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Abstract 

Nowadays, lighting represents 20% of the global electricity consumption. Light can be produced 
using different technologies but more than 100 years after its invention, the incandescent bulb is 
still the most sold and one of the more used light sources. Of the total energy input in an 
incandescent bulb more than 90% is lost as heat while less than 10% is converted into visible 
light. However, there are alternative technologies which use up to 85% less energy for 
conventional lighting and there are even more efficient light sources for other purposes that if 
they replace completely all incandescent lamps over the world could reduce dramatically the 
global electricity consumption and greenhouse gases emissions. One may identify these 
alternative technologies mainly as LEDs and discharge lamps, but are they the unique 
alternatives? 

This thesis is focused on a new lighting technology whose name is LightLab and which is 
based on the field emission and cathodoluminescence concepts. This technology is under the 
research and development stage but prototypes have already achieved energy savings over 85% 
compared to incandescent lamps with a great color performance and with the advantage that it 
does not use mercury or other hazardous substances compared with discharge lamps. 

Thus, in the first part of the project all technologies and last improvements are studied while 
the second part analyses the market applications possibilities for the LightLab lamp considering 
the environmental perspective regulations and comparing the lamp with the other light sources. 

The result is that despite there are still some unknown parameters that need to be developed or 
improved, the lamp has a great potential for different applications fields. 
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1 Introduction 
When one hears the word “bulb”, the first image that he or she draws on his or her mind will 
probably be an incandescent bulb. Human beings desire to light up the night and the dark 
spaces started early in the prehistory by using fire and torches, but it was not until the 19th 
century when first electrical light sources appeared with incandescent bulb as the most 
successful one. Then, discharge lamps were invented and had been sharing the market with 
them but still nowadays incandescent lamps are the most sold globally.  

However, incandescent lamps are the less efficient source in the market converting 5% of 
the energy input into light but wasting the 95% remaining as heat losses. Energy resources 
crisis like in 1973 and the increased awareness regarding environment and energy use during 
the last decades have led to develop these technologies to achieve more energy efficiency but 
also to find alternative ways to produce light. As a result, nowadays supported by 
governmental policies world is more close to the end of incandescent lamps as a main source 
thanks to discharge lamps evolution and to a more recent technology like light emitting diodes 
(LEDs).  

But future is not limited to discharge lamps and LEDs, and already different researchers 
over the globe are developing different new light sources within solid-state technology but 
also in other ways. LightLab, the lamp in which this thesis is focused, is one of the candidates 
to have a role in the future market. 

LightLab is a company which is developing a new bulb technology based on the 
cathodoluminescence and field emission principles. This lamp, which is energy-saving and 
environmentally friendly avoiding the use of hazardous materials, has been developed in 
Sweden since 1996 working in parallel with its laboratory in Taiwan where prototypes are 
made and tested. Results of this young technology are already promising improving efficiency 
levels of other technologies in the current market. Thus, the LightLab bulb emits a bright light 
with an efficiency of 85lm/W and with a great color reproduction. 

The fact of having more alternatives at the time of selecting the appropriate lamp for each 
application can generates confusion and may require more knowledge in order to take a 
decision, but it is also a good new because the more competence in the market implies more 
effort in lamps development and therefore more efficiency, better light quality, less use of 
hazardous materials and cheaper purchasing prices.   

 

1.1 Aim 

LightLab technology is still under the research and development (R&D) stage but it already 
has a product which has different properties which may be improved in the future. 
Nevertheless, with these results one can start to work in order to imagine which can be the 
market applications for this bulb. Thus, the aim of the thesis, as its title indicates, is to foresee 
which would may be the lamp future applications by studying how suitable the lamp is, why 
does not fit in other applications and see which are the limitations and weak points that reduce 
its competence compared with other technologies or that does not allow the lamp to fulfill the 
requirements. 
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1.2 Objectives 

The main question of the project presented on the aim cannot be answered without having 
first a theoretically background in order to have enough knowledge to be able to extract some 
conclusions. Thus, the goal of the project is not only to know the applications for the 
LightLab bulb, but also the following goals: 

 
- Know which are the existing technologies into the market, how do they work and their 

features. 
- Study these technologies that are currently under development and that may play a 

role in the future market. 
- Know which are the environment requirements as well as regulations or 

recommendations in an international perspective. 
- Do a comparative study of efficiency, light properties, functionality and life costs of 

different light sources. 
- Study the life cycle energy use and emissions to the environment as well. 
- Study the lighting applications fields, which are their requirements and the most 

common used lamps. 
 
Once these goals have been fulfilled it is considered that there is a basis which allows to 

research about LightLab application potentials and to study its drawbacks and limitations as 
well. 

 

1.3 Scope 

Lighting is a very large topic in which different products are made by different producers 
using different technologies which consequently have different properties and have to fulfill 
different requirements in order to be suitable for different applications. This fact seems 
complicated and if furthermore the new technologies under development are added, the topic 
too large. Therefore, the research is delimitated as it follows: 

 
- The study includes all existing technologies in the lighting market. This means the 

incandescent lamps (and halogen), all discharge lamps grouped into fluorescent, 
mercury, sodium and metal halide lamps, LEDs as solid-state technology and last 
sulfur and induction lamps. 

- Moreover, it is also included new technologies that are not in the lighting market but 
which due to they are in an advanced developing phase, they could be soon. These are 
LightLab and VU1. 

- Other technologies under development like the organic light emitting diodes (OLED) 
or silicon solid-state are commented in the technologies background but they are still 
not compared because of a limited knowledge about them or about their application 
fields. 

- This project is limited only to lighting applications. Therefore, parallel applications 
like digital, TV, displays and others are not considered. 
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- New technologies may have a lack of information since they are not in the literature. 
Thus, the almost unique light source is the own producers publications. This 
information may be incomplete (some unknown data) or may not be completely 
demonstrated. Anyway, data for this thesis is taken from producers and assumed 
without discussion. 

- In the case that some data is unknown, it is assumed that this data is still not known or 
published at the date of the thesis.  

- In comparative studies, bulbs are taken directly from producers catalogs. In these 
cases, it is specified which product is taken from which catalog and the data supplied 
by the producer is assumed. 

 

1.4 Limitations 

The research has an evident limitation regarding new technologies information. Most of them 
are so recent or not enough known that does not appear in the literature. Thus, sometimes the 
only way to have information is visiting the producer official website and official 
publications, but still some important data is missing in order to compare with others. 

This lack of knowledge is in some of the cases due to the fact that the technology is still 
under development implies that some data has still not been completely analyzed and 
demonstrated. Another reason is that companies that are promoting their new products need 
investors to continue with the research and it can happen that when some results are not so 
good when compared with the competence it may not be interesting to publish them until they 
are not improved to do not lose confidence because of marketing and image reasons. Finally, 
another common reason for new technologies is that because of the patents, some information 
regarding construction cannot be published until they are not sure that this is completely 
supported by its patent. 

Apart from these limitations due to lack of information, it has been found some more 
difficulties regarding the extension and complexity of the topic and the depth of the study. 
Thus, when one wants to compare for instance incandescent lamps with compact fluorescent 
lamps (CFLs) will find different lamps with different properties depending on the producer or 
even within the same producer catalog. Then, it is required to generalize but it is not an easy 
task. Instead, sometimes it can be given in ranges. 

Finally, the continuous evolution of not only new but also old technologies implies that the 
situation and conclusions at the date of the thesis can change in the near future and even some 
facts already changed during the working time on the thesis. 

 

1.5 Method 

The thesis is divided into two parts: technical area and market area. The first part is focused 
into a background where all known and developing light sources are presented and their 
operation, construction and performance. Then it comes the second part in which first the 
market requirements and regulations are studied independently of light sources and then the 
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light sources are compared before the last stage regarding to lighting applications. In order to 
analyze the LightLab bulb applications, it is established a criterion to determine its suitability. 

Therefore, the method to complete this thesis is mainly based on literature research through 
confident books and internet sources. This literature has been carefully studied and selected in 
order to set up the knowledge basis with which then the results and conclusions are extracted. 
During the time in which the thesis has been done, it also have been held events like 
international exhibitions where new products have been launched. Therefore, press has also 
been an important source to be aware about these launches. 

Finally, the thesis is focused on the LightLab product, company which has collaborated 
supplying all necessary information which can be published regarding on its bulb as well as 
the reports of results from its studies and experiments. 

 

1.6 Abbreviations and definitions 

In the following research it will be found some abbreviations which need to be first clarified. 
Moreover, there are some concepts regarding to fundamentals of light and lighting which are 
frequently used but need to be first defined. 

 
Abbreviations: 
 
AC: Alternating Current 
CCT: Correlated Color Temperature 
CFL: Compact Fluorescent Lamp 
CIBSE: Chartered Institution of Building Services Engineers 
CIE: International Commission on Illumination 
CNT: Carbon Nano-Tubes 
CRI: Color Rendering Index 
CRT: Cathode Ray Tube 
DC: Direct Current 
EPA: USA Environment Protection Agency 
ESL: Electron Stimulated Luminescence 
FEA: Field Emitter Arrays 
FED: Field Emission Display 
GE: General Electric Company 
GHG: Greenhouse Gases 
HB LED: High-brightness LED 
HID: High Intensity Discharge lamps 
HMB: Building Regulations 
HPS: High-Pressure Sodium lamps 
IDAE: Spanish Institute for Diversification and Energy Savings 
IR: Infrared light 
LCA: Life Cycle Analysis 
LCD: Liquid Crystal Display 
LEC: Organic Light-emitting Electrochemical Cell 
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LED: Light-Emitting Diode 
LPS: Low-Pressure Sodium lamps 
MH: Metal Halide lamp 
OLED: Organic Light-Emitting Diode 
QD: Quantum Dot 
RGB: Red, Green and Blue color model 
RoHS: Restriction of Hazardous Substances 
R&D: Research and Development 
SPD: Spectral Power Distribution 
UV: Ultraviolet light 
VU1: Company working on an ESL bulb 
 
 
Definitions: 
 
Bulb and lamp:  
Bulb and lamps terms are indifferently used in the thesis with the same meaning. The term 
lamp with another meaning than bulb is specified as task lamp, table lamp or portable lamp, 
for instance (1). 
 
Color rendering index: 
Measure of how well colors are rendered by a light source. This index is measured from 0 to 
100 where 100 mean the best color rendering (2). 
 
Color temperature (or correlated color temperature): 
Indicates the color appearance of a white light source measured in Kelvin. Normally light 
sources color temperatures are from less than 3000K (which has warmer appearance like red 
and yellowish colors) to over the 6000K (cool appearance like bluish color) while natural 
daylight has a color temperature of 6500K. The color temperature of a light source is the 
temperature at which the heated ideal black body matches the color of the light source in 
question (3). 
 
Energy efficacy [lm/W]: 
Indicates the amount of emitted luminous flux per supplied power to a light source measured 
in lumen per watt (2). 
 
Illuminance [E]: 
Luminous flux on a surface element divided by the area of the element in lumens per square 
meter (lm/m2) or lux (1). 
 
Intensity of illumination [lux or lx]: 
Unit of measurement that indicates the amount of luminous flux per unit of surface area (2). 
 
 



 6

Lumen [lm]: 
Unit of luminous flux emitted within one steradian from a point source of intensity of one 
candela (cd) (1). 
 
Luminance [candela/m2 or cd/m2]: 
Or also light density, indicates how bright a light source is (2). 
 
Luminous flux [lumen]: 
Indicates how much light is emitting a light source (2). 
 
Luminous intensity [candela or cd]: 
Indicates how much luminous flux is travelling in one direction from the light source (2). 
 
Lux [lux or lx]: 
Unit of illuminance produced by a uniform luminous flux of one lumen on a surface of one 
square meter (1). 
 
Spectral power distribution: 
The spectral power distribution is a curve that indicates how precise is the color emitted by a 
light source. The chart shows the energy level of the light emitted in each wavelength (4). 
 
Visible spectrum: 
The visible spectrum or visible light is the light that can be seen by human beings. This light 
is in a range from 380nm to 780nm of wavelength. Within the visible spectrum, the eye 
discriminates the different colors or mix of them. Ultraviolet radiation is found under 380nm 
while infrared is found over 780nm (1). 
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2 Incandescent Lamps 
Invented at the end of the 19th century, the incandescent lamp has probably been the most 
known and most used electric light source because of his not expensive initial price, 
standardization and good color performance. Several improvements have enabled the lamp 
still being used at the present day despite of the competence, although nowadays the use is 
more reduced to home and interiors lighting. The fact of low efficiency in terms of electricity 
consumption compared with other has implicated that this technology is currently being 
phase-out. 

 

2.1 Physics behind 

Incandescence is the property of a body to emit visible light when this is heated (5). The way 
to do that in an incandescent lamp is by a fine wire or filament through which an electric 
current passes heating it at temperatures usually between the 2000°C and 3000°C. This 
temperature causes that the filament becomes to the white hot incandescence and the more 
temperature of the filament, the more visible light emitted but also the more evaporation rate, 
which means shorter life time. 

Under these circumstances, we have a filament that needs to satisfy some requirements like 
to be able to change from white hot to cool and vice versa repeatedly without breaking, high 
melting point to reach high temperatures, mechanical and thermal resistance or oxidation 
protection in order to be used several times and have a long lifetime (6). Despite at the 
beginning carbon filaments were used, nowadays are made of tungsten with some additives 
since this metal has a very high melting point, 3410°C and low evaporation rate at high 
temperatures (1).  

Not only the material but also the filament shape helps to reduce the evaporation as well as 
the thermal losses and the lamp efficiency. The rate of heat loss is proportional to the length, 
but not much by the diameter. Thus, if the filament is coiled evaporates slowly compared with 
a straight filament with the same surface. For this reason the wire is coiled in single and 
coiled again upon itself. Length and diameter of the wire are determined depending on the 
voltage and the operating current respectively. 

Regarding to the glass bulb, vacuum or an inert gas is used in order to solve the problems 
of oxidation, blackening and heat losses. Hence, vacuum reduce the thermal losses compared 
with a gas, but gas retards the filament evaporation and its consequently blackening because 
of the tungsten disposal. Gas also drives the heat away from the filament and causes 
convection currents apart from the thermal losses. Then, gas or vacuum are used as a function 
of the power depending on which benefit, suppression of evaporation or thermal losses 
reduction is more valuable (1). Usually, lamps under 25W are using vacuum, while over that 
are gas-filled with argon and some nitrogen. Xenon can also be used, but it is more expensive. 
When the light bulb is gas-filled, a fuse is included because in case of filament breaking, gas 
may generate an electric arc and produce big currents. 
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Operation principles and lamp construction 
In the following picture Fig. 2.1 lamp components are represented. Filament, the main 
lighting component, is hold in two intermediate points by molybdenum wires which are also 
important to improve the vibration resistance since filament is brittle. From the electrical 
point of view, the current runs from the cap to the filament through cooper-nickel alloy wires 
welded with the dumet wires and then connected with two nickel-plated wires. Between the 
cooper-nickel alloy wires and the dumet wires, a fuse or one fuse in both branches is situated 
inside the glass to interrupt high currents to keep safety the lamp and the holder. The exhaust 
tube is used to fill the gas and the cap is made of aluminum or brass (1). 

 

 

Figure 2.1: Lamps components 

Source: Lamptech website (7) 

 
Halogen lamps 
Since first carbon filament lamps were patented at the end of the 19th century, chlorine was 
experimented to reduce the blackening of the lamp. Despite it reduced the effect, this 
experience was not really successful and available for this kind of lamps, but was the opposite 
in tungsten filament lamps where chlorine was proved useful to extend the life and improve 
the efficiency. Hence, it was in the sixties when halogen lamps started to be marketed (6). 

In conventional incandescent lamps, evaporated tungsten from filament can be diffuse to 
other parts of the filament or to the support, but it is mainly deposited to the bulb internal 
surfaces by convection currents to the gas-filling. If a halogen gas is added and there are the 
properly conditions the halogen cycle is created and tungsten particles from cooler parts, 
which usually are in the bulb glass, are transported to the filament again because of its high-
temperature. Despite that, it is easier that tungsten is deposited in the coolest filament zones, 
which makes still possible the hot spot failure (1).  

This halogen cycle has some requirements. Thus, the temperature for this process is 250°C 
higher than in conventional lamps and needs a smaller and stronger glass bulb. Usually a 
second glass encloses the first one. Regarding to gas-filling xenon and krypton are the most 
common used and combined with an optimal pressure makes it possible to increase the 
temperature without decreasing the life time.  

Glass bulb 

Vacuum or filled gas 

Coiled-coil filament 

Molybdenum filament supports 

Lead wires 

Glass pinch 

Dumet wire 

Exhaust tube 

Fuse 

Cap 
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Considering the efficiency, halogen lamps can be used in low voltage of 12V which is 
more efficient than for main voltages of 220V, but they require a transformer integrated into 
the lamp or the luminary. Its efficiency also depends on the three kinds of halogen lamps 
construction which the two last are named halogen energy saver lamps: conventional, with 
xenon gas filling and with infrared coating on the wall glass. The first ones have an energy 
consumption saving up to 15% for 220V and up to 25% for 12V when compared to 
incandescent lamps, while xenon gas filling may improve their efficiency up to a 25% less 
energy consumption. Finally, last halogen lamps with infrared coating reduce the 
consumption in 45% compared to incandescent, but working only with low voltage (8).  

 

2.2 Lamp properties 

Energy balance and energy efficiency 
The total amount of electrical power input is theoretically equal to the sum of power outputs 
which are: electromagnetic radiation, conduction losses in leads and supports and power 
conduction to the gas (if there is not the vacuum). The first one is divided in infrared, 
ultraviolet and visible light emission, which at the operating temperatures is within the range 
from 7 to 18% of the total radiation. The second one is dependent on the wire length but not 
to diameter (section 2.1), therefore with coiled-coil filament it is more efficient. The third one 
should be also considered and for those lamps that need more supports because they work in 
hard conditions, the more supports harm the efficiency. Globally, approximately 90% of the 
power input is lost as heat, while the rest is converted in visible light (1).  

One can also talk about luminous efficacy, which is measured in lumen/watt, as the ratio of 
luminous flux (amount of visible light) to the power input (9). In this case an average for 
incandescent lamp depends so much on the power, but it can be from 6 to 16lm/W in common 
lamps in wattages from 15 to 500W. This value is increased when talking about halogen 
lamps since they are more efficient and one can find lamps with luminous efficacy from 13 to 
25lm/W in lamps in the range from 5 to 500W (10). Incandescent lamps are more efficient 
when more temperature is achieved and an efficacy of 80lumen/watt would be possible if 
filaments could reach 5000K, but there is no material with higher melting points (1). 

 
Light performance 
Incandescent lamps have similar radiation to the one that could be achieved in the ideal black 
body which means a great color rendering index of 100 while the color temperature is around 
3000K (10). Figure 2.2 shows the spectral power distribution (SPD) chart which is used to 
understand how precise the color output emitted by a light source is, in this case an 
incandescent bulb. In this chart energy level is represented for each wavelength within the 
visible spectrum. For incandescent lamps, despite the way of light production by heating can 
be similar to the way of the sunlight, they have a little level of energy in the short wavelength 
that grows for longer wavelengths. Therefore, an incandescent lamp renders better red colors 
than the blues. In contrast, halogen lamps improve the blue colors rendering since they have a 
flatter curve (4). 
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Figure 2.2: SPD chart of an incandescent bulb 

Source:GE lighting education and resources. SPD curves (11) 

 
Further properties 
Apart from good light quality and performance, incandescent lamps have in addition other 
functionality properties like the fact that they are connected directly to the AC source without 
any electronic device and they can be completely dimmable without needing a dimmer. In the 
case of halogen lamps they are commonly used as low voltage lamps of 12V which are more 
efficient than the 220V, but low voltage lamps require a transformer integrated into the lamp 
or the luminary. The power factor for both lamps is 1 so there is not reactive power 
consumption (8). 

Regarding to lifetime, incandescent lamps long 1000h while for halogen lamps life can 
long between 1000 and 3000h. 
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3 Discharge lamps 
Early in the 19th century researchers wanted to find a new way to produce a more efficient and 
more brightness light source than the incandescent. Then, discharge lamps started to be 
developed by using different gases and methods, but under three common principles which 
were considered important to have a long life time and high efficiency: use a very pure gas, 
use a carefully controlled pressure and use electrodes with a large surface area. 

The way to produce light in a discharge lamp is explained by electron’s theory. One atom 
has a nucleus surrounded by electrons in different orbits where electron carries negative 
charge and nucleus carries positive charge. If an electron is exited by energy input, this moves 
to higher orbit and then, when it comes back to the original position releases an 
electromagnetic radiation. This emitted radiation is in a range of wavelength that can be 
visible light and/or ultraviolet light. The light exists in packets called photons. 

In this kind of lamps, such radiation is generated by the discharge through a gas. 
Depending on which gas is used, it will have a different spectral power distribution, but 
compared with incandescent light, it does not contain all the wavelength range. In contrast, 
ultraviolet light cannot be ignored in discharge lamps since it can be easy and efficiently 
converted into visible light by fluorescent substances (6). 

Regarding to the electrical face, discharge lamps need a control gear in order to limit the 
current, otherwise lamp could burn itself. This control is usually attached to the lamp, so it 
increases the cost. 

 

3.1  Fluorescent lamps 

Fluorescent lamps already started to be important in the 50ies, when it was considered than in 
the USA, more than half of the produced light was by these lamps than by incandescent. Its 
efficiency makes them to be used in offices and shops, but the poor color rendering, large 
shape and no socket adaptability make them no usually liked at home. Nowadays, Compact 
Fluorescent Lamps (CFL) have overcome this problem and the low running price compared 
with incandescent make them worth despite of the high cost associated to the included control 
gear. This trend is being increased with the phase-out of incandescent lamps (6). 

 
Operation principles and lamp construction 
The principle of operation is that a discharge between tungsten cathodes produces light within 
a tube filled with low pressure mercury vapor and other inert gases like argon, mixture 
between argon and krypton or neon. A liquid mercury drop is also introduced. This mixture is 
good in converting electricity into radiant energy, mainly ultraviolet light. Phosphor coating 
on the inside face of the tube glass produces the fluorescent effect converting the ultraviolet 
light into visible light and furthermore, the glass is transparent to visible light but prevents to 
escape ultraviolet light (12). 

The tube is usually made of a sodalime silicate or low sodium content glasses. Cathode is 
composed of a two or three times coiled tungsten filament and it is hold by the electrode. This 
filament is coated with some electron-massive materials. Lead wires carry the current to the 
electrode through the glass-to-metal seals.  
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The tube is coated by phosphor inside the wall with a specific thickness for maximum 
conversion of UV to visible light. Phosphors can be fluorescent materials or phosphorescent 
materials whose property is to absorb light of one wavelength and emit it in a longer 
wavelength. They usually produce light in a single color, so that, several materials are mixed 
to have the appropriate color and the best efficiency. Unfortunately, good color and high 
efficiency at the same time is not possible, so one has to decide between both. Some of the 
phosphor needs an activator to work, commonly manganese (6). 

Fluorescent lamps are actually built by using three different coatings: halophosphates, tri-
phosphor and multiphosphor.  The first kind is the less efficient and have the worst color 
rendering but are cheaper are enough for some applications. Afterwards, it appear the tri-
phosphor which are a blend of materials that emits in the green, red and blue narrow tri-band 
spectrums improving the color rendering but also the efficiency. Finally, multiphosphor lamps 
have the best color rendering but reducing the efficiency respect to the second ones (13). 

Regarding to the shape, most common fluorescent lamps are linear tubes, but also can be 
found as CFL, which are explained below. Lamp efficiency is dependent on the shape and 
longer tubes are more efficient as well as on the optimal diameter. Electricity energy input is 
used in the main discharge column, mainly converted into radiation, and end effects related 
with electrons release. The first one is proportional on the length while the second one does 
not dependent on it and does not contribute in lighting. Therefore, the more length the more 
efficiency. On the other hand, diameter neither affects the end effects but they do in the 
column discharge performance and there is optimal diameter. Thus, photons do not have 
space to be intercepted by mercury if the wall is so close, but lamp is less efficient if it is so 
wide. Optimal diameter also depends on the used gas (6). 

 

 

Figure 3.1: Fluorescent lamp construction 

Source: Recycling solutions company website (14) 

 
Electrical performance 
Fluorescent lamps not only need a ballast to limit the starting current like other discharge 
lamps, but also need an electronic starter device to initiate the discharge, which can be made 
in different circuitry depending on the lamp. This starter device draws a current through 
filaments and heats them to emit electrons. After a few, the device opens and a peak tension 
generates the discharge. This explains that the starting process of fluorescent lamps is not 
immediately (9).  

Exhaust tube Cathode Mercury drop 
Phosphor 
coating 

Lead-in wires 

Base 

Arc discharge Gas Bulb 
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Considering their functionality, fluorescent lamps are not fully dimmable, like 
incandescent lamps do, and furthermore not all of them are compatible with existing dimming 
circuits. Despite nowadays CFLs can reach dimmability from 2% to 100%, it requires specific 
electronics which increase the price of the lamp. Still most of the conventional CFLs in the 
market are not dimmable which is a problem if, for instance, a CFL wants to replace an 
incandescent by using the same dimmer system. In addition their power factor is depending 
on the lamp from 0.5 to close to 1 in the best cases, which increase the energy consumption 
(reactive and active) compared with incandescent that have a power factor of 1. Fluorescent 
tubes lifetime is bigger than for CFLs and use to be between 10,000h and 25,000h (15). 

 
Energy balance and efficiency 
Electricity energy input is converted into ultraviolet light with an efficiency of about 63%, 
while the rest is dissipated as heat in the discharge and the electrodes. About 40% of the 
ultraviolet light is then absorbed by phosphor and emitted as visible light and the rest is lost. 
Globally, 28% of the electricity consumption is converted into visible light. 

Luminous efficacy can be grouped depending on the three categories of lamps. Thus, 
halophosphates and multiphosphor are the less efficient in a range from 60 to 75lm/W while 
tri-phosphor has efficacies from 80 to 95lm/W (13). Efficacy can be reduced for these lamps 
in cold environments since the optimal temperatures are from 15ºC to 30ºC. 

 
Light performance 
As explained before, the color rendering depends in the fluorescent and phosphorescent used 
substances. Hence, there is not a unique standard light output, but there are different standard 
colors. Green color will be always generated because UV is easy converted into visible light 
of 550nm, but in order to achieve a good color, the three primary colors red, blue and green 
are necessary. These colors can be made by halophosphates, three-band phosphor mixtures 
and multi-band phosphor lamps, where the first ones have the lowest color rendering index 
over 50, and multi-band has a very high CRI over 90. Below, figure 3.2 shows two examples 
of spectral power distribution charts achieved depending on the fluorescent substances used. 

 

          
a) SP65 Tri-phosphor color fluorescent b) SPX35 Tri-phosphor color fluorescent

Figure 3.2: SPD of two kinds of fluorescent lamps 

Source:GE lighting education and resources. SPD curves (11) 
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Regarding to color temperatures the common range is from 2700K which means a quite 
warm light to cool colors similar to natural daylight around 6500K. But also new 
developments have been able to create the latest generation of white light between the 8000K 
and the 17000K (16).  

On the other hand, discharge lamps are known for possible uncomfortable flickering. At a 
electricity network of 50Hz, flickering at 100hz is not a problem for the human eye except in 
some applications like workshops or factories where for instance can be an axis rotating at 
speeds of a 50Hz. This can be solved by connecting tubes in pairs or at different phases of the 
three-phase network (9). 

 
Compact fluorescent lamps (CFL) 
CFL were created in the 80ies to increase the range of applications of fluorescent lighting and 
being more close to be used at home by using the common incandescent lamps sockets and 
respecting their compact size. Known as energy-saving bulbs if compared with incandescent 
bulbs can reduce the consumption to a quarter with common luminous efficacies between 50 
and 75lm/W, and have as much as 6 to 15 times a longer lifetime (between 6000h and 
15000h) with an average of 10000h, but the initial cost is larger because it usually includes 
ballast electronic devices (10).  

Constructed in different shapes, the tube can be in spiral or tubular with one, two, four or 
more parallel-limbed tubes and with a very small diameter of around 10-16mm. These lamps 
are not so heavy and can start directly without flickering but they need a few moments to 
achieve the operation brightness (9). Considering their light performance, as the fluorescent 
tubes they can also reproduce a wide range of color temperatures with a color rendering over 
80 (10). 

Nowadays, CFLs use electronic ballasts instead of magnetic like in the past, but future 
generation of CFLs, also called super CFLs are expected to use digital technology instead of 
analog bringing more improvements like fully dimmability in any dimmer, efficacy over 
70lm/W, lifetimes over 10000h, smaller size or higher power factor (17). 

 

3.2 Mercury lamps 

Developed since the 30ies, this is the oldest kind of high intensity discharge lamps. At the 
beginning no large pressures were possible within the arc tube because of its resistance, but 
with quartz arc tubes large pressures were reached with the consequent improvement of both 
efficiency and power range. This arc tube is filled with argon and a little amount of mercury, 
and is the place where discharge is produced. The produced light is poor and bluish, but 
different designs and lamp coatings that will be commented bellow, allow the lamp to reach 
better color rendering as well as to increase the lamp efficacy. 

 
Operation principles and lamp construction 
The arc tube, whose body is made of quartz and can operate until temperatures of 900°C, is 
the main component. Discharge is produced by main electrodes which are usually made of 
tungsten coil or tip and impregnated with materials that make it more able to emit electrons. 
Another electrode is situated close to the main in order to start the lamp. Pressure inside the 
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tube is kept by a very thin molybdenum foil, which is pinched together with the electrodes 
into the tube. When is pinched, tube is exhausted and then filled by the gas mix made of argon 
at pressures between 2500 and 5000 Pa and a few mercury. Finally, tube is mounted on a wire 
frame and enclosed by a second bulb glass which provides thermal insulation. This is 
exhausted and filled with nitrogen to prevent oxidation. 

Three alternatives in its construction may improve the rendering and efficacy: phosphor-
coated lamp, reflector lamp and tungsten-ballasted lamp. The first one converts ultraviolet 
light into red visible light by coating the glass with phosphor. The second one is made with a 
parabolic shape enveloper with a reflective powder. Not all the glass is coated, but the front 
surface remains transparent, so that 90% of light is directed to the front. Furthermore, a 
phosphor layer is coated. Finally, the third alternative is to avoid additional control gear by 
connecting coiled filaments in series, but efficacy is reduced (1). 

 
Electrical performance 
When the lamp is switched on, there is too much distance between the main electrodes to 
success in the discharge, but not between the main and the auxiliary electrode, so that, the 
discharge starts there. Then this local discharge may expand through the filled gas. When 
discharge fills the tube it appears blue and operates at low-pressure discharge, but with time 
the lamp temperature is increased so the mercury is evaporated and change to high-pressure. 
Under these conditions, brightness is increased and the light becomes wither. Starting voltage 
is higher and current is lower, but when mercury is evaporated and pressure increased, voltage 
is reduced as well as the current increased. This needs a time between 3 and 4 minutes (5). 
The starting voltage needed depends strongly on the temperature being higher for colder 
temperatures (6). 

If the lamp is switched off, it is impossible to restart again until mercury is condensate and 
pressure reduced. Therefore, a time of 3 or 4 minutes is necessary to be ready to switch on 
again. Ballast is included in the lamp in order to limit the amount of current since it presents a 
negative resistance to the supply. 

 
Energy balance and efficiency 
Typical amount of the consumed energy which is converted in radiation is 45% while the rest 
is considered losses at the electrodes or between arc and outer glass. Of the radiation energy 
approximately one third is in ultraviolet, one third in infrared and another third in visible light 
(1). About 20% of the ultraviolet radiation can be converted into visible light when phosphor 
coated lamps are used, but losing some visible light by absorption. Taking an example of a 
250W lamp, 36W are visible light and 39W are ultraviolet. If it is phosphor coated, 8W of the 
ultraviolet are recovered, but 4W of visible light are lost, so a final output of 40W is achieved. 
Luminous efficacy is situated from 40 to 60lm/W (1). 

 
Light performance 
As commented before, this kind of lamp has a bluish and poor color rendering, but some 
improvements are achieved by using the phosphor coating which gives redder color as well as 
with tungsten-ballasted bulbs. Then, a normal lamp has a blue light with correlated color 
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temperature close to 6000K while with the two other types of lamp is reduced to warmer 
temperatures like 3300K. Therefore, the color rendering index is improved from 16 to 50 (1). 

Another fact to consider is flickering resulting in a 100Hz pulsation for a 50Hz supply, but 
it may only be perceptible to human eye in some special applications. 

 

3.3 Sodium lamps 

Well know for street lighting, sodium lamps are the most efficient way of light production. At 
the beginning operated as low-pressure lamps, but in the 70ies also high-pressure lamps were 
possible thanks to the research in the arc tube materials (6). Their high efficacy and their very 
large life time (over the 40000 hours) is contrasted with the poor and monochromatic yellow 
color rendering which make them to be used mainly for outdoor and industrial lighting. This 
section will be divided into high and low pressure lamps (4). 

 

3.3.1 Low-pressure sodium lamps 

Operation principles and lamp construction 
This lamp contains works as the fluorescent lamps in a low-pressure gas but with the 
difference that, as sodium has a higher melting point it needs more temperature to generate 
the vapor. Because of that, lamp cannot be started just with sodium and needs another 
substance to start easily. This substance is a little amount of neon and it is the reason of the 
initial red color of these lamps. When the lamp is first switched on, neon starts to work until 
sodium vaporizes, which procedure usually takes from 5 to 15 minutes. As it works at higher 
temperatures, an outer glass encloses the tube reducing the thermal losses and which also is 
coated with an infrared reflecting film (6). 

Components of the tube have some material and shape constraints; tube glass cannot 
contain silica since sodium black it, so the choice is soda-lime glass which is coated with 
aluminoborate glass. Tube shape needs to be long enough to keep a low current, so it is 
usually doubled in a U shape within the outer glass to reduce the space requirements. Cathode 
is a coiled tungsten filament as in fluorescent lamps and the lead wires are coated with a 
sleeving glass that provides more electrical resistance (1). 

 
Energy and light performance 
Figure 3.3 shows the monochromatic yellow color which makes of them a poor rendering 
considered zero with a warm color temperature of 1800K. In contrast, they can be found in a 
range of very high luminous outputs form 1800 to 33000lm with very high efficacies from 
100 to 200lm/W.  

Regarding to energy balance, about 30% of the electricity energy input is converted into 
light, while the rest are losses in infrared light, and losses in the electrode and other parts. As 
electrode losses are constant for the same current, the more wattage means the more efficient 
lamps. 
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Figure 3.3: SPD of a low-pressure sodium lamp 

Source:GE lighting education and resources. SPD curves (11) 

 

3.3.2  High-pressure sodium lamps 

Operation principles and lamp construction 
In these lamps, tube is made of a high resistant ceramic material because of the pressure and 
temperature conditions. The used material is alumina because apart from resistance has a high 
melting point of 2050°C, is stable and not affected by hot sodium. Electrodes are also coiled 
tungsten filament coated with oxide and the connection is made with lead-in wires of another 
material, niobium, which has a high melting point and it is immune to hot sodium attack. 
Tube is filled with sodium and a little amount of mercury. Argon or xenon is also filled to 
start the discharge when first switched on. Different kind of seals can be used in order to keep 
the tube hermetic when gas filled. Finally an outer glass made in quartz encloses the arc tube 
and it is evacuated to protect it from oxidation and to reduce the thermal losses. The shape of 
the lamp is usually smaller than in LPS lamps (6). 

 
Energy and light performance 
HPS lamps also emit in the D-lines the 40% of the radiated energy, but also in other 
wavelengths filling the visible light up to 50% of the radiant energy. Consequently it gives a 
wide spectrum light with more colors than in LPS lamps but only reaches a 20 CRI. In 
contrast, efficiency is not as high as in LPS lamps and it is situated between 90 and 130lm/W 
(9). In terms of energy balance considering a lamp of 400W, 100W are emitted as visible light 
while 100W in infrared. Remaining energy emission is split in 20W of electrode losses and 
180W of non-radiative losses (1). 

It exist a variety of HPS lamps called white sodium which achieve better color rendering 
between 80 and 90 at color temperature of 3300K by increasing the lamp pressure (18). 

 

3.4 Metal halide lamps 

Metal halide lamps are one of the most efficient sources of white light and the one with best 
color properties of the high intensity discharge lamps. This lamp can be considered an 
evolution from the high-pressure mercury lamps since it has similar constitution but some 
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substances added to the mercury filling. Early attempts in mercury lamps by adding cadmium 
or zinc gave better colors to those lamps but still other metals could provide better results. The 
problem was that metals reacted chemically with the silica tube and the lead-in wires in the 
high pressure and temperature conditions. Therefore, metal halide lamps are those which have 
special compounds of metal and halogens known as halides which do not react chemically 
under those circumstances (6).  

 
Operation principles and lamp construction 
The metal halide lamps construction is very similar to the mercury ones and usually presented 
in compact shapes. In this case, light is produced when a discharge passes through a mixture 
of argon, mercury and halide gasses which avoid chemically with the tube or lead-in wires. 
The arc tube is made of a polycrystalline alumina ceramic which allows the lamp to reach 
working temperatures around 1150°C, which is an improvement respect initial fused silica arc 
tubes. Seals are made of niobium wires, but a halide resistant is used to protect them. With a 
good geometry and high wall temperatures combined with sodium halide doses better color 
rendering and luminous efficacies are achieved. Depending on the electrode position it can be 
big color differences if the lamp is horizontal or vertical, so this has to be controlled. An outer 
jacket is usually used to prevent heat losses and oxidation. 

When lamp is switched on the halide metals, which are liquid at normal temperatures, 
vaporize quickly and argon or other noble gas changes from non-conductive to conductive 
and then a discharge on the cathode heats the electrodes and the final discharge is produced. 
To switch on the lamp is needed a high starting voltage and a ballast regulates starting 
currents. An auxiliary electrode is used like in other discharge lamps for the starting process 
(1). 

 
Light performance 
High-pressure mercury lamps emit in three areas: blue, green and yellow colors. When halide 
metals are added, new colors are provided: yellow from sodium, green from thallium or blue 
and red from iridium and the color rendering is improved achieving an index over the 80ies, 
which is higher than in high-pressure sodium lamps as well. The efficacy is also better than in 
mercury lamps between 70-115lm/W and color temperatures, which usually were available in 
a range from 3800K to 5600K, are now also available up to 20000K thanks to special metal 
halide mixtures (9). 
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4 Solid-State Lighting 
The concept solid-state lighting is used to define that light emitted from a solid object instead 
of using discharges through a gas or using filaments as in incandescent lamps (19). Light is 
normally emitted by electroluminescence in devices called light-emitting diodes or LEDs. 

Electroluminescence in solid-state was first noticed in the early 20th century, but was not 
possible to develop it until the 60ies when first light, infrared, was emitted by the first LED. 
One year after, visible red light was produced by gallium arsenide phosphate. Early, LEDs 
started to replace incandescent indicators in electronic equipments. The following decade 
research developed the technology to emit in other colors on the spectrum range with red, 
yellow and green lights as well as improving the brightness not only with inorganic, but also 
with organic semiconductors called OLED. Finally, in the 90ies, blue color was also produced 
and was possible to emit white light by using a phosphor coating (19). 

Light performance has continuously been improving reaching at the present high 
brightness levels with a luminous efficiency over other important conventional light sources 
providing important economical and environmental savings. Thus, despite LEDs are used in 
many monochromatic signaling applications, other use for lighting at home, offices and 
streets is growing up sharply and nowadays is one of the most promising technologies to 
replace conventional lighting. 

If one takes into account the energy point of view, LED converts 90% of the energy into 
light and only 10% is heat waste while their efficacy is expected to reach 150lm/W in the 
future (17). CFLs are currently called energy-saving lamps because they consume 50 to 80% 
less energy than conventional incandescent lamps, but LEDs can even reach savings of 90% 
over incandescent. Vibration and shock resistance, and long life-time around the 50000h and 
expected to reach the 100000h, are also convincing arguments to enter strongly into the 
market (20). 

Furthermore, OLEDs development is opening solid state technology to further applications 
in the shape of films, panels, wallpapers which can complement the ones of LEDs and other 
applications for displays and televisions as well. Moreover, complements to LEDs like the 
Quantum Dots con improve their performance and efficiency.  

 

4.1 LED: Light-emitting diode 

The structure of a LED is a semiconductor where two parts are found: the electron-carrying n-
layer (cathode) and the hole-carrying p-layer (anode). This is known as p-n junction. Different 
impurity atoms for each layer are added to a semiconductor to create the n-type and the p-type 
semiconductors.  

For the operation, an excess of free electrons is needed in the conduction band and an 
excess of free holes in the valence band, which is produced by a current injection. When the 
voltage is applied, there is an injection of electrons from the n-layer as well as holes from the 
p-layer and electrons and holes radiatively recombine. If electron meets a hole, the electron 
falling from conduction band (high energy level) to the valence band (low energy level) 
releases energy in the form of a photon that carries the light. Then, depending on the energy 
levels distance between electrons and holes which is directly depending on the used material, 
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will determine the wavelength of the energy radiation and consequently the color of the 
emitted light (20). 

 
Materials and construction for high-brightness LEDS 
But first planar structure LEDs had extremely poor light extraction efficiency because of the 
photons absorption in the different layers that it has to cross: substrate, semiconductor layers, 
contacts and the dome. When photons are emitted, most of them are absorbed and therefore 
light is reflected back. 

The amount of emitted light not only depends on the used materials, but also in the shape, 
therefore, high brightness LEDs are based in construction implementations that help to have 
more light emission. If one takes a primitive LED, photons generated in one point of a layer 
escape in all directions within a cone, but in high-brightness LEDs this can be increased to 
light emission in 6 cones by using transparent layers and different thickness. Another fact in 
which the losses depend strongly is the capacity of light reemission since it is possible for an 
absorbed photon to escape again. High-brightness LEDs use double heterostructure which 
provide very high ratios of recycling photons, and also different semiconductor shapes like 
the truncated-inverted-pyramid LED with which higher luminous efficacies are achieved (20). 

 
Color selection 
As previously explained, LEDs light color depends on the semiconductor material and in its 
doping as well. Nowadays it is possible to reproduce all the primary colors on the visible light 
spectrum as well as infrared and ultraviolet light outside of it. Bellow a list show the obtained 
color depending on the material and still some materials are under development trying to 
achieve bright with light. 

 

Table 4.1: LED color emitted by semiconductor materials 
Semiconductor materials Light color emitted

Aluminium gallium arsenide (AlGaAs) Red & Infrared

Aluminium gallium phosphide (AlGaP) Green

Aluminium gallium indium phosphide (AlGaInP) Bright orange red, orange, yellow

Aluminium gallium nitrate (AlGaN) Near to far ultraviolet

Aluminium nitrate (AlN) Near to far ultraviolet

Diamond (C) Ultraviolet

Gallium arsenide phosphide (GaAsP) Red, orange and red, orange, yellow

Gallium phosphide (GaP) Red, yellow, green

Gallium nitrade (GaN) Green, emerald green

Gallium nitrade (GaN) with AlGan quantum barrier Blue, white

Indium gallium nitrate (InGaN) Bluish green, blue, near ultraviolet

Sapphire (Al2O3) as substrate Blue

Silicon (Si) as substrate Blue (under development)

Silicon carbide (SiC) Blue

Zinc selenide (ZnSe) Blue  

Source: Introduction to light emitting diode technology and applications (21) 

 
Furthermore, color variations are possible by enclosing two LEDs in one and may be 

possible to obtain a bicolor or tricolor LED. This kind of LED has one common cathode and 
two different anodes, one for each of the two LEDs inside. So that, each LED can generate a 
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different color and they can work together as well generating a third color. As an example, if 
you switch on a red LED and a green LED you obtain yellow light (21). 

 
White light 
For white light creation two different methods are used. In the first one three monochromatic 
colors which are red, green, and blue are mixed. The second method is to use a phosphor 
coating in a blue and lower wavelengths color within the visible light spectrum. Phosphor 
coating makes the light to emit also for instance in the red part of the spectrum so that, 
warmer temperature is achieved despite losing efficacy. The common combinations are: 

 
- Blue light with yellow phosphor: This method uses phosphor coating to convert part 

of the blue light into yellow. Then the combination of blue and yellow generates a 
cheap way to produce white light. 

- Blue light with several phosphors: Here each phosphor emits a different color which 
mixed with blue emit a better quality white light but also more expensive. 

- Ultraviolet light with RGB phosphors. UV light is converted by using these phosphors 
generating a wide range of the spectrum (21). 
 

Color temperature of such white light can be made in an open range. Thus, it can be made 
white light with color temperature of 3500K more close to incandescent up to very cool white 
light of 8000K.  

 

4.2 OLED: Organic light-emitting diode 

Developed since 20 years ago, this relatively new technology in not so extended applications 
into the market is made with organic semiconductor materials based on carbon instead of 
inorganic like in LEDs. Their main difference when compared with common LEDs is that 
LEDs emit light in points while OLED can emit diffuse light which is distributed over an 
entire screen or surface.  

OLED operation principle is electrophosphorescence and its construction, which it is 
shown in figure 4.1, consists on several organic or polymeric thin layers that form the 
electrons emissive layer and the holes conductive layer. Between them are found the two 
metal electrodes, cathode and anode with one of them transparent and the other a reflective 
mirror. 

 

Figure 4.1: OLED layers 
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Source: Universiteit Gent (22) 

 
Like in LEDs, voltage is applied and makes the anode positive carrier respect the cathode, 

so that electrons flow from cathode to anode while holes are generated in the conductive 
layer. Therefore, the emissive layer becomes negative charged while the conductive layer 
positive charge and electrons and holes radiatively recombine emitting photons and 
consequently the light. Depending on the materials different colors are emitted in the visible 
spectrum and their combination can generate white light (22). 

The OLED characteristic of thin and flexible organic layers and specially their screen 
diffuse light emission allow them to be useful in display applications like television, cameras, 
digital audio players or phone screens which are already in the market, but also there is a 
promising development in lighting because of their high efficiency and high-brightness. Their 
construction versatility make them an unlimited creative freedom and they can be presented in 
the shape of film materials that emit light with, but they also could be even produced as 
wallpapers or even may be produced as transparent films which will allow them to be applied 
as windows to have daylight during the day, and artificial light from the window during the 
night (23). 

Lamps manufacturers like Philips and OSRAM already launched first lighting panels 
samples and are planning for an increase in production. As an example, the OSRAM product 
Orbeos OLED is a thin round panel of only 2.1 mm thick and 24g with an efficiency of 
25W/lm, a warm color temperature of 2800K similar to incandescent bulbs, color rendering 
up to 90, brightness of 1000cd/m2 and lifetime of 5000h. However, their laboratory 
developments already reached 46 to 60lm/W (24). 

Short lifetime compared with LED is one of the fields that researchers are working on it by 
using different materials but by the moment cannot be higher than 15000h. 

 

4.3 LED bulbs for lighting applications 

Lamp construction 
LED light bulbs can be found in different shapes to fit into different market applications. For 
instance, one can found a compact LED bulb with a conventional screw like incandescent 
lamps but also in tubes like the fluorescent ones to be able to replace them. LED lamps are 
also strongly used for displays, for decoration or street and buildings lighting. 

One fundamental characteristic which determines the LED lamp’s construction is the fact 
that a single LED emits light in only one direction but it is necessary to emit in different 
directions to have the same performance than a conventional lamps. Then, there are two main 
ways to achieve that: one way is to use lens that diffuse the light into different directions, 
another way is to distribute several LEDs circumferentially in order to project in all 
directions. 

The following figure 4.2 shows the construction of a LED bulb which uses a lens to diffuse 
the light. The LED is situated in the LED module which contains the chip and receives the 
electrical current from the electronics which are also contained in the bulb structure. 
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Figure 4.2: Exploded view of the Evolux LED bulb with OSRAM detail of the LED module 

Source: Evolux website (25) and OSRAM LCA of Illuminants study (26) 

 
In contrast, figure 4.3 shows three different views of a signal LED bulb where one can 

appreciate the LEDs distribution. The first is the top view while the second represents the 
axial stem in a side view. The third picture shows the whole lamp within an encasement 
which includes a parabolic mirror to reflect the light of those LEDs which projection is onto 
the mirror to the lens cover which diffuse the light (27). However, distribution can be 
different depending on the application of the bulb or on the manufacturer. 

 

 Figure 4.3: Example of a signal light LED bulb 

Source: LED lamp construction patent (27) 

 
Light output in multi-LED lamps 
Those bulbs that use high brightness LED modules like in the figure 4.2 may use one, two or 
some LEDs to emit enough lumen output, but for those lamps that use single LEDs of 3 to 5 
lumen need much more of them. Thus, for these lamps like the signal LED lamp in the figure 
4.3, light’s direction is not the only reason to have multiple LEDs and even if it was possible 
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that a LED emit light in a wide view angle the lumen output of a LED would not be enough to 
replace conventional lamps. If one takes as example a conventional incandescent lamp of 
100W, it has an output around 1340lm (10). Now imagining that one user wants to replace it 
by a LED light bulb, he should need a lamp with more than 300 LEDs or several light bulbs 
with less amount of LEDs. 

 
Energy 
LEDs are an efficient light source whose levels are in the range from 40 to 70lm/W saving 
between 60 to 80% of energy compared to incandescent lamps because there is not heat loss 
and almost all energy is converted into visible light. For those multiple-LED lamps like the 
one on the figure 4.3 despite of this necessary amount of LEDs the consumption of one LED 
is approximately 0.1W, so that, the consumption of a 150 LEDs light bulb is 15W to emit 
600lm which means an efficacy of 40lm/W. Continuing with the previous example, to have 
the same lumen output of an incandescent lamp of 100W, the user would need two LED light 
bulbs of 150 LEDs each which means a consumption of 30W, 70% less of energy (21). 

 
Other lamp properties 
The most important advantage to consider in LED light bulbs is their long lifetime over the 
60000h which exceeds by far the rest of technologies allowing that lamps to work for more 
than 10 years. However, the price is much bigger when compared to others, over the 30€, but 
this long lifetime can compensate it as it will be analyzed in section 8.3.  

Other characteristics of this lamp are their versatility to work in almost all applications, 
resistance to vibrations and shocks, near-instantaneous turn-on time, and nowadays also 
dimmable but with expensive electronic dimmers. 

 
Use of DC power 
LEDs work with low-voltage DC power supply and DC batteries can be used for small 
applications like mobile phones, but for lighting and other applications this is not suitable and 
they need to be able to work in typical AC supplies of 120V. Thus, LED bulbs are equipped 
with an AC-DC converter within the bulb in order to fit in conventional AC sockets. This 
converted involves energy losses of 15% (21). On the other hand, the use of DC power is an 
advantage for other applications like street lighting or signals because they can be used in 
combination with photovoltaic panels which generate electricity in DC power and therefore 
they do not need converters. 

 

4.4 Further improvements: High-brightness and Quantum Dot LEDs 

High-brightness 
During the last decade, HB LEDs have been developed from common LEDs principles but 
using semiconductor growth techniques commented above (see 4.1) and the metal-organic 
chemical-vapor deposition (MOCVD) structure system as well. Another advantage in their 
use as bulbs is that they can be directly connected to AC current avoiding the use of an AC-
DC converter which involves an energy waste of a 15% reducing also the cost and the 
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electronics. However, life time of HB LEDs directly using AC is reduced to 35000h 
compared with the 60000h of HB LEDs using AC-DC converters (21). 

Their construction can differ in two types depending on the colors that want to be obtained. 
Hence, AlInGaP (indium, gallium and phosphate) is used to obtain orange, orange-red, green 
and yellow light while InGaN (indium and a gallium nitride compound) is used to obtain blue, 
blue green, green and white light if combined with yellow phosphor (21). 

In terms of luminous efficacy these bulbs still are under development and continuously 
increasing their performance, but best LED lamps in the market will be launched in the 
current 2010 by Philips and GE. Thus, the first is to launch a 12W bulb to 60W incandescent 
replacement with 806lm of warm light output and lifetime of 25000h while GE pretends to 
launch a 9W lamp to 40W replacement of 450lm and lifetime of 25000h (28), (29). 
Furthermore, OSRAM has recently developed a LED module with luminous efficacy of 
122lm/W, color temperature of 2700k and color rendering index of 90 (24). However, LEDs 
are expected to reach 150lm/W in the near future and have a theoretically limit of 200lm/W 
(17).  

 
Quantum Dot LEDs 
Quantum Dot (QD) has been developed for lighting applications combined with LED making 
the light output more pleasant for the eye improving the performance and the color control as 
well as further advantages like improvement in efficiency and price reduction. 

QD are nanometer size semiconductor crystals made with zinc, selenium, cadmium and 
sulfur atoms which when excited by light or electricity emit light of a color determined by the 
dot’s size and the material from which it is made (30). As commented before, the cheapest 
way to emit white light with LED lamps is using a phosphor coating with blue LEDs since 
they are the most brightness and efficient LEDs. Thus, the LED blue light is converted into 
white light because of the combination of that blue light and the yellow one generated by 
phosphor, but it is deficient in red light. Nevertheless, a similar operation can be made using 
quantum dots achieving better results.  

The construction of a QD LED lamp is simple: a film is added to the front of a blue LED 
bulb, and as a result, emitted light from the bulb excites the quantum dots situated on the film 
generating further range of colors which combined create a warm white light. Below, figure 
4.4 a) shows a quantum dots lamp where the film can be easily appreciated while figure 4.4 b) 
shows a comparison of spectral power distribution between a White LED and a QD LED. One 
can see the blue light emitted by the LED as well as how the rest of colors are created by 
quantum dots at the top and by a phosphor coating at the bottom (30). 

 



 26

   
                a) LED bulb with Quantum Dots film     b) SPD of Quantum Dots LED vs. White LED

Figure 4.4: Construction and performance of Quantum Dot LED bulb 

Source: Treehugger website (31) 

 
The bulb shown on the picture is expected to be into the market this year with the 

argument that can achieve the same performance of a 70W incandescent lamp only using 
11W per 15W that uses a CFL. But other applications for quantum dot are currently being 
developed as backlights for LCDs mobile phone, TV and computers displays reducing the 
consumption to the half in some cases or applications to convert ultraviolet light into visible 
light. Also it is possible to emit light directly when applying voltage on the quantum dots and 
could be used for flexible sheets or light emitting wallpapers, but efficiency is lower using 
electroluminescence, light emission from electricity, than photoluminescence, light emission 
from light source (30). 

 

4.5 Solid-state alternatives to common LEDs 

Silicon solid-state lighting technology 
A variant of solid state technology is currently being developed by Group IV Semiconductor 
based on silicon chips instead of LEDs which is more efficient than incandescent and CFL or 
fluorescent lamps and using another way than LED to emit the light. This technology uses 
silicon chips to create the light with the advantage that is a very used and studied material for 
electronics and which has an inexpensive price when compared with LEDs materials. 

The structure is composed by a thin film of nanocrystals which is embedded in a silicon 
chip. Then light is produced by electroluminescence principle by applying a current which 
allow electrons to impact the nanocrystals exciting them and emitting light in photons when 
electrons come back to the original state. As a result diffuse light is emitted in the whole chip 
surface which may be shaped as filaments doped silicon oxide thin films to replace tungsten 
in incandescent bulbs or also shaped in films for applications as OLEDs. Light emitted can be 
in red, green and blue which combined can generate white light. 

This technology has been developed since last decade and it estimates to reach a lifetime of 
10,000h and to use 70% to 90% less energy than an incandescent lamp with a similar price to 
a CFL bulb, but it is still under development and there are not dates for first prototypes and 
for its production (32). 

 

Blue light Created colors 
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LEC: Organic light-emitting electrochemical cell 
LEC is a technology developed by Swedish and American researchers which is similar to 
OLEDs and uses the same structure and operation but has the advantage to reduce the cost by 
using inexpensive materials. While OLEDs use an indium tin oxide (ITO) metal alloy for the 
transparent electrode whose indium is an expensive and rare metal, LEC uses carbon material 
graphene with a reasonable cost reduction. In addition, graphene has the advantage respect a 
metal electrode that can be easily recycled, just the opposite than indium (33). 

The LEC structure is formed by a polymer blend between two electrodes which is 
composed by a luminescent polymer, a salt and an ion conducting polymer in which the salt 
dissolves to form ions as a difference with OLEDs. The composition of the used materials 
also determines the color of the light emitted, which has a good efficiency (34). 

Applications range for that technology may be similar to OLEDs because their similarity 
and using graphene it would also be possible to make components in the shape of flexible 
sheets. 
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5 Field Emission Lighting 
Field emission is known since the 20ies, when was theoretically described, but it was 
physically applied in 1937 developing the first field emission microscope. Then in the 70ies 
first emitters were patented but it was in the 90ies when the much interest appears thanks 
nanostructures like the carbon nano tubes (CNT). Nevertheless, possible applications are still 
under development and it is thought that technology will explode when efficient field emitter 
cathodes will be found, but its potential of high-brightness, resolution and low price make to 
foresee a promising future in flat-panel displays and lighting (35). Thus, several companies 
are working on the first field while LightLab is working on field emission lighting lamps as 
future alternatives. 

 

5.1 What is field emission? 

Field emission is a quantum mechanical tunneling phenomenon in which there is an electrons 
emission from a surface into the vacuum under the action of high electric fields (36). This 
emission happens from an unheated cold cathode which compared with other emission 
methods like the thermionic emission from hot filaments, has the feature that there is no 
energy consumption in the emission. To achieve these high electric fields, it is necessary to 
apply high voltages into tips in which the sharper is the better, so it is usually made with a 
sharp needle with a curvature of the order of a few hundred nanometers (37). 

But if multiple microtips are built together in an array of millions of electron beams to 
obtain a large-area field emission source, which is known as field emitter arrays (FEA), and 
each of them excite a phosphor pixel the result is a Field Emission Display (FED). This FED 
has the advantage respect other display technologies that is more efficient because almost all 
light is emitted instead of lost in filters like in LCD or CRT displays (37). Nevertheless, this 
concept can be also adapted for a light emitter device, and here is when it comes to the 
developments into a lighting application. 

 

5.2  LightLab lighting application of field emission 

Since 1996 LightLab has been working to create a new concept of lighting bulb based on field 
emission which satisfies the features of energy-saving and free of mercury or other harmful 
materials. This achievement has been possible based on the development of an efficient cold 
cathode which is the responsible of the low energy consumption. Several prototypes series 
have already been made and tested achieving promising results of high brightness and a 
quality performance which together with versatility and the environmental friendly fact make 
of it a competent lighting alternative (38). 

 
Operation principles 
The technology is based in the principles of field emission and cathodoluminescence. Thus, a 
strong and uniform electron flow is generated from the cathode situated at the center of the 
lamp and energy is transferred to the anode which is hold by the glass surface. As commented 
above, normally, the way to emit electrons is by using sharp metal tips in which a high 
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voltage is applied. Then, a very high electric field is generated and electrons are emitted from 
the tip into the vacuum reaching the anode (see figure 5.1). However, a single tip is not 
enough to produce an intense flow, therefore, the way to achieve a strong and uniform 
electron emission and to cover a large area is by using a multi-tips cathode. On the other side, 
the anode is made with a thin and transparent electron conducting layer inside the glass and 
the glass is coated with a luminescent powder. When the emitted beam of electrons impacts 
on such luminescent material it causes the material to produce the light by the 
cathodoluminescence principle (38).  

 

 

Figure 5.1: Electrons emission from a single tip 

Source: Lightlab(39) 

Bulb construction 
Bulb construction can be split on three parts: cathode, anode and electronics. The cathode is 
situated at the center and is made with carbon based resins which are foamed creating nano 
bubbles that then are treated creating the sharp tips structure. Afterwards, this is carbonized. 
Its shape usually is cylindrical to emit in all the directions and its surface is machined to 
achieve the multi-tips geometry. The cathode is welded with the connector stem which is 
sustained by a structure that holds the electronics and connects with a conventional socket. A 
getter is mounted on the stem to look after unwanted gases or products from fabrication and 
that it is activated by induction (39).  

This stem also holds the connection with the anode which is a transparent conducting layer 
made of Indium Tin Oxide (ITO) situated on the inside face of the whole glass where is 
applied the luminescent powder. The luminescent powder is a three band phosphor RGB 
whose proportions determine the CCT. When the three components are assembled a vacuum 
pump removes the gasses (39).  

Finally, depending on the application it can be interesting to use a second glass which 
encloses the anode tube in order to diffuse and spread the light. 

 

Visible light Visible light 

Glass Cathode Phosphor
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Figure 5.2: Bulb construction 

Source: Lightlab(39) 

 
Energy and light performance 
As this is a new technology still in the development stage, results are continuously evolving. 
Nevertheless, the lamp has already succeeded achieving a lumen output over the 3000lm and 
great luminous efficacy results which depend on the lamp color temperature. First a range of 
color temperatures from 6712K to 8628K was achieved with a luminous efficacy of 85lm/W, 
but the lamp can also emit at CCT of 4300K with an efficacy of 69lm/W and it is also 
foreseen a CCT under 3000K. The different color temperatures can be emitted depending on 
the phosphor coating but always giving an excellent color rendering up to 93. In the figure 5.3 
it is shown its spectral power distribution chart where one can appreciate a wide reproduction 
of the different colors (40). 

 

 

Figure 5.3: LightLab’s bulb spectral power distribution chart 

Source: Intertek Laboratory report (40) 

 
Further features 
This lamp requires electronics to work and these would be included into the lamp or into the 
luminary. When the current is drawn the lamp glows immediately and it does not require 
warming-up time and neither needs some restrike time when continuously switched on and 
off. Furthermore the lamp is fully dimmable but it is still unknown the lifetime. 

Socket 
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Vacuum 
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 33

6 Further Technologies 
The theoretical background regarding existing light technologies is closed with this section 
where are reported three different technologies appeared during the last two decades. These 
technologies are the electron stimulated luminescence, the induction and the sulfur lamps of 
which the first is still under R&D stage while the two last already appeared into the market. 

 

6.1 Electron Stimulated Luminescence 

Electron stimulated luminescence (ESL) is a new light source developed since the last decade 
by the company VU1. Its principle can be considered similar to field emission and is also 
inspirited in the cathode ray tubes used in old televisions to emit light directly from an 
electrons source. The result is a new lighting technology which has a performance similar to 
incandescent lamps but in an efficient way and without hazardous substances. 

 
Operation principles and lamp construction 
The bulb construction is represented in the figure 6.1 a), and has the electron emitter source as 
a main component. This electron source is a cathode situated at the center of the bulb and 
emits a uniform spray of accelerated electrons projected into the bulb glass which is coated by 
a blend of luminescent materials. This coating glows and makes the whole glass surface to 
produce light. As well as other kinds of lamps, electronics are also needed to regulate the 
electricity input. Such electronics can be included in the bulb, but it is also possible to include 
them in the lamp case or luminary instead, and consequently reduce the bulb price and size 
(see figure 6.1 b) and c)) (41). 

 

           
 

                    a) Bulb construction                     b) Without electronics                c) With electronics 

Figure 6.1: Electron stimulated luminescence bulb 

Source: New York Times green blog (42) and VU1 website (41) 

 
In order to be able to replace conventional lamps, its construction includes the conventional 

sockets and the technology has versatility in shapes that allows them the possibility to be 
produced in standard shapes and researchers are working also to replace fluorescent tubes. 
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Light output and properties 
Light emitted by these lamps is comparable with the emitted by incandescent bulbs since it is a 
warm light with color temperature of 2800K and a CRI of 93. In terms of energy that bulb may 
emit 600lumen with 19W when an incandescent lamp uses 65W for the same lumen output. This 
results in an efficacy of 31,6lm/W which is three times higher. 

Regarding to properties, the ESL bulbs fits very well as an incandescent replacement since it 
is fully dimmable and it lights instantaneously when switched on. Its price is higher, but it can be 
compensated by a lifetime around the 6000h. The power factor is close to 1 (43). 

 

6.2 Induction lamps 

An induction lamp can be defined as an electrodeless discharge lamp which emits light by 
creating magnetic fields inside of a gas. Despite was invented more than 100 years ago, this 
technology was commercially launched at the middle of the 90ies and has the advantages that the 
lamp does not need to be made in long and thin shapes so it can be made in the shape of an 
incandescent lamp, has an instantaneous starting and can be switched continuously without 
degradation. Furthermore, more doses can be used compared with HID lamps and the fact that 
there is no electrode avoids the typical electrode failure in discharge lamps and therefore there is 
potential for longer lifetimes (1). 

 
Operation principles and lamp construction 
Induction lamps operation is based on low pressure mercury lamps and fluorescent lamps but 
also HID operation is possible. They use a ferrite induction coil in which a current is applied by 
the electronic ballast using high frequency energy and it generates a magnetic field inside a gas.  

The lamp can be constructed in a tube shape but also as a conventional bulb shape. In the first 
case, the coil can be situated in the internal side of the tube but also in the external (44) and when 
the current is applied the magnetic field cross the glass (if it is external) and excites the mercury 
that is inside emitting UV radiation. This radiation is converted into visible light by using 
fluorescent coating into the bulb’s glass (45). In the second case, there is a test tube situated 
inside of the glass which contains the induction coil and the space between the two tubes is filled 
with an inert gas and mercury.  

 
Lamp properties 
Depending on the selected coating, the lamp can achieve color temperatures from 2600K to 
6500K with good color rendering around 82. The lamp is very efficient only wasting 2% of the 
energy in the electronic ballast and its luminous efficacy is between 65 to 90lm/W for low 
wattages and high wattages respectively while has the longest lifetimes in the market from 60000 
to 75000h for internal induction lamps and from 85000 to 100000h for external induction lamps 
(44). Furthermore, the lamp never burns out like other technologies and just dims the light output 
(45). As a drawback, the lamp uses hazardous substances like lead and mercury, but 
manufacturers claim that this amount of mercury is less in mercury per hour and that its solid 
form facilitates to be recycled (44). 
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6.3 Sulfur lamps 

In 1997 first sulfur lamp was launched into the market in US, but it was withdrawn the next year. 
Nowadays, this lamp is commercially available again but not extensively used. Sulfur lamps 
technology is different from the rest and it is an electrodeless lamp based on sulfur excitation by 
microwaves. Such excitation makes the sulfur electrons to move to different energy levels which 
provoke light emission (45). 

 
Operation principles and lamp construction 
The lamp consists on a small bulb filled with sulfur, argon and quartz which is similar to a golf 
ball shape. Such bulb is bombarded with microwaves proceeding from a magnetron and this 
excites the sulfur emitting light. The lamp also includes a motor which is constantly rotating the 
bulb at 600rpm and moreover a supply of forced cooling air which prevents the bulb to melt, but 
also models avoiding the air cooling fan have been made increasing the global efficacy. Finally, 
the bulb is situated into a light pipe which reflects and diffuses the light first emitted by the 
internal bulb. In comparison with discharge lamps, any hazardous substance like mercury is used 
in this lamp (46).  

 
Lamp properties 
The light emitted is close to white sunlight (6000K) but is in a broad-spectrum which is more 
polychromatic than other non-incandescent sources and with a quite good color rendering around 
80. The lamp has been built in high wattages over the 1000W with high light output but also in 
lower wattages for interior lighting purposes and its luminous efficacy is situated between 76 and 
100lm/W (46). The lamp lifetime expectancy is up to 60000h but the lamp may never burn out 
and just would be necessary to replace parts of the generator. The lamp also has the properties to 
be dimmable and to have quick restrike times (45).  
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7 Lighting environmental perspective and regulations 
Global warming awareness during the last years has driven the governments to consider its risk 
causes and its possible consequences identifying greenhouse gases (GHG) concentrations in the 
atmosphere are the main responsible. In order to prevent to reach dangerous levels, measures and 
regulations have been globally taken like the Kyoto Protocol in 1997 looking after of the energy 
uses in all of its sources. One the sources that is playing a big role is electricity, which is 
produced in power plants in most of the cases by using another energy source like fossil fuels 
which involve GHG emissions. Then, electricity is transported by national networks to supply 
households, industry, offices, rail and other transports, cities, and so on for different applications 
one of which is lighting.  

Nowadays, about 20% of world electricity production is used for lighting applications using 
incandescent bulbs and fluorescent lamps as a main light sources, but also using the rest of light 
sources explained above. Nevertheless, the way to convert the electricity into light cannot be 
ignored and depending on the light source used, one lamp can be 4 or 5 times more efficient than 
another one and precisely incandescent lamps are the less efficient sources. Globally, 
incandescent lamps represent approximately the 70% (17) of the world bulbs sales and it is even 
a higher percentage in undeveloped countries or developing countries like India where 640 of 
650 millions of bulbs are incandescent (47). In the EU 1400 millions of incandescent bulbs are 
sold per year over a total of 2210 millions of bulbs which represents the 63% of the market, 
however, it is justified by the short lifetime of incandescent bulbs compared with other light 
sources. The rest of sales on the European market are 350 million of fluorescent tubes, 300 
million of halogen bulbs, 125 million of CFLs and 35 million of other discharge lamps (48). 

Hence, the fact that incandescent bulbs are the most used over the world while there are 
alternatives like CFL that are able to replace them using 75% less energy, made governments to 
regulate their use by phasing out the incandescent bulbs and other less efficient light sources as 
well as encouraging the use of higher efficiency lamps and most notably the CFLs. The potential 
of this procedure could lead to dramatically energy savings and GHG emissions reduction. 
According to the U.S. Earth Policy Institute studies, if all incandescent lamps on the world were 
replaced by CFLs, the global fall of electricity consumption would allow closing 270 coal-fired 
power plants of 500MW each (17). 

The following chapter is dealing all related with environment including governmental 
regulations and recommendations like incandescence phase-out, hazardous materials and LCA 
and recyclability perspectives. 

 

7.1 Phase out of the less efficient light sources 

Around 40 countries have already taken policies to phase out incandescent lamps since 2006, 
most of them developed countries. Cuba was the first in complete the phase out while Australia, 
New Zealand, Canada, the European Union, the USA and also some South American and Asian 
countries will complete or are planning to apply it from 2010 to the following years. This 
decision has led to a trend in the lamps market and CFLs demand has risen exponentially and in 
2007 for the first time their sales exceeded the sales of incandescent lamps if it is calculated 
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considering the socket life expectancy (one socket requires over 6 incandescent bulbs during the 
lifetime of a CFL), but also alternatives has been increased (17).  

Moreover, governments are adopting different regulations and requirement for other light 
sources like discharge lamps which also includes phase out of the less efficient. Such phase-out 
regulations are not instantaneous and have to be completed step by step and have some 
exceptions to consider. Below it is show the European Union phase-out regulation as an example 
of which lamps are being banned from markets. 

 

7.1.1 European Union phase out of incandescent bulbs 

The European energy ministers agreed in October 2008 that “worst-performing domestic lighting 
products will be prohibited from 2010, where alternatives exist, whilst avoiding any risk of 
disruption of supply or loss of functionality and respecting all Eco-design review parameters 
including cost effectiveness” (8). Thus, phase out will affect to all those lamps that do not 
achieve levels of efficiency within the C, D, E, F or G classes in the EU energy label on 
household lamps which is shown in the picture below. 

 

CFLs, LEDs and most rest of lamps

Halogen with infrared coating, CFLs

Halogen of low voltage 12V, Halogen with xenon gas filling

Halogen

Incandescent, Halogen

Incandescent, Halogen

Incandescent

 

Figure 7.1: EU lamps energy label 

Source: Technical briefing of EU phasing-out of incandescent bulbs (8) 

 
But this commitment has other considerations concerning the lamps apart from the energy 

efficiency point of view which includes the functionality requirements from consumers, health 
and the use of hazardous materials in some lamps, their prices and the phase out possible effects 
on EU industries, jobs and production (8). 

 
What claims the EU phase out regulation 
The regulation claims that “incandescent lamps will be phased out from EU market starting in 
2009 and finishing in 2012”. This regulation has a distinction between non-transparent lamps 
and transparent lamps. The first ones are required to be A-class to continue in the market while 
the other classes were already phased out last September 2009. For clear lamps the procedure is 
more progressive and has the following steps: 
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Table 7.1: EU phasing out calendar for clear lamps 

Date Lamps Requirement

Incandescent and halogen lamps ≥ 100W Class C

Rest of lamps Class E

Incandescent and halogen lamps ≥ 75W Class C

Rest of lamps Class E

Incandescent and halogen lamps ≥ 60W Class C

Rest of lamps Class E

Halogen lamps with special caps Class C

Rest of halogen Class B
September 2016

All lamps Class C

September 2009

September 2010

September 2011

September 2012

 

Source: Data from Technical briefing of EU phasing-out of incandescent bulbs (8) 

 
As one can see on the table by 2016 only lamps of class B will be accepted, but with some 

exceptions. Halogen lamps with special caps will be allowed since they are needed on the market 
and they do not exist in better efficiencies. In addition, there are specific household applications 
like ovens, fridges or infrared lights, for instance, which use incandescent lamps to work. These 
special purpose incandescent lamps are also exempt from the regulation. 

After that regulation, lamps will be redistributed in a new EU lamps energy labeling standard 
since only lamps of A or B classes will exist (8).  

 

7.1.2 European Union phase out and regulations regarding other light sources 

In March 2009 was adopted in the EU setting requirements for lamps on the tertiary lighting 
sector. Such regulation affect to fluorescent lamps without integrated ballasts, HID lamps, and 
ballasts and luminaries that work in these lamps with some exceptions like small HID lamps. 
Thus, according to the Institute of Energy in the European Commission, the regulations which 
also include phase out of some technologies are the following (49): 

 
- Linear T10 and T12 halophosphate lamps will be phased out from next 2012 except some 

lamps for special purposes. 
- Performance requirements for T5 and T8 linear lamps and the T8 halophosphate lamps 

will be phased out from 2010. 
-  From 2012 will be compulsory to sell luminaries with electronic ballasts while from 

2017 will not be permitted ever for replacement in existing luminaries. 
- From 2017 all fluorescent lamps have to be able to work with an electronic ballast 
- Phase out of high-pressure mercury lamps following a schedule where the largest 

wattages are first phased out. 
- Requirements regarding minimum lumen maintenance levels. 
- 90% of the high-pressure sodium lamps should have a minimum lifetime of 16000h. 
- Metal halide lamps should have a minimum lifetime of 12000h for 80% (frosted) and 

90% (clear). 
- All street lighting luminaries are required to use directional light sources in order to 

reduce light pollution. 
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- HID lamps mercury content is limited by establishing new maximum levels. 
 

7.2 Mercury 

According to the EU measure in the previous section 7.1, when phasing out incandescent lamps 
other aspects have to be considered regarding lamps and one of them is the health and 
environment protection from lamps. The materials used for the lamps construction sometimes 
can be hazardous, can be difficult or expensive to recycle or can be scarce. Mercury is one of this 
hazardous substances and it is very present in conventional lamps which need to be disposed 
properly or carefully handle when a breakage. 

 

7.2.1 Global mercury emissions cycle and their effects 

Mercury levels around the world have continuously been increasing affecting environment, food 
and consequently human beings and animals. Figure 7.2 represents the mercury emissions cycle 
from its source to its impacts on the environment. 

Mercury impact sources are emissions into the air by burning fossil fuels but also waste spill 
into the water and into the land because of the human activities which had left uncontrolled 
landfills since the past as well as disposals and emissions from industries or mines. Once 
mercury is emitted, the ease of transporting by air, water or sediments makes it to affect even in 
places without human activity like the Arctic. Usually, mercury is emitted and transported in its 
elementary form, but once deposited its form can change to methylmercury with the facility to be 
easy accumulated in organisms and affect to food chains. Thus, fish and aquatic species are the 
most affected by mercury and consequently it also affects to humans and wildlife when eating 
them. Methylmercury can rapidly pass the placental barrier and the blood-brain barrier having 
effects in the brain development in the fetus, but it can also have other effects in children and 
adults and these effects may be increased if fish is eaten in big amounts. Therefore, some 
countries have regulations on fishes amount of mercury and in the EU for instance is not allowed 
to exceed between 0.5 and 1mg of Hg/kg wet weight depending on the specie (50). 

 

 

Figure 7.2: Mercury emissions cycle 

Source: USA Envirionmental protection agency website (51) 
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Mercury transportation was first observed in Sweden in 1979. A program has been in 
operation since 1987 and results show a south-north decreasing gradient for both mercury in air 
and wet mercury deposition which indicates that the European continent is the source of that 
atmospheric mercury (see figure 7.3). Such wet mercury deposition was observed to be reduced 
since 1990 when the fall of the Eastern Block made to close down large mercury emitters for 
instance in East-Germany and this reduction showed that mercury levels in fishes can be reduced 
after some years. However, despite of this fact, economically development in European eastern 
countries could increase the energy use and as a result more mercury emissions if efficient 
cleaning equipment is not used (52). 

 

 

Figure 7.3: Wet mercury deposition in Sweden 

Source: Evaluación Mundial sobre el mercurio. Programa de las Naciones Unidas (50) 

 

7.2.2 Mercury use in lamps 

Awareness of mercury pollution and its effects shows that this material requires a control of the 
raw material uses, the contents in food and its limitation or prevention in products and processes. 
The last, also concerns on its use in lamps for lighting purposes and some important measures 
related with products in order to control mercury are detailed below according to the UN report 
(50): 

 
- Avoid or limit in the market those products that contains mercury 
- Avoid or limit the use of obsolete technologies and require the use of best technologies 

that reduce or avoid the use of mercury 
- Avoid or limit direct release of mercury to the environment from products or products 

disposal 
- Separately disposal and treatment for those products which contains mercury 

µgHgm-2year-1 
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Furthermore, the Restriction of Hazardous Substances (RoHS) European directive bans the 

mercury limiting its use at very specific applications and accepting its use for lighting through 
several exceptions (see more details in section 7.3). 

Therefore, there is an inconvenient for those lamps which use mercury to work such as most 
of the gas discharge lamps: CFLs, fluorescent tubes, metal halide lamps, mercury lamps and 
high-pressure sodium lamps. Furthermore, there is a controversial situation for CFL which 
despite of their use of mercury are promoted by governments and they seem to be the easiest 
option to replace incandescent lamps.  

CFLs need mercury to work and despite the content has continuously been reduced and 
nowadays they use an average of 4mg, by the moment it is not possible to avoid its use. Other 
kinds of lamps such as the mercury lamps use larger amounts of mercury between 18 and 36mg. 
However, mercury content is not released in its operation process and can only be released if the 
bulb is broken or not properly disposed since it evaporates at room temperatures (53). 

Thus, while those lamps that use mercury continue on the households, a special treatment is 
required for its disposal at the end of life in order to prevent the breakage and handle it without 
releasing the mercury. However, in the case that the lamp is accidentally broken at households, it 
is not possible to avoid the mercury release but the Environment Protection Agency in the USA 
(EPA) advises the following measures for cleaning-up and disposing the bulb parts (54): 

 
- Air out the room at least 15 minutes and without walking through the breakage area 

before cleaning-up 
- Clean-up the area picking up the glass fragments with cardboard or stiff paper, using tape 

to stick small glass pieces and only using vacuum if needed and removing the bag. 
Clothes should be thrown away. 

- Clean-up materials should be immediately disposed outdoors in a trash container or in a 
specific place if there is a disposal requirement in that specific area or region. 

 
On the other side, when a bulb is burned out it needs to be disposed in local recycling places 

with the purpose to not only avoid the mercury release from the bulb, but also to reuse and 
recycle the glass, metal and other materials that compose the lamp. For a recycling process it is 
first necessary to create recycling centers in which consumers can storage the lamps. Then, these 
lamps need to be carefully placed in specific containers that prevent the breakage and these 
containers to be released to lamp recyclers who have a procedure to separate all the bulb 
components and reuse them (see section 7.4) (54).  

 

7.2.3 Life cycle analysis of lamps mercury emissions 

Lamps mercury emissions during the life cycle are split on three steps: emissions during the 
lamps production, emissions during its use and end-of-life emissions. Such mercury may be 
directly emitted to the environment when a breakage if the lamp is broken or not correctly 
disposed, but its electricity use during their life also implies indirect mercury emissions. Below, 
the following figure summarizes the mercury emission during bulbs life cycle. 
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Figure 7.4: Mercury emissions during bulbs life cycle 

Source: Spatial assesement of net mercury emissions from the use of fluorescent bulbs (55) 

 
Manufacturing phase 
Despite there is an electricity use during the manufacturing phase and consequently indirect 
mercury emissions in the electricity power plants, mercury emissions in this phase are 
considered insignificant compared to mercury emissions during the remaining bulbs life (48). 

 
Operation phase 
All lamps use more or less electricity to work depending on their efficiency, and this electricity 
is produced in power plants in many cases by using fossil fuels combustion. Around 99% of the 
total mercury emissions in electricity generation are from coal-fired plants, which represent the 
most used source (41%) for electricity generation in the world (56). In the EU, coal is used to 
produce the 37% of the electricity power and the estimated average of mercury emission per 
generated kWh is 0.035mg/kWh (48). Thus, despite some lamps does not contain mercury they 
also imply indirect emissions.  

 
End-of-life phase 
The end-of-life of a bulb can happen because a breakage or because the bulb is burn out fulfilling 
its lifetime. In the last case, the bulb may be recycled and properly handle without releasing the 
mercury content or may release the mercury if not recycled.  

According to Matthew Eckelman (55), when not recycled, it is assumed that during its 
deposition in containers and its transportation, the 25% of the lamp mercury content is released. 
Afterwards, when it is landfilled 3.5% more mercury is further emitted. The recycling taxes are 
strong dependent on the region, but it is accepted a rate of 20% for OECD countries, 5% for 
developing countries and 0% in least-developed countries. Therefore, the end-of-life mercury 
emissions in a developed country are considered 22% of the bulb mercury content (55). 
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Total life cycle mercury emissions 
Below, table 7.2 shows a comparison of mercury emissions between different light sources 
considering indirect emissions from electricity consumption and direct emissions from the 
mercury bulb content, if there is.  

For this analysis an incandescent lamp of 60W (840lm) is compared with a Philips Master 
PL-Electronic CFL replacement of 15W. Then, also last Philips MasterLED lamp of 12W for 
60W incandescent lamps replacing (still not in the market, see section 4.4) and hypothetical 
LightLab and VU1 lamps to emit with their respective achieved efficiency of 85lm/W and 
32lm/W are also compared (10). As the LED bulb has the longest lifetime (25000h), it has been 
considered the minimum number of the other kinds of lamps necessary to last the same time. 
This is important for the case of the CFL because since it has an expected lifetime of 12000h, 
three of these bulbs will be necessary to cover the 25000h and consequently, the landfilling 
emissions will be higher. Regarding LightLab and VU1 technologies, lifetime is unknown but 
for this study it is not important to know how many bulbs are used since they do not use 
mercury. 

 

Table 7.2: Light sources direct and indirect mercury emissions in EU 

Light source Power Use
num. 
lamps

kWh 
used

EU average 
emissions 
[mg/kWh]

Indirect 
emissions 

[mg]

1 bulb 
mercury 

content [mg]

Landfilling 
direct 

emissions [mg]

Total hg 
emissions 

[mg]

Incandescent 60W 25000h 25 1 500 0,035 52,5 0 0 52,50

CFL 15W 25000h 3 375 0,035 13,1 1,41 0,96 14,09

LED 12W 25000h 1 300 0,035 10,5 0 0 10,50

LightLab 10W 25000h unknown 250 0,035 8,8 0 0 8,75

VU1 26W 25000h unknown 650 0,035 22,8 0 0 22,75  

Source: Philips catalog and website (10) 

 
Results show that despite CFL contain mercury the total amount of emissions is lower than 

using incandescent bulbs due to their efficiency while LED or LightLab technologies will even 
reduce those emissions and moreover to respect the no-mercury-use recommendations. Despite 
VU1 emits half mercury than incandescent lamps, it still would emit more than CFLs. 

However, despite the mercury saving thanks to the incandescent to CFL replacement is a 
general true over the world, is not valid in that countries like Norway where there is no coal-fired 
power production and consequently no mercury emissions. For these countries the only mercury 
emissions are those that are contained in the bulbs so that CFLs have more Hg emissions than 
incandescent lamps (53). This would also need to be considered if coal-fired power plants, which 
are the most pollutant, were replaced for other technologies because then it would not be 
mercury emissions (57). 

 

7.3 Use of hazardous substances in lamps 

Mercury is a hazardous substance used for discharge lamps, but other hazardous substances are 
also used in these and other lamps. In 2006 the European Union launched the Restriction of 
Hazardous Substances (RoHS) directive whose goal is to restrict its use in electrical and 
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electronic devices to protect human health and control its deposition. Such directive bans in 6 
substances to use more than the following concentration values by weight in homogeneous 
materials (58): 

 
- Lead (0.1%) 
- Mercury (0.1%) 
- Cadmium (0.01%) 
- Hexavalent chromium (0.1%) 
- Polybrominated biphenyls (PBB) (0.1%) 
- Polybrominated diphenyl ethers (PBDE) (0.1%) 

 
However, some exceptions allow their use for specific applications organized in several 

categories, one of which is lighting purposes. As mercury is playing an important role in the 
future lighting technologies reducing the GHG emissions, EU allows its use by establishing the 
following exceptions with their respective limitations (58): 

 
- Mercury in CFLs not exceeding 5mg per lamp 
- Mercury in straight fluorescent lamps for general purposes not exceeding: 

o Halophosphate 10mg 
o Triphosphate with normal lifetime 5mg 
o Triphosphate with long lifetime 8mg 

- Mercury in straight fluorescent lamps for special purposes 
- Mercury in other lamps not specifically mentioned 

 
Lead is also exempt of banning for incandescent and HID lamps in some uses for glasses, 

tubes or as activator of fluorescent powder with some phosphors, while cadmium is exempted of 
banning in its application for LEDs color converting from blue source to different colors by 
using and II-IV layer. This method is also used for quantum dots, but cadmium-free quantum 
dots are under development.  

 

7.4 Lamps life cycle analysis and recyclability 

In the previous section 7.2.3, has been done an analysis focused on the mercury emissions during 
a lamp life cycle while in this section the analysis is done focusing on the lamp, its energy use in 
each phase and the end of life and recycling procedure. CO2 emissions to the environment are 
also considered in this study taking into account that 1kWh means 0.55kg of CO2 emissions 
according to the European average (26). 

Before a LCA, boundaries need to be established and for this case the analysis will cover 
from the lamp manufacturing, which means the parts of the lamps construction and their 
assembly, to the recycling stage. This means that there is one phase which concerns to the raw 
materials extraction, processing and transportation that is not quantified here but it exists. The 
study is not including LightLab neither VU1 lamps since lifetime and manufacturing energy use 
are not known. 
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7.4.1 Life cycle analysis 

Manufacturing phase 
Energy requirement for the manufacture depends strongly on the bulb technology. Thus, it is not 
the same necessity of energy to construct an incandescent bulb, which is the most single, than to 
produce a CFL or a LED bulb.  

According to an OSRAM Opto Semiconductors study (26) based on their measurements in 
their own factories, produce a 40W incandescent bulb requires 0.2kWh of electricity, an 8W 
replacement CFL 1.2kWh and an 8W LED bulb 3kWh. However, longer lifetimes of CFLs or 
LEDs imply a decrease in the amount of bulbs production to last the same time. Therefore, such 
LED bulb has a lifetime of 25000h of operation and in order to last the same time it will be 
necessary at least three CFLs of 10000h and 25 incandescent bulbs of 1000h each. Finally, the 
electricity production requirements to cover the 25000h are 4.7kWh with incandescent, 3.1kWh 
with CFL and 3kWh with LED bulbs. For this study OSRAM Opto Semiconductor considers as 
manufacturing the construction and assembly of all components of the bulbs split on three parts: 
base (like screw, electronics, contacts or insulations), bulb glass and filling (like 
filament/electrode/LEDs or glass coatings). Transportation and packaging are also taken into 
account. 

 
Operation phase 
During the operation phase, environment impacts are due to electricity use and are calculated 
multiplying the power with the operation time. Next table 7.3 shows the results of electricity use 
during the manufacturing and operation phases.  

 
End of life 
Finally, at the end of life lamps may require a specific recycling process. Incandescent lamps can 
be disposed in common trash containers while CFL and LEDs require to be properly recycled by 
using in the first case some complex processes to keep the mercury without releasing it and in 
the second case to recycle properly the electronics. Anyway, OSRAM considers that amount of 
energy about the 0.1% of the total energy use in the whole life. Finally, the results of energy use 
are: 

 

Table 7.3: Life cycle energy use 

Light source Power Use
num. 

lamps

Manufactu-
ring kWh 

use

Operation kWh 
use

Total kWh 
consump-

tion

Total kg of 
CO2 

emissions

Incandescent 40W 25000h 25 4,7 1 000 1 004,7 552,6

CFL 8W 25000h 3 3,1 200 203,1 111,7

LED 8W 25000h 1 3,0 200 203,0 111,7  

Source: OSRAM Opto Semiconductors. Life cycle assesment of illuminants (26) 

 
The table shows that incandescent lamps use 5 more times the energy and CO2 emissions than 

the CFL or LED lamps and that most of the energy use is during the operation phase while the 
manufacturing and end of life processes represents less than the 2% of the total use. Therefore, 
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despite CFL or LED bulbs are more complex in construction and recycling stages it is worth 
considering the energy perspective because of the efficiency.  

 

7.4.2 Bulbs recycling procedures 

This section refers to bulbs recycling but it mainly takes into account the process for discharge 
lamps and concretely CFLs because they are considered hazardous household waste. Regarding 
to other lamps into the market, despite incandescent lamps do not have recycling regulations and 
can be regularly disposed and landfilled, they can be recycled by separating glass and metal 
parts. As an electronic device, LED bulbs have to be recycled according the EU Directive 
2002/96/EC-WEEE, while the rest of technologies dealt here do not have specific regulations 
since they are still not in the market, but for both VU1 and LightLab bulbs it is expected a 
normal procedure to recycle the electronics. 

 
Recycling CFLs and discharge lamps 
These lamps have probably the most expensive and complex procedure to be recycled because 
the fact that they include mercury and need to be carefully handle to avoid its free releasing. 

As an example, the recycling company Air Cycle Corporation uses an automatic process in 
which first of all the fluorescent powder is separated from glass and metal. Such glasses and end-
cap metals are cleaned and ready to be reused while mercury is isolated from the powder by 
using distiller barrels and filters. The final result is that all components are separated obtaining 
plastic, glass, mercury, metal and fluorescent powder which can be reused or correctly disposed 
(59). 
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8 Technologies Comparison 
In the previous chapters it has been done a background research about existing lighting 
technologies and future developments as well. Now, before analyze their utility and market 
applications it is the time to compare their light output and performance, energy use, 
functionality and finally the life cost which includes the purchase cost and the cost associated 
with its use as well to see the most economic technology. It is important to highlight that here are 
compared the technologies possibilities which does not mean that all lamps in the market from 
the same technology have all these properties. 

Such comparison is done in several steps first defining the variables which take part in every 
section, then comparing them and finally commenting the results. As it was presented before in 
the limitations, in order to do this study some data regarding to the new technologies is still 
unknown while the used data is assumed following the current results provided by the promoting 
companies because since they are still under R&D phase, they will not be neither the definitive 
neither the real values into the future market. 

All those technologies which are used for lighting applications or are expected to be used and 
enough known are here compared, sometimes presenting the values in ranges from the minimum 
to the maximum or from the worst to the best value depending on the variable. Finally, it is done 
some comments about human comfort regarding the color reproduction of the sources. 

 

8.1 Light output and energy use 

First of all, technologies are compared by analyzing their energy use: how the electrical energy 
input is converted into visible light and which is the efficiency of this conversion. Not only the 
energy terms but also the rendering of that emitted light is considered: 

 
- Power: in which wattages are lamps usually found into the market. 
- Luminous flux: available range of lamps lumens output. 
- Luminous efficacy: range of efficacies which usually is strongly related with the power. 
- Energy savings: energy saved compared to an incandescent lamp. 
- CRI: color rendering index in the range 0-100 where 100 is the best score. 
- Color temperature: color temperature of the lamp measured in K where a low temperature 

like 3000K means a warm color (yellowish) and a high temperature like 6000K means a 
cold color (bluish) and closer to daylight (6500K). 

- EU energy label: category in which each lamp is established (see section 7.1). 
- Power factor: where 1 means that the lamp only consumes active power (W) while if it is 

less than 1 means that there also is reactive power consumption (var). 
 
For the comparison in this and in the following sections lamps are not studied in a general 

perspective but they are divided into different categories in which may be constructed since the 
differences can be determinant.  

When one takes this table needs to be carefully since as the study still did not enter in the 
applications phase, it is represented a general table where household, offices, industries or street 
lighting bulbs are compared together. 
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Before analyze the table some considerations need to be done. First of all, the luminous flux, 
the power wattage and the luminous efficacy are expressed in ranges. In these ranges, for each 
bulb technology the less wattage is related with the less luminous flux of the range and the same 
happens with the maximum power and flux. Furthermore, normally bulbs are more efficient 
when higher is the wattage, and less efficient when lower is the wattage, but this is not always 
true. Therefore, for each bulb technology the lowest wattage bulb is related with the lowest 
luminous flux but not always with the less efficient while the highest wattage bulb is related with 
the highest luminous flux but not necessarily with the more efficient. 

Then, some interesting parameters like the energy saving compared to an incandescent source 
and the EU energy labeling are also included in the table. Incandescent bulbs are most used for 
household and other interior applications, however, as discharge lamps (except CFLs) are not 
frequently used for the same applications they are not compared here. Furthermore the EU 
energy labeling is used for household bulbs.  

Finally, for new technologies like LightLab or VU1 that are still not into the market, no 
ranges of wattage and luminous flux output are represented, but it is used the data of the current 
efficacy and rendering achievements. Thus, in the next table 8.1 these variables are summarized: 

 

Table 8.1: Light output and energy use comparison 

Lamp
Wattages 

[W]
Luminous 
flux  [lm]

Luminous 
efficacy 
[lm/W]

Energy 
savings to 

inc.
CRI

Color 
temperature

EU energy 
label

Power 
factor

Incandescent

15-500 90-8400 6-16 - 100 2800K E-G 1

Halogen

main voltage 75-2000 975-48000 13-24 15% 100 2900K F-D 1

low voltage 5-250 60-5750 12-23 25% 100 2900K C 1

xenon filling 42-105 630-2100 15-20 25% 100 2900K C 1

infrared coating 20-33 410-710 20-23 45% 100 2900K B 1

Fluorescent tubes

halophosphates 4-125 240-9400 60-75 - 50-80 2700-4000K A 0.5 - 0.99

tri-phosphor 4-125 320-11900 80-95 - 85 2700-17000K1 A 0.5 - 0.99

multi-phosphor 4-125 240-9400 60-75 - 90-95 2700-6500K A 0.5 - 0.99

CFLs

with glass envelope 5-120 250-9000 50-60 65% 80-85 2700-6500K B 0.6-0.992

bare tubes 5-120 250-9000 60-75 85% 80-85 2700-6500K A 0.6-0.992

Mercury lamps

50-1000 2000-58500 15-60 - 50-60 3300-5700K - 3

Sodium lamps

low pressure 18-165 1800-33000 100-200 - 04
1800K - 3

high pressure 50-1000 4500-130000 90-130 - 20-25 2100K - 3

white sodium 80-90 3300K

Metal Halide

35-2000 2450-230000 70-115 - 65-90 3800-20000K5
- 3

Induction lamps

15-200 976-16000 65-90 - 82 2600-6500K - 3

Sulfur lamps

75-5900 5700-410000 76-100 - 80 6000K -

LEDs

1.6-12 70-800 40-70 60-80% 70-85 2700-15000K6 A-B 0.65 - 0.9

LightLab

- - 69-85 85% 93 4300-8600K A unknown

VU1

- - 32 60% 93 2800K B ~1  
1  Usually the ranges are from 2700K to 8000K but some can achieve 17000K 
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2  Average of 0.6 but some can achieve 0.99 
3  Power factors over 0.9 can be achieved by using special power factor correction ballasts 
4  Considered zero because they can only emit yellow color 
5  Usually the ranges are from 3800K to 5600K but some can achieve 20000K 
6  Usually the ranges are from 2700K to 8000K but some can achieve 15000K 

Source: Data collected from several sources (8), (13), (18), (60) and (61) and (62) 
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Figure 8.1: Range of luminous efficacy for different light sources 

Source: Data collected from several sources (8), (13), (60), (18), (61) and (62) 

 
Table analysis 
When it comes to the efficacy, figure 8.1 represents the minimum and maximum efficacy levels 
of several sources. Here is more clearly shown that discharge lamps are the most efficient 
sources but it is also true that these lamps are normally used for applications that require higher 
luminous flux and higher wattages than the requirements for households and interiors as the 
wattage ranges show in table 8.1. 

This table also shows that CFLs seem to be ready for the incandescent lamps replacement due 
to the phase-out, but LEDs still do not fulfill the whole range of luminous flux and are not able 
to replace more than 60W incandescent lamps. On the other hand, both CFLs and LEDs have a 
wide range of color temperatures that gives the technology more versatility and functionality but 
they have a lower color rendering.  Furthermore, fluorescent tubes are produced in three different 
designs that give them a high versatility covering many possible uses by having different 
wattages, color renderings and color temperatures. Instead, sodium lamps normally have a poor 
color rendering limiting their applications to those in which no color discrimination is needed. 
Mercury lamps neither have good color rendering.  

Considering the new lighting technologies, sulfur lamps are the most efficient while induction 
and LightLab lamps are at similar levels of efficacy and VU1 is the less efficient. However, 
LightLab and VU1 present the best color renderings. Induction lamps have a wide range 
covering the most important range of CCT from 2600K to 6500K while LightLab can emit 
colder appearance colors but is still deficient in warm colors. VU1 is by the moment only 
offering a similar color to incandescent while sulfur lamps can only emit light at 6000K of CCT. 
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8.2 Lamps functionalities 

Functionality is important since if a lamp does not fulfill one of the customer requirements, this 
is automatically out of the competition in this field of the market. Thus, lamps are compared 
considering the following variables: 

 
- Lifetime: the rated lifetime of the lamp in hours of use. 
- Starting time: time in seconds that the lamps need to start to glow. 
- Warm-up time: time that takes the lamp until its full brightness when switched on. 
- Restrike time: time taken for a warm discharge lamp to reach the 80% of the maximum 

lumen output when it has been switched off. 
- Electronics: if the bulb needs electronics to work the answer is int., which means that the 

electronics are always integrated into the bulb; no int., which means that are always not 
integrated in the bulb (but integrated into the lampholder). If the bulb does not need 
electronics, the answer is No. Some lamps need electronics but can be integrated or not 
integrated depending on the producer. For that case the answer is int/no int. 

- Dimmable: when a lamp is dimmable means that it is able to regulate their lumen output 
by regulating the power input, but not all lamps are dimmable. Furthermore, lamps can be 
fully dimmable (from 0% to 100% of the lumen output) or partially dimmable. For this 
variable there are two answers: first if it is always dimmable (yes), if it is never dimmable 
(no) or if it is sometimes depending on the product (yes/no); second if the technology is 
fully dimmable or only partially. In the case that the lamp is dimmable, depending on the 
technology they may need a different dimmer switches. 

- Mercury content: is the common range of amount of mercury, if there is, contained in the 
bulbs and measured in milligrams.  

- Directionality: From poor to very good evaluates how proper is the lamp to be directed 
for instance by using reflectors to drive out the light in one direction. It depends strongly 
on the shape and the size. Good directionality means that the lamp is good for those 
applications in which directionality is interesting; however, for lighting a room for 
instance, what it is interesting is the diffusivity and some lamps like LEDs may need a 
lens to diffuse the light. 

- Temperature requirement: says if there is any room or ambience temperature requirement 
or if otherwise the lamp can work at any temperature. 

 
Shape is also decisive and could also be included in that study as a variable, but the amount of 

standardized shapes is too large and most of technologies are able in most of the screw and glass 
shapes. VU1 lamp is excluded from this table since most of the variables are unknown or not 
published. 
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Table 8.2: Lamps functionalities and properties 

Lamp Lifetime [h]
Starting 

time
Warm up 
time [min]

Restrike 
time [min]

Electro-
nics

Mercury 
content 

[mg]

Directio-
nality

Tempera-ture 
requirement

Incandescent

1000 0 0 0 No Yes Fully 0 Poor No

Halogen

main voltage 1000-3000 0 0 0 No Yes Fully 0 Very good No

low voltage 1000-3000 0 0 0 int/no int Yes Fully 0 Very good No

xenon filling 2000-3000 0 0 0 No Yes Fully 0 Very good No

infrared coating 3000 0 0 0 int/no int Yes Fully 0 Very good No

Fluorescent tubes

halophosphates 10000-25000 0.2-1s 1-3 0 int/no int Yes/No Part. 2-101
Poor Warmth 2

tri-phosphor 10000-25000 0.2-1s 1-3 0 int/no int Yes/No Part. 2-101
Poor Warmth 2

multi-phosphor 10000-25000 0.2-1s 1-3 0 int/no int Yes/No Part. 2-101
Poor Warmth 2

CFLs

6000-15000 0.2-1s 1-3 0 int/no int Yes/No Part. 3 1-5 Poor Warmth 2

Mercury lamps

12000-24000 sec. 5-7 10 int/no int Yes/No Part. 11-165 Very good 4 No

Sodium lamps

low pressure 12000-18000 5-10s 9 <1 int/no int Yes/No Part. 0 Very good 4 No

high pressure 16000-38000 5-10s 3-5 <1 int/no int Yes/No Part. 0-43 Very good 4 No

Metal Halide

5000-20000 sec. 2-10 2-20 int/no int Yes/No Part. 2.5-281 Very good 4 No

Induction lamps

65000-100000 0.5s 1-10 0 int Yes/No Part. 5-7 Poor No

LEDs

25000-60000 0 0 0 int Yes/No Part. 0 Great No

LightLab

unknown 0 0 0 int/no int Yes Fully 0 unknown No 5

Dimmable

 
1  Despite some tubes of very high light output reach 30mg, the common range is from 2 to 10mg 
2  Fluorescent lamps are more eficient at warm temperatures and may not work in cold environments 
3  May be considered fully dimmable because nowadays it is technologically possible to achieve a range from 2 to 100%. 
However, most CFL lamps in the market may not be fully dimmable or not dimmable at all. 
4  Discharge lamps are very good in directionality when use small cores 
5  No temperature restriction but more efficient at colder temperatures 

Source: Data collected from several sources (61), (63), (64) and (65) 

 
Table analysis 
In table 8.2 can be observed how LED and HID lamps are one of the sources with longer lifetime 
lasting at least 10 times more than incandescent bulbs but the longest ones are induction lamps 
which can last up to 100 more times than an incandescent light source. This fact implies positive 
results for them when compared in the economic analysis in the next section. On the other hand, 
for the rest of variables, halogen and incandescent sources have the best results since they are not 
delayed when switched on, they do not have any warming-up time, and they are more easy to fit 
on the installations because in most of the cases they do not need electronic devices to work and 
neither to be dimmable. 

Dimmability is more difficult and very expensive but possible for HID lamps but also LEDs. 
Nowadays, the constructor GE warrants that all their HID lamps are dimmable but not at 100%. 
Thus, sodium lamps are dimmable from 30% to 100% while metal halide lamps are dimmable 
from 50% to 100% (66). Induction lamps may also be dimmable up to 50% of the light output. 

For CFL lamps, constructors have nowadays achieved dimmability values from 2% to 100%, 
which can be considered almost fully dimmable, but in order to be dimmable they also need 
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expensive dimming ballasts. However, most CFLs in the market are not fully dimmable or not 
dimmable at all and furthermore, they can flicker when are dimmed down. 

In the environmental perspective, only induction and discharge lamps are using mercury to 
work and despite the amount have continuously being reduced and usually are not more than 
some tens, mercury is still present on them (except on some sodium lamps). 

Discharge lamps have the drawback that are the most retarded in starting time and some of 
them furthermore have large warming-up times or restrike times. These times may be reduced 
using especial electronics but also expensive. 

Directionality is better for those lamps that can be constructed in small shapes like discharge 
lamps or halogen lamps by using reflectors but not so good if the shape is bigger (65). LEDs are 
also good since one diode emits light in one direction. For LightLab the shape also could be a 
restriction, but directionality could be applied for some applications by using reflectors. 

In contrast, for area lighting applications, which cover most of the market, normally most 
lamps are good when not using reflectors since the light is diffuse. LEDs are the lamps that have 
more troubles for that since the light is completely directional, so that they need lenses in order 
to diffuse the light. 

Finally, almost any technology has problems to operate at any temperature. Instead, 
fluorescent lamps have the optimal range from 15 to 30°C and over or under these temperatures 
they lose luminous flux. In contrast, LightLab lamps operate better at cold temperatures but 
would loss efficacy at high temperature like in ovens.  

 

8.3 Lifetime costs 

Another point of view that customer should take into account is the costs that each bulb will 
carry during their lifetime. The costs during that lifetime are split in two: the initial purchase cost 
and the electricity cost. Depending on the application, the initial cost can be higher since in 
industries or offices, the action of replacing a burn out bulb needs the work of a person which 
implies an added labor cost, but here this is not considered. 

Lifetime of the bulb and efficiency play very important roles and below it is shown that 
despite some light sources seem really cheap compared to others, they are more expensive when 
considering the whole life costs. These calculations are interesting for the customer to see the 
real costs of each technology at the time to replace a bulb. 

In this case the study is limited to a specific scenario because there are different light sources 
that cannot compete at the same level of prices and for the same kind of applications. Thus, it 
does not have sense to compare a low pressure sodium lamp as a replacement for an 
incandescent bulb in a household application. 

In order to do such analysis is taken one reference lamp by fixing a lumen output that requires 
to be achieved and then the equivalent lamps from each technology that can fulfill the same 
requirements. Bulbs are taken directly from catalogs except for new technologies like LightLab 
and VU1 that are still not in the market and data from catalogs or official sources is assumed. 

As light sources have different lifetimes it is considered for all of them the same usage time 
which is equal to the lifetime of the bulb that lasts longer, LEDs. This means that in order to last 
the same time it is necessary more than one bulb of the rest of technologies and as a result it 
increases the purchasing price. As the usage time is the same, electricity usage is determined by 
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the efficiency. The cost is calculated by considering the price of 10.46 cent€/kWh which is the 
EU-25 average electricity cost in 2005 based on standard consumers of 3500kWh/year (67). 

 
Scenario: 60W incandescent lamp replacement in a household application 
An incandescent bulb of 60W supposed to be used for a household application is compared with 
its equivalent replacements which are three different Philips halogen lamps from the 
EcoClassic30, CapsuleLine and MasterClassic series, a Philips Master PL-Electronic CFL and a 
Philips MasterLED. Then, a theoretically LightLab bulb is considered based on their efficacies. 
As MasterLED is the lamp that lasts longer, rest of lamps will be considered for a usage of 
25000h as well, implying more than one lamp purchase for the other sources (10). 

 

Table 8.3: Lifetime costs in a household scenario 

Lamp
Power 

[W]
Bulb 

lifetime [h]
Number of 

bulbs

Total 
purchase 

cost

Electricity 
use [kWh]

Electricity 
cost

Total cost

Incandescent

60 0,6 € 1000 25 15,0 € 1500 156,9 € 171,9 €

Halogen

main voltage 53 3 € 2000 13 39,0 € 1325 138,6 € 177,6 €

low voltage 45 4 € 3000 9 36,0 € 1125 117,7 € 153,7 €

infrared coating 30 11 € 3000 9 99,0 € 750 78,5 € 177,5 €

CFLs

15 7 € 12000 3 20,9 € 375 39,2 € 60,1 €

LEDs

12 60 € 1 25000 1 60,0 € 300 31,4 € 91,4 €

LightLab 2 

10 unknown - - 250 26,2 € -unknown

Purchase 
price

 
1  Approximated price  
2  Theoretically values supposed from the published data 

Source: Data collected from a retailer (68) and LightLab(38) 

 
Table analysis 
Table shows that incandescent and halogen technologies are more almost three times more 
expensive than CFLs and that despite halogen bulbs are more efficient than incandescent their 
higher purchase price can determine a higher global cost. On the other hand, CFLs and LEDs are 
cheaper despite their purchase cost because their efficiency and longer lifetimes.  

When compared with CFLs, LEDs seem to be still more expensive because their high 
purchase cost, but this situation can change in the early future based on three potentials of 
development. First, in the future are expected longer lifetimes that would change the situation 
and if the same study is done with a LED bulb that last over 60000h (already possible in some 
LED products), it will be necessary six CFLs to last the same time and the total cost would be 
higher by using CFLs than using LEDs. Second, the luminous efficacy, which currently is close 
to 70lm/W, is expected to reach levels around 150lm/W. Finally, the price nowadays is not so 
competitive but it could be decreased if it breaks strongly into the market. 

Regarding to LightLab the only parameter shown on the table is the electricity cost which 
makes of LightLab the cheaper source. Total cost cannot be known by the moment since the two 
important parameters, price and lifetime, are not know. As it has been previously said, the target 
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is to have similar prices than CFL, but this fact is still unknown. Therefore, in the following table 
8.4 it is analyzed what could happen depending on these two values.  

 

Table 8.4: LightLab bulbs total life cost for lifetime and purchase cost different scenarios 

TPC TC TPC TC TPC TC TPC TC

2 € 50 € 76 € 20 € 46 € 10 € 36 € 5 € 31 €

5 € 125 € 151 € 50 € 76 € 25 € 51 € 13 € 39 €

10 € 250 € 276 € 100 € 126 € 50 € 76 € 25 € 51 € B
ul

b 
co

st

1000 h 5000 h 10000 h

Lifetime

2500 h

 
 
Table 8.4 compares three different scenarios for the bulb purchase price with four different 

scenarios for the bulb lifetime. The prices selected are from 2€ to 10€ assuming that the price 
will not be so far from CFLs, while lifetimes are from a worst case like incandescent lamps to a 
best case of at least similar to CFLs (longer lifetimes would evidence cheaper costs than any 
light source). The result are twelve different scenarios and in each of them it is calculated the 
total purchase cost (TPC), which is the price of the total amount of lamps that are necessary to 
cover the 25000h (see table 8.3), and the total cost (TC), which is the TPC plus the electricity 
consumption use of LightLab (always 26.2€ for household scenario). 

The calculation shows that the total cost depends stronger on the lifetime than on the price. 
The reason is because the selected range of prices is not so wide compared with the big range of 
lifetimes. Thus, in the worst case of a lifetime of 1000h, unless the price is as few as 2€, it would 
not be competitive with CFLs and LEDs or even neither with incandescent lamps. However, by 
achieving longer lifetimes over the 2500h, the lamp is already competitive until 5€ and with 
5000h it is competitive almost at any price within the range from 2 to 10€. 

 

8.4 Light performance 

Usually the goal of lamps is to emit white which can be achieved in warmer or cooler colors 
depending on the technology. As an example, while incandescent lamps achieve the white light 
by warming a filament thanks to an electrical current, HID and other lamps achieve it mixing 
blue, green and red light (RGB) by using phosphor powders as well as LEDs can use different 
semiconductor materials to emit the RGB colors. If the color temperature is close to 6500K, one 
can say that an artificial daylight color has been achieved, but it is the same the artificial daylight 
than the sun natural daylight? 

Natural daylight is a light emitted in a continuous spectrum which not only includes visible 
light but also includes ultraviolet and infrared light. However, most of light sources emit a white 
light which is strong in some of the spectrum wavelengths (usually the RGB colors to produce 
white light) but does not emit light in other wavelengths which are also important for the 
organism and eye perception. Furthermore, some sources neither emit light in some of the 
infrared or ultraviolet wavelengths which are thought to be very good for the organism. All these 
differences between natural and artificial daylight may cause effects on the organism that 
produces headaches and fatigue (69). 
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Below, different charts of spectral power distribution, starting with natural daylight, are 
shown in order to compare the light emission and how light is emitted only in some wavelengths 
or in a continuous spectrum. 

 

       
a) Natural daylight (11)             b) Incandescent light bulb (11) 

 

     
             c) LED cool light (70)                                           d) Fluorescent tube Philips with CCT 17000K (10)  

 
e) LightLab bulb CCT 8628K (40) 

Figure 8.2: SPD charts comparison between technologies 

Source: Charts taken from (11), (70), (10) and (40) 

 

In such charts it can be observed that any light source emits light in the continuous spectrum 
in the same way that the natural daylight. Incandescent bulbs may have the more continuous 
spectrum despite is weak in blue color, but they cannot emit in color temperatures close to 
daylight at 6500K like other sources do. In contrast, LEDs are stronger in the blue wavelengths 
but also seem to be quite continuous despite can be also based on RGB white color generation. 
LightLab lamp is more continuous than HID lamps which use to emit only in a few wavelengths. 
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9 LightLab Applications Analysis 
This chapter is split into two parts. In the first part, it is be studied which are the general lighting 
applications, which requirements have these applications for the light sources and which light 
sources are currently being used into each application. Afterwards, it is studied the how 
LightLab lamp is suitable for these applications. 

 

9.1 Lighting applications fields, their requirements and their used lamps 

For such study, applications are divided into indoor applications, floodlighting and outdoor 
applications, and other special applications taking especially into account the following design 
criteria: color, energy use, safety and the requirement of illuminance level. 

 
Color rendering and color temperature 
One of the most important properties that determine the usage of a light source are the color 
rendering index and the color temperature since they are one of the first impressions for the 
human eye perception. Thus, depending on the ambience that one wants to achieve it will be 
more interesting to have warm or a cool color and depending on the use of each space, it will be 
required either color rendering. According to the International Commission on Illumination 
(CIE) classification, color temperature can be divided into the following three groups: 

 

Table 9.1: Color temperature grouping used by the CIE 

Group
Color 

temperature
Apperance

Applications 
ranges of CCT

General uses

2500K Bulk industrial and HPS security lighting

2700K to 3000K Low light levels in residential, hotels & restaurants

3000K to 3300K Display lighting in retail and galleries

3300K to 4100K
General lighting in offices, schools, industry, medicine 
and sports centers and combination with daylight

4100K to 5300K Applications where color discrimination is very important

3 >5300K Cool 5300K to 7500K Applications where color discrimination is critical

1 < 3300K Warm

Intermediate3300K to 5300K2

 

Source: Data from CIE (1) and Lighting Design Basics (71) 

 
Such color temperatures groups and respective appearances are normally accepted to have 

also some general uses as it is shown in the table 9.1. Thus, in a household, for instance, one can 
usually find incandescent or halogen lamps (group 1) in relaxing spaces like the living room, 
while find fluorescent lamps in working spaces like the kitchen or a study. Color temperature 
selection depends on several facts like the psychological and the esthetical points, the 
illuminance level, the amount of natural daylight, the external climate (colder color for warm 
places and warmer color for cold places) or the personal preferences. It is also though than warm 
sources are preferred in developed countries due to historical reasons, while cool colors are more 
successful in developing countries. 

According to a H.W. Bodmann research about the relationship between color temperature and 
the illuminance level, the human reaction is the one showed in the table below which concludes 
that it is more likely higher color temperatures for higher illuminance levels (18). 
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Table 9.2: Human feeling according to the relationship between CCT and illuminance 

Illuminance [lux] Warm color <3300K
Intermediate color 

3300K-5300K
Cold color >5300K

≤ 500 Pleasant Neutral Cold

500 to 1000

1000 to 2000 Stimulant Pleasant Neutral

2000 to 3000

≥ 3000 Unnatural Stimulant Pleasant  

Source: Guía técnica de iluminación eficiente. Sector residencial y terciario (18) 

 
Furthermore, the CIE also split into groups the color rendering indexes and their respective 

general uses as in the next table 9.2: 
 

Table 9.3: Color rendering grouping used by the CIE 

Group
Color rendering 

index
General uses

1 A >90 Retail and spaces where color rendering is critical

1 B 80 to 90
Retail or places with permanence of people like homes, 
restaurants, school, offices and some industries

2 A 70 to 80 Corridors, halls or waiting rooms

2 B 60 to 70 Industry and general lighting where color is not important 

3 40 to 60 Heavy industry or storages

4 20 to 40 Street and outdoor lighting  

Source: CRI grouping from CIE (1) 

 
By this second classification, some of the light technologies may already be discarded for 

specific applications. Thus, a sodium lamp, whose CRI is 20, cannot be used in an applications 
that requires good color. On the other hand, this table does not ban the use of any technology and 
only pretends to generalize. Therefore, an incandescent lamp whose CRI is 100 may also be used 
for other purpose that the ones that require a high performance like art galleries. Next table 9.3 
shows which lamps are suitable for each CRI and CCT color requirements.  

 

Table 9.4: Selection of a lamp by the color criteria according to IDAE 

Warm color <3300K
Intermediate color 

3300K-5300K
Cold color >5300K

1 A >90
VU1, incandescent, 
halogen and fluorescent

Fluorescent and 
LightLab

Fluorescent and 
LightLab

1 B 80 to 90
Fluorescent, LEDs and 
induction

Fluorescent, metal 
halides, induction and 
LEDs

Induction, sulfur and 
LEDs

2 60 to 80 Metal halide Metal halide Metal halide

3 40 to 60 Mercury Mercury

4 20 to 40 Sodium

Color rendering 
index

 

Source:Guía técnica de eficiencia energética en iluminación en hospitales. IDAE (72) 

 
Energy use 
This is an important criterion that always has to be taken into account independently of the 
application since it implies an environment and economic cost. Furthermore, for some 
applications like those ones with electricity supply from batteries this fact can be even more 
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important. Anyway, the main criterion to consider is to use the most efficient lamp of those 
equivalents in shape, light output and color, but also other criteria like choosing the lamp with 
more maintenance factor or controls integrated in the lighting system that allow regulate the 
artificial light necessity depending on the daylight or to switch off the light when a space is 
unoccupied (1). 

 
Safety 
Less energy use does not mean less quantity of light and it is also needed from lamps a minimum 
level that warrants enough light to make the indoor or outdoor areas safety and the working 
places productive. One example of increasing security is lighting the highways for drivers or 
street lighting in urban areas for pedestrians (1). 

 

9.1.1 Indoor lighting 

Offices 
Light requirements in offices can be distributed in a wide range depending on the application. 
Tasks at offices may be divided into three kinds, face to face communication, printed word and 
visual displays, but even within these categories, recommendations can defer depending on the 
following facts. According to the Spanish Institute for Diversification and Energy Savings 
(IDAE) and the CIE, there are four important facts to distinguish the activities: 

 
- Kind of activity 
- How important is the activity: accuracy, importance, speed of the process and cost of a 

mistake for the productivity 
- Age of the employees 
- Existence of difficulties 

 
Thus, the recommended values of illuminance level usually can be divided as it follows in the 

next table 9.5 while table 9.6 shows the usual color temperatures for each activity. 
 

Table 9.5: Recommended illuminance and CRI values for offices 

Illuminance [lux] Kind of activity
Color rendering 

index

100 to 300
Corridors, conference rooms, toilettes, waiting 

rooms, storages and service areas
70 to 85

500
Workshops, laboratories, director and 

personnel offices
70 to 85

> 500
Technical drawing, showrooms and precision 

activities
80 to 90

 

Source:Guía técnica de eficiencia energética en iluminación en oficinas. IDAE (73) 
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Table 9.6: Recommended color temperatures for offices 

Kind of activity Color temperature

Rest areas

Waiting rooms

Meeting rooms

Low illuminance levels

Individual offices

Mixed with daylight

Tasks with normal requirements

Individual offices

Collective offices

High illuminance levels

High concentration visuals tasks 

Rooms decorated with cold tones

Warm color  <3300K

Intermediate color 3300K to 5300K

Cold color >5300K

 

Source:Guía técnica de eficiencia energética en iluminación en oficinas. IDAE (73) 

 
For most of the activities fluorescent lamp is mainly used mostly as undercabinet luminaries 

but also as pendant lamps or desk task lights. Both fluorescent and halogen are used in 
wallwasher luminaries (71). 

 
Educational institutions and libraries 
According to the Chartered Institution of Building Services Engineers (CIBSE) it is 
recommended for these kinds of centers to design the building with the proper orientation and 
windows distribution to allow the access of daylight. This daylight allows the use of less 
electricity and the use of only electric source, only daylight or the combination of them should 
provide a minimum illuminance maintenance level in lux (1lux = 1 lumen/m2) for each working 
plane depending on the use of that room as it follows on the table below. Thus, between 100 and 
200lux can be enough for non working spaces such as corridors, stairs or halls, while some 
complex activities like art rooms require not only illuminance levels of 750lux but also good 
color rendering over 90. Depending on the pupils, the illuminance requirement can be different 
and it is required more for adult students in universities for instance, than for young students in 
primary schools (74). Furthermore, the Building Regulations (HMG) normally do not allow 
lamps whose luminous efficacy is lower than 50lm/W (1). 

 

Table 9.7: Recommended illuminance and CRI for educational institutions and libraries 
Illuminance 

[lux]
Kind of activity

Color rendering 
index

50 Playground 60 to 70

100 to 150 Corridors, halls, storages and wardrobes 70 to 80

100 to 200 Sports practice 60 to 70

200 School canteens, bookcases in libraries and general room lighting 80 to 90

Workshops, gym and sports centers 70 to 80

General classrooms, blackboards, computers and teachers rooms 80 to 90

500
Kitchen, handicraft rooms, laboratories, libraries, offices, evening 
classrooms and adults classrooms

80 to 90

700 Auditorium stages 80 to 90

750 Technical drawing and art rooms, and auditorium stages >90

300

 

Source: CIBSE Lighting Guide (74) & Guía técnica de eficiencia energética en iluminación. Centros docentes (75) 
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The illumination design for classrooms usually is general lighting by using fluorescent lamps 
which can be equipped with dimmer to save energy during the daylight time. In art or technical 
drawing classrooms is common to use lamps whose color temperature simulate the natural light 
at 5000K but warmer colors are also used for rest of classrooms (71). Previous table 9.6 may be 
followed for the rest of school activities. 

In libraries, the most frequently used lamp is the fluorescent tube with CRI over 80, which it 
is necessary for reading and studying activities. These lamps have the advantage of good efficacy 
and lumen maintenance, but may also be annoying in some cases because of possible flickering 
or controls noise (1). 

 
Healthcare buildings 
Hospitals are the best example of healthcare buildings since in a hospital all of this kind of 
activities is carried out. However, light requirements are quite different depending on the activity 
and the kind of room but can be grouped in the following areas: wards, examination rooms, 
operating theaters, intensive care units, and other services.  

Usually, most critical activities like examination or operation have specific requirements 
which help to do better diagnosis or to analyze correctly the status of the injuries. Thus, it is 
necessary to have the correct level of illuminance, avoid shadows by using different beams of 
light and a good color rendering. Sometimes a large or variable illuminance level needs to be 
focused in specific areas by using portable luminaries which use CFLs and include light 
regulation controls. For most of the cases it is important to avoid or minimize glare by the 
balance of brightness and color or by using luminaries with reflectors. The following table 9.8 
shows usual requirements of color and illuminance for each application (72). 

 

Table 9.8: Recommended illuminance, CCT and CRI for hospitals 

Kind of room Kind of activity
Portable 
luminaire

Illuminance 
[lux]

Color temperature
Color rendering 

index

Wards General illumination 100 Warm 80 to 90

Examination illumination 800 to 1000 Warm 80 to 90

Examination rooms General illumination for all examinaton rooms 500 Warm or intermediate 80 to 90

Endoscopy tasks x 50 Warm or intermediate 80 to 90

Ophthalmology tasks x 5 to 50 Warm or intermediate 80 to 90

Radiology tasks x 20 Warm or intermediate 80 to 90

General illumination in dermatology 500 Warm or intermediate >90

General illumination in dentistry 500 Cold >90

Mouth illumination in dentistry x >8000 Cold >90

Operating theaters General illumination 1000 Intermediate >90

Operating area x 20000 to 100000 Intermediate >90

Surrondings 2000 Intermediate >90

Annex rooms 500 Intermediate 80 to 90

Intensive care units Bed illumination 300 Warm or intermediate 80 to 90

Examination illumination 1000 to 2000 Warm or intermediate 80 to 90

Services General illumination in laboratories 500 Warm or intermediate 80 to 90

Laboratories with high CRI requirement 1000 Cold >90

Corridors and stairs 50 to 300 Warm or intermediate 70 to 80   

Source: Guía técnica de eficiencia energética en iluminación en hospitales (72) 

 
For all these applications, the most common light source is the fluorescent lamp or CFL and is 

used in wards, examination rooms, operation theaters, portable luminaries and services. For 
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operation theaters are used yellowish colors between 4000K and 5000K with a CRI over 90 
while for dentistry blue colors are preferred (72). 

 
Residential 
Residential spaces are divided into different applications some of which are more social, some 
more intimate, some require light for specific tasks but all of them are very personalized. Thus, 
fluorescent lamps are the most common light source in kitchens sometimes combined with 
halogen but always with higher illuminance levels, warm colors and good color rendering over 
80 to appreciate better the food. Same recommendations can be done for bathrooms to carry out 
activities like shaving or grooming where a CRI over 80 is also important to reproduce faithfully 
the skin color. LEDs are starting to break into the household lighting market as bulbs and 
spotlight, but are still expensive and have less light output than other sources. 

Living rooms require different lighting alternatives because of the variety of functions that 
can be done in them combining general lighting with tasks lighting, TV or table lighting. For 
bedrooms ambient light is also usually combined with some task lights like the bedside lamps 
but color use, despite use to be warm, cannot be generalized and color rendering is not so critical 
(71). 

 
Hotels and restaurants 
Despite they are divided into different kinds of rooms and activities, these applications can be 
grouped together because usually pretend to create an attractive atmosphere which invites the 
customer to enter. This cozy atmosphere it is usually related with warm colors and color 
rendering over 80. On the other hand, requirements for working staff in kitchen or services 
rooms are likely to provide safety and concentration in these tasks.  

Entrance halls in hotels use to be bright and are illuminated 24 hours per day. This means that 
incandescent lamps, which only last 1000h, would be burn out every 6 weeks. Therefore, CFLs 
are most commonly used lamps. In the entrance hall, reception is also found and it usually 
follows office tasks recommendations. Lounges activities like reading or TV watching also 
require an environment similar to offices. For bedrooms, CFL and incandescent sources are 
mostly used with a warm color appearance around the 3000K (1). 

Regarding to dining rooms in hotels or restaurants, light amount may be likely to differ from 
lunchtime to dinner time and therefore it is recommended to user dimmers in order to give 
different moods. Other kind of restaurants like the fast food ones may prefer to give a clean and 
efficient atmosphere by using fluorescent tubes (1). 

 
Shops 
Similar to hotels and restaurants, lighting is an even more important way to take the attraction 
from the customers. Depending on what the shop wants to highlight, lighting can vary but it is 
common to combine general lighting with spotlighting focused in some of the goods. For 
spotlighting, low voltage halogen reflector lamps are the most common because of the small size 
and control possibility while for shops windows, compact metal halide lamps are used because of 
their high light output and colors range (1). LEDs are also used for shop retails bringing more 
possibilities to generate a special atmosphere. Colors use cannot be generalized since it also 
depends on the shop environment and the kind of products but brilliant and neutral white is 
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preferred in shops like jewelry while warmer colors for those like clothes shops to appreciate 
skin and clothes color (76). 

In contrast to shops, in supermarkets general lighting is more important than display lighting 
which can be found for instance in food cabinets that have their own illumination. Tri-phosphor 
fluorescent tubes are the most common used light sources because of their efficiency and long 
lifetime and are spread on the ceiling and providing a uniform and vertical illumination. Color 
rendering is not the most important fact (1). 

 
Industry 
Many visual tasks and spaces make from industry to have one of the highest ranges of different 
light requirements. Thus, there are laboratories or tasks with a very accurate color reproduction 
necessity but dirty workshops where color is not that important. Working environments also 
affect to lamps selection and light requirements since some hard industry tasks need resistance 
lamps. For all of them it is common to have the inconvenient of shadows because light 
obstruction from the equipment which demands to pay more attention to general lighting 
distribution and illuminance levels. Local lighting it is also used to compensate shadows in 
specific tasks. 

Historically in industry, lamps efficiency has been considered more important than the color 
performance first with fluorescent lamps that before did not reach the nowadays CRI levels and 
then with high pressure sodium lamps whose color is even worst but more efficient. Afterwards, 
fluorescent lamps improvement in efficiency and color rendering make of them an important 
light source but also metal halide lamps for large interiors. Last industrial building’s illumination 
is becoming closer to commercial and offices standards (1). 

 

9.1.2 Outdoor lighting and floodlighting 

Industry 
Outdoor industry lighting is one of the floodlighting applications where working during the night 
time requires general illumination mixed with tasks lighting, but floodlighting may also be used 
for some large interiors. Some applications like refineries and tanks need light in different levels 
and planes such as in stair, walkways and also the valves control.  

Stocks storage is another common use in industry that requires general lighting but with the 
difficulty that the continuous movements of containers or products generate variable 
obstructions. These containers also need to be move by forklifts, trucks or cranes so it is needed 
also illumination for their movement. Thus, general lighting by using towers it may need to be 
combined with local lighting for these tasks and sometimes that local lighting can be provided 
from the crane itself. Apart from efficiency, hard works and vibrations are one of the reasons 
why discharge lamps are used, but if color recognition is important, sodium lamps may be 
automatically discarded. 

Discharge lamps may not be suitable for other applications like the building sites since 
voltage supplies use to be lower. Some other applications like security lighting may require for 
instance the lamp to switch on immediately synchronized with an alarm which implies that it 
cannot take a starting or warming up time. For these applications, halogen or incandescent lamps 
are more suitable despite of the low efficiency because they are used for short periods of time. 
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For those applications in which lamps have to work in a hazard environment, they need to be 
adapted to that use for instance by using a proper enclosure which avoids the ingress of dust or 
provides water, pressure or thermal resistance (1). 

 
Commercial areas 
Lighting demands for most of the commercial uses have the aim to make it attractive to 
customers and to stimulate the sales instead of provide the proper light for visual tasks. 
Commerce car parks are one of the exceptions where the goal is different. Thus, commerce 
lighting needs to generate a pleasant atmosphere and one way to achieve that is to choose an 
appropriate color temperature and not bad color rendering which make it more attractive than the 
single street lighting. Illuminance levels are recommended to be over 20lux in average. Other 
commercial spaces like car parks, petrol stations or other outside spaces may require less color 
performance and even high pressure sodium lamps can be accepted but not low pressure lamps 
(1). 

 
Buildings and facades 
For such application there are more possibilities to enjoy the design bringing a pleasant image 
instead of the importance of the functionality. The variables that take part for this application are 
the illuminance level of the surrounding area, how it is wanted to be highlighted that building, 
the size, shape and shadows of the building, the color preference and also the reflectance and 
color of the building surface among others.  

One of the desires that one would like to success is to reproduce the building daylight 
appearance during the night, but this goal, apart from the difficulty to achieve the same 
performance, would need for instance to emit the light downwards which would require the 
floodlights at the top of the building hold by some structure that would made the appearance 
unattractive. Therefore, building facades lighting is made by using floodlights at the bottom of 
the building illuminating upwards and creating different ambience than during the day (1). 

Another frequent practice in facades lighting is to emit the light in different directions in order 
to generate shadows that give volume to the building and lighting not only the facade but also the 
roof and other details (1). Shadows are frequently made in cool colors using metal halide or 
mercury lamps while sun colors are made with halogen or high pressure sodium lamps. 
However, LEDs are extending the design possibilities and not only are they able to provide both 
warm and cold white ambiences but they can also with combination of individual colors like 
reds, blues and so on or changes among them (10). 

 
Road and street lighting 
The main goal of road and street lighting is not any other than to provide visibility and safety to 
vehicles, pedestrians and other road users despite for street lighting can also be decorative 
purpose. Therefore, if a roadway is illuminated it helps to the driver to visualize better the 
obstacles that can be found in front of the vehicle than just using the vehicle headlights and 
consequently, accidents may be reduced. The same sentence can be applied in street lighting for 
both vehicles and pedestrians with the addition that lighting has always being believed to reduce 
the crime or the fear to crime (1). 
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In order to provide a good and safety road lighting which allow seeing possible obstacles it is 
supplied a uniform and bright light focused on the road surface which is calculated taking into 
account how it is emitted the light from the luminaries, how are they situated on the road 
(distance between them, one or two sides of the road) and the reflection index of the road 
surface. Glare to the road users is avoided. In contrast, for street lighting illuminance is more 
important than the road surface since is the pedestrian main purpose of lighting requirements (1). 

For such applications the most frequently used lamps are HID like high pressure sodium 
lamps and metal halide. The first are more efficient and despite the color performance is not 
good can be accepted for that use since this fact is not so important. Metal halide lamps are less 
efficient but they reproduce a whiter color (77).  

During the last years are starting to appear first LEDs luminaries which can provide improved 
color rendering, with a whiter color at color temperatures from 6000K to 14000K  and even 
energy saving when compared with HID sources. Street LED luminaries use to be an amount of 
LEDs grouped in a plastic or aluminum case sometimes with a lens (78) and have the advantage 
that as they use DC power, they can be mounted with photovoltaic cells, which produce 
electricity in DC power, without the necessity of a converter. Finally, induction lamps are also 
used for street lighting, bridges, tunnels, airports and parking lots offering fewer efficacies than 
MH or sodium lamps but with much longer lifetimes as a main advantage (62). 

 

9.1.3 Further applications 

Portable lamps 
Portable lamps for applications such as bicycle lights, lanterns, head lamps, task lamps or other 
uses has radically change since the arrival of LEDs. Their resistance is a good feature compared 
with fragile filaments of incandescent bulbs, for instance, but the more interesting fact is that 
their long lifetime combined with their efficiency reduces dramatically the frequency of 
replacing both batteries and the bulb. Furthermore, the low energy use has allowed the 
replacement of conventional torches using batteries by wind-up torches (79). 

 
Indoor plant lighting 
Natural daylight provides plants the energy to grow up, but this source can be replaced by 
artificial light if a plant is wanted to grow up indoors. However, this cannot be whatever light 
and have some requirements that fit with the plant necessity. One of the lamp most important 
properties is the color and plants use to require red color as the most important and then the blue 
color while yellow and green use to be reflected by the leaves (80). 

In order to provide that light, incandescent lamps may be used because they are good in red 
color, but they have the drawbacks that are poor in blue, they emit too much heat which is not 
good for the plant and their long operating time make them expensive because of the low 
efficiency. Sodium and metal halide lamps are also good, but they are more expensive and their 
electrical requirements make more difficult for them at least for household uses. Finally, there 
are CFL or fluorescent tubes which have different possibilities since they can be selected in both 
warm and cool colors. Cool white fluorescent use is quite extended because is good in blue color 
but they are weak in red. Consequently, special tubes has been created for this purpose providing 
a good combination between red and blue, but it is also frequent to do combinations between 
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cool white fluorescent and incandescent lamps or between special tubes and cool white tubes 
(80). 

 

9.2 LightLab bulbs suitability on applications 

Once applications fields have been analyzed showing their light requirements and frequently 
used lamps as well, now it is time to enter in the last stage of the research in which is done a 
particular study on the LightLab bulb about its possibilities for each application and it is justified 
why the lamp is suitable or not suitable or which facts are deficient.  

 

9.2.1 Selection criterion 

As it has been seen during the thesis, there are many variables regarding energy, efficiency, light 
output, colors, functionalities, costs, lifetime or environment to consider, so that it is required to 
establish a selection criterion to determine the lamp suitability. However, although it is 
established a criterion the remaining variables cannot be ignored since they can discard some 
lamps. The following selection criterion, which is frequently used (72), has to be followed 
regarding the next priorities order: 

 
1- Select those lamps that fulfill the required color temperature and color rendering 

parameters. 
2- Select the lamp with the highest luminous efficacy in lumen per watt. 
3- Select the lamp with longer lifetime. 
 
Thus, color performance is considered the most important requirement since the light color 

determines the ambience and also can be critical for those important task applications that 
require good light quality. Then, efficiency is the second more important in order to reduce the 
energy costs and also the GHG emissions. Finally, the longer lifetime the less purchasing cost 
the less replacement necessity and the less use of resources.  

This criterion gives priority to the environmental perspective. However, in the cost 
perspective criteria 2 and 3 could be put at the same level of importance by a balance between 
them or even inverted. As an example, following the previous criterion if a lamp called A is 
more efficient than a lamp called B, lamp B should be automatically discarded, but perhaps such 
lamp B is much longer and much cheaper in purchasing cost than A. Therefore, analyzing the 
global cost B would be cheaper than A. 

LightLab applications are below analyzed following this criterion in the presented order of 
priorities. Therefore, it will be first discarded the applications which require different color 
properties than the ones that the lamp can reproduce and then it will be considered the efficacy. 
As LightLab lifetime is an unknown quantity, it may be commented if this third criterion is 
determinant. 
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9.2.2 LightLab general considerations 

First of all, before entering particularly in each application it can be done some general 
statements regarding the most important properties that can be applied for all applications. Thus, 
it is also interesting to have a reminder of all LightLab properties that will be used in this 
chapter. 

 

Table 9.9: Properties of the LightLab bulb 

Color temperatures 4300K to 8600K Price unknown

Color rendering index 93 Electronics required

Luminous efficacy 69 lm/W to 85 lm/W Dimmability yes

at 4300K 69 lm/W Mercury content zero

at 8100K 85 lm/W Starting time zero

Savings respect to incand. 85% Warming-up time zero

EU energy label A Restrike time zero

Power factor unknown Directionality unknown

Lifetime unknown Temperature requirement No

LightLab lamp properties

 

Source: LightLab official data from (38) and (39) 

 
Focusing on the important variables which are considered in the previous selection criterion, 

as a general statement and according to previous tables 9.1 and 9.3, LightLab is a lamp included 
in the groups 2 to 3 of color temperatures and in the group 1A of color rendering. This means 
that it is an intermediate to cold color light source with a great color rendering which is more 
likely to work in spaces with medium to high illuminance levels (table 9.2). Thus, according to 
table 9.4 this lamp would compete on the market mainly with fluorescent lamps but also with 
LEDs and metal halide discharge lamps. As a general statement one also could say that the lamp 
seems to be useful for those applications in which color discrimination is critical and also for 
general lighting applications. However, in competition with other technologies, efficacy is better 
for the first case than for the second. Anyway this is deeply studied below. 

 

9.2.3 Indoor applications 

Offices 
Following the criterion, the first step to analyze is the color performance. Thus, as it is stated in 
table 9.6, with its high color temperature or cold color the lamp is suitable for applications that 
require high illuminance levels, high concentration visual tasks and rooms which are decorated 
with cold tones. This will be usually related with an illuminance requirement in the working 
plane at least of 500lux. Its great color rendering does not imply any restriction of applications 
and the lamp would be suitable in this case for any use. Those precision activities like in 
laboratories, workshops and technical drawing rooms could be some of the applications.  

Next step of CCT with intermediate appearance from 3300K to 5300K has also possibilities 
since the lamp achieve CCT from 4300K and even could achieve warmer appearances. 
Therefore, lamp could be used in offices for general lighting and perhaps possible combined with 
daylight. 
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In most of the cases the used lamp for almost all applications in offices is the fluorescent lamp 
in compact shape or in tubes with bigger range of CCT and efficacy from 50 to 95lm/W. Then, 
for those applications in which LightLab lamp is not discarded because of CCT, the next stage is 
to compare its efficacy and lifetime. Thus, for applications related with the group 3 of CCT, 
since LightLab luminous efficacy is up to 85lm/W the lamp would have very great chances since 
most of fluorescent lamps cannot overcome this efficacy and it uses to be lower.  

In contrast, for general lighting purpose, which normally uses the second group of CCT, as 
efficacy is lower (up to 69lm/W) LightLab would have more rivalry with fluorescent lamps since 
it is possible to find more efficient sources. In any case, price and lifetime can be the really 
determinant variables due to the similarity of the other variables. 

 
Educational institutions and libraries 
The kinds of activities carried on these building are much similar to offices, so that LightLab 
lamp could be applicable for spaces of high illuminance levels and high concentration tasks 
where color discrimination is critical, but also for general lighting. In terms of educational 
institutions this could mean in the first case technical drawing and art rooms since they normally 
use lamps with cold colors close to daylight color as the LightLab lamp may do. Regarding 
efficacy, it overcomes the recommended value higher than 50lm/W and it would compete again 
in similar conditions than in offices with fluorescent lamps which are the most frequently used 
lamps. 

 
Healthcare buildings 
Table 9.8 summarizes quite well the lighting applications in hospitals and their color 
requirements. LightLab could be here applied for any activity that requires intermediate or cold 
color appearance, but it can be highlighted those activities that require a great color rendering 
over 90.  

Again the most used source are the fluorescent lamps but in order to emit light with great 
color rendering the lamp should be a tri-phosphor fluorescent lamp which reaches efficacies up 
to 75lm/W. Thus, LightLab is not far from this efficacy for intermediate CCT and is better for 
cold CCT since it overcomes the efficacy levels. Therefore, the lamp could be applied for 
general lighting and would be especially good in operation theaters, general illumination in 
dentistry, mouth illumination in dentistry and laboratories that require high CRI. LightLab also 
fulfils the dimmability requirement which is important for examinations to regulate the light to 
do the proper diagnosis 

 
Residential 
In the household field the lamp may be less applicable by the moment than the previous ones 
since the most extended use of CCT are those of warmer appearance. However, for intermediate 
appearances over the 4000K LightLab is one of the most efficient sources. Analyzing the 
competence the typical light sources are CFLs and LEDs bulbs where the first ones have 
efficacies no higher than 75lm/W while for the second ones the highest efficacy is similar but 
their problem is that LEDs are still not marketed in wattages to replace lamps higher than the 
60W equivalent incandescent bulb. 
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Although the lamp is still not ready for the warmer and cozy ambiences, it would be more 
applicable for kitchens and bathrooms or specific task lamps for studies or sewing tasks require 
better color discrimination and more illuminance levels. Anyway, ambience preferences are very 
personal and also cold appearance cannot be totally discarded. 

 
Hotels and restaurants 
The same happen in hotels and restaurants where the purpose of achieving a cozy atmosphere 
implies warm color temperatures and does not require a CRI over 80. However, kitchens and 
some service rooms are preferred to have colder colors (colder than household kitchens) with 
high CRI in order to facilitate more concentration in the tasks, and here the lamp could be 
applied mainly competing with fluorescent lamps. Lounges activities and receptions require 
conditions more similar to offices where the lamp can also be used. Entrances halls use to be 
bright but also use to be working 24h per day, which means that long lifetimes are interesting. 
Despite warm colors are generally preferred in restaurants to offer relaxing ambiences, other 
kinds like the fast food restaurants use colder colors. 

 
Shops 
Shops use to combine general lighting with spotlighting to highlight the goods. For the first, 
LightLab could be applied in not so cozy ambiences as previously stated, while for the second 
normally are used halogen reflector lamps with CCT of 3000K but also metal halide and LEDs 
that bring higher CCTs for some kind of shops like jewelry. Thus, LightLab would bring more 
possibilities for those shops especially in creating cold ambiences but it would need to be 
constructed with reflectors as a spotlight. However, by the moment it could not compete with 
halogen at same CCT despite its high efficacy, and compared with MH lamps the efficacy 
normally would be lower. 

One interesting application could be in food cabinets like freezers and fridges in supermarkets 
since LightLab it does not have any temperature restriction and even it is more efficient at cold 
temperatures, just the opposite than CFLs. It would compete also with LEDs, which are starting 
to be used for this application, but offering more efficacy and better color rendering, despite it is 
not needed a great CRI. 

 
Industry 
Industry is a wide field in which can be found completely different working environments, but 
usually, except for these activities that require precision and great color discrimination, efficacy 
has been more valued than the color. Consequently, discharge lamps have been more extensively 
used in this field and nowadays fluorescent and metal halide lamps are the most used sources 
with standards close to office requirements.  

Therefore, if efficacy is more important than color, LightLab is normally less efficient than 
metal halide lamps, but as efficient as or even more than fluorescents offering moreover a better 
color discrimination, so that the lamp could compete in general lighting purposes apart from 
those activities that require precision and/or good color reproduction. Especially textile industry 
and painting workshops require excellent color rendering and daylight CCT. 
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9.2.4 Outdoor and floodlighting applications 

Industry 
If efficacy is normally more important than color in industry interiors, this is more true for 
industry exteriors. Thus, apart from compete with fluorescent and metal halide lamps, LightLab 
would compete here also with sodium lamps when color recognition is not important at all and 
which is the most efficient light source. Therefore, for these places where it is not needed to 
improve the color performance, unless lamp efficacy is not improved, it seems harder to be a 
replacement, but could offer better color renouncing to some efficiency. 

 
Buildings and facades 
Facades lighting can be completely different depending on the design purpose, the meaning of 
the building or the desired color. However, it is common for some buildings to create 
appearances looking like daylight by creating shadows with cool color light sources. For this 
purpose it is common to use metal halide and mercury lamps. Compared with MH, LightLab is 
less efficient and MH can even supply a color temperature of 20000K, but compared with 
mercury lamps, it is quite more efficient and can reproduce colder temperatures (mercury lamps 
no more than 5700K). On the other hand is cannot still compete in creating warm colors like 
sodium lamps do imitating the sun colors. It would have also to compete with LEDs which have 
fewer efficacies but can reproduce more colors. For this application field, the lamp should be 
constructed as a floodlight lamp. 

 
Roads and street lighting 
 In this application, illuminance is more important providing a minimum safety level for the road 
users than the color. Furthermore, efficacy is highly taken into account to reduce the electricity 
consumption in streets and as a result LPS lamps have been the most common used lamp, but 
nowadays metal halide lamps are also extensively used and in the last years LEDs luminaries are 
also appearing. The advantage of MH lamps is to improve the color appearance but it has to 
renounce to efficacy compared to LPS lamps. Nevertheless if LEDs with CCT from 6000K to 
14000K that are less efficient are also used, LightLab could have possibilities providing also a 
cold white color with more efficiency. However, one advantage of LEDs is that they combine 
well with photovoltaic electricity generation that can be integrated in the luminary. Last 
induction lamps are being used also in street lighting with no higher efficacy than LightLab but 
with very long lifetimes with which rarely it could compete. 

 
Further outdoor applications 
If for outdoor applications normally are used discharge lamps without having so much 
importance the color rendering but the efficacy, LightLab is less efficient than fluorescent, MH, 
LPS, HPS or induction lamps. However, these lamps normally have the drawback of longer 
starting, warming-up or restrike times. This matter can sometimes be solved by using special 
equipments, but increasing the installation price to the lamp price. LightLab lamp could be 
competent for those applications which require instantaneous switching on or continuous 
switching on and off. 

Another important field for LightLab is for those outdoor applications in cold environments in 
which fluorescent lamps cannot work at all, or cannot work as efficiently. 



 73

9.2.5 Further applications 

Portable lamps 
For this application more than requirement of light color is requirement of functionality basically 
in resistance, efficacy, long lifetime and most of the times small size. These properties, which 
LEDs fulfill, make for the user to almost forget bulb replacements. Regarding LightLab it is 
known that it is an efficient source, but the fact that it is still unknown if it can reach similar 
lifetimes and if it will be possible to build the lamp is so small sizes makes difficult to foresee 
applications in this field by the moment. 

 
Indoor plants lighting 
Plants require light source which are good emitting blue and red colors. To achieve that it is 
sometimes mixed a cool with a warm light, but there are also special fluorescent lamps for plants 
which emit stronger in red and blue and with a color temperature close to daylight (6000K). 
LightLab lamp also can emit in CCT like the daylight color and if one appreciates its SPD chart 
(see figure 5.3), he can see that have a strong wavelength in red color and a less strong but 
continuous spectrum in blue color. Thus, the lamp has a chance in this field and should be 
experimented to see the how is the growing up of plants with this source. 

 

9.2.6 LightLab potential applications summary 

Once all application fields have been analyzed for the LightLab lamp, they are grouped in a table 
which contains a list of different activities in one side and a list of places where may be applied 
in the other side. Thus, the activities are related with the places by indicating if there is a very 
interesting potential application for the lamp (xx) or just a potential application (x).  
 

Table 9.10: Current LightLab potentials of applications 
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Activity

High illuminance levels xx xx xx x
Visual tasks of high concentration xx xx xx x x
Laboratories/activities where color discrimination is required xx xx xx x
Technical drawing rooms xx xx

Art rooms x

Rooms decorated with cold tones x x x x x
Workshops with precision activities xx xx x
General lighting and/or in combination with natural daylight x x x

Dentistry: general lighting xx

Dentistry: mouth illumination xx

Healtcare examination tasks xx

Operation theaters xx

Household kitchens, bathrooms and lamps tasks x

Kitchens and services rooms x
Reception and lounge activities x
Goods lighting like jewelry x
Food cabinets like fridges and freezers xx
Shadow color in facades lighting x
Daylight or cold color appearance in facades x
Cold and bright street lighting x
Applications requiring instantaneous and continuous switch on x x x
Indoor plants x

Indoor lighting Outdoor light. Others
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10 Conclusions 
After the research carried on the report, the thesis is concluded focusing on the LightLab bulb 
which is the main goal of the project. However, in order to do the conclusions it is taken into 
account the whole report background and specially the sections 7, 8 and 9. Thus, conclusions are 
divided into four parts. The first and second parts are the conclusions about the LightLab bulb 
results regarding the environmental perspective and the technologies comparison. Then it is 
concluded the application fields section and finally some comments about the lamp limitations 
and fields of improvement. 

 

10.1 LightLab environmental perspective 

LightLab technology as a product (environmental impacts of raw materials extraction should 
have a further analysis) can be considered friendly with the environment within the lighting 
world mainly due two reasons: efficiency and the no-hazardous materials use.  

Thus, despite it is a young technology, the lamp has already achieved a luminous efficacy of 
85lm/W which allows the lamp to be one of the most respectful technologies considering the 
energy use. Although discharge lamps like MH or HPS and LPS are more efficient, these 
technologies are usually produced in high wattages for larger applications than small interiors 
like households, offices, schools or hospitals. Then, if these lamps are excluded, LightLab is one 
of the most efficient sources and this is the reason why it would have an A in the EU energy 
labeling system. On the other hand, competing against discharge lamps for high wattage 
applications, it would not be the worst solution overcoming mercury and halogen lamps. 
Furthermore, LightLab is far from the phasing-out regulations for inefficient sources. 

Regarding materials, any of the hazardous substances included in the RoHS regulation is used 
in LightLab. Instead, lead and cadmium are eventually used in some technologies while mercury 
is an essential substance for all discharge lamps including CFLs. Consequently, compared with 
them there is no danger or special cleaning-up measures in case of lamp breakage, no emissions 
into the environment if the lamp is landfilled instead of recycled and it neither needs any special 
end-of-life treatment but it is a conventional procedure in order to recycle the electronics. 
Nevertheless, there are still indirect mercury and GHG emissions like in the rest of the light 
sources due to the electricity use and its production in fossil-fuel-fired power plants, but its 
efficiency results in lower emissions than in other sources as it is shown in the previous table 7.2. 
In such table it results that LEDs and LightLab bulbs may emit less mercury than CFLs and 
therefore they would justify regulations against mercury use solving the controversial situation 
that while mercury use is banned, CFLs are excluded from the regulation and promoted. 

 

10.2 LightLab lamp compared with other technologies 

LightLab lamp is an efficient light source with a great color rendering but still can be more 
developed in order to be more competitive mainly in the color temperature field which currently 
is not as wide as for the main technologies in the competence. If it is right that normally 
discharge lamps are more efficient than LightLab, it is not the same for conventional lighting 
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purposes as interiors where lamp can be more efficient than LEDs and CFLs, has better color 
rendering and similar or better functionalities. However, its drawback is that by the moment 
LEDs and CFLs are produced in broader ranges of color temperatures than LightLab which is 
still missing and less efficient in warmer appearance colors. 

Lifetime is at the time of the thesis an unknown quantity that makes harder to conclude 
something regarding the total lamp costs considering both purchasing and the electricity 
consumption costs. Thus, while it is a cheap light source in terms of energy use, it is still 
unknown the total price which depends strongly on the lifetime but also in the lamp price. If the 
company target of reaching a price similar to the CFLs is achieved, then as the table 8.4 shows 
the LightLab lamp could already be competitive overcoming the 5000h which is the half of CFLs 
or even at lower lifetimes depending on the final purchasing price. However, this table is only 
useful to foresee, but one cannot generalize because price and properties are different depending 
on each manufacturer. 

Regarding to functionalities apart from lifetime, which is one of the most important 
properties, it is a very competitive lamp due to it does not have start, warm-up or restrike times, 
it is fully dimmable and does not have temperature restrictions. A drawback is that like all light 
sources except incandescent and some halogen lamps it also needs electronics to work which 
could be small enough to be integrated into the lamp but also integrated into the luminary 
reducing the size and the cost. 

 

10.3 LightLab application potentials 

LightLab application potentials have been studied and selected according to the selection 
criterion in section 9.2.1 where the most important variables are CCT, CRI, luminous efficacy 
and lifetime but also the other properties and functionalities are considered. Thus, as a general 
conclusion it can be said that the lamp is more suitable for those applications with medium-high 
illuminance necessity with intermediate-cold color appearance and good color rendering. 
However, conclusions can be focused on two main applications areas: indoor and outdoor 
spaces. 

For indoor activities applications can be grouped mainly into two groups: activities which 
require precision and color discrimination (great CRI) and activities less exigent like general 
lighting. For the first the requirements use to be a cold color appearance combined with high 
illuminance levels. Here the lamp would usually compete mainly with fluorescent lamps but also 
with LEDs and MH lamps. Compared to fluorescent tubes, if the CRI required is over 90 the 
fluorescent lamp should be a multi-phosphor lamp which as is has been said in section 3.1, it can 
only reach efficacy up to 75lm/W, which is lower than the efficacy achieved by LightLab. 
Instead, metal halide lamps can be more efficient but CRI does not overcome the 90 while LEDs 
by the moment are less efficient and neither reaches 90 index of color rendering. Therefore, 
LightLab can be concluded as a great source in this field with great chances compared with 
competence for activities with critical color discrimination in industries, offices, educational 
centers and healthcare buildings. 

Regarding indoor general lighting for rooms CRI is not so exigent and furthermore the CCT 
are in warmer appearances in which the LightLab lamp is less efficient than for colder 
appearances. Consequently, lamp finds in this field more competence mainly from fluorescent 
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tubes which can be more efficient and as a result, despite the lamp is competent is not better than 
them. In contrast LEDs and CFLs are less efficient than fluorescent tubes and lower or similar to 
LightLab, so that the lamp is applicable as a replacement of them. 

For outdoor activities apart from LEDs and fluorescent lamps the lamp also competes with all 
discharge lamps which use to have long lifetimes and to be more efficient (except mercury 
lamps) than LightLab emitting high illuminance levels. Therefore, following the stated selection 
criterion if the discharge lamp fulfills the CCT and CRI parameters, normally LightLab would be 
less efficient and consequently not selected. However, the lamp can offer some advantages 
compared to them in functionality like no starting, warming-up and restrike times, be able to 
work at cold temperatures, cheaper purchasing cost, easier dimmability or easily suitability with 
the power supply and the lamp is competent if this requirements are restrictive for discharge 
lamps but the lamp is also competent for street or building lighting. 

Finally, these potentials of application have been studied at the current scenario, but this 
scenario will change with the evolution of these and the competence lamps but it would also 
change dramatically in a hypothetical future scenario in which lamps using mercury are 
completely banned becoming one of the most competent light sources. 

 

10.4 LightLab limitations and improvements 

An improvement in luminous efficacy would obviously bring more competence and chances for 
the lamp in general but specially competing with discharge lamps which normally are more 
efficient. Thus, with the current luminous efficacy level, the lamp is still not as good as MH, 
sulfur and sodium lamps and less efficient than some fluorescent and induction lamps which 
could limit the lamp applications just for interiors lighting. 

Apart from luminous efficacy the most important field in which the lamp should be improved 
is in the CCT range which currently is from 4300K to 8700K but it is still missing in warmer 
color appearances like 3000K. Then, the lamp would also be competent in extended applications 
like households, shops, hotels or restaurants. Reaching this CCT range can be easily foreseen 
since it is achievable by selecting the appropriate phosphor powder blend, but the important fact 
is that this CCT is achieved without losing luminous efficacy. As it has been seen in the 
LightLab lamp properties, the lamp is more efficient for CCT at 8000K than for CCT at 4300K 
and this fact implies that while the lamp can be better than the competence at cold appearance 
colors, it is overcome by other lamps at warm colors. 

Lifetime and purchase cost are still unknown quantities and as it have been seen in table 8.4, 
the lamp would be competent for instance at lifetimes around 5000h with a price similar to CFLs 
like 5€ or even higher. If this price is achieved it could be well-seen by customers compared to 
LEDs purchasing price since despite the total lifetime cost can be similar, the customer would 
always be minded to buy the cheaper initial cost light source. However, a lifetime of 5000h 
would be one of the lowest in the market when incandescent lamps will be phased-out and 
should be improved. 

Regarding to lamp wattages it has been seen that for indoor applications not so high wattages 
are required while for outdoor applications it is more common to use lamps with higher wattage 
ranges. Likewise, it has been seen that one of the drawbacks of LEDs is that they still are not 
available in high wattages which is a restriction for them in for those activities that need high 
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illuminance levels. Therefore, LightLab lamp, which is expected to be useful for both indoor and 
outdoor applications, should be produced in a wide range of wattages to avoid a limitation of 
applicability. 

Finally to do not be excluded from some applications the lamp should be versatile in shapes 
being possible to be constructed in different ways and to include reflectors in some of the cases. 
Small size it is important for some usages and to minimize the size of the electronics too. 
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