8.50

11.64

32.80

18.21

31.50

36.80

36.70

24.00

21.50

11.00

5.26

2.0

3.0

2.80

2.50

5.00

4.00

5.10

5.04

5.27

5.09

2.25

2.40

2.90

3.0

Table 5. The illuminance and uniformity (according to the CIE method) and statistical indicators
according to the new methodology
CIE methodology

New methodology

Lmin

Lmax

Um

Ug

Lav

Sidewalk

2.25

63.20

0.10

0.04

22.64

Driveway

1.06

36.70

0.08

0.03

12.95

Total

1.06

63.20

0.06

0.02

17.80

Var σ2

SD σ

Coef

Us

231.78

15.22

0.8557

85.57

erage and maximum illuminance values. This result
corresponds to a sub-optimal uniformity for both the
average and extreme uniformity, according to the
CIE methodology (Table 5). The standard deviation
and the coefﬁcient of variation are both high, twice
as high as those of the MH lamp (Table 3).
3.2. 56-W LED LAMP MANUFACTURED
BY DLED
Table 6 shows the results for the illuminance matrix obtained with the newly proposed method. The
results were graphically presented in three dimensions using an Excel sheet. Note the shadow zones
associated with reductions in illuminance as the distance from the focus increases (see Fig. 4).
Note that for the case displayed in Fig. 4 and Table 5, there are over-illuminated zones contrasting
the shadow zones close to the emitting focus; therefore, the illumination appears more homogeneous.
The illuminance is constantly decreasing as a function of distance. However, this effect is misleading,
as the maximum and minimum illuminances are considerably separated, dispersed and poorly focused
with respect to the average value.

Fig. 3. Illuminance representation and photograph of the
illuminated zone 45-W LED lamp, manufactured by SSIE
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Fig. 4. 3 D illuminance representation (lx) –56-W LED lamp, manufactured by DLED. Photograph of the DLED luminaire. Source: Elaborated by the authors

Table.6. Matrix of measurements with respect to the distance expressed in meters and illuminance
measurements expressed in lx for the 56-W LED lamp, manufactured by DLED
MATRIX OF ILLUMINANCES
Distance,
m

7

5

3

2

1

0

1

2

3

5

7

6

2.61

3.77

5.39

5.69

6.72

6.31

6.05

6.58

5.30

4.76

2.95

6.0

4

3.56

6.02

11.73

11.87

14.90

13.17

14.81

14.78

11.56

6.98

3.55

4.0

2

4.41

8.00

24.20

27.10

30.30

30.80

30.30

27.50

22.20

10.74

4.92

2.0

1

5.50

9.44

24.90

30.70

35.60

24.20

35.20

30.30

26.20

12.76

5.50

1.0

0

5.50

11.83

29.40

35.30

30.40

DLED
56 W

25.40

32.20

28.20

12.29

5.59

0.0

1

5.30

14.39

29.70

34.40

42.20

25.90

38.00

33.00

28.30

13.33

6.00

1.0

2

5.23

10.02

22.00

31.40

37.60

34.00

31.80

30.70

24.70

11.27

5.48

2.0

3.0

4.69

7.62

21.90

25.50

26.70

28.10

26.30

22.10

18.98

8.64

4.20

3.0

Table 7. Illuminance results and uniformity (according to the CIE method) and statistical indicators
according to the new methodology
CIE methodology

Newmethodology

Lmin

Lmax

Um

Ug

Lav

Sidewalk

4.20

42.20

0.20

0.10

21.52

Driveway

2.61

35.60

0.18

0.07

14.49

Total

2.61

42.20

0.14

0.06

18.01

In general, for the DLED lamp (Table 7), although the average illuminance is also higher than
the corresponding average for the MH lamp and
slightly lower than that of the SSIE, there is a sig-

σ2

SD σ

Coef

Us

132.64

11.51

0.6395

63.95

Var

niﬁcant contrast between the maximum and average
illuminance. This result indicates a moderate uniformity, as it has been obtained from the average and
extreme uniformities. For the standard deviation and
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Table 8. Matrix of measurements with respect to the distance expressed in meters and illuminance
measurements expressed in lx for the REXDOS 270 45-WLED lamp
MATRIX OF ILLUMINANCES
Distance,
m

7

5

3

2

1

0

1

2

3

5

7

6

2.73

3.22

5.25

6.60

8.56

8.76

9.53

6.91

4.75

3.39

2.22

6.0

4

2.57

5.31

5.41

10.04

14.80

17.81

16.67

10.02

7.64

4.52

2.40

4.0

2

5.42

9.71

16.91

22.00

20.60

32.90

18.17

27.00

10.26

6.63

3.61

2.0

1

4.50

10.89

18.50

22.40

16.54

23.50

24.10

25.80

17.01

7.32

3.68

1.0

0

6.37

10.82

24.70

28.70

28.70

REXDOS
270

33.60

31.20

20.50

9.86

4.87

0.0

1

5.08

11.17

22.40

18.73

32.40

19.70

35.40

21.40

23.40

10.80

5.94

1.0

2

4.90

7.38

11.40

20.50

23.80

22.50

27.10

21.00

11.20

6.24

3.51

2.0

3

3.19

5.02

11.57

15.56

18.87

25.70

17.49

17.22

10.94

4.80

3.57

3.0

Table 9. Illuminance results and uniformity (according to the CIE method) and statistical
indicators according to the new methodology
CIE methodology

New methodology

Lmin

Lmax

Um

Ug

Lav

Sidewalk

3.19

35.40

0.20

0.09

16.26

Driveway

2.22

32.90

0.19

0.07

11.51

Total

2.22

35.40

0.16

0.06

13.89

Var σ2

SD σ

Coef

Us

82.00

9.05

0.6521

65.21

coefﬁcient of variation, we obtain a value 22 percentage points higher than that of the MH lamp (Table 3) and 21 points lower with respect to that of the
SSIE lamp (Table 5).
3.3. REXDOS 27045-W LED LAMP
Table 8 shows the results obtained for the new
methodology, and Fig. 5 shows a 3 D representation
of the data in an Excel sheet.
According to the results (Table 9), the average
uniformity computed with the traditional method
(Um) and the new statistical uniformity (Us) are very
similar for both the REXDOS 270 45-W LED lamp
and the DLED 56-WLED lamp (Table7).
3.4. REXDOS 360 50-W LED LAMP
Table 10 shows the illuminance matrix obtained
from ﬁeld measurements. The results are displayed
in three dimensions using an Excel sheet (see Fig. 6).
Although both the REXDOS 270 and DLED
lamps (Table 11) present a very low average uni-

Fig. 5. 3 D illuminance representation (lx) – REXDOS
270 45-WLED lamp, manufactured by REXDOS. Source:
Elaborated by the authors
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Table 10. Matrix of measurements with respect to the distance expressed in meters and illuminance
measurements expressed in lx for the REXDOS 360 50-W LED lamp, manufactured by REXDOS
MATRIX OFILLUMINANCES
Distance,
m

7

5

3

2

1

0

1

2

3

5

7

6

1.82

3.09

5.10

6.23

7.07

7.39

6.87

6.17

4.67

3.06

1.48

6.0

4

2.35

4.47

9.97

12.49

14.81

16.42

15.01

11.60

9.87

4.70

2.60

4.0

2

3.85

8.53

20.20

23.30

27.10

31.10

27.20

21.80

17.53

7.24

3.61

2.0

1

4.39

10.47

24.50

27.90

31.00

30.60

29.40

27.00

20.70

8.61

3.95

1.0

0

6.30

15.16

32.30

35.20

31.30

REXDOS
360

31.60

33.50

27.70

11.14

5.10

0.0

1

5.03

11.67

26.00

33.00

32.90

30.40

33.00

31.20

27.60

11.70

5.01

1.0

2

4.33

10.86

24.30

28.90

33.60

34.60

29.40

24.40

21.60

10.5

4.31

2.0

3.0

4.20

8.24

17.28

25.10

30.00

31.30

26.40

19.60

14.31

8.20

4.19

3.0

Table 11.Illuminance results and uniformity (according to the CIE method) and statistical
indicators according to the new methodology
CIE methodology

Newmethodology

Lmin

Lmax

Um

Ug

Lav

Sidewalk

4.19

35.20

0.20

0.12

21.00

Road

1.48

31.10

0.11

0.05

12.89

Total

1.48

35.20

0.09

0.04

16.94

Var σ2

SD σ

Coef

Us

124.34

11.15

0.65807

65.80

obtained a graphical representation in three dimensions using an Excel sheet (see Fig. 7).
Although the values for the maximum illuminance are lower than those for the other LED lamps
(Table 13 and Fig. 7), there is a high concentration
of illuminance near the average. This ﬁnding is reﬂected in the low standard deviation of the average
illuminance and the corresponding low value for the
coefﬁcient of variation, which is associated with an
optimal statistical uniformity (Us).
Fig. 6. 3 D illuminance representation (lx) – REXDOS
360 50-WLED lamp, manufactured by REXDOS

4. DISCUSSION AND CONCLUSIONS

formity according to the traditional method
(Um=0.09), when we compute the statistical uniformity (Us), we obtain similar values for both models (Tables 9 and 7).

After applying the previously deﬁned method to
analyse graphical representations and statistical indicators of the illuminance, we can conclude that the
average uniformity (measured separately) is directly related to the coefﬁcient of variation (expressed
as a percentage), deﬁned as the ratio of the standard
deviation of the obtained illuminance in the sample
matrix and the average illuminance.
The statistical uniformity (Us) allows for a more
precise evaluation of the illuminance quality of the

3.5. ETILED 51-W LED LAMP
After applying the described method to the 51-W
LED lamp manufactured by ETILED, we obtained
the illuminance matrix shown in Table 12. We also
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Fig. 7. 3 D illuminance representation (lx) –ETILED 51-W LED lamp, manufactured by ETILED

Table12. Matrix of measurements with respect to the distance expressed in meters and illuminance
measurements expressed in lx for the ETILED 51-W LED lamp
MATRIX OFILLUMINANCES
Distance,
m

7

5

3

2

1

0

1

2

3

5

7

6

5.12

7.01

6.78

5.58

4.02

3.59

4.10

5.54

6.92

7.80

5.79

6.0

4

10.46

18.80

14.71

13.28

9.68

8.19

11.57

14.27

13.56

14.70

12.36

4.0

2

16.74

27.10

25.50

22.00

22.20

18.60

21.50

22.80

24.20

26.60

18.10

2.0

1

17.72

28.00

26.80

26.30

10.80

15.14

11.54

27.20

27.50

26.80

16.36

1.0

0

17.01

29.10

27.40

27.30

12.16

ETILED
51 W

12.91

25.00

25.20

24.50

17.92

0.0

1

11.49

15.83

16.42

13.61

7.85

7.29

8.12

13.01

15.53

16.83

12.92

1.0

2

5.85

7.09

6.80

6.25

6.06

6.80

7.57

9.20

9.22

10.52

8.80

2.0

3.0

4.09

4.61

4.83

5.32

5.69

5.50

5.60

5.30

4.82

4.60

4.10

3.0

Table 13. The results for illuminance and uniformity (according to the CIE method) and statistical
indicators according to the new methodology
CIE methodology

Newmethodology

Lmin

Lmax

Um

Ug

Lav

Sidewalk

4.09

29.10

0.35

0.14

11.54

Driveway

3.59

28.00

0.23

0.13

15.53

Total

3.59

29.10

0.27

0.12

13.53

Var σ2

SD σ

Coef

Us

61.60

7.89

0.57999

57.99

ues of this parameter indicate high or optimal values
for the average uniformity (see Table 14 and Fig. 8).
After computing the average illuminance, the average uniformity (Um), the standard deviation and
the coefﬁcient of variation (as a new parameter for
measuring average uniformity) for the six analysed
light sources, we can conclude that the luminaires

luminaires. In the analysed cases, we observed overilluminated zones very close to dark zones, which
occur due to the inherent directionality of the LED
light sources.
According to the obtained values, we can conclude that an optimal average uniformity corresponds to low coefﬁcients of variation. Very low val-
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Fig. 8. Linear regression for the coefﬁcient of variation (Us, %) (proposed methodology) as a function of the average uniformity (Um) (according to the CIE method)

0.09 and 0.06, respectively. However, the statistical uniformity values differ by nearly 20 percentage
points, 65.80 and 85.57, respectively.
Based on this comparative study, it has been
shown that LED lamps perform at sufﬁcient illuminance levels. However, in some cases, uniformity is a limiting factor for this emerging technology.
In this study, we have shown that uniformity can
be measured using statistical tools such as the standard deviation, the average illuminance and the coefﬁcient of variation.
The new methodology presents potential for uniformity measurements of luminaires that operate
with LEDs or any other type of lighting technology,
even if they exhibit a high distortion of the average
illuminance (Um) due to their directional characteristics. Therefore, although it is valid for discharge
lamps, we consider the concept used to deﬁne the
average uniformity, as recommended by the CIE,
to be inaccurate for luminaires with multiple light
sources, such as LEDs.
Using the proposed evaluation method, we have
shown that an optimal uniformity can be ensured
when the graphical representation shows a uniform
trend without crests (over-illuminated zones) or deep
valleys (sub-illuminated zones). Optimal uniformity can also be obtained when there is low dispersion
in the illuminance (as a function of distance) with
respect to the average illuminance (small standard
deviation of the average illuminance).

can be classiﬁed from higher to lower statistical uniformity (Us) values (see Table 14).
The ordering of the analysed lamps from higher to lower coefﬁcients of variation or statistical
uniformity (Us) gives a precise description of the
uniformity, which differs slightly from the classiﬁcation obtained from the traditional method (Um)
(Table 14).
With the traditional method, we obtain similar
average uniformity values (Um) for both the MH and
the ETILED lamps, as there is very little variation.
However, the statistical uniformity (Us) for the MHlamp is 16.35 points higher than that of the ETILED
lamp, despite both lamps having very similar Um
values: 0.28 and 0.27, respectively.
Similar results are found for the REXDOS 270,
DLED and REXDOS 360 lamps, which have variable Um uniformities of 0.16, 0.14 and 0.09, respectively; the ﬁrst two lamps exhibit similar statistical
uniformities (Us) (65.21 % and 63.95 %, respectively). The third lamp has a statistical uniformity
of 65.80 %, exceeding the uniformity of the other
two lamps but remaining at a similar level. This
clearly demonstrates the weakness of the traditional
method. The 3 D graphical representations conﬁrm
these statistical ﬁndings (note the similarity among
the three 3 D graphs).
This phenomenon is also observed for the REXDOS 360 and SSIE lamps. The uniformity (Um) values vary by three hundredths of a percentage point,
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Table 14. A comparison of the uniformity according to the applied method

Classiﬁcation

Lamp Type

Average Illuminance,
lx

Average Uniformity, Um
(according to the
traditional CIE
method)

Statistical Uniformity, Us
(according to the proposed method)

1

PHILIPS 150-W MH Lamp

9.27

0.28

41.63

2

ETILED 45-WLamp

13.53

0.27

57.99

3

REXDOS 270 45-WLamp

13.89

0.16

65.21

4

DLED 54-WLamp

18.01

0.14

63.95

5

REXDOS 360 50-WLamp

16.94

0.09

65.80

6

SSIE 45-WLamp

17.80

0.06

85.57

Finally, this study reafﬁrms the CIE deﬁnition
for the concept of average illuminance in discharge
lamps; however, this concept requires a redeﬁnition in the case of LED technologies that make use
of various light sources, as these show a signiﬁcant
multi-directional behaviour generated by the presence of several LED diodes.
A more precise method is required for computing and comparing uniformities. In this regard, the
statistical methodology proposed in this paper can
resolve this issue and can more rigorously compute
average uniformities.
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Reviewer’s remarks to paper “Statistical methodology proposal for evaluating uniformity: Application
to LED luminaires” by Manuel Jesús Hermoso Orzáez and José Ramón de Andrés Díaz
The paper is devoted to the problem of choice of criteria for illuminance uniformity distribution of the
outdoor illumination devices. The theme is relevant, and has to take the attention of specialists. Nevertheless, there are some remarks:
1. The criterion of illuminance uniformity distribution isn’t depending from type of source of radiation.
So, it is not necessary to use it only for LED luminaires evaluation.
2. The proposed criterion isn’t new and is in a long time using, for example, in sport illumination: Recommended Practice for Sports and Recreational Area Lighting. IESNA RP-6–01, 2001 and Gulati V.C., Pai
T.R. Illuminance uniformity: need to redeﬁne Publication: CIE 119–1995; or Armstrong J.D. A new measure of uniformity for lighting installations. J. Illum. Eng. Soc.1990. V. 19 (2).
3. Unfortunately, these criterion doesn’t use by CIE for road illumination.
4. Suggested criterion is deﬁne none uniformity of illuminance, the more the value, the higher none uniformity of illuminance. Traditional criterion is deﬁning uniformity, and the more the value, the higher uniformity. Therefore, comparison of this two values isn’t convenient nether in percents nor in relative units.
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on roads in the evening and at night for outdoor activities and recreation. Lighting in these areas is a basic
necessity and factors like luminance, uniformity and
glare must be considered. Illumination for these spaces should ensure easy and safe movement as well as
offer a visually pleasing, glare free environment. Today urban street lighting requires lighting that should
be natural, bright, pleasing and give the surroundings
more charm than they have in the day time.
Lighting in these areas is provided by different
types of exterior luminaries. A luminaire is an apparatus, which distributes, ﬁlters or transforms the light
emitted from one or more lamps and which includes,
except the lamps themselves, all the parts necessary
for ﬁxing and protecting the lamps and where necessary, circuit auxiliaries together with the means for
connecting them to the electricity supply, by effective lighting design.
Controlling the distribution of light often reduces the efﬁciency of the luminaire. Lenses, louvers,
reﬂectors and protectors all decrease the efﬁciency of lamp and ballast systems, compared to a bare
lamp. The best and most effective luminaries are
those that distribute the light only where it is needed,
and do it efﬁciently.
The lighting design has to be completed using
luminaires with advanced qualities. Advanced luminaires may have one or more features that distinguish them from conventional luminaries:
• They may be higher in efﬁciency;
• They may utilise higher efﬁciency components
that reduce energy use, such as electronic ballast or
automatic controls;

ABSTRACT.
Outdoor lighting luminaires play an important
role in lighting the night time environment. They
serve and work as the identity of a city. They are
used to treat an area more globally. Nowadays, advanced luminaires are replacing the conventional
luminaires as they are more advantageous in terms
of efficiency, high initial performance sustained
throughout the lifetime of the luminaire and easy
maintenance. Energy savings, aesthetics and wellbeing provision in the night time environment are
the most important features of modern luminaires.
There are many products with new technologies beneﬁting from the most highly specialised technological research in lighting. The advanced luminaires
have very precise photometry; they should be used
and installed in an exact way, with advanced lighting software that facilitates proper utilization of the
precise photometry. This paper discusses the different criteria of advanced luminaires and different methods used nowadays in road lighting, which classiﬁes them as advanced luminaires.
Key Words: luminaire, reﬂector, protector
1. INTRODUCTION
It is obvious that during day, the Sun gives everything an equal value and gives same amount of light.
During the night it is the art of the lighting designer
to decide what is to be seen and what is not and to
what degree. In countries like India, people spend a
lot of time in open parks, gardens, and poolside and
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sure die casting allows producing complex pieces
and ﬁxing them together. Aluminium alloy with optimised material proportion is used to maintain ﬂuidity while injecting and good corrosion resistance
of the ﬁnished product and these features are contradictory to each other. This process is very expensive
and chosen only for production of large quantities
of pieces. A powder paint coating is applied upon
the ﬁnished product to protect from environmental
corrosion. Gravity casting an of aluminium body
is much cheaper but creates a mechanically weaker
body than pressure die casting. In Sand casting of an
aluminium body, gravity casting method is used
where die is made up of compressed sand. The pieces made in this way are relatively heavy. On the
other hand, extrusion process is used to create long
objects of a ﬁxed cross-sectional proﬁle. Aluminium
extrusion for making a luminaire body inspires creative designs and technical solutions that improve,
simplify and reduce costs. An anodisation process
generally makes the corrosion protection of extruded aluminium pieces [1, 2, 3]. Paint over extruded
aluminium body using the powder coating technique
provides resistance to environmental corrosion.
There are other ways to produce luminaire bodies: (1) stamped aluminium sheet body, sometimes used for low cost luminaires with low powers
of lamps, (2) polyester with glass ﬁbre, (3) plastic
materials used but mechanical resistance loss as ageing creates problem.

• They may exhibit a better light distribution for
a speciﬁc application (such as wall washing or canopy lighting) without wasting or producing glare.
• They may be more durable or easier to maintain; or
• They may perform as well as conventional luminaires but with a new, compact, or different look.
Advanced luminaires often use materials new to
the lighting industry or manufacturing techniques
that make a product more affordable.
Outdoor luminaires are dominated by road lighting installations, which not only function well at
night time, but also look aesthetically pleasing in the
day time.
This document is based upon different technology aspects of manufacturing advanced street lighting luminaires and their construction.
2. ROAD LIGHTING LUMINAIRE
A road lighting luminaire is used the streets for
lighting purposes. The main purpose is to allow the
users of motor cars, motor cycles, other motor vehicles and animal drawn vehicles to proceed safely,
and allow pedestrians to recognise other pedestrians.
It also gives them a sense of security and improves
the night-time appearance of the environment. Luminaires should be robustly constructed, weatherproof,
hail proof, insect proof, corrosion proof, solar resistant and vandal resistant. Luminaire consists of main
three compartments, Body, Optical unit and Electrical Control Gear.

2.2. Cover
The cover part of the luminaire has to be ﬁxed
on top of the luminaire to protect other parts of the
luminaire. Die cast aluminium covers are very good
and expensive but these have many advantages like,
they are mechanically strong and they have good resistance to environmental corrosion, good heat dissipation quality. Many of the luminaires are equipped
with plastic covers. The cover of a luminaire doesn’t
support any mechanical constraints. The polypropylene plastic covers are generally injected pieces, as
they have to present an accurate shape to provide a
good closing at the top part of the luminaire. These
covers have a high mechanical resistance and also a
good resistance to UV radiation.

2.1. Body
The body is the main supporting piece of a lighting luminaire, it must be mechanically strong and
holds the entire equipment safely under any environmental conditions. Luminaires must be constructed
from durable lightweight materials. The mechanical
resistance must be effective during the total lifetime
of the lighting installation and it should not suffer
from fatigue.
The body of a luminarie is generally constructed
by Casting and Extrusion, when aluminium is used
as the basic material. Aluminium is commonly used
material as it is mechanically resistant enough, light
compared to steel, has good thermal conductivity, and thereby good temperature dissipation quality, and it can be easily protected against corrosion.
Casting can further be divided into three types.. Pres-

2.3. Fixation system
The ﬁxation system supports the weight of the luminaire upon a pole or bracket so it has to be strong
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enough to hold the luminaire at different extreme
conditions like vibration of pole, wind movement,
even after severe impact. So this part has to be designed carefully with proper materials.

less borders and proper tooling makes the pieces
ready for use. Protectors can also be made by Injection where material granulates are used for a normal
injection process. Protectors made in this way are
much more accurate in shape and dimensions.
Glass as the material of a protector is best in its
transmission factor, mechanical resistance, and thermal stability. Sand and calcium glass either thermally or chemically tempered, or Borosilicate glass
is normally used. A deeper glass bowl is manufactured by moulding process with borosilicate glass.
The sheet of sodocalcic glass is cut to the desired
shape and dimension before thermal or chemical
treatment.

2.4. Optical compartment
The optical compartment is the heart of any luminaire; it comprises a reﬂector, protector and lamp
holder systems.
2.4.1. Reﬂector
The most important element in a light ﬁtting,
apart from the lamp (s), is the reﬂector. This determines how much of the lamp’s light reaches the area
to be lit as well as the lighting distribution pattern.
Reﬂectors are generally either of diffuse or specula
type. Reﬂecting material may be matt or specula,
metallic or white, hammered or ridged, or a combination of these. The job of the reﬂector is to capture
most of the light emitted from the lamp and to direct it to the most useful zones. Each type of reﬂector produces a different light distribution.
Aluminium sheets are used to produce the reﬂector because of so many advantages like ease of manufacture, good reﬂection properties for proper grades
of aluminium as well as good corrosion resistance
and recyclability.
Plastic based reflectors are based on the use
of very thin layer of pure aluminium on the inside
surface of the plastic piece, and provide a higher
light reﬂection factor. The reﬂective surface can be
specula or diffuse or both and can be present side
by side on the same piece. The heat generation from
the lamp used with this kind of reﬂectors has to be
within certain limit.

2.4.3. Proﬁle of the protector
The profile of a protector bowl is very much
linked with the light distribution characteristics
of the luminaire. It also has an impact on the aesthetic appearance of the complete luminaire.
Deep protector bowls allow for very extensive
light distribution, leading to send a small proportion of luminous ﬂux upwards, above the horizontal
plane, creating some light pollution. The light pollution problem can be solved using a ﬂat glass protector, but, unfortunately, with a noticeable drop in the
total light efﬁciency of the luminaire (DLOR). The
ﬂat glass protector reduces the light intensities in the
zone above certain angles (Gamma angles). Curved
low depth protectors avoid the internal reﬂection and
loss of efﬁciency [4]. This is the best option regarding the amount of ULOR and DLOR. Whereas, refractor bowl protectors are equipped with bowl having some prismatic structure makes the light distribution more extensive that increases the luminance
performances with some increase of glare effect and
light pollution.

2.4.2. Protector
2.5. Electrical control compartment
Protector is one of the components requiring particular attention. The amount of Upward Light Output Ratio (ULOR), which is the main cause of light
pollution, is sometimes dependent on the protector.
There are various types of protectors considering
their material and shape. The different types of material used are methacrylate, polycarbonate and glass.
Protectors using these materials can be made by thermoforming, where a ﬂat sheet of material is heated
below its melting temperature and then pushed by air
pressure to reach its ﬁnal shape. Cutting away use-

Ballast, Capacitor and Ignite are the three elements important for good operation of the light
source inside a luminaire. These components should
be chosen properly in relation with the operation
of the concerned luminaires. Ballast provides the
starting cathode preheating current for initial electron emission, providing output terminal voltage
sufficient enough to blow the arc inside the discharge lamp; it also controls the lamp current to
proper values for stable operation along-with moni-
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road lighting, the concept satisﬁes most demanding
standards for safety, helping drivers to detect static
or moving obstacles on the carriageway, conﬁrm the
road conﬁguration comfortably, and perceive the entire road surface.

tors change in the lamp current, at supply voltage
ﬂuctuations. These three electrical components are
generally ﬁ xed on a plate called as Control Gear
Plate that can be removed easily in case of failure
of a component.

3.4. High Quality Reﬂector

3. ADVANCED TECHNOLOGIES
TO IMPROVE PERFORMANCE,
INSTALLATION AND MAINTENANCE
SAVINGS

The reﬂector is the backbone of any luminaire.
It controls the distribution of the lamp’s light output.
It sends the light emitted by a lamp in selected directions according to the intended purpose.
The shape and the reﬂection characteristics are
two most important features of a reﬂector. Light distribution of any luminaire is mainly dependent upon
these two characteristics.
There are mainly 3 types of reﬂectors: the extruded or rolled reﬂector, also called two dimension
reﬂectors, produced on a rolling machine with preanodised aluminium sheet; the deep drawn reﬂector needs expensive tooling, but they are very cheap
when produced in large quantities; the revolution reﬂector produced by revolving/ spinning procedure.

Lighting design has to be made using luminaires
with advanced qualities. Advanced luminaires may
have one or more features that distinguish them
from conventional luminaires. Advanced luminaries often use material new to the lighting industry or
manufacturing techniques that make a product more
affordable.
3.1. Sealsafe [5]
The Sealsafe technology has become a thoroughly tested system, a source of savings in energy and
maintenance costs.
The system guarantees good ingress protection
level of the optical compartment and long lasting
photometric performance. This remarkable tightness
level is ensured even in extreme weather conditions.
The reﬂector is permanently sealed to the protector
and access to the lamp is possible only via a plug.
The optical compartment then breathes, which is an
essential requirement, in a slow and controlled way,
with no ingress of water, dust or insects [8].

3.4.1. Reﬂector treatment
3.4.1.1. Vacuum metallisation [7,8]
In this process a thin layer of high grade aluminium deposited on a synthetic or aluminium reﬂector,
through vacuum vaporisation. This allows for production of very effective reﬂectors with an extremely
high degree of photometric accuracy whose performance is maintained over time.

3.2. Easilok [5]
3.4.1.2. Polishing / Anodisation [2,3]
This design makes it possible to guarantee the
initial tightness level of the optical compartment
throughout the life span of the luminaire.
The optical compartment remains permanently
clean, preventing any deterioration in the photometric performance and luminous efﬁciency of the
luminaire. Another advantage of this permanently
clean state is that it signiﬁcantly reduces maintenance costs [8].

The reﬂectors are immersed into various treatment baths: degreasing, chemical polishing and anodising for long lasting protection of the polished
layer that guarantees reﬂectors of consistent quality.
3.4.2. Use of Micro Reﬂector & Mini
Reﬂector [5]
The micro-reﬂector is the miniaturised reﬂector;
that reduces the size of the luminaire to a minimal
form. Indeed, while maintaining photometric performance similar to those of a traditional reﬂector
for lamps with a small arc tube, like metal halide
lamps, with ceramic arc tubes. The micro-reﬂector

3.3. Flat Beam [6]
This improves the optical efﬁciency of luminaires
at reduced mounting heights, ensuring uniform light
distribution with minimal glare. Primarily created for
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opens new design perspectives and new aesthetic
possibilities for urban lighting. Less space taken up
by the optical compartment means more space for
creativity.
The Mini Reﬂector is also a miniaturized reﬂector that is designed for proper lamp with a very effective light intensity distribution.
3.5. Electronic control of the light source
Electronic control of discharge type light source
has advantages over conventional electromagnetic
control of the light source. In some cases this improves light output, dimming control, etc. Dimming
control of light source directly reduces the energy
consumption requirement of the luminaire, thereby
reducing carbon dioxide and harmful emissions.
3.6. StepDim [9]
StepDim provides high efﬁciency of lamp and luminaires with proper control gear. During off-peak
hours dimming the light source to a pre set value instead of switching off consecutive luminaires one after another provides good lighting and glare control
with proper uniformity over the road surface.

Fig. 1. Change of light distribution by changing location
of the burning centre of lamp inside the optical compartment horizontally and vertically

els and uniformity, along-with limited glare effect,
for the maximum spacing of poles.

3.7. Self Cleaning Protectors [10,11]
Self-cleaning glass is a new technology for glass
production that allows glass to self-clean. The process is two steps, UV rays in sunlight breaks down
organic dirt, which is on the glass and makes the
glass surface become ‘hydrophilic’. During the hydrophilic process, the glass creates a ﬁlm with rainwater and the rain then washes the dirt away in a
sheeting action that allows for minimal water marks

3.9. Zebra Crossing Luminaire
Zebra Crossing luminaires area a special kind
of luminaire that has a particular photometry in contrast to normal street lighting luminaires. The principle behind the street lighting is to make the road
surface appear contrastingly bright in order to reveal
its direction and allow objects to be seen in silhouette [12]. In contrast, zebra crossing luminaires with
proper colour rendering index light sources provide
semi-cylindrical illuminance so that observer can
differentiate between solid objects over road or human beings crossing the road. Semi-cylindrical illuminance brightens up the vertical surface of the objects instead of horizontal surface.

3.8. Modiﬁcation of Light Distribution
of Luminaire
Proper light distribution with same set of combination of protector, reﬂector and lamp assembly can
be achieved by changing the lamp burning-center for
different applications.
The light distribution depends not only on vertical and horizontal position of the burning center
in respect to the reference point, but also depends on
the inclination angle of the lamp inside optical compartment. The optimised lamp adjustment inside the
reﬂector is one which allows proper luminance lev-

4. CONCLUSION
The concept of modern street lighting has been
changing; there are many dynamics in the lighting industry, and many factors that must be considered. It is not only the perfect lighting but also other

63

Light & Engineering

Vol. 22, No. 2

4. Paolo Iacomussi, Giuseppe. Rossi, and Paolo
Soardo, Energy Saving and Environmental Compatibility in Road Lighting, Light and Engineering, Vol.
20, No. 4, 2012, pp. 55–63.
5. Proprietary term of Schréder Group GIE.
6. Proprietary term of Thorn lighting.
7. W. Bialojan, M. Geisler, Leybold AG Vaccum
Metalizing Plastic Parts Hanau, Germany, October,
1992.
8. Glenn O. Mallory and Juan B., Electroless
Plating. Elsevier Science.
9. Easy to install step-dim capability
http://www.wernermn.com/assets/files/PDF/
green/StepDim.pdf.
10. Self-Cleaning Glass, A European strep project
supported through the Sixth Framework Programme
for Research and Technological Development.
11. Jun Jie Niu and Jian Nong Wang, A Novel
Self-Cleaning Coating with Silicon Carbide Nanowires, J. Phys. Chem. B 2009, 113, pp.2909–2912.
12. D.J. Hobertson, Public lighting-the engineer’s
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factors like the international standards of lighting
for different types of roads. This article has covered some examples of technological improvements,
some of the ideas that can preserve lighting esthetics
and at the same time save energy. Due to the technological progress, current street lighting facilities give
signiﬁcant potential for energy saving in terms of reduction in CO2 emissions, so time and care should
be taken while selecting a luminaire for a particular
need, that will result in many years of trouble free,
economical, efﬁcient lighting.
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lighting are carried out all over the world. There are
several ways to obtain energy saving in conventional lighting systems such as changing ballasts and/
or luminaires, adapting these systems to control interfaces, using lighting scenarios or reactive power
compensation.
To better understand the situation around the
world, international documents shall be examined.
In-depth analysis of the International Building Research Establishment (BRE) publication of the Energy Consumption Guide [1] and Chartered Institution of Building Service Engineers’ (CIBSE) past
reports [2], shows that 20–40 % of building energy
consumption worldwide is directly related to artiﬁcial lighting systems. Governmental buildings
in USA are responsible more than one third of national electrical energy consumption and 25–40 %
of this value is due to artiﬁcial lighting energy consumption [3]. Statistics on Canada show that 10 %
of institutional electrical energy consumption is directly related to lighting installations [4]. Non-residential annual lighting energy consumption in European Union is about 160 TW·h and 40 % of this
consumption is originating from buildings’ artiﬁcial
lighting systems [5].
As global energy consumption increases dramatically and lighting energy saving steps forward as
the most promising way to save electrical energy,
both scientiﬁc and commercial studies are focusing on lighting more than ever. Unfortunately, the
lighting energy efﬁciency and saving issue is a two
edged sword. Obtaining savings in lighting energy
both new LED technologies and transition methods
causes disruptive effects on energy quality parame-

ABSTRACT
Fluorescent lamps and the brand new lighting
trend LED lamps are the most common used light
sources both in homes and ofﬁces, and they are especially preferred worldwide due to their low energy consumption. However, both sources fall short
of the quality of signiﬁcant features such as power
factor, harmonic components and colour rendering.
Therefore, the purpose of this study is to analyse
and improve the energy quality parameters for different light sources used with lighting control, especially dimming control. For this purpose, the energy
quality parameters of harmonic current values, total
harmonic distortion and power factor are measured
and analysed for highly efﬁcient and most preferred
lighting sources such as LED and ﬂuorescent lamps.
The measurements are made in lighting control under different scenarios and dimming. Suggestions
are made on how to evade the disruptive effects both
on the electricity network and local lighting control
systems.
Keywords: lighting energy savings, energy quality, current harmonics, power factor
1. INTRODUCTION
Every government and scientiﬁc institution is in a
hurry to develop a solution to global energy problem. Newly developed energy efﬁcient products (e.g.
LEDs) and transition methods are applied to solve
this problem. Considering lighting energy as the one
of the easiest parameters of the energy efﬁciency
and energy saving formula, numerous studies into
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Fig. 1 Test Room 1 (LED)

Fig. 2 Test Room 2 (Fluorescent)

ters. Even if dimming strategies used Total Harmonic Distortion (THD) and Harmonic current (THDI)
ratios, power factor (PF) values are distorted signiﬁcantly. These energy quality parameters are regulated
by IEC and EN with various standards [6–8].
In this study THDI and PF values are measured
and analysed under different scenarios and dimming
for different systems and a method to solve the problems is suggested.

In Test Room 2 (TR2) existing system’s ballasts
changed with dimmable electronic ballasts (DALI
ballasts). Each room’s system is capable of dimming.
TR1 uses DALI featured LED drivers of Philips
(92 % eff, PF=0,95) and TR2 uses Osram DALI Basic RC lighting automation system. TR1 artiﬁcial
lighting system provides 510 lx illuminance under
100 % operation and TR2 system provides 275 lx.
Electrical parameters, such as voltage, lamp currents, active – reactive powers, total harmonic distortion (THD, THDI) and power factor are measured
and stored every 5 seconds with an electric energy
analyzer (Janitza UMG 503). Total energy consumption for TR1 is measured as 250.2 W·h and 444 W·h
for TR2 at 100 % operating. Both lighting systems
are adjusted to 5 different dimming levels, Table 1.

2. TEST METHOD AND EQUIPMENT
Two test rooms are assigned for this study and
experiment by the Electrical and Electronics Engineering Department of Sakarya University. Rooms
are on the third ﬂoor of a four storey Engineering
Faculty building, M-6. The exact coordinates of this
room are 40 º 74´ North latitude and 30 º 33´ East
longitude. The surface areas of the identical test
rooms are 24 m2, and each has one window oriented
to the northwest. Since the windows may have glare
because of the daylight penetration, thin ﬁlm covers
are used on the window glass. In fact the window
does not take 100 % possible direct sun light due to
orientation. Thus, a bothering glare does not affect
the test work place. Light transmission of the windows is measured as 67 %. Northwest-facing window is 1.5 m x 1.2 m and has a total area of 1.8 m2.
The effective window area is 1.2 m2 according to the
related IEA Task 21 report; similarly, the effective
window height is 1.5 m [9].
Existing artiﬁcial lighting system (Six 4 x18 T8
ﬂuorescent, double parabolic mirror louver luminaires) of Test Room 1 (TR1) is changed with a
LED system occupied with 1 x41 W mid-range LED
panels (Six 60 cm x 60 cm LED panels), Figs. 1,2.

3. TEST RESULTS
During the test period Energy Analyzer UMG
503 recorded the measurements. Using these measurements THDI and power factor values of each
room are calculated (Figs. 3–7). As seen from Table 1, LED panels’ energy quality results are better
than Fluorescent luminaires’ results. The THDI values are quite satisfactory.
Formulae used for calculation of THDI and PF
are given as follows:

(1)

(2)
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Table 1. Test Results
Level Name

Dimming
Level, %

Operating Level
of Luminaires, %

TR1 LED
THDI, %

TR1 LED PF

TR2 FL
THDI, %

TR2 FL PF

DL1

0

100

21.7

0.94

24.6

0.98

DL2

25

75

24.92

0.89

30.99

0.91

DL3

50

50

29.02

0.84

36.35

0.83

DL4

75

25

33.21

0.79

42.73

0.77

DL5

95

5

37.60

0.75

49.05

0.68

Fig. 3. TR1-DL1 scenario THDI % results

Fig. 4. TR1-DL2 scenario THDI % results

Fig. 5. TR1-DL3 scenario THDI % results

Fig. 6. TR1-DL4 scenario THDI % results

4. IMPROVEMENT OF POWER QUALITY
PARAMETERS: ACTIVE FILTER
Yavuz et.al, [10], suggested in their latest study
that using an active ﬁlter might be a solution for distortion of power quality parameters in lighting systems. Taking this suggestion into account a recent
design of an active ﬁlter in Matlab/Simulink [11]
is simulated with the artiﬁcial lighting systems used
in the test rooms with the aim of meeting IEC standards 5 % limitation for current harmonics.

Fig. 7. TR1-DL5 scenario THDI % results
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Fig. 8. Active Filter Block Diagram
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Fig. 9. TR1-DL5 scenario THDI % results after Active
Filter simulation

Fig. 10. TR2-DL5 scenario THDI % results after Active
Filter simulation

In the active ﬁlter given in Fig. 8, a hysteresis
based current controller is used. Hysteresis controller checks and compares reference and real ﬁlter
currents, generates triggering signals. These signals evaluated at IGBT level and proper quantity
of switching is applied.
LED panels in TR1 entered the simulation as diode weighted inductive system due to the driver features and ﬂuorescent luminaires in TR2 as inductive
systems. Obtained results in the worst situation for
LED panels are 3.59 % for THDI % and 0.97 for PF.
Results for ﬂuorescent luminaires system are 4.92 %
and 0.93 respectively, Figs 9,10.

advantages expressed in this study – energy saving,
high luminous ﬂux and illuminance levels, better
harmonic and Pf levels. Integration of LEDs and active ﬁlters can be a signiﬁcant step forward to a more
reliable and efﬁcient electricity network.
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pens because of the shrinkage of the primary colour
gamut of a digital multimedia projector. The inﬂuence of white and chromatic ambient light, and different standard illuminants was evaluated according
to constituent of ambient light.
In previous papers colour luminance contrast under inﬂuence of white and chromatic ambient light
was prominent [1–2]. It was also an important factor
in the research of the inﬂuence of ambient light over
an image on a projection screen. Colour lumiannce
contrast and shrinkage of the colour gamut are closely related and supplement each other. The inﬂuence
of ambient light may result either in the falling-off
of colour luminance contrast or in an area of colour
gamut triangle. The way of the colour gamut is very
picturesque as it shows the shrinkage of the colour
gamut on the chromaticity diagram. Research into
common White ambient light was analysed. Applications of chromatic ambient light can be found
in advertising, show areas, but are rare, so the analysis of chromatic ambient light was narrower. Also a
few of the most common standard illuminants were
explored, in order to ﬁnd out if speciﬁc illuminants
discolour images differently.

ABSTRACT
The inﬂuence of ambient light on a screen is unavoidable and has undesirable after-effects. The
most important one is the discoloration of an image,
which happens because of the shrinkage of the primary colour gamut of digital a multimedia projector.
The inﬂuence of white and chromatic ambient light
was evaluated according to constituents of ambient
light. The shrinkage of the colour gamut was evaluated using the Y coordinate of the XYZ system. The
big colour gamut is under blue (B), red (R) and magenta (M) ambient light. White (W), yellow (Y),
green (G) and cyan (C) ambient lights give the signiﬁcant shrinkage of colour gamut. The area of the
colour gamut triangle decreases 8.9 times when constituent of White ambient light is 0.5, compared to
a colour gamut with no ambient light. The biggest
colour gamut is under standard illuminant A (close
to incandescent light), but part of the blue colours
are lost. Discoloration of all colour groups is most
even under standard illuminant E (close to daylight).
The colour gamut between different illuminants differs 13 %, when constituent of ambient light is 0.5.
Keywords: ambient light, colour gamut, multimedia projector, standard illuminants, chromaticity diagram

TERM OF COLOUR GAMUT
Colour gamut is subset of colours, which can
be accurately represented by a given color space or
by a certain device [3]. This area is restricted by the
primary colours of a model and usually is a triangle
(Fig. 1). It is accredited to show colour gamut in a
two-dimensional chromaticity diagram. A diagram

INTRODUCTION
The inﬂuence of ambient light is unavoidable
and has undesirable after-effects. The most important one is the discoloration of an image, which hap-
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Fig. 2. Shrinkage of colour gamut under different constituent of White ambient light

Fig. 1. Colour gamut of different colour systems

of x, y is usually used. But as the XYZ colour system
is not uniform, such a display is only qualitative. A
more uniform colour space L*u*v* with chromaticity diagram u’, v’ exists, though it is also not totally
uniform. Therefore, the u’, v’ chromaticity diagram
was settled on for displaying the results and analysis.
When there is ambient light, the points of primary colours’ move to the center, i. e., area of white
colours, the triangle of the colour gamut shrinks, the
image becomes faded and poorly visible (Fig. 2).

academic rooms, where high illuminance is compulsory as an occupational exposure standard. The
audience must be able to make notes and jot down
sketches.
The chromaticity coordinates of every point were
calculated as the chromaticity coordinates of the
mixture of primary and ambient light colours. The
sum of two colours is a vector sum of those colours‘
vectors:

RESEARCH METHOD AND DATA
Eight pure primary computer colours White
(R255, G255, B255), BlacK (R0, G0, B0), Red
(R255, G0, B0), Green (R0, G255, B0), Blue (R0,
G0, B255), Cyan (R0, G255, B255), Magenta (R255,
G0, B255), Yellow (R255, G255, B0) were chosen as
the basics of image reproducing devices, which work
in sRGB system. The effect of ambient light depends
only on the luminance of ambient light [1]. The Y coordinate corresponds to luminance in the XYZ system and was used for primary calculations. Y was
used as it corresponds to the luminosity function.
The fading of an image also depends on the constituent of ambient light k, which shows what is
the ratio between the illuminance created by main
source, i. e., projector, and the illuminance created by ambient light. If k is 0,5, ambient light creates half of the illuminance from the projector. High
room illuminance is considered when dealing with

C1 = X1 [X] + Y1 [Y] + Z1 [Z],

(1)

C2 = X2 [X] + Y2 [Y] + Z2 [Z],

(2)

C1 + C2 = (X1 + X2) [X] + (Y1 + Y2) [Y] +
+ (Z1 + Z2) [Z],

(3)

where Xn; Yn; Zn – tristimulus values, part of unitary
vector; [X], [Y], [Z] – unitary vectors.
All coordinates of ambient light were multiplied
by a different k value. The critical value of k = 0,5
was chosen, as higher constituent makes no point
as visibility is too bad [1, 2]. From the coordinates
of a mixture, module m, chromaticity coordinates x,
y were calculated:
m = X + Y + Z,

(4)

x = X/ m y = Y/ m,

(5)

Chromaticity coordinates u’, v’ were calculated
from x, y coordinates [4]:
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Fig. 3. Shrinkage of relative area of the colour gamut triangle under different constituents of ambient light

u’ = 4 x / (–2 x + 12 y + 3),

(6)

v’ = 9 y / (–2 x + 12 y + 3),

(7)
Fig. 4. Colour gamut under different standard illuminants,
when k = 0.5

When coordinates of the triangle‘s nodes are
known, the area of triangle may be calculated.

The primary area of an sRGB colour gamut
is only ≈0.6 of all the u’, v’ chromaticity diagram.
Even with no ambient light, the gamut of the reproduced colour is quite small in comparison to all possible colours in nature. Even modern and powerful
techniques can only be suitably applied after considering ambient light. This must be done by accomplishing conditions of good visibility [5,6].

COLOUR GAMUT UNDER THE
INFLUENCE OF WHITE AMBIENT
LIGHT
The shrinkage of the colour gamut under the
influence of White ambient light, fom k = 0 until it reaches the critical value of k = 0.5 is shown
in Fig. 2. Point “E” is an equal-energy radiator, the
weighting center of a chromaticity diagram.
It can be clearly seen, that colour gamut shrinks
notably even when the constituent of ambient light
is only 0.05. If k = 0.5, the colour gamut triangle
is close to the white point E. For the visualisation of colour gamut shrinkage only, the Y value
is scaled, other values are kept unchanged.
This means that colours will be totally faded, yellow ones may look white. If k = 0.5, the colour gamut shrinks almost ten times its relative area is 0.112
(1 / 0.112 = 8.9) (Fig. 3).
Quantitative analysis was done by calculating the
area of the triangles and comparing them to the primary area of a sRGB system. Relative values were
analysed, the gamut of full sRGB with no ambient
light was set to 1 (Fig. 3). It must be said that the
area of the colour gamut triangle may not be identiﬁed by the number of colours, which may be reproduced. This would not be an exact test, as there
is no really uniform colour space where a change
of the same amount in a colour value should produce
a change of about the same visual importance [3].

COLOUR GAMUT UNDER THE
INFLUENCE OF DIFFERENT STANDARD
ILLUMINANTS
Colour gamut also depends on the speciﬁc illuminant. Though all of them have very similar colour
coordinates and close to White Y value (100) it is important to explore their speciﬁcations at this point
of view and compare them.
A group of standard illuminants are set by CIE
(Commission Internationale de l’Eclairage). Four
most widely used illuminants were chosen, and their
inﬂuence over colour gamut was explored in the
same way. A and D65 standard illuminants and C, E
illuminants were analysed [7].
The least shrinkage of the colour gamut occurs
under standard illuminant A (relative area 1). Other
sources have lower gamut (relative area 0.875).
Although the difference between the relative areas of colour gamut is not big, this difference is clearly seen in the chromaticity diagram (Fig. 4). The
colour gamut of standard illuminant A differs from
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Fig. 5. Shrinkage of relative area of colour gamut triangle
under R, G, B ambient light, when k = 0.5

Fig. 6. Shrinkage of the relative area of colour gamut triangle under C, M, Y ambient light, when k = 0.5

There may be cases of chromatic ambient light from
a chromatic light source. This is common in advertising, show remits, theatre. Still, chromatic ambient light is quite rare, the issues of fading and good
visibility are not as important as in educational processes so a narrower analysis was performed. Chromatic ambient light was only analysed at the critical
value of k = 0,5.
The inﬂuence of chromatic ambient light, when
it is constituent of ambient light k = 0.5, is displayed
in Figs. 5,6. In this way the inﬂuence of Y coordinate
of every colour ambient light is clearly seen. Ambient colours with low Y coordinates give a bigger
colour gamut. From RGB colours G has the highest
luminance (Y = 71.5) and the gives strongest fading and smallest colour gamut triangle (Fig. 5). R
and B have lower luminance and give wider a colour gamut.
In CMY ambient light C (Y = 78.7) and Y (Y =
92.8) have much higher luminance than M (Y =
28,5), and causes the greatest shrinkage of the colour gamut (Fig. 6).
From all analysed cases B has the lowest Y (7.2)
and area of colour gamut even when k = 0.5 is more
than half of the primary colour gamut of sRGB
(Fig. 7).
Unfortunately, most common White ambient light
has the highest luminance (Y = 100) and gives the
smallest colour gamut. The relative area of colour
gamut when k = 0.5 is lower than 0.2 in comparison
with the primary colour gamut of sRGB (Fig. 7).

Fig. 7. Relative areas of colour gamut triangles, when k =
0.5 in comparison with relative area with no ambient light

the others most of all, as it is moved from the centre
of the chromaticity diagram. As the triangle moves
to the spectral line of red and yellow colours these
are least faded, but blue and especially cyan colours
are lost and may look almost like white.
Fade-out is most even for all colour groups under
standard illuminants C and E. Their gamut triangles
are most symmetric to the centre of the chromaticity diagram. In the case of D65, green and yellow
colours are reproduced quite well, but cyan are lost.
COLOUR GAMUT UNDER THE
INFLUENCE OF CHROMATIC AMBIENT
LIGHT
Usually white ambient light or daylight is found
in daily settings, educational and other institutions.
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The biggest colour gamut is under blue (B), red
(R) and magenta (M) ambient light. White (W), yellow (Y), green (G) and cyan (C) ambient light gives
the biggest shrinkage of colour gamut.
The area of the colour gamut triangle decreases
8.9 times when constituent of White (W) ambient
light is 0.5 compared to colour gamut with no ambient light.
The biggest colour gamut is under standard illuminant A (close to incandescent light), but part
of the blue colours are lost. Discoloration of all colour groups is most even under standard illuminant E
(close to daylight). The colour gamut between different illuminants differs 13 %, when constituent of ambient light is 0.5.
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is not the optimal decision method as it examines
only the technical characteristics of lamps in the
evaluation of lighting of sub-sea tunnel and tunnels;
it is argued that detailed designs are needed for every
project in lighting of sub-sea sea tunnels and tunnels.

ABSTRACT
In this research, different types of lighting that
is used on roads, which have a 7–12 meters ceiling height in sub-sea tunnel and tunnel lighting and
which are opened to vehicular trafﬁc has been compared and the advantages and disadvantages of this
lighting have been examined. Evaluations were carried out in terms of the efﬁciency of energy use, initial costs, maintenance and repair cost arising from
working a system at heights between 7 and 12 meters
and the an attempt was made to identify the optimal.
According to the principle of performance, many
comparisons were made using Metal halogen (MH),
ceramic discharge tube metal halogen (SDMH), ﬂuorescent with tube, high powered compact ﬂuorescent (KFL), high pressure sodium vapour (YBSB),
high pressure mercury vapour (YBCB) and induction lamps (END) in luminaries, which have direct
light distribution because of their ease of application them in daily life. Buzlupınar Tunnel, which
is approximately 800 m length and 16 m wide and
which is located on the Bitlis- Diyarbakir main road,
was planned at 7, 8, 9, 10, 11, 12 m assembly height
and approximately 100, 200, 300 and 500 lx level.
While ceramic discharge tube metal halogen lamps
is the lamp, which consumes the least energy for all
light levels and heights, high pressure sodium vapour
lamps becomes the most efﬁcient because of the increasing height. When total costs are spread across
the lifespan, it can be seen that ﬂuorescent with tube
is the best solution. Overall, it is understood that this

1. INTRODUCTION
Tunnels and sub-sea tunnels are semi- closed
areas, which include dark and light ﬁelds, and that
cause an adaptation lag in visibility distance. Therefore, many countries have developed their own design principles and design standards. For example,
in China, the Tunnel Road (JTJ 026–1999), air conditioning and lighting design speciﬁcation, was improved in 1999 [1]. Currently, there is no such standard in Turkey.
In Turkey, 3.768.280 MW·h of generated energy, or 3.302 %, was used for lighting in 2011 [2].
Designs that provide energy savings and use energy
sources at optimal levels are necessary in present
conditions when there is an energy crisis and difﬁculty of energy generation [3–4]. Regular and consistent lighting is needed because of the fact that the
lighting level is low in closed areas such as tunnels
and sub-sea tunnels throughout the day. This means
that lighting continues for 24 hours in middle of tunnel and energy is continually consumed [5]. However, in all energy saving methods, the solution is created without making compromises on safety, comfort and working conditions. The potential number
of trafﬁc accidents can be decreased with lighting
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Table 1. Characteristics values of lamps used in point lighting design [9]
Lamp
Power,
W

Light Flux,
lm

Efﬁciency
Factor,
lm/W

125

6.200

45

250

12.700

47

400

22.000

52

250

18.000

71

400

32.500

80

70

6.300

77

100

8.800

80

150

14.200

81

250

23.000

81

150

12.500

74

250

23.000

80

400

38.000

89

Induction lamp

165

12.000

Compact ﬂuorescent

120

9.000

Type of Lamp

High pressure mercury vapour

Economic Life,
hour

Colour Rendering, Ra

4.000

40–60

6.000–9.000

70–80

9.000

90

12.000

65

173

60.000

80

75

12.000

80

Metal halogen

Ceramic discharge tube metal
halogen

High pressure sodium vapour

and 12 meters have been compared in order to provide clear lighting and their advantages and disadvantages have been evaluated Fig. 1.

that has an optimal equilibrium (performance and
light level) in a tunnel. The advantage gained from
lighting can contribute to stopping distance.
In lighting of tunnels and sub-sea tunnels, the
aim is to provide clean and glare free lighting that
makes visibility better [6, 7]. This can be provided
by choosing light sources and luminaries correctly.
In lighting of tunnels and sub-sea tunnels, two main
types of lighting: point and linear, are available.
Linear designs consist of lamps with a ﬂuorescent
light source. In addition, lighting designed as point
sources is used in the condition of higher ceilings.
The most important factor is ceiling height, which
determines the types of luminaires used in a tunnel
or sub-sea tunnel, which have high ceiling height. As
can be seen from calculations, designs of linear light
sources are suitable for use when the ceiling height
is lower than 6 m. Designs of point light sources are
suggested when ceiling heights are over 12 m. Ceiling heights featured in this research are between 6
and 12 m, where either point or linear light sources are used and their relative performance is calculated. At the design stage, a solution will be created
in terms of characteristic values of lamps that are
used and the ceiling height.
In this research, different kinds of lamps used
in tunnel and sub-sea tunnels of heights between 6

2. LIGHTING DESIGN
The efﬁciency factor of a light source used in tunnels and sub-sea tunnels must be high and they must
have a long economic service life. In tunnels and
sub-sea tunnels where pollution happens, light that
is reﬂected from the ceiling and walls does not contribute. Therefore, lamps that are going to be used
in this large area should have a direct light distribution. Luminaries should be protected from dust, dirt,
damp and explosive gas because of the closed area.
Designs with point light sources are applied in areas
longer than 12 m. Examples for types of lamps used
in point designs are given in Table 1. The efﬁciency
factor is calculated by considering ballast loss in Table 1 and elapsed time until 30 % decrease in the value of light ﬂux is considered as economic life.
When Table 1 is examined, it is seen that YBCB
lamps are not proper for efﬁcient lighting application because light ﬂux, efﬁciency factor and colour
rendering qualities of this type of lamp are low and
lifetime of the lamp is short. Another alternative
is SDMH lamps that have quality colour features.
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Fig. 1. Side view and front view of a two lane tunnel

Fig. 2. Two and three lane tunnel lighting design

ferent for a tunnel, which has a single, or a tunnel,
which has three lanes in each direction. In international standards and markets, the necessary optimal
lighting levels for different sizes are given based
on visibility and economy of the area. When these
standards are examined, it can be seen that 100, 200,
300 and 500 lx serve as a model for general applications. In this research, 100, 200, 300 and 500 lx have
been used for assembly height 7, 8, 9, 10, 11 and 12
m in a sample tunnel 800 m in length and 16 m wide
and a design study has been carried out in such a
way that it is appropriate for other lighting criteria.
In road conditions, by considering general pollution
the maintenance operation factor is assumed as 0.80.
MH, SDMH, TF are among luminaires with direct
light distribution and high powered KFL, YBSB and
END lamps luminaire respectively to create practical solutions because the application was not complicated. Performance of all point light source was assumed as 80 % in order to prevent differences arising
from photometric features of luminaries that have an
effect on design calculations. Thus, different lamps
that have same photometric features and that are put
in the same luminaire have been compared. In addition, ﬂuorescent lamps with a tube that have 80 % luminaire efﬁciency was put in the different luminaire

In sub-sea tunnels and tunnels applications where
the characteristics of colour rendering are not very
important, YBSB lamps that have a long economic
lifespan and smooth light has an importance with respect to energy saving. Moreover, induction lamps
have begun to be used in high ceiling area where
maintenance and repair works are difﬁcult to carry
out. In addition, tunnels where high powered compact ﬂuorescent lamps and high powered ﬂuorescent
tube lamps are used as 4 quadruple have been seen.
While lamps and designs that have been described are valid for tunnel and sub-sea tunnels larger than 12 m, all of these features are valid for lighting of tunnels and sub-sea tunnels between 6 m and
12 m under the same conditions. When efﬁcient usage of energy, maintenance and repair cost are considered, the best proper design for different heights
and different light levels are needed [8].
3. EFFECT OF CEILING HEIGHT ON
LIGHTING OF TUNNEL AND SUB-SEA
TUNNELS
There are many different lighting volumes,
in terms of the number of trafﬁc routes in tunnels
and sub-sea tunnels, Fig. 2. Designs should be dif-
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Table 2. Features and prices of lamps used in comparison [9]

Lamp Code

Number

Type

Lamp
Power,
W

Luminaire
Power, W

Light
Flux,
lm

Price of Luminaire
in 2013, $

TF2.51

2

26 mm tube ﬂuorescent

51

102

5.000

10

TF4.54

4

16 mm tube ﬂuorescent

54

236

4.450

21

END165

1

Induction lamp

165

165

12.000

880

KFL120

1

Compact ﬂuorescent

120

133

9.000

433

SDMH150

1

Ceramic discharge tube metal halogen

150

167

14.200

400

SDMH250

1

Ceramic discharge tube metal halogen

250

268

23.000

472

MH250

1

Metal halogen

250

276

18.000

377

MH400

1

Metal halogen

400

429

32.500

388

YBSB250

1

High pressure sodium vapour

250

276

23.000

375

YBSB400

1

High pressure sodium vapour

400

429

38.000

416

YBCB250

1

High pressure mercury vapour

250

268

12.700

188

YBCB400

1

High pressure mercury vapour

400

419

22.000

205

a year, 24 hours a day and they consume 8,760 hours
in a year. The unit price of electricity used in lighting
in January,2013 is 0,146 $/kW·h (tax less).
Installed powers calculated with W/ m².lx unit
suggest electricity consumption of lamps for a certain operating time. Table 3 was identiﬁed the most
economic design in terms of electricity consumption
in light level of those sources shown in Fig. 4. In the
table, types of lamps that have the lowest energy
consumption in different light levels were determined and differences between other lamps and the
most efﬁcient lamp were calculated by a percentage.
In Table 4, lamps that have the lowest energy
consumption and that are summation of Table 3
are given as summary. As a result of calculation,
SDMH are the lamps that consume the least energy at all light levels. When assembling height and
desired light level increase, it was seen that YBCB
lamps are the better choice. SDMH is a good alternative. According to differences in percentages
of Table 3 and Fig. 3, SDMH, YBSB, TF and MH
lamps are advantageous choices in terms of energy
efﬁciency.
Designs with KFL, END and YBCB lamps are
the least efﬁcient choices because of their high energy consumption. According to these analyses,
it is decided that designs with SDMH, MH, TF and
YBSB lamps that have the least cost accounting and

because of its size difference. The surfaces of all luminaires compared that given light is open and protection class is the same. Prices of lamp ballast and
luminaire used for cost analysis are given in Table 2.
The calculations were made by considering ballast
loss and gross power.
Installed powers that provide 100, 200, 300 and
500 lx light levels were calculated per unit for designs at different heights. Installed powers calculated per unit were normalised per unit lx in order to
make correct comparisons; the obtained results are
shown in Fig. 3.
The main aim is to provide the lighting needed
with least possible energy consumption in road lighting areas such as tunnels and sub-sea tunnels. Some
of the designs that were obtained from W/m2. lx
values shown in Fig. 4 signalize lighting of tunnels
and sub-sea tunnels were eliminated and cost analysis was performed for the rest of designs, which are
economic.
Costs were calculated for per unit W/m2 and
lx in terms of assembly, energy consumption and
change interval during 10 years of usage. Cable
length, type and workmanship were not considered
in the cost analysis because of the fact that they
change with luminaire type. In the calculation, the
price of the lamp, ballast, material and labour were
considered. It is assumed that lamps work 365 days
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Table 3. Difference by percentage of installed powers and the minimum power [9]

It can be seen that designs with TF lamp are the
most economical and effective light level for 7–12 m
and 100 lx. However, 100 lx light level is not enough
for tunnels and sub-sea tunnels. If this research was
carried out for an industrial plant, use of ﬂuorescent

high energy efﬁciency are most suitable for lighting
of tunnels and sub-sea tunnels. The most advantageous lamps in terms of cost analysis for 10 years,
shown as graphs in Fig. 4, are presented in Table 5
with respect to their light level and assembly height.
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Table 4. Lamps that have minimum consumption in terms of energy efﬁciency
Assembly
Height

100 lx

200 lx

300 lx

500 lx

7m

SDMH150

SDMH250

SDMH250

YBSB400

8m

SDMH150

SDMH250

SDMH250

YBSB400

9m

SDMH150

SDMH250

SDMH250

YBSB400

10 m

SDMH150

SDMH250

SDMH250

YBSB400

11 m

SDMH150

YBSB250

YBSB400

YBSB400

12 m

SDMH150

YBSB250

YBSB400

YBSB400

Table 5. The most economical lamps in terms of cost for 10 years
Assembly
Height

100 lx

200 lx

300 lx

500 lx

7m

TF454 / TF251

YBSB250 / TF454

YBSB250 / TF454

YBSB400 / MH400

8m

TF454 / TF251

YBSB250 / TF454

YBSB250 / TF454

YBSB400 / MH400

9m

TF454 / TF251

YBSB250 / TF454

YBSB250 / TF454

YBSB400 / MH400

10 m

TF454 / TF251

YBSB250 / TF454

YBSB250 / TF454

YBSB400 / MH400

11 m

TF454 / TF251

YBSB250 / TF454

YBSB400 / MH400

YBSB400 / MH400

12 m

TF454 / TF251

YBSB250 / TF454

YBSB400 / MH400

YBSB400 / MH400

• Luminaires’ power obtained from electric network can be decreased by using efﬁcient light sources and secondary elements (ballasts, transformer
etc);
• The total number of luminaries in the system
can be decreased by using quality, efﬁcient luminaries in lighting;
• Optimal level of light consumption can be obtained by using control systems.
If a design based on ceiling height is made for industrial plant on the condition that it is kept in mind
that quality of lighting is based on photometric features of the luminaries used, it is seen that TF lamps
give the best results for ceiling heights between 7 and
12 m. While, TF lamps are appropriate for heights
between 7 and 12 m and 100 lx light level (appropriate for industrial plants) in designs that provide the
most economical and efﬁcient consumption lighting,
YBSB250 / TF454 lamps should be used for 200 lx
light levels. In the lighting of tunnels and sub-sea tunnels that require 300 lx light level, YBSB250 / TF454
lamps are used for heights up to10 m. If YBSB400 /
MH400 lamps are used in assembly larger than 10 m
and all heights between 7 and 12 m that require 500

lamps with tube having electronic ballast would be
the most economical and efﬁcient alternative for
every parameter. Fluorescent lamps with tubes and
electronic ballasts are the most advantageous design
for an industrial plant because of their low price,
long life and ease of procurement. When desired
light levels increase, YBSB lamps considered for
their colour rendering in tunnels and sub-sea tunnels
are the best solution. YBSB lamps should be used
in 300 and 500 lx light levels, which are desirable for
tunnels and sub-sea tunnels. While YBSB250 and
TF45 situated between 7 and 10 m is used for 300 lx
light levels, YBSB400 / MH400 lamp types should
be used for heights between 11 and 12 m.
CONCLUSION
In general, lighting should be carried out without
making compromises about energy efﬁciency, safety and comfort requirements. Efﬁciency of visibility
quality can be increased with quality and the right
lighting. Thus, the potential number of accidents can
be decreased. In order to decrease electricity consumption in road lighting:

81

Light & Engineering

Vol. 22, No. 2

Fig. 3. Installed powers for unit area and unit lighting [9]

Fig. 4. Total cost for unit area and unit lighting level for 10 years [9]

lx, the most economical and efﬁcient light as stated
in standards occurs. Overall, the aim is to maintain
trafﬁc safety and visibility comfort at optimum level by considering the principle of energy efﬁciency.
In this research, it is understood that making decisions by considering only technical characteristics
of lamps is not correct and detailed design that proper
light sources (bulb) are used in quality luminaries are
needed in the evaluation of lighting solutions.
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(MPDD, further matrix photodetector, receiver). Its
characteristics inﬂuence the quality of the obtained
image to a large degree. The signal from each element of the matrix photodetector passes through
converters: light – charge – voltage, ampliﬁers, noise
suppressers, units numbering and other devices; at
present these devices are usually contained in the
matrix itself [1]. These additional functions increase
complexity of the structure, reduce useful area of image elements perceiving radiation, reduce sensitivity
and worsen uniformity of the image.
The process of colour separation in most image
capture devices is carried out by the photodetector
itself. Colour separation systems are constantly improved, new ones are developed, which consumes a
lot of materials and time. DPCs and DVCs, colorimetric systems are more often applied for information processing, which are an RGB system version.
However, spectral characteristics of the optical ﬁlters
used in the systems of colour separation, essentially
differ both from each other, and from addition curves
of the applied standard colorimetric system. This explains the difference in colour rendition of different
cameras.
Further, when visualising images using monitors
and video projectors, as well as when printing, additional colour distortions can arise, which are not
connected with quality of the colour separation system. This is because when transiting from the additive synthesis system (RGB) to a system of subtractive synthesis (CMYK, or CMYG), a strong narrowing chromatic coverage body of the system takes
place. For this reason, it is important to obtain an image with minimum chromatic distortions at the ﬁrst

ABSTRACT
At present, most manufacturers of photo- and
videocameras apply the RGB colour space when
processing output signals from matrix photodetectors. However, spectral characteristics of different
photodetector manufacturers differ from each other
signiﬁcantly and from the colour-matching functions of the RGB colour space. This explains the
difference in colour rendition of different digital cameras. A program method of improving colour rendition of the image obtained by digital photo- and
videocameras is proposed in the article. The method
is based on the development of an individual colorimetric system for each matrix photodetector. It will
allow lowering chromatic distortions by only changing the operation algorithm of the camera microprocessor in case the colorimetric system is selected
successfully.
Keywords: chromaticity diagram, matrix photodetector, colorimetric system, digital camera, digital
videocamera
INTRODUCTION
There is a wide choice of photo and videocamera devices available on the market. Their diversity
is likely caused by the constant perfection of old
models and the need to improve the quality of optics and electronics, rather than by a variety in functional abilities.
One of the main electronic units of digital photo
cameras (DPC) and digital video cameras (DVC)
is multi-element matrix photodetecting device
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processing stage.
Manufacturers of cameras, as well as software
developers, propose various methods of processing,
transforming and improving images captured using
a digital camera [2], which are no more than the ﬁnal
processing stage.
Thus at present, the problem of a qualitative digitisation of colour images is not solved completely
either at the hardware, or at the program level.
The essence of the proposed method is to change
the information processing algorithm without changing of spectral characteristics of the optical ﬁlters or
of the colour separation system structure. Thus, colour rendition of an image obtained by means of DPC
and DVC can be improved at the program level only.
1. MATRIX PHOTODETECTORS UNDER
CONSIDERATION
In matrix photodetectors, the charge of each element (photosensitive cell) is transmitted sequentially to a limited number of outputs; in most receivers,
there is only one output of analog signal.
In order to perceive an image of colour information, each element has characteristics of spectral sensitivity, which with application of dyes should be reduced to the colour-matching functions of the RGB
colorimetric system [2].
Characteristics of spectral sensitivity of four
matrix photodetectors of the leading manufacturers: Agilent, Sony, Kodak, Foveon Х3 presented
in Fig. 1 [3], are considered in this paper. The characteristics appreciably differ from each other and
from colour-matching functions of the RGB CIE
system 1931. At the same time, the signals of the all
receivers correspond to the RGB system. This is the
reason for the chromatic distortions, which are similar to the distortions typical for colour television
transmitting cameras.
In order to decrease the chromatic distortions, besides approaching a receiver spectral characteristics
to the colour-mismatching functions of the RGB system, an alternative, technically more simple method
is possible: to consider the signals as correspondent
to any other colorimetric system designated for example as MNP, with additional functions that are
closer to the spectral characteristics of the matrix
photodetector. If the MNP system is chosen, chromatic distortions for cameras can be lowered at a
program level only, by changing the operation algorithm of the microprocessor.

Fig. 1. Characteristics of spectral sensitivity of matrix photodetectors: а) Agilent; b) Sony; c) Kodak; d) Foveon Х3

2. NEW COLORIMETRIC SYSTEMS
A new colorimetric system of each matrix photodetector has the real as unreal primary colours. The
main purpose of the new system is to come closer to
the colour-matching functions of the new system and
to the spectral characteristics of the receiver itself.
With this approach, an individual colorimetric
system is calculated for each matrix photodetector.
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number of unreal colours. Calculation of the systems
was made using the method given in [4, p. 236–247,
249–256]. Primary colours of the new systems, as
well as of the RGB system, are presented in Fig. 2.
The M1 N1 P1 system has real primary colours
with chromaticity coordinates of M1 (0.735; 0.265);
N1 (0.039; 0.812); P1 (0,174; 0.005). Fig. 3 shows
addition curves of M1 N1 P1 and RGB system. The M1
N1 P1 system has a less expressed negative branch
of the receiver in the red channel, though a small
negative branch appears in the dark blue channel as
well. Dark blue and green shades are more important
for human eye perception, therefore the latter should
be considered as a disadvantage.
Chromaticity coordinates of the M2 N2 P2 system
are: M2 (0.735; 0.265); N2 (0.004; 1.00); P2 (0.004;.0.075). In Fig. 4, additions curves of M2 N2 P2 and
RGB systems are given.
M2 N2 P2 system in comparison with M1 N1 P1
and RGB systems do not have negative branches.
By the curve conﬁguration, M2 N2 P2 system is close
to the XYZ CIE 1931 system. In the short-wavelength m2 (λ ) curve area, a small second maximum
takes place.

Fig. 2. RGB, M1 N1 P1 and M2 N2 P2 systems
on the chromaticity diagram CIE 1931

As an example, two different systems are considered in this paper: M1 N1 P1 and M2 N2 P2. Selection
of individual systems for the selected MPDDs is not
considered here, since this is an extensive subject
deserving of a separate paper.. Therefore, it was decided to consider two different colorimetric systems,
which are not applied in engineering.
Primary colours of the proposed systems were
selected so as to cover the real colours on the chromaticity diagram of the CIE 1931 as much as possible. Doing so, the ﬁrst system contains real colours
only, and the second contains all real and a minimum

3. EVALUATION OF COLOUR
RENDITION OF MATRIX
PHOTODETECTORS
As the basis of quality evaluation of Agilent,
Sony, Kodak and Foveon Х3 matrix photodetector
colour rendition, an analysis of chromaticity change
for samples is used, when RGB, M1 N1 P1 and M2 N2
P2 colorimetric systems are applied.
Chromaticity change was determined as the Euclidean distance in a uniform-chromaticity area

Fig 3. RGB colour-matching functions ( r(λ ) ) g(λ )
b(λ ) and M1 N1 P1 colour-matching functions ( m1(λ ) )
n1(λ ) p1(λ )

Fig 4. Colour-matching functions of RGB ( r(λ ) ) b(λ )
and M2 N2 P2 ( p2 (λ ) )
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Fig 5. Uniform-chromaticity-scale diagram of the CIE
1974 with sample chromaticity of:
1–14 – of standard; 1'-14 ' – of real matrix photodetector
Agilent when using RGB system of the CIE 1931
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Table 1. Chromaticity coordinates of samples
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where ( u'r , v'r ), ( u'st , v'st ) are real chromaticity coordinates of the investigated matrix photodetector,
and standard ones computed in accordance with the
expressions from paper [4, p. 299].
The analysis was made according to the 14 colours of the Mansell atlas applied to calculate the
colour rendition index. The less matrix photodetector chromatic difference relative to these (standard)
colours, the better their colour rendition.
This method is similar to the method of reference colours [4, p. 341] but instead of light source
characteristics, receiver characteristics change. As
a light source, a standard radiator with a temperature of 6500 K is selected, because it is the most
universal.
An example of sample chromatic difference
is presented for Agilent.
“Standard” chromaticity coordinates of the samples u’st, v’st, as well as “real” u’r, v’r for Agilent, are
given in Table1 and presented on a uniform-chromaticity-scale CIE 1974 diagram in Fig. 5.
Computed chromatic shears ( ΔEu ' v ' ) are also
presented in Table 1, as well as their average values
( Δ E u ' v ' ) by sample groups of an average saturation: from № 1 to № 8, of a greater saturation: from

0.19

13

(u' r − u' st )2 + ( v' r − v' st )2 ,

Samples of colour from the Mansell’s atlas

ΔE u ' v ' =

14

along the shortest way between colour points, i.e.
the length of a curve between correspondingt colour
points in the CIE 1931 space.

0.522

Vol. 22, No. 2

0.188

Light & Engineering

Light & Engineering

Vol. 22, No. 2

Table 2. Average differences by chromaticity of matrix photodetectors

ΔE u ' v ' by sample groups:
Companies

Agilent

Sony

Kodak

Foveon Х3

Colorimetric
system

Percent changes of Δ E u ' v ' relative to
RGB indicators of sample groups:

Of an
average
saturation,
№ 1–8

Of a greater
saturation,
№ 9 –12

№ 13
and
№ 14

Of an
average
saturation,
№ 1–8

Of a greater
saturation,
№ 9–12

№ 13 and
№ 14

RGB

0.026

0.049

0.019

0

0

0

M1 N1 P1

0.026

0.036

0.022

0

-28

+17

M2 N2 P2

0.026

0.032

0.018

0

-35

-5

RGB

0.015

0.030

0.008

0

0

0

M1 N1 P1

0.025

0.044

0.026

+74

+46

+243

M2 N2 P2

0.026

0.059

0.015

+75

+95

+90

RGB

0.028

0.059

0.020

0

0

0

M1 N1 P1

0.027

0.044

0.022

-1

-26

+13

M2 N2 P2

0.023

0.032

0.018

-18

-46

-7

RGB

0.060

0.158

0.045

0

0

0

M1 N1 P1

0.061

0.162

0.047

+1

+3

+5

M2 N2 P2

0.066

0.182

0.050

+9

+12

+7

face skin colour, when landscape shooting – foliage colour), using M1 N1 P1 increases the difference
by 17 %. Therefore for Agilent, the most suitable
system in this case is M2 N2 P2.
For a Kodak matrix photodetector, colour rendition improvement also takes place by all colours
when using M2 N2 P2 system.
In this case, reduction of the chromaticity difference by colours of an average saturation, occurs
approximately ten times (17 %) more relative to the
chromatic shears of Agilent by the same colours.
When using both new systems for MPDDs from
Sony and Foveon Х3, colour rendition worsens
in comparison with RGB. However, for Foveon Х3,
application of the M1 N1 P1 system does not inﬂuence the parameters so much as the calculation using M2 N2 P2 with the double-humped curve m2 (λ ) .
It is difﬁcult to select a suitable colorimetric system
for a Foveon Х3 receiver, because its characteristics
are smoothed, i.e. because of a lack of strongly pronounced peaks. In case the new systems are used for
a Sony matrix photodetector, the increase in chromatic difference approximately two times for colours
of all groups takes place. This difference is especially great for colours № 13 and № 14, which are most
important when photo shooting. By the form of Sony

№ 9 to № 12, and of special № 13 (face skin) and
№ 14 (foliage).
Similar calculations and transformations were
made with the matrix photodetectors Sony, Kodak
and Foveon Х3. Percentage change by Δ E u ' v ' groups
relative to values of the RGB system for each matrix photodetector was also determined. The results
of the researches are given in Table 2.
The presented calculations have shown a smaller chromaticity difference of matrix photodetectors
of Agilent and Kodak when using M2 N2 P2, which
conﬁrms the useful results of this work. Matrix photodetectors of both manufacturers have a second
maximum on the r(λ ) characteristic, as well as on
the m2 (λ ) curve, therefore, the chromaticity is closer to the true value. In spite of the fact that M1 N1
P1 is not so close to the colour-matching functions
of both matrix photodetectors, calculations within this system show a good result since the curves
of colour-matching functions of this system do not
have big negative branches, as it is in RGB.
As for Agilent, reduction of the chromaticity difference takes place when using both systems with
colours of a greater saturation by 28 % and 35 % accordingly. However, when using the most important colours (for example, when portrait shooting –
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well as to analyze the standardRGB and AdobeRGB
systems widely applied in the engineering, which
will allow to draw more complete conclusions on
application of colorimetric systems in digital photoand video equipment. As the latter ones perceive an
image at any illumination, it is planned to make an
analysis of colour rendition for different radiators:
A, D65, D55 etc.
In our opinion, the presented results provide useful information on possible methods of improving
colour rendition of matrix photodetectors for digital photo- and videocameras and for other systems
of image capture.

characteristics, one can assume that a system similar to RGB is more likely suitable for this MPDD.
CONCLUSION
The results of the calculations show that application of the M1 N1 P1 and M2 N2 P2 colorimetric systems for some matrix photodetectors secures a better
result than RGB system use, because colour matching functions of these systems are closest to the spectral characteristics of these matrix photodetectors.
For other matrix photodetectors, neither of the proposed systems showed chromaticity improvement.
The results obtained show, how much chromaticity coordinates of the same sample can be different
depending on the choice of colorimetric system for
a matrix photodetector. Therefore, to using the universal system for digital photo- and videocameras
is not effective. It is necessary to develop individual
colorimetric systems for characteristics of each matrix photodetector to improve colour rendition as early as the ﬁrst stage of colour processing.
Using this approach, one can achieve a better colour rendition at the program level only, which is a
cheaper method of image quality improvement than
at the hardware level: by selecting optical ﬁlters or
by changing colour separation systems.
Further it is supposed to add an analysis of colour quality reproduction determining the difference
not only by chromaticity but also by luminosity, as
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the facade, the effect and impact of the colour composition can change. In this context, prediction of the
changes in colour appearances caused by the light
will help in creating appropriate lighting designs and
in preventing unexpected colour appearances or effects in terms of the facade colour design.
This study aims to determine the perceived colours of different facade paints illuminated by artiﬁcial light sources, to reveal the changes in facade
colours and to present data which is beneﬁcial for the
prediction of facade colour arrangements at the beginning of the facade lighting design stage.

ABSTRACT
Facade colour is one of the most important aspects of city life and a major element affecting the
general appearance of cities. The colour quality
of the sources used in facade lighting plays an important role in the appearance of facade colours. The
colours and the arrangements used have slight differences for each building; therefore, every building
needs a different lighting design. Therefore, light
sources should be chosen in the context of light and
surface colour interaction and the changes in the
facade colours should be known at the lighting design process. In this study the differences between
inherent and perceived colours of the selected colour composition of facade paints illuminated by the
various artiﬁcial light sources have been determined
to be beneﬁcial at the beginning of facade lighting
design stage.
Keywords: facade colour, light source, facade
lighting, perceived colour

2. INHERENT COLOUR, PERCEIVED
COLOUR, COLOUR ARRANGEMENTS
Inherent colour – perceived colour: The colour appearance of surfaces depends on three components. The ﬁrst component is the source: visible
electromagnetic energy, which is necessary to initiate sensory vision. The second component is an object whose chemical properties modulate the electromagnetic energy. The third component is the human
visual system. In other words, the changes in colour appearance of surfaces depend on the changes
in these three components: the colour quality of the
light sources (spectrum of light), the colour quality
of the illuminated surface (spectral reﬂectance) and
the human visual system.
The colour perception features of the three receptors (red-x; green-y; blue-z) in the human eye, which
is a part of the human visual system, have been determined by the International Illumination Commission (Commission Internationale de l’Eclairage,
CIE) for the “Standard Colorimetric Observer” [1–
4]. When the human visual system is not changing:
• For an illuminant, which has an equal energy
spectrum, the determinant of the perceived colour

1. INTRODUCTION
The colour quality of the light sources used in the
facade lighting design has an important role in having the required effect and impact of lighting. Nowadays the improvements in technology and the increase in the number of artiﬁcial light sources make
it possible to select and use any source in any colour.
Especially with the invention of gas-discharge lamps
and LEDs (light emitting diodes), designers have begun to use coloured sources in facade lighting.
The usage of coloured light sources can cause appearances different from daytime. Moreover, with
the usage of different coloured light sources on the
same facade, there can be different views through the
night. Above all, if there is more than one colour on
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Table 1. Colour Contrast Arrangement Features and Munsell Colour System Samples, [1]
Features of Colour Components
Contrast Arrangement
Hue

Value

Chroma

Change

Change

Change

Same Hue Arrangement
(5 R-2/2; 5 R-5/10)

Constant
5

Change
2, 5

Change
2, 10

Same Value Arrangement
(5 R-5/2; 10 G-5/5)

Change
5 R, 10 G

Constant
5

Change
2, 5

Same Chroma Arrangement
(5 R-2/6; 5 YR-9/6)

Change
5 R, 5 YR

Changes
2, 9

Constant
6

Hue Contrast Arrangement
(5 R-5/5; 10 G-5/5)

Change
5 R, 10 G

Constant
5

Constant
5

Value Contrast Arrangement
(5 R-2/6; 5 R-8/6)

Constant
5

Change
2, 8

Constant
5

Chroma Contrast
Arrangement
(5 R-5/1; 5 R-5/10)

Constant
5

Constant
5

Change
1, 10

Triple Contrast Arrangement

Binary Contrast
Arrangements

Simple Contrast
Arrangements

of a surface colour, through the colour temperature
or the colour rendering speciﬁcations.
Colour arrangements: In the Munsell Colour
System, which is one of the colour order systems
used in the application area, the colour qualities of a
surface are deﬁned by three different components
called hue, value and chroma. These components
can change independently of each other [6, 7]. Hue
indicates a colour’s feature of being blue, purple yellow, etc., value; a colour type’s being light or dark,
chroma; indicates a colour type’s hue effect.
In the visual ﬁeld, the meaning and effect of coloured surfaces used side by side, is evaluated depending on the amount of the differences (contrasts)
among the components of the surface colours. In a
colourful composition, different and multiple colour
appearances may be created by changing the differences between the components [8, 9]. Depending on
the differences in colour component, the possible
colour contrast arrangements can be classiﬁed into
three groups; “triple contrast arrangement”, “binary
contrast arrangement” and “simple contrast arrangement” [7, 8, 9; Table 1].
In triple contrast arrangements, the all three components of each colour in the composition change
randomly, so the effects of triple contrast arrangements are often natural. In a binary contrast arrangement, the contrast between two elements of the colours is possible and the third component has the
same quality. In a simple contrast arrangement,

appearance of a surface is the “spectral reﬂectance”.
In this condition, a surface will be perceived in its
real /inherent colour;
• For an illuminant which does not have an
equal energy spectrum, the determinants of the perceived colour appearance of a surface are the “spectrum of the light source” and the “spectral reﬂectance of the surface”. Therefore, the surface will be
perceived in a different colour from the inherent colours’, which is called a “perceived colour”.
Surfaces are observed in their perceived colours
under any sources of light that are not in the equal
energy spectrum. Today, none of the sources of light
are in the equal energy spectrum. Therefore, CIE
has determined certain standard illuminants such as
A, B, C, D65 to be used in determining the inherent colours.
On the other hand, in lighting applications, the
colour qualities of the sources are generally determined by “colour temperature” and “colour rendering” [1, 4]. Colour temperature and colour rendering give basic information on the colour impression
of a source of light. However, as mentioned above,
to determine the perceived colour of a surface precisely, it is necessary to know the spectrum of the
light. Particularly, for luminescence sources/lamps,
such as high pressure mercury lamps, metal halide
lamps, etc., it is impossible to have information on
the spectrum and prior knowledge of the difference
between the inherent colour and the perceived colour
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Table 2. The Features of the Gas Discharge Lamps Used in the Study
Source

Lamp codes

Luminous ﬂux,
lm

Correlated colour
temperature Tc, K

Colour rendering, Ra

Trichromatic
Coordinates
x10

y10

K1

High pressure
mercury / HPLR

12000

3900

37

0.39

0.37

K2

Metal halide
/ mHN-TD

12100

4200

80

0.38

0.37

Table 3.The Features of the LED’s Used in the Study.
Source

LED

Correlated colour
temperature Tc, K

Colour rendering,
Ra

Trichromatic Coordinates
x10

y10

L1

Blue

34367

39

0.1278

0.0818

L2

Red

1000

19

0.6957

0.3024

L3

Green

7612

12

0.1921

0.6914

L4

White

10134

70

0.2807

0.2860

L5

White

9287

71

0.2895

0.2896

L6

White

9465

83

0.2873

0.2962

cades are illuminated by artiﬁcial light and in such a
case, appearance of the composition and colours can
be different from the designed one. Due to this fact,
the prediction of perceived colours of the facades illuminated by artiﬁcial light sources is an important
issue in terms of city lighting and night appearance
of the cities and buildings.

only one component of the surface is contrasted and
the other two components have the same features.
Therefore, with the systems in which less contrast
is used in binary and simple contrast arrangements,
it is possible to obtain extraordinary, harmonious,
meaningful and attractive results.
The colour contrast arrangements explained
above, can be used in the design of facade colours.
It is obvious that, different effects and meanings can
be drawn according to the numbers, types, quantities and distributions of the colour contrasts used
in a facade colour design. On the other hand, the
selection of colours (colour preferences) in the facade colour design depends on local and geographical conditions, culture, traditions, religious factors,
fashion, social phenomena and so on. Therefore,
in facade colour design as in the other design decisions, various factors affecting the selection of “colours” and “colour contrast arrangements” should
be considered.
Buildings are naturally lit by daylight during
day-time and by artiﬁcial light sources during the
night-time. In this context, building facades show
different colour appearances, different colour compositions during the day-time and the night-time.
In other words the colours of the arrangement can
be seen different from the inherent colours when fa-

3. THE METHOD OF THE STUDY AND
ASSUMPTIONS
This study aims to determine the differences between the perceived and inherent colours of different
facade surfaces which are illuminated with artiﬁcial
light sources, and to reveal the changes in their colour arrangements. The basic steps of the method can
be explained as follows:
• Identifying the artiﬁcial light sources that are
widely used in facade lighting.
• Selecting colours and colour contrast arrangements widely used on the facades.
• Measuring the spectral reﬂectance distributions/curves and the inherent colours of the chosen
paints for the facades.
• Calculating the perceived colours of the chosen paints under different light sources considering
human visual system.
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Table 4. The Inherent Colour Features of the Same Hue Arrangement (S.H.) and the Hue Contrast
Arrangement (H.C.) (M.C.S.: Munsell Colour System)
Group
number

Colour
Number

Code

M.C.S
Adjective

Trichromatic Coordinates

hue-val./chr.

x10

y10
0.3479

R1

Copper

Orange-red, mid-dark,
mid-chroma

8.4 R-4.1/5.6

0.4361

R2

Comeo 180

Orange-red, very light,
mid-chroma

8.4 R-8.4/5

0.3746

R3

Tundra 80

Greenish yellow, light,
low chroma

9.5 Y-6/3.2

0.3648

0.3943

R4

Bodrum
blue

Purple blue, light, low
chroma

8.9 B-6.5/3.5

0.2748

0.3114

S.H.
0.3438

H.C.

Fig. 1. The spectral reﬂectances of the R1 and R2

• Determining the difference between the inherent and perceived colours of the paint colours for arrangements selected.
Considering the artiﬁcial sources that are often
used in facade lighting, eight types of light sources
having different colour temperatures and colour renderings were determined; two gas discharge lamps
(high pressure mercury (K1), sodium lamp (K2)),
and six LEDs (Light Emitting Diodes; blue (L1),
red (L2), green (L3), and 3 different white LEDs
(L4, L5, L6)). The power, luminous ﬂux and technical properties of these light sources have been given
in Table 2 and 3 [10, 11]. The power of LEDs changes from 1 to 3 mW.
In accordance with the method described above,
four paint colours (R1-R4), which are the frequently
used on the facades have been chosen. The spectral
reﬂectance curves of the paints (R1-R4) measured
under standard illuminant D65 are given in Figs. 1
and 2.

In the study, “same hue arrangements” among
the binary contrast arrangements (BCA) and “hue
contrast arrangement” among the simple contrast
arrangements (SCA) given in Section 2 have been
selected for the facade colour composition. Each arrangement has two colours. In this context two colour groups (SH: R1+R2 and HC: R3+R4) were designed (Table 4) and these arrangements have been
evaluated for the chosen artiﬁcial light sources.
As it is known, and mentioned in Chapter 2, there
are various parameters affecting the impression and
meaning of the composition such as the numbers,
types and quantities of contrasts in a colour arrangement, the areas of the coloured surfaces, distribution of the coloured areas, adaptation of the eyes,
etc. Within the scope of this study, facade colour
arrangements have been evaluated in terms of the
number and magnitude of contrasts.
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Table 5. The Munsell Colour System Symbols of the Inherent Colours of the Surfaces and Perceived
Colours of the Surfaces under K1 and K2 Sources for Same Hues Arrangement (S.H.)
Perceived colour

Group
number

Inherent colour
K1/ mercury

K2/ metal halide

8,4 R-4,1/5,6

2,47 YR-4,57/12,88

1,42 YR-4,31/8,44

8,4 R-8,4/5

2,5 R-9,24/2

1,54 YR-8,73/10,62

R1
S.H.
R2

Table 6. The Munsell Colour System Symbols of the Inherent Colours of the Surfaces and Perceived
Colours of the Surfaces under K1 and K2 Sources for Hue Contrast Arrangement (H.C.)
Group
number

Perceived colour

Inherent colour
K1/ mercury

K2/ metal halide

9.5 Y-6/3.2

5.1 YR-6.18/13.85

8.79 YR-6.1/7.17

8.9 B-6.5/3.5

3.48 YR-6.25/10.52

6,43 YR-6,49/2,33

R3
H.C.
R4

Table 7. The Munsell Colour System Symbols of the Inherent Colours of the Surfaces and Perceived
Colours of the Surfaces under L1, L2, L3 Sources for Same Hues Arrangement (S.H.)
Inherent
colour

Group
number

Perceived colour
L1/Blue LED

L2/Red LED

L3/Green LED

8.4 R-4.1/5.6

1.39 PB-3.15/13.94

4.08 R-5.7/9.14

9.91 GY-3.36/12.26

8.4 R-8.4/5

1.41 PB-4.2/14.81

4 R-9.61/8.9

0.75 G-7.66/23.87

R1
S.H.
R2

Table 8. The Munsell Colour System Symbols of the Inherent Colours of the Surfaces and Perceived
Colours of the Surfaces under L1, L2, L3 Sources for Hue Contrast Arrangement (H.C.)
Inherent
colour

Group
number

Perceived colour
L1/Blue LED

L2/Red LED

L3/Green LED

9.5 Y-6/3.2

0.29 B-5.04/18.71

4.65 R-5.97/9.55

0. 61 G-6/20.63

8.9 B-6.5/3.5

2.1 PB-5.91/17.56

3.16 R-5.87/14.87

1.33 G-6.91/24.77

R3
H.C.
R4
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Table 9. The Munsell Colour System Symbols of the Inherent Colours of the Surfaces and Perceived
Colours of the Surfaces Under L4, L5, L6 Sources for Same Hues Arrangement (S.H.)
Group
number

Perceived colour

Inherent
colour

L4/White LED

L5/White LED

L6/White LED

8.4 R-4.1/5.6

3.82 R-3.93/3.71

5.71 R-3.90/3.64

6.90 R-3.91/3.68

8.4 R-8.4/5

5.41 RP-8.38/4.53

9.10 RP-8.30/4.18

1.99 R-8.30/3.67

R1
S.H.
R2

Table 10. The Munsell Colour System Symbols of the Inherent Colours of the Surfaces and
Perceived Colours of the Surfaces under L4, L5, L6 Sources for Hue Contrast Arrangement (H.C.)
Group
number

Perceived colour

Inherent
colour

L4/White LED

L5/White LED

L6/White LED

9.5 Y-6/3.2

2.09 GY-6.03/2.19

1,76 GY/5.97/2.48

2.19 GY-5.92/2.40

8.9 B-6.5/3.5

5.41 PB-6.64/6.6

4.57 PB/6.57/5.81

1.38 PB-6.58/5.47

R3
H.C.
R4

Fig. 2. The spectral reﬂectances of the R3 and R4

tem symbols and chromatic coordinates (x10, y10)
of the inherent colours of the arrangements are given in Table 4.
As mentioned in section 2, the perceived colours
of a surface depend on the spectrum of the light,
spectrum of the surface and the receptors in the eye.
Therefore, the perceived colours of the surfaces were
calculated according to the chromatic coordinates
(x10, y10, z10) of CIE 1964 X10, Y10, Z10 system
for the 1964 Supplementary Standard Colorimetric
Observer [2, 3, 4, 5].

4. DETERMINATION OF THE INHERENT
AND PERCEIVED COLOURS
The inherent colours of chosen paints were measured under standard illuminant D65 by using “Minolta Spectrophotometer-CM-2600 D”. The measurements were converted to the Munsell, Lab and
Lch Colour Systems by using the Spectra Magic
(Ver.3.6) Program. The samples of paints were matte and evaluations were made for SCI values. The
groups, manufacturer codes, Munsell Colour Sys-
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Fig. 3. Examples from the colour shifts of the surfaces on the x10, y10 chromaticity diagram (K1, K2: light sources, R1,
R2, R3, R4: inherent colours, R1’, R2’, R3’, R4’: perceived colours)

Fig. 4. Examples from the colour shifts of the surfaces on the x10, y10 chromaticity diagram (L1, L3: light sources, R1,
R2: inherent colours, R1’, R2’: perceived colours)

The inherent colours of paints measured under
standard D65 and the Munsell Colour System symbols of the perceived colours of surfaces calculated
under K1 and K2 sources are given in Tables 5 and
6. Similarly the results of L1-L6 sources are presented in Tables 7, 8, 9 and 10. Some examples on
the differences between inherent and perceived colours of the surfaces are shown in Figs. 3, 4 and 5 for
the same hues arrangement (S.H.) and hue contrast
(H.C.) arrangement.

Under gas discharge lamps (K1, K2): The perceived hues changed nearly 7 steps under K1. However, there were not a considerable change in the
value of the colours. The chroma of the R1 colour
increased 7 steps under K1 and increased 3 steps under K2. The chroma of the R2 decreased 3 steps under K1, increased twice as much under K2.
Under coloured LED’s (L1, L2, L3): When the
hue of the R1 colour had major deviations under blue
(L1) and green (L3) LEDs, the hue changed on average 2 steps under red LED (L2). The value of the
R1 colour changed approximately 1 step under all
coloured LEDs. The chroma of the colour had a considerable increase also under all LEDs. However, the
hue and value of the R2 colour had similar changes

4. EVALUATION
• Same hues arrangement (S.H.; the hues are
the same, the value and chroma change; R1 and
R2)
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Fig. 5. Examples from the colour shifts of the surfaces on the x10, y10 chromaticity diagram (L1, L3: light sources, R3,
R4: inherent colours, R3’, R4’: perceived colours)

Under white LED’s (L4, L5, L6): The hue and
value of the R3 colour did not have a considerable
change under the three white LEDs. The chroma
decreased a little. The purplish blue R4 turned into
bluish purple under the three LEDs. When the value
did not have an important change, the chroma shifted
2.5 chroma steps.

with R1 under all three LEDs. But the chroma of R2
increased approximately 4.5 times under green LED
(L3). The same hues arrangement turned into similar
to same hues arrangement.
Under white LED’s (L4, L5, L6): The hue
of the R1 colour had the maximum change (4 hue
steps) under L4 source and the minimum change
(1 hue change) under L6 source. The value did not
have an important change under all three white
LEDs. However, the chroma of the R1 decreased 2
chroma steps under three LEDs. The red R2 colour
turned into purplish red under L4 and L5 source and
changed 7 hue steps under L6 LED. The value and
chroma of the R2 colour did not have an important
change under all three LEDs.
• Hue contrast arrangement (H.C.; hues
change, values and chroma are same; R3 and R4)
Under gas discharge lamps (K1, K2): The
greenish yellow R3 and purple blue R4 turned to
reddish yellow under K1 and K2. The values had little changes (0.2 steps). The chroma of the R3 colour
increased approximately 5 steps, when the chroma
of the R4 colour increased nearly 3 times under K1
and decreased a little under K2. Consequently the
hue contrast arrangement turned into the same hues
arrangement under two gas discharge lamps.
Under coloured LED’s (L1, L2, L3): The hue
of R3 and R4 colours shifted to the light sources’
colours. There is no considerable change in the value of the colours under all coloured LEDs. However,
the chroma increased on average 14 steps. The hue
contrast arrangement turned into similar to same
hues arrangement.

5. CONCLUSION
The colour arrangements and illuminants of facades play an important role in emphasizing the
architectural features of the buildings and creating effective, meaningful and harmonious appearances. Speciﬁcally, the colour of the sources used
in artiﬁcial lighting is the basic determinant of the
colour appearance of the facades. Therefore, the selection of the light sources should be taken into account within the context of the interaction between
light and facade colours and the changes in the facade colours should be considered during the design process.
This paper aims to determine the perceived colours of different facade colour arrangements under
different light sources. In accordance with this goal:
Two colour arrangements (same hues/S.H. and
hue contrast/H.C.) have been studied for the facades.
Two colour group consisting of 2 colours for both
arrangements have been determined.
The inherent colours under D65 standard and the
perceived colours under eight light source (gas discharge/K1, K2; LED/L1, L2, L3, L4, L5, L6) have
been chosen for each colour groups.
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The differences between the inherent and perceived colours of the arrangements have been
evaluated.
The evaluation reveals that the value (lightness
darkness) of the inherent colours does not change
according to the light sources, nevermore hue and
chroma have important deviations. In this context,
it has been determined that the studied colour arrangements have been changed.
The methodology, ﬁndings and evaluations presented in the study will be beneﬁcial for lighting designers in terms of the prediction of the perceived
colours under artiﬁcial light sources in facade colour design within the context of colour arrangements. It will also contribute to the night appearances of buildings and cities in terms of creating
realistic effects.
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