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Abstract 
 

The main focus of this project is to investigate the energy consumption of the manufacturing lines in 

the car industry and look for the potential methods regarding energy saving. Special emphasis is put 

on the lighting technologies that can be used in the manufacturing processes. 

Two lighting technologies are tested in order to see which one has better performance and lower 

energy consumption. Fluorescent tube and LED tube are compared concerning illuminance, UV 

irradiance and power consumption. Economic evaluation is also conducted to exam the feasibilities 

replacing fluorescent tubes with LED tubes. Results of the study show that the LED tubes have much 

lower energy consumption than fluorescent tubes, produce more direct and „colder“ light, and have 

much lower UV irradiance. However,  the payback period of LED is relatively long at current price 

situation. Since it is expected that the price of LED tubes will decrease in future, it is reasonable to 

predict that the LED technology will change the fluorescent one in many applications.  

The energy consumption has been estimated for two manufacturing lines which use different 

technologies to produce car underbodies. In order to identify the differences from the energy 

consumption point of view, some measurements are conducted, such as the consumption of 

electricity, compressed air, air for ventilation and cooling water. Results of the measurements show 

disproportion in the power consumption when the lines are in stand-by mode. This affects the 

energy consumption per produced unit significantly. The line that has a higher capacity and a lower 

power consumption in the stand-by mode has a lower energy consumption per produced unit when 

it is operating with lower production loading. So, in order to improve the energy efficiency, it is 

necessary that it works at as high volume as possible and to have the stand-by power consumption 

as low as possible. 

 

Keywords: energy consumption, measurements, car manufacturing line, lighting system, LED lamps, 

fluorescent lamps 
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1. Introduction 
 

1.1. Background 
 

This work is a part of the bigger research project „Design of Green Production Systems“, whose goal 

is „to make green production systems a competitive mean to Swedish automotive industry“. It 

considers taking more care of natural resources during production, i.e. reducing waste. The main 

focus of this research project is on designing-in the environmental aspects during 

change/development of a production systems. Also, it focuses on how to follow-up and control the 

environmental sustainability of the production systems. 

 

1.2. Objectives and methodology 
 

The work conducted in this paper mainly focuses on two issues: the energy consumption of lighting 

system and the energy consumption in production lines at SAAB factory in Trollhättan, Sweden. The 

objective of this study is to look for the potential methods regarding energy saving by comparing 

different technologies. 

Regarding the light technologies, LED lamps and fluorescent lamps are tested in order to compare 

their energy consumption and their performance, i.e. their light output. The measurements of both 

ordinary and LED light tubes are made and results provided. The illumination of both lamps is 

measured in the lamp area. Apart from the visible light measured in this area, an UV-A and UV-B 

irradiance is also considered. Furthermore, active power is measured, so that energy consumption of 

each lamp type can be defined. Those measurements are done several times in order to see how it 

depends on the time of usage. Finally, the worker's opinion is also taken into consideration. All these 

factors are very helpful in determining which type of lamp  is better and whether it is reasonable to 

change ordinary lamps with LED tubes after comparing investment cost of LED tubes. Also, the costs 

of lamps that use different technologies are considered in order to see if it is cost-efficient to change 

the existing lamps with lamps that use new technologies. 

Regarding the energy consumption of the manufacturing lines, two lines producing car underbodies 

are compared. These lines have several sub-systems consuming energy. The energy consumptions of 

compressed air system, ventilation system, cooling system and systems have been measured. Electric 
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power consumption of each line is measured directly. Other measurements refer to the measuring of 

airflow, compressed airflow and waterflow input. Consequently the power of compressors, fans and 

pumps used for supplying these lines can be estimated. After all those measurements are made, the 

total energy consumption of both lines can be defined and compared. Comparison of each system by 

itself is made as well in order to show which type of energy is used by each line. The most important 

result of this part of study is the total energy consumption of each line per produced unit in 

dependence on a production loading. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

2. Energy management 
 

Industry energy management mostly refers to energy auditing, monitoring, control and conservation 

in industry. All kinds of energy used in a factory should be involved when it comes to managing the 

energy consumption. 

There are  few steps that must be considered while trying to improve energy efficiency at a factory. 

In the first place, energy auditing must be done in order to get information about the current energy 

consumption. After collecting all required information, energy managers/engineers have to identify 

the strengths and weaknesses of the energy-consuming equipment, i.e. find the „hot spots“ of 

energy consumption. Consequently, they can develop plans for the improvement of energy efficiency 

at a factory. After these steps have been completed, new technologies or methods can be 

implemented, and the existing systems improved. At the last stage, the equipment for monitoring 

energy consumption has to be installed and monitoring has to take place occasionally in order to 

collect information for future energy auditing and further energy consumption improvements [1]. 

More details about each step can be found in following chapters. 

 

2.1.1. Energy auditing 

 

Before making any plans for the reduction of energy consumption, current situation has to be 

understood. That is the reason energy auditing must to be done. 

“An analysis of the energy consumption records to determine where, when, how and how much 

energy is being used in a plant.”[2] Also, trends of energy use should be taken into account, i.e. 

indication of decreasing or increasing energy consumption during year/season/week/day. 

Collecting all the accessible data is the first step in the process of energy auditing. The more data that 

can be collected and the more detailed it is, the better. That's the reason why monitoring equipment 

should be installed and data gathered regularly. Modern monitoring equipment, which collects data 

automatically in the particular time periods is the best way to collect information about energy 

consumption because more details can be seen. If the monitoring of energy consumption in the 

factory is good, there will be enough information that can be used later. 

Energy manager/engineer should be acquainted with the history of energy usage by analyzing the 

data collected through the process of monitoring, at the factory in general and after that in each 

segment (operation unit) by itself ( e.g. energy usage of one production line). Just as each segment of 
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the factory has to be considered, the audit of each type of energy have to be made, e.g. electrical or 

thermal energy audit. 

Apart from the historical view of energy consumption, a comparison with the standard/average 

consumption of similar operational units should be made. Similarly the most efficient operation unit 

that can be found in other parts of the factory (or in other factories) should be considered as a role 

model for the efficiency of the existing unit, as well as for the new units that will be implemented 

later. 

After collecting all accessible data, site investigation should be made. Major energy users have to be 

found because they are the most promising areas for energy savings. If there is not enough 

measuring equipment at the investigated operational unit, new measurements should be conducted. 

A lack of information, namely, may have a negative effect on the decision concerning measures 

which should be taken to improve energy efficiency. In many cases there is no proper measuring 

equipment at the very site, so portable instruments have to be used. These issues should be 

discussed with the site personnel because they have the best insight into the operation of the unit 

and the measurements that are conducted since they are working at the site. 

The measurements that are discussed here are temperature, volume or flow speed, pressures, 

relative humidity, electricity, luminous intensity etc. More details about each of these measurements 

is discussed in the chapter on the corresponding energy consuming equipment[1]. 

Energy consumption prior to any systematic energy efficiency measures being undertaken can be 

called E0. That is the baseline energy usage, associated with the current practices and the existing 

equipment in the factory. It is used as a reference to further improvements[2]. 

After all energy auditing measures have been undertaken, the „hot spots“ can be recognized. Those 

are areas with the biggest energy consumption (comparing to the possible, lower energy 

consumption at the same place) and hence most promising areas for energy savings. 

 

2.1.2. Energy savings planning 

 

After energy audit is done, all data analyzed and energy consumption „hot spots“ are found, the 

planning of energy conservation can begin. According to the existing budget, desirable payback 

period, technical possibilities and overall company policy, targets for the reduced energy 

consumption can be set. These targets can be achieved through the changes in the management of 
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the process, through the changes in the operation of the process, as well as through the 

implementation of energy efficient technologies [2]. 

These targets can be sectionalized in three categories [2]: 

• Short-term energy efficiency targets (SEET) 

• Long-term energy efficiency targets (LEET) 

• Innovation energy efficiency targets (IEET) 

 

2.1.2.1. Short term energy efficiency targets 

 

Known as  „housekeeping targets“, they can be achieved in a short-term and a short payback period. 

The SEET represents an energy consumption goal after providing a short term energy efficiency 

targets. Usually, these targets are achieved by improving the operational conditions for the existing 

equipment. As the easiest and cheapest measures they should be implemented first. The outcome of 

the reducing amount of energy waste, regular maintaining equipment, the reduction delay times 

between processes (especially those involving heating or cooling, because heat waste increases 

rapidly with the increasing delay between processes) and monitoring of energy consumption 

processes[2]. 

 

2.1.2.2. Long term energy efficiency targets 

 

Also known as  „investment targets“, these targets can only be achieved with high capital costs. LEET 

represents a desirable energy consumption after providing investment targets. It should be based on 

the lowest possible energy consumption. Similar processes (in the same factory or in other factories) 

should be investigated in order to find the best practical examples, which should be used as role 

models. The achievement of these goals requires greater technical knowledge than achieving short 

term energy efficiency goals, as well as the knowledge of energy saving options. Furthermore, capital 

equipment is required and hence careful modeling has to be undertaken, i.e. both technical and 

economical feasibility has to be assessed to ensure that payback period is not longer than working-

life of the equipment[2]. 
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2.1.2.3. Innovation energy efficiency targets 

 

These targets can only be achieved through the implementation of the state-of-the-art technologies. 

Although these technologies are still in developing phase, they should be economically viable to 

make the whole process cost-effective. That is the reason these targets are usually not immediately 

achievable, but may become achievable in medium to long term as a result of changes in the 

economic or production environment or as a result of regulatory changes[2]. IEET represents energy 

consumption that will take place after providing innovation energy efficiency targets[2]. 
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3. Lighting in industry 
 

This chapter discusses lighting in industry. As a very important requirement for quality production 

and work in general, lighting in offices and shops is being discussed.  The main focus is on fluorescent 

lamps and on LED lamp technologies because at Saab factory and in offices these lamps are installed 

and compared with each other. Before discussing technologies in detail, the basic theory of light and 

the terminology are presented. 

 

3.1. Basic theory of light 
 

Light is one portion of electromagnetic waves that fly through space. They have wavelength and 

correspondent frequency that distinguish them from other forms of energy in the electromagnetic 

spectrum. Electromagnetic spectrum covers a broad range of wavelengths and optical radiation is 

just one small portion of it. Electromagnetic radiation at short wavelengths exhibits a particle 

behavior, while radiation at long wavelengths exhibits wave behavior. Visible light is between these 

two extremes and exhibits both wave and particle properties. 

“Light is emitted from the body due to any of the following phenomena[3]”: 

• Incandescence – a property of solids and liquids to emit a visible radiation when they are 

heated over 1000 K. As the temperature rises, the intensity of light increases and the 

appearance becomes whiter. 

• Electric discharge – a property of atoms and molecules of gas to emit visible radiation when 

electric current passes through them. The spectrum of radiation is determined by the 

characteristics of the elements present in the gas. 

• Electroluminescence – a property of solids, such as semiconductor or phosphor materials, to 

generate light when electrical current passes through them. 

• Photoluminescence – a property of a material, usually solid, to absorb radiation at one 

wavelength and emit it at the other. If this radiation is visible, the phenomenon is called 

fluorescence or phosphorescence. 

As it is presented in the chapter „Lighting technologies“, some of these effects, or combination of 

several of them, are used to produce light in all lighting systems. 

Visible light lies between the ultraviolet and infrared radiation in the electromagnetic spectrum and 

all three kinds of radiations are being referred to as light radiation. For lighting technologies and 
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lighting in general, the visible and UV light radiation are of crucial importance, so these two types of 

radiation are presented below. 

 

3.1.1. Visible light 

 

Visible light is a narrow band between the ultraviolet and infrared light. It represents the portion of 

electromagnetic spectrum that is visible to human eye[3]. Human eye responds to the wavelengths 

from around 390 to 750 nm, i.e. to the frequencies from 400 to 790 THz. A light-adapted eye has 

maximum sensitivity at 555 nm, i.e. 540 THz, which corresponds to the green region of the visible 

light spectrum[4]. More details about visible light and its properties are presented in the section 

„Terms and definitions“. The intensity of visible light required for different human activities 

(especially in industries) is being presented below, in the section „Light requirements“. 

 

3.1.2. Ultraviolet 

 

Ultraviolet radiation is a portion of radiation between visible light and x-rays. It has shorter 

wavelength and higher frequency than visible light. Thus, it has more energy than visible light. Also, 

since it has shorter wavelength, UV light exhibits more particle properties than its visible 

counterparts. It ranges from 10 to 400 nm[4]. 

Ultraviolet band is subdivided into more subcategories, from the UV-A to the Extreme UV (with the 

shortest wavelengths at the UV band). Although the Extreme UV has the most energy, just three 

„zones“ are usually mentioned, UV-A, UV-B an d UV-C. UV-C is not usually observed commonly, since 

it is absorbed in the atmosphere very quickly (picture 1). Since the UV-A and UV-B parts of the UV 

band have the greatest influence on human body, they are investigated and observed to the greatest 

degree[4]. 
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Picture 1. Ultraviolet band[4] 

 

UV-A is most commonly found and least harmful type of the UV radiation because, due to lower 

frequency, it has the least energy. Its wavelengths range from 315 to 400 nm[4]. 

UV-B is the most destructive form of the UV radiation because it has enough energy to damage the 

biological tissue, but not enough to be completely absorbed by the atmosphere. It is the main cause 

of skin cancer. Its wavelengths range from 280 to 315 nm[4]. 

These two types of the UV radiation are presented because they are being referred to the light 

measurements for different lighting technologies since they can have great influence on people that 

live and work where this light is present. 

There are two values that show how weak or strong the UV radiation is, i.e. how big influence it has 

on people. They are called UV index and UV dose. They are described more detailed in the Appendix 

1. 
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3.2. Terms, definitions and measuring units 
 

This chapter deals with the main terms which are used to describe light, its behavior and properties. 

Since light is a special form of energy, the corresponding terms for light and energy output are being 

described. For example, for the measuring of the visible light output and the UV output of a lamp, 

different, but meaningfully corresponding terms and measuring units are being used, e.g. irradiance-

illuminance, radiant intensity-luminous intensity etc. 

 

3.2.1. Radiant and luminous flux 

 

Radiant flux is a measure of radiometric power, while luminous flux, as its light equivalent is a 

measure of the visible light power. They represent the total power, i.e. light output from light source. 

It is not related to the power (light) distribution. Radiant flux is expressed in watts and luminous flux 

in lumens. Lumen is actual a  photometric equivalent of watt, weighted to match the eye response of 

the standard observer. For each wavelength 1 watt has an equivalent in a different number of 

lumens. A well-adapted eye has maximum sensitivity at 555 nm, and for that wavelength 1 W equals 

683 lm. That means that for 1 watt of light output at the wavelength of 555 nm, a light source emits 

683 lumens[4]. 

Lumens are used to compare different types of light sources and to calculate the lamp's luminous 

efficacy, which is usually expressed in W/lm. 

 

3.2.2. Irradiance and illuminance 

 

Irradiance is a measure of radiometric flux per area, while its light equivalent, illuminance, is a 

measure of photometric flux per unit area. That means that they indicate the density of power, i.e. 

light that falls on a surface. They are expressed in W/m2, i.e. in lm/m2. The most common unit for 

illuminance is lux (1 lux=1 lm/m2). As it may be seen from the measuring unit, they take into account 

the area over which the radiant (luminous) flux is spread[4]. Illuminance is a phenomenon that is 

measured with light meters and its results determine the adequacy of lighting on the task. The levels 

of required illuminance for some types of work are presented in the section „Light requirements“. 
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3.2.3. Radiant and luminous intensity 

 

Radiant intensity is a measure of radiometric power per unit solid angle, whereas luminous intensity 

is a measure of photometric power per unit solid angle. Luminous intensity is expressed in lumens 

per steradian, i.e. in candelas (1 cd = 1 lm/sr)[4]. 

After 1 cd is defined, luminous flux of 1 lm can be expressed as the flux emitted within a unit solid 

angle by a point source with a uniform luminous intensity of 1 candela[3]. 

 

3.2.4. Color temperature 

 

Solids emit light when they are heated. They change color with the change of temperature – the 

warmer they are, the whiter the light is. To quantify this effect, the color temperature (defined as the 

color appearance of the lamp itself and the light it produces) is expressed on the Kelvin scale. For 

incandescent lamps, the color temperature represents the true value, because the warmer the 

filament, the whiter the light is. For others, this value is approximated and because of that it is 

termed correlated color temperature (CCT). Light can be characterized as „warm“ (below 3000 K, 

yellow-orange light), „neutral“ (3000-5000 K) and „cool“ (over 5000 K, bluish light)[5]. 

 

3.2.5. Color rendering index 

 

The color rendering index (CRI) represents the quantification of light′s capacity to render the colors 

of surfaces accurately. It indicates how well a light source renders colors. When compared to the 

reference light source. The reference light source is ideal, i.e. natural light source. If the color 

rendered by the examined light source matches the one rendered by the ideal light source, it has the 

score (rendering index, Ra) 100. The bigger the difference, the lower the rendering index[3]. The 

requirements of the color rendering index for different tasks are presented in the chapter „Lighting 

requirements“. 
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3.2.6. Lumen depreciation 

 

Lumen depreciation is defined “as the decrease in the lumen output that occurs as a  lamp is 

operated”[6]. All types of electric light sources experience lumen depreciation, but at different times 

and due to different causes. 

 

3.3. Lighting requirements 
 

For different tasks in industries, offices and homes, different lighting is required. Some tasks require 

high luminous intensity, some of them require a particular color of light, different color-rendering 

index or an acceptable level of UV irradiance. Therefore, different levels of some light properties and 

adequate applications are presented. 

 

3.3.1. Color rendering index 

 

In the table 1 below, some typical applications of color rendering groups are presented. 

 

Table 1. Applications of color rendering groups[3] 
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3.3.2. Luminous intensity 

 

Different luminous intensity is required for different tasks. Where fine work is taking place, luminous 

intensity has to be high and vice versa. Detailed (for better selection) illuminance levels for different 

areas of activity are presented below in the table 2. 

 

Table 2. Illuminance levels for different areas of activity[3] 

 

 

 

3.3.3. UV 

 

Since the UV light irradiance may be very harmful, an acceptable dose is prescribed. As it has been 

mentioned before, the UV index can be calculated from the UV irradiance measurements. Below, in 

the table 3, different levels of the UV index and their harmfulness are presented. Most of the lamps 

have a low, unharmful UV index, but all the same taken into consideration. The biggest threat comes 

from the broken or damaged lamp, when the UV light may exit the lamp. 
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Table 3. UV index and levels of harmfulness. 

UV INDEX Description 

0-2 Low risk for most skin types 

3-5 Moderate risk of harm from unprotected exposure 

6-7 High risk of harm from unprotected exposure 

8-10 Very high risk of harm from unprotected exposure 

11+ Extreme risk of harm from unprotected exposure 

 

 

3.4. Lighting technologies 
 

Today, many different types of light installations are used. In most households, incandescent lamps 

still predominate, although their usage is decreasing, while the usage of the energy-saving lighting 

systems, such as the fluorescent or LED light technologies, is rapidly increasing. That trend is also 

supported by the authorities in some countries. For example, the European Union ordered that by 

the end of the 2012. incandescent lights have to be withdrawn from the market. A rough estimation 

is that it will save around 40 terawatthours of electricity per year in the whole European Union[7]. 

Unlike the households, many industries have already seen an opportunity to save energy just with 

replacing incandescent lights with some more advanced, energy-saving technology. Fluorescent 

lamps are still mostly used, but some of industries have already been replacing them with new ones, 

more advanced technologies, such as LED lamps. Why is that so, it is shown later. 

In this chapter, the main lighting technologies are presented. The principles of work, efficiency, 

construction possibilities, main specifications and finally applications of those lamps are being 

presented. This paper focuses on two types of technologies – fluorescent and LED lamps because 

these lamps are later compared as the lighting options for office and industry lighting 

 

3.4.1. Fluorescent lamps 

 

Fluorescent lamps represent a type of energy-saving lamps that convert electrical energy into radiant 

energy by exciting mercury vapor in the tube. The main principle of work is that electrical power 

heats cathodes enough to emit electrons, which collide with the ionized noble gas inside the bulb, 

causing the avalanche ionization. Incident electrons collide with an atom in the gas and if that free 
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electron has enough kinetic energy, it transfers it to the atom's outer electron, which is moving to 

higher energy level. At that level, the electron is unstable and while it is turning back at a lower level, 

it emits a photon. Photons from the  mercury atoms have a wavelength of 253,7 nm and 185 nm, so 

that means that they emit the UV light. The lamp should emit visible eye, and that is why 

fluorescence is used. Therefore, the inner side of the tube glass has a thin phosphor coating. It 

absorbs an UV photon in the way that electrons in phosphor are excited. When these electrons come 

back to stable level, they emit photon again, but this time not on UV, but a visible light photon. Since 

the visible light photon has a lower energy than the UV photon, the energy difference is transferred 

in the form of heat[3]. 

 

3.4.1.1. Construction of fluorescent lamps 

 

Fluorescent light systems consist of three main parts: a tube, a ballast and a starter (picture 2). 

To operate these lamps, many different circuits are used. The choice is based on voltage, length, 

cost, starting method etc. Most commonly used architecture is shown in the picture below. 

 

 

Picture 2. Construction of fluorescent lamp[3] 

 

Tube 

Tube is the main part of a fluorescent light system, because it is the light source. In both ends, it has 

an electrode of coil tungsten, each covered with the chemicals which allow a low thermionic 

emission temperature. When the electrodes are heated, the coating will emit electrons which will 

start the ionization process and eventually cause the arc, necessary for producing light.  
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The tube is filled with a low pressurized mercury vapor and one of the noble gases. The pressure is 

around 0,3 % of the atmospheric pressure. 

Also, as mentioned above, the inner side of the glass is covered with a fluorescent paint-like coating 

of phosphor, whose role is to absorb the UV and emit visible light. The phosphor coating shouldn't be 

too thick because in that case it would absorb too much visible light. On the other hand, if it isn't 

thick enough, it wouldn't be able to catch all the UV photons produced from the mercury vapor[8]. 

Tubes come in a variety of length and shapes. The most common are straight tubes, 10 to 240 cm in 

length, but also there are U-tubes, tubes bent into a circle, compact tubes etc. 

 

Ballast 

Ballast is an auxiliary device for the fluorescent lights to control the current flow through the tube. 

Namely, fluorescent lamps have a characteristic negative resistance[8] (a property of some electrical 

circuits where the current through and voltage across the same port change in the opposite 

directions, under the same conditions). That means that when more current flows through the tube, 

the resistance drops, causing that more current flows. If the voltage is constant, the current would 

rise rapidly and it would cause the destruction of a lamp. That is why such a component as ballast is 

needed. The simplest ballast for an alternate current use is an inductor placed in a series, consisting 

of a winding on a laminated magnetic core. When implemented, the inductance of the winding limits 

the flow of the current[8]. 

There is also an electronic ballast, which employs transistors to alter the main voltage frequency into 

a high frequency alternate current, while regulating the current flow in the lamp at the same time. 

The lamps containing electronic ballast have up to 10 % higher efficacy than a lamp with ballast 

working on a proper frequency[8]. 

 

Starter 

The mercury atoms have to be ionized before the arc can strike within the tube. For small tubes that 

is not a problem because they don′t require much voltage to strike the arc, but for big tubes a 

substantial voltage (thousands of volts) is required. To make this process (strike the arc) work on a 

lower level of voltage, preheating of filaments is required. There are starters to start this process. 

They usually consist of a small bulb containing gas (usually argon) and a bimetal contact. When 

power is first applied to the fixture, the current is unable to flow through the fluorescent tube 

because the resistance is too big. That is why it goes through the gas in the starter. Because of that, 

the gas in the starter is heated and consequently one side of the metal contact is bending towards 
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the other. At the same time, the current is flowing through the filament in the tube and preheating 

the gas within it. When the bimetal contacts connect, the biggest current is going through the 

filaments, heating the gas inside tube even more, while gas (and consequently the bimetals) in the 

starter are getting colder. Eventually, the bimetals disconnect again. Now, the current can flow either 

through the gas in the starter or through the gas in the tube. If gas in a tube is heated enough, it's 

resistance will be lower than the resistance of the gas in the starter and the electricity will start 

arcing inside the tube. If the gas inside the tube is not heated enough, i.e. if the tube fails to strike, 

the whole process will be repeated. The glow starters will often cycle a few times before allowing the 

tube to stay lit. It is perceived as a flash during starting[8]. 

The glow starters are commonly used, but there are also other technologies, such as electronic 

starters, which use a semiconductor switch programmed with a predefined preheat time to ensure 

that the cathodes are heated enough to strike the arc. Their characteristic is that there is no re-

striking and also that they are started inside 0,3 seconds, which is almost instantly[8]. 

 

3.4.1.2. Fluorescent lamps specifications 

 

The effect of the temperature 

The output and the performance of the fluorescent light depends on the operating temperature. 

They show best performance at the room temperature (20 to 30 °C)[3]. In the case of a lower 

temperature, the mercury pressure is decreasing an therefore causing smaller production of the UV 

light and, consequently, smaller production of the visible light. Higher temperature, on the other 

hand, shifts the wavelength of the UV closer to visible light, which results in a weaker effect on the 

phosphor coating and eventually in smaller light production. 

 

Efficiency 

A rough calculation of fluorescent light efficiency is made. Simplified diagram of the energy flow of a 

fluorescent lamp is shown in the picture 3. 
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Picture 3. Energy flow diagram of a fluorescent lamp[3] 

 

Around 85 % of energy in the low pressure mercury vapor is turned into visible and UV light. It 

discharges around 65 % of its total light output in the 254 nm line and 10 to 20 % in the 185 nm line. 

Furthermore, the quantum efficacy of the phosphor coating is 86 % (for 100 captured UV photons, 86 

photons from the visible light band is emitted). Also, when considering the phosphor coating, it has 

to be mentioned that the incident UV photons have an energy of around 5,5 eV, while the emitted 

photons have an energy of around 2,5 eV. That means that only 45 % of the UV energy is used. To all 

these numbers, also has to be added that the efficacy of the ballast is around 90 %, while the rest is 

dissipated as heat[8]. 

After all these individual efficiencies are calculated, it comes out that the overall efficiency of the 

fluorescent lamps is around 25 to 30 %, as it is shown on the picture above[3]. When compared to the 

incandescent lights, which have an efficiency of around 2 %[3], it is understandable why fluorescent 

lamps are considered to be an energy saving option. 

The efficacy in lm/W, as a very important criteria by choosing lighting option, should also be 

considered. For fluorescent lamps it ranges from around 80 to 90 lm/W on average[3]. There are 

many different values, but the choice depends on the construction of a particular lamp. 

 

Lumen depreciation 

Lumen depreciation is defined as the decrease of the lumen output that occurs when the lamp is 

operated. In the case of fluorescent lamps it is caused by a photochemical degradation of the 

phosphor coating and the glass tube, as well as by the absorption of the deposits within the lamp 

over the time. Usually, fluorescent lamps lose only 5 to 10 % of the initial lumens in 20.000  

operation hours[8]. 
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Expected operating life 

Fluorescent lamps, if used with proper equipment, may have a long operating time. On average, it is 

between 15.000 and 20.000 hours. However, the operating life of the fluorescent lamps can vary a 

lot. It mostly depends on the turning on/turning off cycles. If the lamp is turned on many times 

during the day, it will last much shorter. There is a general rule that every start shortens its life by 20 

minutes approximately[8]. That is why these lamps shouldn't be installed in the places where frequent 

turning on and off is required. Also, old and worn-out starters should be replaced in time because 

they can attempt and fail to start the light hundreds of times before they lit the light and shorten 

lamp life even more. Similarly, if a lamp doesn't have frequent turn on/turn off cycles, it can operate 

much longer than the average. 

 

Color temperature and CRI 

Fluorescent lamps can produce any color from the visible light spectrum. Which color is produced 

depends on a phosphor coating that is used. By using a mixture of the different types of phosphor, 

the lighting of any color may be achieved. The interesting are the lamps that produce white light. 

Regarding color temperature, there are three shades of white light: warm white (around 2700 K), 

neutral white (3000 to 3500 K) and cool white (around 4100 K), each of which can be achieved by a 

different mixture of phosphor coating[8]. 

CRI also can vary, from 50 to 99, again depending on the phosphor that is used in the coating[8]. 

 

Problems with fluorescent lights 

There are several problems that can occur while using the fluorescent lamps. First of all, if the tube 

breaks, a considerable amount of mercury might contaminate the area (around 99 % of mercury is in 

the phosphor coating) and in that case the UV radiation would also come into the area. 

Furthermore, simple inductive fluorescent lamps have a really poor power factor. In the case when 

there are lots of fluorescent tubes, this may require a reactive power compensation or payment of a 

considerable price for the reactive power. These lamps also produce harmonic currents in the electric 

power supply because of their non-linearity. The power factor can be improved by a good electronic 

ballast, but inductive ballasts mostly include power factor correction capacitors[8]. 

The flicker is another nus-product of a fluorescent lamps. Lamps which use magnetic mains 

frequency ballasts do not give out steady light, but they flicker twice the supply frequency, causing a 

stroboscopic effect; if a particular machine is rotating at particular speed, it may appear on 
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stationary, which can be dangerous in the factories where people work the rotating machine. This 

effect can be eliminated by the use of paired lamps operating on the basis of a lead-lag ballast[8]. 

 

3.4.2. LED lamps 

 

The LED lamps are a light source that consist of one or more light-emitting diodes. In this chapter the 

lighting with LED lamps is being discussed, and therefore the focus is on the lamps that produce 

white light, usually with more LEDs. The LED, or light-emitting diode is, as the name itself suggests, a 

diode that produces light. There is a fundamental difference in the light production between LEDs 

and other light sources. The LED lighting belongs to a group of solid-state lighting, a technology that 

uses semiconductors to convert electricity into light[9]. The principle of this work is shown below. 

 

3.4.2.1. Principles 

 

A light emitting diode is a semiconductor diode. It is a P-N junction, i.e. a semiconductor made out of 

two connected parts: a N-type semiconductor (with extra electrons, negatively charged) and a P-type 

semiconductor (with extra holes, positively charged). When there is no voltage applied, these 

materials act like an insulator, but when it is connected to a power source, the current starts flowing 

from the P-side to the N-side, i.e. the electrons jump from a hole to a hole, moving from a negatively 

to a positively charged area. Inherently, the holes appear to move in the opposite direction[10]. 

When the electrons meet the holes, they actually drop from the conduction band to a lower orbital. 

Because of „the fall“ to a lower energy level, the electrons release energy in the form of photons. 

Every diode does the same thing, but light can be seen only when the diode is made out of a certain 

material. Namely, each material has a different energy drop between the conduction band and the 

lower orbital. The greater the energy drop is, the photon with higher energy (higher frequency) is 

emitted. A photon's frequency determines if it will be in the visible light band or in the infrared or 

ultraviolet band. If it emits photon of visible light, the frequency will determine the color of light 

emitted[10]. That means that specific color depends on the material from which a diode is made. 

The LEDs emit light in a very narrow band of wavelengths, which means that the light is strongly 

colored, almost monochromatic (picture 4)[10]. As it has been said, it is a characteristic of the energy 

band gap of the semiconductor material. 
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Picture 4. Blue LED spectrum[11] 

 

Because of this characteristic, LED lamps are very convenient for use in the places where colored 

light is required. In contrast to the other types of lighting, no special filters are required to produce 

colored light and in this way a lot of energy is saved. 

From the other point of view, because of the monochromatic characteristic, special technologies are 

developed to obtain the white light from the LED light. Today, there are two main technologies to 

produce the white light from the LED. 

One of these technologies is termed the RGB (red-green-blue) LEDs because it combines the lights 

from the red, green and blue LED to get the white light. Usually there are more LED chips (not just in 

the three main colors), each emitting light of a different wavelengths in close proximity to form the 

broad light spectrum and eventually get a desired white light. This is at the same time an advantage 

and a disadvantage. On the one hand, the intensity of light can be adjusted and thus it is possible to 

change the character of the light. On the other hand, if some of the LEDs are not working properly, 

the character of light may be changed, but not in the way the user wants. These types of lamps 

involve high production costs and therefore other technology is most widely used[12]. 

The other technology is termed the pcLEDs (phosphor converted LEDs) because phosphor is used to 

convert a short-wavelength light into white light. The principle is similar to that used in the case of 

fluorescent lamps. A blue or near-ultraviolet LED chip is coated with phosphor. When this photon 

meets phosphor, phosphor converts it into white light in the same way that is described in the 

fluorescent lamps chapter. These types of lamps have a really good CRI and low production cost. 

That′s the reason why they are used more than the RGB technology LEDs. It also has some 
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disadvantages, a reduced efficiency due to phosphor, an inability to dynamically change the 

character of light[13]. 

Low power LEDs are small in size, 3-8 mm. A semiconductor is placed in the bottom of the cup, which 

has reflective sides. The epoxy body acts as an inclusion lens and focuses light into the beam. These 

diodes require current of around 20 mA and have voltage drop of around 4 volts. They produce a 

small amount of light (2-4 lm) and that is why there has to be a lot of diodes to obtain useable 

light[14]. 

 

3.4.2.2. Heat management 

  

The LEDs are very sensitive to temperature. Their efficacy decreases as temperature increases, while 

the performance inherently increases as the operating temperature drops. They have a 5 % higher 

efficacy at -5 °C than at 25 °C [9], which makes them good for outdoor applications. On the other 

hand, higher temperatures represent a problem, and because of that the methods for the lowering 

of the diode temperature have to be considered. It is important to say is that the LEDs do not emit 

infrared light,  has to be removed from the chip by means of conduction and/or convection. First of 

all, the diode itself is source of heat. Because some of the electricity turns into heat rather than light, 

and heat has to be removed in order to keep efficiency at the higher level. The same problem occurs 

if the LED lamp is placed in a warm/hot environment. The consequence is the same-the LED is 

heated-and this heat has to be removed[15]. 

Nearly all the heat is conducted through the back side of the chip. It is removed from the junction 

through a few layers of different materials to the heat sink and then to the atmosphere. A typical LED 

package including a thermal management design is shown in the picture 5. Thermal resistance (the 

ratio of the difference in the temperature to the power dissipated in °C/W) of all these layers should 

be as small as possible in order to keep the junction temperature at the lower level[15]. 
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Picture 5. Typical LED package including thermal management design[16] 

 

From the junction to the heat sink the heat goes by conduction. The heat sink then diffuses the heat 

to the ambient by means of convection. From the thermal management point of view, the heat sink 

is the most important part of the LED package for keeping the diode at the lower temperature. It 

provides a path for the heat to circulate from the LED to the outside medium. It is usually made of 

aluminum and consists of large number of very fine aluminum fins. The heat is dissipated better if it 

covers a large surface area[15]. 

 

3.4.2.3. LED circuitry 

 

Light-emitting diodes operate at low voltage and use direct current power. In the industrial and 

commercial use they are connected to an alternate current power system and therefore the LED 

lamps have to have some internal circuitry to convert the line power to appropriate voltage and 

current. These circuits may also include the dimming and/or color correction controls. 

First of all, transformers and rectifiers have to be used to convert a high voltage alternate current to 

a low voltage (typically 12V) direct current. 

A typical voltage drop over the LED is around 2V for the blue LED and around 4V for the red LED (for 

other LEDs the voltage drop is between these two extremes).The required current is around 20-30 

mA. An important thing to say is that the LEDs are specified by current, not by voltage. The 

brightness is proportional to the current and therefore it should remain constant. Otherwise, if the 

current is too high, it can burn the diode, or in the better case, it can change the intensity of light. 

Because of that, it is very important to control the current. There are two general methods to control 

the current – by means of constant-voltage or constant-current source[17]. 
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The first method is to maintain the constant voltage across the LED. If that is achieved, the current 

will also stay constant. A V-I curve of the LED should be used to determine which voltage needs to be 

applied to the LED to generate the desired current. This is usually accomplished by applying a voltage 

source and using a series resistor (picture 6a). The resistance of a series resistor is calculated in the 

way that a difference between the supply voltage and the voltage drop over the LED is divided by the 

required current[14]. The value of the voltage drop is taken from the V-I characteristic. 

According to this method, the resistor takes part of the voltage drop on itself and the rest (the 

required voltage) remains on the LED. 

This method is not so widely used because some significant problems may occur. Since the V-I 

characteristics of the LEDs are very steep, a tiny change of voltage (which can be caused by 

temperature changes or manufacturing problems) may cause a big change in current, which may lead 

to the change in brightness, shorter life or even to the destruction of the LED. Moreover, there is a 

dissipation of energy at the resistor in the form of the produced heat[17]. 

The other, preferred method is to drive the LED by means of a constant-current source (picture 6b). 

This method eliminates changes in the current due to voltage variations, which results in the 

constant brightness of the LED. The input power supply regulates the voltage across the current-

sense resistor. The power supply reference voltage and the value of the current-sense resistor 

determine the LED current. All the LEDs in this implementation should be connected in a series to 

keep the identical current flowing through each of them. Should they be connected in a parallel, the 

ballast resistor would be required, which would result in lower efficiency and uneven current 

matching[17]. 

 

Picture 6.[17] 

a)constant-voltage method                                    b)constant-current method 
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3.4.2.4. LED lamps 

 

Since the light output of the individual LED is small when compared to the incandescent or 

fluorescent lamps (2-4 lm)[14], the grouping of the LEDs is required to produce illuminance levels 

equivalent to those. There are several types of armatures that form the LED lamps, but two of them 

are mostly used: the LED bulb and the LED tube. 

By shape, the LED tubes look similar to the fluorescent lamps. Actually, they are made in order to 

replace the fluorescent lamps. In some of the armatures both fluorescent and LED tubes may fit. Of 

course, this depends on the electrical circuits inside the armature. They are made in this way in order 

to lower the price of replacing the fluorescent with the LED tubes. They can operate at a normal AC 

supply voltage and usually consist of 100-400 LEDs. Their length ranges from 60 to 180 cm and the 

power ranges from 5 to 25 W[18]. 

LED bulbs have actually the same purpose as LED tubes: their function is to replace the incandescent 

and compact fluorescent lamps. They can also operate at a normal AC supply voltage. Usually they 

consist of 5-50 LEDs and have power of 3-10 W, replacing the incandescent bulbs of 20-60 W[19]. 

Direct light produced by the LED represents a problem for general purpose lighting that usually 

requires a non-directional light and manufacturers put much effort into spreading the light over 

larger areas with the same intensity. They usually succeed because many armatures demonstrate 

that light is directional only if one looks directly at the source of light. To achieve that, multiple LED 

emitters or diffusers may be implemented to cover all directions. 

In contrast to fluorescent lamps, LED lamps are impervious to vibration, because they have no 

filaments and usually do not use any glass. This may be beneficial for transport, industry near 

vibrating equipment, elevators etc. Overall, they are more resistant to breakage than other types of 

lamps 

 

3.4.2.5. LED lamp specifications 

 

LED lamps intend to change the fluorescent and incandescent lamp installations. To see whether this 

procedure is cost-effective and whether the LED lamps are nowadays good enough to replace those 

lamps and specifications (such as efficiency), the color quality and life of the LED lamps have to be 

discussed. 
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Since the investment costs for the LED lamps are higher than those for the fluorescent lamps, the 

LED lamps should be more efficient, i.e. use less energy per produced light, and last longer than the 

fluorescent lamps in order to be cost-effective. 

 

Efficiency/efficacy 

First of all, the efficiency and efficacy of the individual LEDs and LED lamps, such as LED bulbs or LED 

tubes, have to be distinguished. Because of the supplementary electronics which will transform and 

rectify the power from the line and control the current, the LED lamps will inherently have smaller 

efficacy than an individual LED. Because of this difference some manufacturers report on both the 

LED and LED lamp efficacy, but the measurements are usually made at the room temperature, 25 °C, 

and before the LEDs are built into a fixture. That is why one has to be careful when observing the 

offers from the manufacturers. 

Luminous efficacy of the individual state-of-the-art LEDs can reach 250 lm/W. Unfortunately,  this 

kind of efficacy is possible only in the case of the low power LEDs, while the LEDs that are used for 

general lighting operate at higher currents and have luminous efficacy from 60-120 lm/W. In most 

modern applications, the LEDs with a luminous intensity of around 100 lm/W are used[9]. 

As it has been mentioned before, the light efficacy of the lamp is lower than that of an individual LED. 

It ranges from 65 to 85 lm/W with the most likely amount of around 75 lm/W, which is in range with 

the fluorescent lamps[9]. 

An overall energy efficiency of the LED lamp fixtures should also be considered. In the case of 

modern fixtures it ranges from 75-95 %. Power losses occur in several places. First of all, 10-15% of 

energy is lost in the drivers, in the way that is described in the „LED circuitry“ section[17]. Despite the 

thermal management, and due to the LED efficiency dependence on temperature, in well designed 

luminaries with an adequate heat sinking further 10% of energy is lost. A poor fixture design as well 

as the lowering of the color temperature may also affect efficiency and lower it even more. The most 

efficient LEDs have a correlated color temperature often above 5000 K and they produce a cold 

bluish light, which is often undesirable[18],[19]. In order to change that character of the light, color 

temperature has to be lowered and during that process the efficiency decreases even more. 

In this section it may also be mentioned that the power factor of modern LED lamps ranges from 0,50 

to 0,98[18],[19]. Cheaper lamps usually have a very low power factor, while lamps that use more 

expensive technologies have a power factor from 0,85 up to 0,98[18],[19]. It is up to a consumer to 

decide whether it is more cost-effective to buy cheaper lamps with a lower power factor and pay 
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penalties or to spend more money on the compensation of the reactive power and avoid these 

problems. 

 

Life 

The LED lamps should have a very long life. It is one of their main advantages and may significantly 

reduce a long-term lighting cost because there is no need to change the armatures for the long time. 

One of the main reasons of such a long life is the fact that, in contrast to the incandescent and 

fluorescent lamps, they don´t have the filament that will burn out and shut the light.  A lifetime of 

modern LED lamps is approximately 100 000 hours[18],[19]. 

The LED light output slowly decreases over time, but the LEDs operate even after their light output is 

really low. At this point it is important to distinguish effective and useful life. The effective life is 

defined as the time during which the LED is operating, even at the lowest level, before it turns out. 

On the other hand, the useful life is determined according to the acceptable level of lumen 

depreciation. The useful life ends at the moment when the level of the light intensity doesn´t meet 

the requirements of application any more. For general lighting in offices, up to 30 % of lumen 

depreciation is acceptable. That means that useful life is defined as the point at which the light 

output has declined to 70% of the initial lumens. For decorative purposes, the acceptable lumen 

depreciation is up to 50%[9]. 

Another important fact (and huge advantage when compared the fluorescent lamps) is that the LED 

lamps′ life and lumen maintenance is unaffected by rapid cycling. That means that the LED lamps can 

be switched on and off as many times as necessary and without affecting the lamps´ performance or 

life at all[9]. 

 

Output light characteristics 

In this section, only the white LED light output is being discussed, since it represents the largest part 

of the LED usage in the lighting applications for industry and offices. 

An important thing concerning the light output of the LEDs is that they produce direct light. The 

radiant flux is concentrated in the beams. The focusing of light from the LED into a tighter beam will 

result in the increase of the luminous intensity but without the increase of the luminous flux. 

Sometimes this is an advantage, sometimes disadvantage, depending on the purpose of the lighting 

fixture. Modern LED lamps used for general purpose provide more scattered light by focusing each 

LED in a different direction. 
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With regard to the emissions of other wavelengths, out of the visible light band, it has to be 

mentioned that the white LEDs produce a very small amount of the UV-A light (much smaller than 

fluorescent lamps) and they produce no infrared or UV-B light. From the aspect of health, this is a big 

advantage in comparison to the fluorescent lamps. 

With regard to the color temperature, the LED lamps may produce the white light from a wide band 

of color temperatures, but most efficient LEDs have color temperature often above 5000 K and they 

produce the cold bluish light with a high CRI. People usually do not react well to this kind of light and 

therefore the color temperature has to be lowered. Despite the decreasing efficiency and CRI for the 

color temperature of around 3000 K, CRI is around 80. One noticeable problem is that there are 

variations of color temperatures at different viewing angles and they can amount up to 500 K[9]. 

The CRI of the LED lamps ranges from 70 up to 90, while most modern LED lamps have the CRI 

ranging from 75 to 85[18],[19]. 

 

Controllability and tunability 

In applications where the same intensity of light is not required all the time. The LED lamps may be a 

good solution because they can be dimmable over a wide range. As it has been explained in the „LED 

circuitry“ section, there is no minimum current to sustain the lamp operation. Just as the light 

intensity may be controlled, the color appearance may also be changed by controlling the light 

output of certain LEDs. If the light output of the LED with a specific color changes, the color 

appearance of the whole lamp will be changed[9]. 

Another huge advantage when compared to the fluorescent lamps is that the LEDs come in full 

brightness almost instantly, without re-strike delay[9]. To achieve that effect in fluorescent lamps, 

more advanced technology has to be used, which rises the price of a fluorescent lamp installation. 

 

3.5. Light measurements at MDH 
 

In this chapter, the measurement results of the characteristics of the LED and fluorescent lamps are 

presented regarding the light output characteristics, the changes of light intensity over time, the 

changes according to the distance from the lamp, people's opinion and power consumption. 

Economic comparison results between fluorescent lamps and LED lamps are also given in this 

chapter. These results may provide guidelines to whether the LED lamps should replace fluorescent 

lamps in the existing fixtures. 
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3.5.1. Introduction 

 

The measurements took place at the office at Mälardalen Hogskola in Västeras. There are nine spots 

at which the illuminance, the UV-A and the UV-B irradiance have been measured during a period of 

40 days. The table geometry and correspondent spots are shown in the picture 7. 

 

Picture 7. Spots at which measurements took place 

 

To make a proper analysis of the light output, the exact coordinates of dots are required. Therefore, 

a coordinate system is being set. A spot number nine has been chosen as the origin, because it is 

positioned straight under the middle of the lamp, where it is assumed that the light output is the 

strongest. Below, in the table 4 those coordinates are provided. 
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Table 4. Coordinates of measuring spots 

  X Y 
1 -50 48 
2 50 48 
3 50 -32 
4 -10 -72 
5 -50 -72 
6 170 -32 
7 170 128 
8 250 48 
9 0 0 

 

 

The height of the lamp is 237 cm when measured from the floor and the height of the table is 72 cm, 

which gives the height difference between the lamp and the table of 165 cm. It is very important for 

the analysis of the light output dependence on the angle. 

The first measurement was conducted on the 4th of November 2010 and the last one on the 15th of 

December 2010. During that time, the LED lamp was kept on, which means approximately 1000 

hours of work. This information is important when it comes to comparing the light output at the 

beginning of the operation and after a particular period. It is necessary to say that the first 

measurement took place right after the LED lamp had been started for the first time, which means 

that a new LED lamp was tested. In contrast, the fluorescent lamp that was tested wasn't new, but it 

has not been operated for a long time. At the moment of the last measurement it was estimated that 

it had been operated approximately for the same time as the LED lamp. As shown later, this didn't 

affect the whole project because there was no big change in the light output at the beginning and at 

the end of the project.  

With regards to the circumstances of measurements, it should be noted that there might be a small 

influence on the results from the outside light. At the one side of the table (when looking at the 

picture, on the left side, parallel with the lamp) is a window and at the other side is a glass door 

leading to the corridor. While the measurements were taking place, there were blinds covering the 

windows to avoid the light coming from the outside. Although the light noise couldn't be completely 

stopped in this way, it has minor impact on the overall measurements. A similar situation is with the 

other side of the table. The lights in the corridor were sometimes turned on. This can result in the 

measurements as a small increase in illuminance, which, however, can be ignored. It can be 

concluded that the light noise didn't affect the results. 
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3.5.1.1. Lamps tested 

 

Two lamps are tested and compared in order to see which one has better characteristics – the light 

output, the UV irradiance, the power consumption etc. This is actually a comparison of two different 

light technologies, the LED and the fluorescent light sources. 

The tested LED lamp is made by the manufacturer „TD LIGHT SWEDEN AB“. According to the 

manufacturer, the life of this lamp is 100 000 hours.  

The tested fluorescent lamp is made by manufacturer „ASEA SKANDIA“. Its rated power is 36 W. 

Both the LED and the fluorescent lamp are installed in the same fixture. On this fixture there are no 

mirrors, no shaders, no diffusers or any other kind of equipment that helps in the distribution of 

light. Because of that, it can be said that the measurements are relevant, although, for example, 

mirrors would help in the total light output of the fixture for the fluorescent lamp, but not for the 

LED lamp, since it provides direct light downwards. This issue is discussed more detailed in the 

following sections. 

 

3.5.1.2. Measuring equipment 

 

The fixture is connected to an energy meter, which constantly measures the electrical power 

consumed by lamps. This data is used for determining the average power consumption of each lamp. 

The light measurements are conducted with „DeltaOhm“ Photo-Radiometer HD2302.0. It is a 

portable instrument for measuring illuminance, luminance, PAR and irradiance. In this project, 

illuminance and irradiance have been measured. The probes which measure the illuminance or 

irradiance are connected to the instrument and fitted with the SICRAM automatic detection module. 

In this project three probes are used. One for measuring illuminance in luxes [lux] and two for 

measuring UV irradiance in miliwatts per square meters [mW/m2], one of which has a spectral range 

from 315 to 400 nanometers [nm] (with the peak at 360 nm) for measuring the UV-A irradiance and 

the other has the spectral range from 280 to 315 nm (with the peak at 305 nm) for measuring the 

UV-B irradiance. 
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3.5.2. Measurement results 

 

In this section the average results from all the measurements are presented and analyzed. The 

complete results of measurements for both LED and fluorescent lamp can be found in the 

appendices 2A and 2B. 

 

3.5.2.1. Illuminance 

 

As described in Section 3.5.1, the measurement took place at nine spots all over the table. The 

average illuminance of both lamps at all spots is shown below, in the table 5. Also, the ratio between 

the illuminance of the fluorescent and the illuminance of the LED lamp is shown in the third column 

of the table. 

 

Table 5. Average illuminance for LED and fluorescent lamp and ratio between these values 

  LED FLUORESCENT RATIO F/L 
1 175,4 152,3 0,87 
2 199,9 164,0 0,82 
3 208,9 173,3 0,83 
4 190,5 147,3 0,77 
5 164,0 138,3 0,84 
6 67,0 80,5 1,20 
7 48,4 58,0 1,20 
8 34,0 45,0 1,32 
9 238,2 189,0 0,79 

 

The results show that the LED lamp has a 13 to 21 % higher illuminance than the fluorescent one at 

the spots that are closer to the lamp. In contrast, at the spots that are relatively far from the lamp, 

the fluorescent lamp has a 20 to 32 % higher illuminance. The two extreme examples are at spot 9, 

where LED lamp illuminance is 21 % higher, and at spot 8, where the fluorescent lamp illuminance is 

32 % higher. 
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Illuminance depreciation with increasing angle 

 

The angle of light output is closely related to the distance from the lamp. All the spots are at the 

same height, i.e. at the same vertical distance from the lamp, but their position at the table plane 

determines the angle from the lamp. This is the angle between the line segment that connects the 

lamp with its projection at the table plane (165 cm) and the line segment between the measured 

spot and the closest spot at the axis that follows the lamp. It is calculated as atan[(lamp height-table 

height)/x axis of spot]. The angle of each spot is shown in the table 6 below. 

 

Table 6. Angles of all spots 

  X Y angle 
1 -50 48 17 
2 50 48 17 
3 50 -32 17 
4 -10 -72 3 
5 -50 -72 17 
6 170 -32 46 
7 170 128 46 
8 250 48 57 
9 0 0 0 

 

It is obvious from the previous two tables that the illuminance is decreasing with the increasing 

angle.  This can also be seen from Picture 9. The angles of the spots 9, 2, 6 and 8 and the 

corresponding values are taken to get an approximate curve of illuminance depreciation. For each 

spot and its corresponding angle, the exact value is associated and the curve is obtained by means of 

linear approximation. It is important to say that these spots do not lay at the same line (vertical to 

the axis that follows the lamp), as it should be to get the exact function, but they are close enough to 

make a rough estimation. A graph with both curves is shown below, in the picture 8. 
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Picture 8. Angle-illuminance characteristic for LED and fluorescent lamp 

 

As the picture above shows, the illuminance for the LED lamp is decreasing faster and the fluorescent 

lamp starts having higher illuminance at the angle of around 38°. This confirms the above statement 

that the fluorescent lamp has higher illuminance as the bigger distance or as the bigger angle. The 

border can be roughly set at around 40°. 

 

 

Illuminance change during time 

 

The light output of all lamps is decreasing with the operating time of the lamp. Illuminance 

depreciation with regard to time is one of the important characteristics. The LED lamps have an 

ability to operate even when their light output is really low. That is why the operating life doesn't 

match the useful life of LED lamp. To determine the useful life (the time after which LED lamp doesn't 

have acceptable level of light output any more), the depreciation during time has to be recognized. In 

this project, the light output of the LED lamp is measured ten times during 1000 hours of operating. 

The first measurement took place on the 4th of November and the last one on the 15th of 

December. During all that time, the lamp was turned on, which amounts to approximately 1000 

operating hours. Below in the table 7, the measurement results for all the spots with the belonging 

operating hours are shown. 
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Table 7. Results of measurements during the time 

number of 
hours from 

beggining of 
measurments 

ILLUMINANCE DURING TIME 
        spot 1 2 3 4 5 6 7 8 9 

date                   
0 4.11. 169 204 214 189 159         

7,5 4.11. 163 195 207 179 146 68 48 34   
171 11.11. 181 213 223 200 168 80 57 44   
176 11.11. 163 195 209 180 145 70 48 36   
318 17.11. 190 212 206 207 199 65 48 32 245 

679,5 2.12. 174 187 194 184 164 58 41 27 232 
698,5 3.12. 200 207 213 210 193 73   35 257 
799,5 7.12. 176 190 197 185 164 57 43 29 232 
943,5 13.12. 165 196 211 183 150 64 51 34 228 

990 15.12. 173 200 215 188 152 68 51 35 235 
 

A graphical results of measurements are shown in the graph below. 

 

 

Picture 9. Changes in illuminance during 1000 hours for LED lamp 

 

From the results it may be seen that the illuminance at the beginning is approximately the same as it 

is at the end of the measurements, after 1000 hours. Measured illuminance is not constant during 

time, but it is expected because of the environmental disturbances, as it has been described before. 

All spots show some fluctuations at the same time, for approximately the same level of illuminance, 

so it is reasonable to ascribe it to the environmental disturbances. So it can be concluded that in the 
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first thousand hours of operation there is no illuminance depreciation. To determine the illuminance 

depreciation with regards to time, a longer period of examination has to take place. Namely, the 

manufacturer's specifications say that the expected operating life is more than 100 000 hours, which 

means that only one hundredth of the operating time is examined. In the future, further operation of 

this lamp will be examined and it would be possible to get better insight into illuminance 

depreciation during time. 

 

People's opinion 

Some lamps show really good performance, and hence should be chosen as the best, but this doesn't 

happen really because people who work or live with these lamps are not comfortable with the light 

output. That is why people's opinion about light is very important and has to be considered before 

making a final decision which lamp to use. 

The LED diodes inherently give direct light, which is undesirable in many general applications, for 

example in offices, but many modern LED light tubes show improvement for that matter. Tested 

Stingylight LED tube produces light in many light emitting diodes and although they are grouped in 

more clusters that represent point light sources, they are distributed so well along the tube that the 

total light output of the tube seems diffused. 

Another problem can be the color of the light, i.e. color temperature. The LED tube has a higher 

correlated color temperature, which means that the light that it produces is „cooler“ and more 

bluish, which some people find disturbing. 

Most of the interviewed people hadn't notice the differences between LED tubes and fluorescent 

tubes before they were told. It implies that replacing fluorescent tubes with LED tubes won't affect 

people's working and living.  

 

3.5.2.2. UV irradiance 

 

The UV irradiance is important criterion because of the impact it has on people. Both LED and 

fluorescent lamps emit one band of UV wavelengths inside the lamp and then convert it to the white 

light with the fluorescent coating. One of the goals of each lamp should be the lowest possible UV 

irradiation. 

As in the case of illuminance, the UV-A and the UV-B irradiance are measured several times at nine 

spots on the table. The average results for each spot for both lamps are shown in the table 8 below. 
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Table 8. Average UV-A and UV-B irradiance for LED and fluorescent lamp 

  LED fluorescent 
  UV-A 

irradiance 
x10-3 W/m2 

UV-B 
irradiance 

x10-3 W/m2 

UV-A 
irradiance 

x10-3 W/m2 

UV-B 
irradiance 

x10-3 W/m2 
  

 1 0,2 0,0 5,2 0,1 
2 0,2 0,0 6,4 1,2 
3 0,2 0,0 7,1 1,1 
4 0,3 0,0 5,0 0,3 
5 0,2 0,0 3,9 0,1 
6 0,2 0,0 1,4 0,0 
7 0,1 0,0 0,7 0,0 
8 0,1 0,0 0,5 0,0 
9 0,2 0,0 7,2 1,9 

 

 

The results show that the UV-A irradiance of the fluorescent lamp is higher from 5 times for the most 

distant spot up to 35 times for the nearest spot, which is a big advantage of the LED lamps because 

the UV irradiance should be kept at a low level. What is more important, the UV-B irradiance for the 

LED tube equals zero at all spots. In the appendix 1A, the measurements for each spot clearly shows 

that the UV-B irradiance always equals zero, which means that the LED tube doesn't irradiate any 

wavelength from 280 to 315 nm. In contrast, the fluorescent tube has the  UV-B irradiance which 

equals zero only at the most distant spots, while at the others the range of irradiance is from 0,1 up 

to 1,9 mW/m2. Since the UV-B irradiance is more harmful than the UV-A, this fact represents another 

huge advantage of LED tubes. 

 

UV dose 

 

The UV dose represents the amount of radiation to which a person is exposed. To calculate the UV 

dose it is necessary to know the irradiation for each wavelength and the action spectrum, as it has 

been mentioned in the chapter „Basic theory of light“, and as well as the time period for which the 

dose needs to be calculated. In this project a dose for one hour is calculated. There is a graph (picture 

10) showing the action spectrum, the response curve for the probes which are used to measure the 

irradiance and the average values of irradiance for all spots for both LED and fluorescent lamps. The 

probe which measures the UV-B irradiance responses at the wavelengths from 280 to 315 nm and 
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because of that, the average value of 0,5 mW/m2 for the fluorescent lamp and 0 mW/m2 for the LED 

lamp is taken for the whole UV-B band of wavelengths. The same situation applies to the UV-A 

radiation. 

 

 

Picture 10. UV action spectrum, probe response curve and measured UV irradiance 

 

To obtain the UV dose, the action spectrum, the probe response curve and the measured values have 

to be multiplied and then integrated for the whole band of wavelengths, from 280 to 400 nm, and in 

the end this value has to be multiplied by the time for which the dose needs to be calculated. In this 

case it is one hour. 

The calculated one hour UV dose is 18,8013 J/m2 for the fluorescent lamp and 0,0303 J/m2 for  the 

LED lamp. Roughly, the UV dose from the fluorescent lamp is 600 times greater than that from the 

LED lamp. It can be seen that the exposure to the UV light will significantly decrease with the 

installation of the LED lamp instead of the fluorescent one. 

 

3.5.2.3. Power consumption 

 

The power meter that was constantly connected to the LED lamp fixture was showing 23 or 24 W all 

the time. It can then be estimated that the average power consumption of the LED lamp, with all 

circuitry, is 23,5 W. On the other hand, the measurements have shown that the average power 

consumption of the fluorescent lamp is 41 W, which is almost double when compared to the LED 
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lamp. The influence of this fact on the overall costs of both lamps is presented in the next chapter, a 

cost analysis. 

 

3.5.2.4. Cost analysis 

 

It is a well-known fact that the LED tubes (and LED lamps generally) are nowadays much more 

expensive than the fluorescent tubes. In this chapter the overall costs of the fluorescent and the LED 

lamps are presented and compared. Also, the payback period of the installation of the LED lamps 

instead of the fluorescent ones is calculated. 

A great advantage of the LED tube examined in this project is that it can be installed in many fixtures 

used for fluorescent tubes, which means that additional expenses are not required. 

These two lamps have a similar light output, as it is discussed before, and they can be set in the same 

category of light according to the light output. Because of that, their costs can be compared. 

In the manufacturer's specifications for the stingylight LED tube it is said that the lifetime of the tube 

is 100 000 hours. According to these calculations, the useful life of the tube is assumed to 80 000 

hours and for that period the overall cost is calculated. The life of the fluorescent lamp is assumed to 

be 15 000 hours, which means that the fluorescent tubes have to be replaced with new ones five 

times during the lifetime of one LED tube. 

The price of installation (labor work) for both fluorescent and LED lamps is estimated to be €8,15 per 

unit. For this project, the energy cost is estimated to be €c8/kWh[20]. 

The cost of one fluorescent tube is around €2 on average[21], while the cost of the stingylight LED 

tube is €68[20]. 

In the graph below the cost dependence on time is shown. 
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Picture 11. Cost analysis for LED and fluorescent lamp with regards to operating hours 

 

It can be seen that despite of a much higher investment cost for the LED lamp, after a particular 

period of time its overall expenses become lower than that for the fluorescent lamp. The „jumps“ at 

the curve for fluorescent lamp that occur after every 15 000 hours represent an additional cost for 

the installation of the new fluorescent lamp because it is assumed that after that time its lifetime 

expires. With regard to double power consumption of the fluorescent lamp, when compared to the 

LED, this result is expected. 

The intersection of the curves in the picture 12 determines the time after which the overall costs for 

the fluorescent lamp become higher. According to the calculation, this happens after approximately 

33 000 operating hours, which is the payback period of the installation of the LED lamp instead of the 

fluorescent ones. The payback period doesn't depend on the amount of the LED lamps being 

installed. 

At the end of the life period of the LED tube, the overall cost reaches the amount of €226, while  the 

fluorescent lamp cost is around €322, which gives a difference of around €96 for 80 000 operating 

hours for one lamp. This means that for 1000 lamps, the saving of almost €100 000 can be achieved 

after 80 000 operating hours. 

 

3.5.2.5. Sensitivity study 

 

This section focuses on the total cost on one LED lamp after its expiry, the difference between the 

overall cost of the LED lamp and overall cost of the fluorescent lamp (savings) at the end of the LED 
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tube lifetime (80 000 hours) and the payback period for the installation of the LED instead of 

fluorescent tubes, which are presented in dependence on the electrical energy cost and cost of the 

new LED lamp. It is important to remark that all the calculations are made for one lamp. To calculate 

the savings for more lamps, the given value has to be multiplied by the number of the new LED 

lamps, while the payback period doesn't depend on the number of lamps installed. It is the same for 

any number of lamps. Since it is easy to make these calculations, only the results for one lamp are 

presented. 

The range of prices of the electrical energy taken into account is from 0,05 to 0,15 €/kWh. The price 

of the electrical energy for industries in Sweden today is around 0,08 €/kWh, so in this study both the 

increase and the decrease in the electrical energy price are observed. The range of prices of the new 

LED tube is from 10 to 68 €. The new stingylight LED tube, that is tested in this project has a price of 

68 €. Because this is relatively new technology, it is expected that the price will fall in time. That is 

why only the prices lower than those today are observed in this study. In contrast, the price of the 

fluorescent tube is considered to be constant, 2 € per piece. It has been on the market for a longer 

period time and its price is relatively stable. Also, due to a low price, possible small changes in the 

price wouldn't affect the overall results significantly. 

The results of this study, possible savings and the payback period for any combination of the 

electrical energy price and the price of the new LED tube are presented in the tables in appendices 3 

and 4. Some of the representative result, with the corresponding graphs, are presented and 

discussed in more details below. 

For the given range of the electrical energy prices, the overall cost for the LED tube for four different 

prices of the new LED tube (10, 30, 50, 68 €) is shown in the graph below. 

 

Picture 12. Overall cost of LED tube in dependence on electrical energy price 
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Of course, with an increase in the energy price, there is also an increase in the overall cost. 

Similarly, with the increase in the energy price, there is an increase in the overall cost of the 

fluorescent lamp. However, since the fluorescent lamp consumes almost twice the amount of 

energy, its overall cost rises much faster with an increase in the cost of the electrical energy. This 

results in increasing difference between the overall cost of the fluorescent and the LED lamp, i.e. 

with an increase in the possible savings. This function is shown in the graph below. 

 

 

Picture 13. Possible savings in dependence on electrical energy price 

 

The graph from the picture 14 is in accordance with the fact that with an increase in the energy price, 

the energy efficient options are more cost-effective. The other analyses that is made also confirms 

that fact. Namely, with an increase in the energy price, the payback period for the installation of the 

LED instead of the fluorescent lamp shortens. This is again the consequence of faster growing costs 

of the fluorescent lamp in relation to the LED lamp for an increase in the energy cost. In addition, the 

differences about payback time become more obvious at higher electricity prices. Moreover, for 

cheaper LED prices, payback time is less affected by electricity prices, as it may be seen in the graph 

below.  
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Picture 14. Payback period in dependence on electrical energy price 
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4. Compressors and compressed air systems 
 

Compressed air is commonly used in the industry operations and compressed air system is one of the 

biggest energy-consuming systems in many industries. Almost every industrial facility has at least two 

compressors and in medium-sized plants there are hundreds of different uses of compressed air[22]. 

Compressed air systems deliver smooth power and are not damaged by overloading. Air-powered 

tools can reach desired speed and torque very quickly and have fine speed and torque control[23]. 

This is a huge advantage of compressed air systems, when compared with electrical systems. From 

the aspect of safety, these systems are good because they do not produce any sparks and have low 

heat build-up[23]. On the contrary, compressed air systems are much less efficient compared to 

electrical systems.  As they are using so much energy, energy saving options have to be considered. 

Picture 15 shows how much energy is lost in compressed air systems and hence shows big energy 

saving potential of these systems. 

 

 

Picture 15. Energy flows of industrial compressed air system[24] 

 

Some studies state that 70-90 % of compressed air is lost in the form of friction, noise, misuse, heat 

etc[22]. Furthermore, they say that 20-50% of savings can be achieved through simple, cost effective 

measures (SEET)[22]. In addition, an important fact, especially from the energy saving point of view, is 

that the running cost of the compressed air system is much higher than compressor itself (picture 

16). This means that with reducing energy consumption, overall costs can be significantly lowered. In 

many industries, air compressors use more electricity than any other type of equipment. 
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Picture 16. Cost components in compressed air systems [22] 

 

Compressed air system can be divided in two parts[22]: 

• Supply side - compressors and air treatment 

• Demand side – distribution, storage systems and end-use equipment 

On both of these sides, huge savings can be achieved through proper managing and maintaining. 

 

4.1. Components of compressed air system 
 

The main components of compressed air systems are: compressor, prime mover, control systems, 

accessories, distribution system and compressed air storage[23]. 

 

4.1.1. Compressor 

 

Compressor is the mechanical device that takes in ambient air and elevates its pressure.  There are 

many different types of compressors used in industry that include two main parts – compressor 

motor and compressor element (airend), which is responsible for compressing the air into the 

compressor unit. 
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4.1.1.1. Compressor types 
 

All types of compressors can be divided in two basic categories: positive-displacement and dynamic 

compressors[23].  

Positive displacement compressors 

Positive displacement compressors trap an air or gas in compression chamber, whose volume is 

afterwards mechanically reduced. Direct consequence of that process is rise of pressure in the 

chamber. Positive displacement compressors can be further divided into two types. There are 

reciprocating and rotary positive displacement compressors. Reciprocating compressors work in the 

way that a piston is driven by an electric motor to reduce the volume in cylinder that is occupied by 

the air or gas and hence to raise the pressure. There are single-acting compressors, which have a 

compression stroke only in one direction, and double-acting compressors that can use both sides of 

piston for compression and double the capacity for given piston size. Both single- and double-acting 

compressors can be single-, two- or multi stages. By single-stage compressors compression is 

accomplished with a single cylinder or with a group of cylinders in parallel, two stage-compressors 

use two cylinders etc. Single-stage compressors have higher discharge temperature (205-240°C), 

comparing to two-stage compressors (140-160°C)[22]. Usually, in industry, multi-stage double-acting 

compressors are used, as more efficient. Reciprocating compressors are available in wide range of 

sizes, from 1 to 600 horsepowers (hp)[23]. Rotary compressors have rotors instead of pistons. There 

are more types of rotary compressors, but as rotary-screw compressors are the dominant type of 

compressor used in industry for variety of applications, that's the only one that is mentioned here. 

Rotary-screw compressors consist of two intermeshing rotors placed in housing, which has an air 

inlet at one end and discharge port at the other. Principle of work is that male and female screw 

rotors are moving in opposite directions and trap air, which is compressed as it moves forward. A 

continuous, pulsation free discharge is a very important characteristic of these compressors because 

pressure variations are small. Rotary-screw compressors can be operated at high speed and are most 

commonly used in sizes from 30 to 200 hp. They are compact, easy to maintain, low capital costs and 

low weight. That is why they are very commonly used in industry nowadays[23]. 

 

Dynamic compressors 

“Dynamic compressors raise the pressure of air or gas by imparting velocity energy and converting it 

to pressure energy”[23]. Two basic types are centrifugal and axial dynamic compressors. Centrifugal 

type is most commonly used in industry. It transfers energy from a rotating impeller to the air. By 

changing the momentum of the rotor, air pressure is changed. Momentum of rotor conversion to 
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useful pressure is achieved through slowing the air down in a stationary diffuser. They are usually 

better suited for applications requiring very high capacities[23]. 

Table 9 shows the general selection criteria of different types of compressors, according to capacity 

and pressure range and the table 10 compares the performances of different types of compressors. 

 

Table 9. General selection criteria of different types of compressors[22] 

 

 

Table 10. Comparison of important compressor types[22] 

 

 



48 
 

4.1.2. Prime movers 

 

Prime mover is main power source, which provides energy to drive the compressor. It should have 

enough power to start, accelerate and keep compressor operating at various conditions. There is a 

variety of sources that can be used to drive the compressor, such as electric motor, diesel or gas 

engine or steam turbine. Most common type is electrical motors and in most industries they are used 

to power the compressed air systems. Diesel or gas engines are often used in oil and gas industries, 

where fuel is easy to obtain[23]. 

 

4.1.3. Control systems 

 

Control systems serve to regulate the amount of compressed air being produced. Their main function 

is to match compressor air supply with system air demand as efficient as possible. They usually come 

in form of microprocessors that seem to be better and much more efficient than manual control. If 

the whole system is complex and especially if there are more compressors, all controls should be on-

line, in order to coordinate whole system and thus to improve system performance. Usually 

compressors are sized to meet maximum demand, so controls have to reduce the compressor output 

during the lower demand. Pressure/flow controllers are also in this category; their primary function 

is to stabilize the pressure in the system separate from and more precisely than compressor controls. 

It separates the supply side from the demand side of the compressed air system[23]. 

 

4.1.4. Accessories 

 

All the equipment that treat compressed air by removing contaminants, that keep system running 

smoothly and that deliver proper quality and quantity of pressurized air through the system are 

considered as a compressed air system's accessories[23].  

Intake air filters prevent dust, i.e. atmospheric airborne particles entering a compressor. In order to 

protect downstream components of system, further filtration is required[22]. 

Compressor coolers are used for cooling compressor unit. Namely, air compression produces a big 

amount of heat, which must be removed in order to improve performance of compressor. 

Compressors can be cooled with air (usually for small, single-acting compressors), water (for 
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centrifugal and double-acting compressors) or with lubricant (typical for rotary compressors). Cooling 

has to be designed carefully in order to achieve the best performance and efficiency[23]. 

Inter-stage coolers reduce the temperature between stages of compression at multi-stage 

reciprocating compressors. They usually use water[22]. 

Aftercoolers are part of equipment installed after the last stage of compression. Their function is to 

reduce temperature of the air after the last stage. Because of the decreased temperature, the water 

vapor is condensed and it has to be removed from the system. Some amount of condensate is 

already removed at inter-coolers, but in the after-coolers the remains are removed[23]. 

Separators are devices used for removing liquids from compressed air. They are usually in „package“ 

with inter- and after-coolers in order to remove the condensed moisture[23]. 

Air dryers are used to remove remaining traces of moisture after after-coolers. There are more types 

of air-dryers, such as adsorbent, refrigerant, membrant or heat-of-compression dryers[23]. 

Compressed air filters are required for the removal of contaminants from the system. There are 

particulate filters for removing solid particles, coalescing filters to remove lubricant and moisture and 

adsorbent filters for removing tastes and odors. For each application, different level of filtration is 

required[23]. 

Air receivers are used to store compressed air in order to meet peak demand. They control system 

pressure by controlling the rate of pressure change in the system. They are very important in systems 

with varying compressed air flow requirements because in conjunction with them smaller 

compressors can be used for meeting the demand and hence the energy efficiency of the system is 

improved. Also, air receivers can reduce pressure pulsations[23]. 

Traps and drains are used for removal of condensate from the system. There are four types of traps: 

manual, level operating mechanical traps, electrically operated solenoid valves and zero air-loss traps 

with reservoirs[22],[23]. 

 

4.1.5. Air distribution system 

 

Air distribution system is network of main lines, branch lines, valves and air hoses, whose purpose is 

to transfer compressed air from compressors to end use equipment, i.e. to link all the components of 

compressed air system with minimal pressure loss. In order to minimize pressure drop, piping should 

be kept at minimum length, while it should be also large enough in diameter to prevent bigger 
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pressure drop[23]. Considerable problem of compressed air system is leakage, but with proper 

maintaining it can be significantly lowered[23]. 

 

4.2. Energy used and misused in compressed air system 
 

Compressed air systems are one of the biggest users of energy in industry. For example, normally 

around 8 horsepowers of electricity is necessary to generate 1 horsepower of compressed air 

force[25]. Also, their overall efficiency is low and that is why energy consumption of such system has 

to be investigated. 

In this chapter, energy auditing methods and assessment of compressed air systems are provided in 

order to show in which way and how much energy is being used (and misused) by compressed air 

systems. According to that, energy saving options for compressed air system can be provided. 

Compressed air system auditing can be dividing in three categories, concerning, demand side issues, 

supply side issues and in the end system issues, which “go beyond examining the performance of 

individual compressed air system component and, instead, examine how components on both the 

supply and demand side of the system interact”[26].  As a system issues, leakage of the system, 

pressure level and controls have to be examined. At a demand side, distribution system, end-use 

equipment and load profile have to be examined, while at the supply side there are compressor and 

all accessories that have to be examined[26]. Some of these issues are discussed more detailed below, 

while others are mentioned in „Energy saving options“ section. 

 

4.2.1. Compressor assessment 

 

“Compressor capacity represents full rated volume of air or gas compressed and delivered under total 

conditions”[22]. Free air delivered may be less than the designed value, due to ageing and inefficiency 

of components. In addition, poor maintenance, fouled heat exchangers or altitude effects can also 

reduce free air delivery. In order to meet air demand, compressor has to run for more time, 

consuming more power than actually required. For example, a worn out compressor valve can 

reduce compressor capacity by 20 %[22]. 

There is a simple method of capacity assessment. First, receivers and pipeline have to be empty 

before starting the test, as well as condensate traps. Next step is to start the compressor and 
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measure time taken to attain normal operational pressure (p2) in the receiver from initial pressure 

(p1). Capacity can be calculated from the equation given below[22]: 

 

𝑄 = 𝑝2−𝑝1
𝑝0

∙ 𝑉
𝑡
∙ 𝑇1
𝑇2

                                                                            (1) 

 

where Q is capacity in [m3/min], p2 is final pressure after filling the system in [kg/cm2], p1 is initial 

pressure in [kg/cm2], p0 – atmospheric pressure in [kg/cm2], V is storage volume, including receiver, 

piping and after-cooler in [m3], t is time take to build up pressure to p2 in [min] and T1 and T2 are 

ambient air temperature and discharge air temperature in [K] 

Compressor power, i.e. energy usage depends on volumetric flow and pressure that is required in the 

system. According to flow rate, inlet pressure, discharge pressure, type of gas used in a system, as 

well as the type of cooling, the type of compressor and other variables, power of compressor used 

for compression at this circumstance can be calculated. With proper electrical devices (wattmeter) 

also the electricity consumption of the compressor can be measured. With these two values 

(electrical power consumption and output power of compressor), compressor efficiency can easily be 

calculated. 

For practical purposes, the most effective guide in comparing compressor efficiency is the specific 

power consumption, which represents power consumption in kW per volume flow rate. This value 

can be easily found because for given volume flow, just electricity input has to be measured and 

according to that, specific power consumption can be defined. 

 

4.2.2. Distribution system assessment 

 

Although a distribution system's purpose is just to transfer compressed air from compressor to end-

use equipment, it can also be considered as a consumer of compressed air because of pressure 

drops, leakage and heat losses in it. This is why a distribution system offers many possibilities to 

improve energy efficiency of whole system. 
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4.2.3. Air leakage 

 

Leaks can be significant source of wasted energy; in poor maintained plants even 20 to 30 % of 

compressor's output can be lost through the leakage in the system, while in well maintained plants 

leakage is less than 10 %[22]. Majority of leakage is at the point of use, while in distribution system, 

although it exists, it is lower. Leakage rates are a function of a supply pressure and increase with 

higher system pressure. Compressor power used to replace leaked air is also a function of size of the 

hole through which air leaks out of the system[27]. Table 11 shows how air leakage depends on 

equivalent diameter of hole through which the air is going out of the system and hence how much 

power of compressor is required to compensate that leakage[27]. According to the table, leak 

prevention has to be considered as a serious energy saving option. In most cases it can be achieved 

through simple maintaining of the system[22]. 

 

Table 11. Compressor power required for compensating the leakage[27] 

 

 

Leakage is a big problem not only because much energy is lost, but also many other problems occur 

because of existence of leakage. One of the worst is pressure drop in the system. It makes air tools 

function less effectively. Because of lower efficiency, equipment has to run longer, what means that 

leakage directly causes the shortened life time of the equipment. 

The fact that leaks are almost impossible to see, makes it hard to locate them. The simplest method 

to find a leak is to put a soapy water to suspect areas. It can be a long process, but it is reliable and 

cheap because it doesn't require any expensive instruments. On the other side, the best way to 

locate the leak is by using ultrasonic acoustic detector. It recognizes a high frequency hissing sound 

that leaks produce. With that instrument, mid- to large-sized leaks can be located[22]. 
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4.2.4. Production line/air demand assessment 

 

To see how much compressed air is used by particular production line (or end-use equipment), it is 

required to measure a compressed air flow input to production line. That means that air flow has to 

be measured in the distribution system (piping) at the entrance of that production line. According to 

that, energy consumption of that line can be calculated. The measured flow rate at site has to be 

compared with total flow rate of compressed air system, i.e. of compressor that is used for that part 

of factory. Specific power of compressor in [kW/volume flow rate] multiplied with measured flow at 

a site gives an electrical power consumption of a production line. 

 

4.3. Energy saving options for compressed air systems 
 

Energy savings in compressed air systems can be achieved in many different ways, such as: 

• by using high efficiency motors 

• through variable speed drives for motors 

• through leak prevention 

• through choosing right location 

• through minimizing the pressure drop and setting the proper pressure in the system 

• through heat recovery 

• through proper maintaining 

• through choosing most efficient components 

 

Energy saving options that refer to high efficiency motors that drive compressors and variable speed 

drives are not discussed in this paper. Location choice, heat recovery and maintenance are discussed 

more detailed in following chapters. 

 

4.3.1. Location 

 

The location of the compressor has a significant influence on the amount of energy consumed. Intake 

air temperature, cleanliness and drought depend on the location of the compressor, and these are 

the parameters that determine the power consumption of the compressor. 
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Air temperature at the compressor location should be low. Hot air has lower volumetric efficiency, 

i.e. lower free air delivery per compressor displacement, which means that compressor needs to 

consume more energy to achieve the same air flow rate. There is general rule that says that “every 

4°C rise in inlet air temperature results in a higher energy consumption by 1% to achieve equivalent 

output”[22]. According to that, it can be concluded that intake air temperature should be kept as low 

as possible. One possible solution is to place inlet pipe outside the building, in order to get cool air to 

compressor. It can be characterized as short term energy efficiency target (SEET), if just an inlet pipe 

is removed outside the building. But to achieve better efficiency, compressor by itself should be 

moved to cooler place, what requires new (extended) piping and maybe even new pressure settings, 

what again requires some capital investments and thus it becomes a long term energy efficiency 

target (LEET). 

 

4.3.2. Heat recovery 

 

As  it is presented earlier, 70 to 90 percent of electrical energy used by compressor is lost in the form 

of heat, friction, misuse and noise, most of which is lost in the form of heat[22]. Because of that, heat 

recovery systems have to be consider as a very important energy saving option. With a proper design 

of a system, 50 to 90 percent of „lost“ heat can be put back into useful work [23]. That heat can be 

used for supplemental space heating, industrial process heating and water preheating, while usually 

it doesn't have enough energy to produce steam directly[23]. Heat recovery is possible with both air- 

and water-cooled compressors. For achieving these goals, some capital investments are necessary. 

This means that heat recovery can be characterized as a long term energy efficiency target (LEET). 

Thermal energy from air cooled compressors can be used to heat air for space heating, industrial 

drying, preheating of water etc. In those applications, ambient air is heated by passing across the 

system's aftercooler and lubricant cooler. Further improvement can be made through introducing a 

thermostatically controlled hinged vent, to provide a constant temperature. Vent can be open as 

much as it is necessary for achieving the required temperature. Also, when the space heating is not 

required, the hot air can be ducted to some other applications or can be let out of the building. The 

last option is cost ineffective. Temperatures, 30 to 40 °C above the cooling air inlet, can be obtained 

and approximately 80 to 90 % of that heat can be recovered. It is also possible to extract the heat 

from the air to water, using heat exchangers[23]. 

Waste heat from water cooled compressors can also be used in a heat recovery. It is not commonly 

used for space heating because extra stage of heat exchange is required and temperature of 

available heat is lower. Anyway, it is used in many other applications, such as hot showers in 
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factories or as a preheated boiler feed water where process steam is required. Recovery efficiency is 

a bit lower than at air cooled compressors and it numbers around 50 to 60 %[23]. 

 

4.3.3. Maintaining 

 

The cheapest and easiest way to improve energy efficiency and system performance is maintaining 

on the regular basis. Almost all of the maintenance procedures can be characterized as a short term 

energy efficiency targeting, because big investment is not necessary and pay-back period is short. 

Besides leakage maintenance, some other measures that have to be taken regularly are presented 

below. All of them are cheap, cost effective and with short pay-back period (SEET). Compressor oil 

pressure should be checked visually daily and the oil filter changed monthly. Otherwise, serious 

damages can occur, what will increase operational cost because of repairs. Also, air filters have to be 

checked and replaced regularly, especially in dusty environment. If that is not the case, compressors 

will use much more energy than it is required. Furthermore, manual condensate traps have to be 

opened and re-closed periodically to drain any accumulated fluid, while have to be checked regularly 

in order to verify that there is no leakage of compressed air[23]. 
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5. Energy consumption at Saab product lines 
 

Energy consumption of two production lines, producing underbodies for Saab 9-3 and Saab 9-5 

models are compared. Besides of total energy consumption, the consumption of each kind of energy 

is compared for both lines, i.e. different systems that consume energy are observed. For example, it 

is assumed that 9-3 line consumes more compressed air, while 9-5 line consumes more electricity. 

In addition to total consumption during some period of time, the efficiency of lines is also 

investigated. In this case, the opposite values are presented; the consumption of energy per 

produced underbody, here called the unit energy consumption (Eu). Usually it is expressed in 

[Wh/unit], where unit is considered as a produced underbody. 

The systems that are observed are cooling systems, which use water for cooling the equipment, 

compressed air system, ventilation system and in the end all the other systems that use the electrical 

energy. Consumption of all systems is calculated and presented as final usage of electrical energy. 

For example, for cooling systems, the waterflow that enters the line is measured and then compared 

to the specific power of the pump, which is also measured. According to that, the consumption of the 

electrical energy for cooling system can be calculated.  

 

5.1. Presentation of lines 
 

It is important to say that both lines have the same function; they produce underbodies for cars, but 

for different models. Still, they have similar processes and their final products are similar. Because of 

that, the energy consumption of these two lines can be compared. The 9-3 line is older than the 9-5, 

which means that it uses the older technology. 

Both lines at input have several parts that have to be connected to create underbody, which can go 

in further manufacturing. These connections are made by welding. Other systems that are used are 

here to help producing with higher efficiency. The 9-3 line uses just spotwelding robots, while the 9-5 

uses both spotwelding and studdwelding robots for making the connections. The underbody is 

moved by conveyors and elevators from station to station. At each station, welding has to be made 

at number of spots. Because of that welders are placed at several movable robot hands in order to 

reach each of desirable welding spots. There are also some robot hands that are used just for putting 

parts of underbody together. To control and coordinate all of these systems, there is specialized 

control system. 
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To prevent an overheating of the equipment, the water cooling system is used. Also, to keep quality 

and fresh air in the part of the factory where these lines are, the ventilation system is used. As it can 

be seen, the variety of different forms of energy is used for different systems at each line. 

The capacity of the 9-3 line is 39,5 units per hour and the capacity of the 9-5 line is 14,2 units per 

hour. 

 

5.2. Instruments 
 

The consumption of the electrical energy of all electric equipment is measured with digital power 

meter, manufactured by „Kyoritsu electrical instruments works, LTD.“, model 6300. It consists of 

clamp ampermeters that measure the current through the cables and the wires to measure the 

voltage at desirable spot. According to those values, the instantaneous power through the cable is 

calculated. Also, it has a possibility of integrating these values during time and in that way, energy 

passed through the cable is calculated. In this project, function for integrating the power, i.e. for 

calculating the total energy consumption in some period of time is used. At the same time, activity of 

the line is observed and according to that, average consumption for each state of the line activity can 

be determined. 

For measuring the waterflow for cooling system, the liquid flowmeter from manufacturer „Fuji 

electric“ is used. It is used in order to measure waterflow at both pump output and enter of the 9-3 

and 9-5 lines. As the electric power meter does, this flow meter measures instantaneous values of 

waterflow for variety of pipe materials and pipe diameters, but can also integrate waterflow in 

required time and give out the total volume flow in that time. According to that, the average 

waterflow in particular period can be calculated. 

 

5.3. Cooling system 
 

In this section, the estimated energy consumption of the cooling system for both 9-3 and 9-5 line is 

presented. The liquid used for the cooling is water and therefore the consumption of water, i.e. the 

waterflow is measured to calculate how much energy is required to cool the equipment in the line. 

At first, the waterflow at the central pump is measured. This is the pump that supplies different parts 

of factory and the observed line as well. It has to be mentioned that the 9-3 and 9-5 lines are 

supplied from different central pumps, which means that two separate measurements had to be 
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conducted. To get the specific power of the pump �̇�, which is required to calculate the energy 

consumption, parallel with the waterflow measurement, the energy measurement was conducted. 

For the same period of integration, outputs of the measurements are the total waterflow volume V 

in liters and total energy consumption of the pump Et in watthours. With the energy consumption 

divided by waterflow volume the specific power of the pump is calculated. That value in [W/l/h] 

shows how much pump power is required to produce waterflow of 1 l/h. The more convenient unit is 

[W/l/min], because all results of waterflow measurements in this project are shown in [l/min]. 

Shortly, it is calculated by this equation: 

 

�̇� = 𝐸𝑡
𝑉

 �𝑊ℎ
𝑙

= 𝑊
𝑙
ℎ

� =  60 ∙  𝐸𝑡
𝑉

 � 𝑊
𝑙

𝑚𝑖𝑛

�                                                                (2) 

 

where �̇� is specific power of the pump, Et total consumption of energy in period of integration and V 

total waterflow volume in period of integration. 

Next step is the measurement of the waterflow in [l/min] at the entrance of the line. Waterflow is 

again integrated for some period. Given value is divided by the period of integration and output is 

the average waterflow. This value actually shows which part of the pump output is used for cooling 

the line. 

To get the average power in [W] that is required for cooling the line, the average waterflow at the 

entrance is multiplied by specific power of the pump. 

It is necessary to mention that the waterflow of the cooling water at these lines is constant, i.e. it 

doesn't depend on the activity of the line. It is the same when the line works at the full capacity and 

when it is in the stand-by mode. This significantly affects the unit energy consumption when the line 

is operating with low production loading. Namely, because of constant waterflow, the unit energy 

consumption of the line increases fast with an decrease in production loading. For the other systems, 

the energy consumption per produced unit is also higher when the line operates below the full 

capacity, but not so much as here because other system have lower consumption when line operates 

below full capacity (except of the ventilation system). Consumption per produced unit is discussed 

more detailed for all systems in the section „Total energy consumption“. 
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5.3.1. 9-3 

 

The average waterflow of the pump that, among others, supplies the 9-3 line is  759,4 l/min. It is 

calculated from integrated waterflow in 10 minute period of integration. At the same time, the 

measurement of consumption of electrical energy of the pump is conducted. Consumption of active 

energy was 2437,11 Wh, what gives average power of 14.622,67 W. The power consumption at each 

moment and total energy consumption from beginning of measurement are shown in the graphs 

below. The parallel measurement of waterflow and energy took place from 14:30 to 14:40. 

 

 

Picture 17. The power consumption for pump for 9-3 line 

 

It can be seen that at the beginning of the measurements power was not constant, but later it 

stabilized between 14.600 and 14.700 W. 

According to the equation 2 stated above, the calculated specific power of the pump is 0,32 W/l/h, 

i.e. 19,26 W/l/min. With this figure and with measured waterflow at the line, it is possible to 

calculate energy required for cooling system. 

Measurements at the entrance of the line are also conducted by measuring total waterflow volume 

through the period of integration. That period is again 10 minutes and the measured volume is 2 226 

liters, which gives average waterflow of 222,6 l/min. 

According to all the measurements, the calculated average energy consumption of the cooling 

system for the line 9-3 is 4 286,29 W.  

All figures are clearly presented in the table below. 
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Table 12. The energy consumption of cooling system of the 9-3 line 

CENTRALIZED WATER PUMP WATERFLOW AT THE LINE 
integrated water flow 7.594,00 l integrated water flow 2.226,00 l 
period of integration 14:30-14:40   period of integration 10:38-10:48   
    10,00 min     10,00 min 
average waterflow 759,40 l/min average waterflow 222,60 l/min 
              

energy used for the pump           
active energy 2.437,11 Wh Average power 

consumption of a line for 
cooling water 

    

period of integration 
14:30-
14:40   4.286,29 W 

    10,00 min         
average power             
active   14.622,67 W Energy consumption per 

produced UB (at full 
capacity) 

    
        108,51 Wh 
specific power of pump 0,32 W/(l/h)     
    19,26 W/(l/min)         

 

From the table it can be seen that the energy consumption per produced underbody is 108,51 Wh 

when the line operates at the full capacity. When line is producing below full capacity, energy 

consumption per produced underbody is much higher than 108,51 Wh. In the graph below is shown 

the unit energy consumption in dependence on the level of activity, i.e. production loading (working 

volume) at which the line works. 

 

 

Picture 18.  Unit energy consumption in dependence on production loading 
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It can be seen that when line works at the 50% of the full capacity, the power consumption is twice 

as high as it is when the line works at the full capacity. When it works at the 10% of the full capacity, 

the unit power consumption is 10 times higher. It is inherent consequence of the fact that the 

waterflow is the same whole the time. To reduce the energy consumption per produced unit, the 

waterflow should be lower when the line is in stand-by or when just part of the line is in operation. 

 

5.3.2. 9-5 

 

Measurements and calculations for the cooling system for the line 9-5 are conducted in the same 

way as for 9-3 line.  

The volume that passed through the piping at the exit of the pump during 60 minutes integration 

period is 129 262 liters, which gives the average waterflow of 2 154,37 l/min. At the same time, the 

total consumption of energy was 53 642 Wh, what gives average power of 53 642 W. These 

measurements are conducted parallel to get a real figure for the specific power of the pump. The 

power consumption at each moment and the total energy consumption from beginning of the 

measurement are shown in the graphs below. 

 

 

Picture 19. The power consumption for pump for 9-5 line 

 

The power is not constant for the pump, but it oscillates around 50 000 watts. 

From these figures, the specific power of the pump equals 0,41 W/l/h, i.e. 24,9 W/l/min. 

At the entrance of the line, the waterflow is measured. Total volume that passed through the piping 

during the 10 minutes integration period is 4 709 liters, which gives an average of 470,9 l/min. 
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From these figures, calculated average power consumption of the cooling system for the 9-5 line is 

11 725,03 W. 

All figures are clearly presented in the table below. 

 

Table 14. The energy consumption of cooling system for 9-5 line 

CENTRALIZED WATER PUMP WATERFLOW AT THE LINE 
integrated water flow 129.262,00 l integrated water flow 4.709,00 l 
period of integration 12:35-13:35   period of integration 16:22-16:32   
    60,00 min     10,00 min 
average waterflow 2.154,37 l/min average waterflow 470,90 l/min 
              
energy used for the pump             
active energy 53.642,00 Wh 

Average power consumption 
of a line for cooling water 

    
period of integration 12:35-13:35   11.725,03 W 
    60,00 min     
average power             
active   53.642,00 W Energy consumption per 

produced UB (at full 
capacity) 

    

        825,71   
specific power of pump 0,41 W/(l/h)         
    24,90 W/(l/min)         

 

 

It can be noticed that the power consumption of the cooling system of the 9-5 line is much higher 

than for the 9-3 line. Furthermore, because the capacity of the 9-5 line is almost three times lower 

than the capacity of the 9-3 line, the energy consumption per produced unit is almost eight times 

higher than for the 9-3 line. It equals 825,71 Wh/unit. As same as in the 9-3 line, the waterflow is 

constant, so the energy consumption per produced unit is increasing rapidly with the decrease in the 

production loading. The function is shown in the picture below. 
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Picture 20. Unit energy consumption of cooling system in dependence on production loading for 9-5 

line 

5.4. Electricity 
 

Both lines use electrical energy for conveyors, elevators, control systems, robot hands, welding etc. 

The biggest consumers of the electrical energy in both lines are welding machines. Some of the 

equipment in the 9-5 line consumes electrical power directly, while the similar equipment, i.e. 

equipment that has the same purpose, in the 9-3 line uses the compressed air instead. For example, 

the welding guns are driven by compressed air in the 9-3 line, while in the 9-5 line by electrical 

motors. 

Parallel with the measurements of the electrical energy, the activity and the production of the line 

are followed. According to that, the consumption of energy in the stand-by mode and at the full 

capacity can be estimated. Each measurement is conducted for such a long time that there are some 

periods in which the line is in the stand-by mode and some periods during which the line operates at 

the full capacity. These periods are extracted and analyzed. 

For stand-by period production equals zero and the consumed energy for given period of time is just 

extended to one hour. With that, the consumption for one hour in stand-by mode, i.e. the average 

power consumption in the stand-by mode (Ps) is known. For period when there is production, 

produced underbodies are counted and energy consumption is measured. In the same way as for the 

stand-by period, the consumption of energy is extended to get hour consumption, i.e. average power 

(Pp). Although this period is taken when the production is high, it is not at the full capacity. Therefore 

some calculations are made in order to get estimated power consumption at the full capacity. For the 

number of ‘p’ produced cars during one hour, the capacity of a line c, the power consumption in the 
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stand-by mode Ps and the power consumption of a line for production of p cars Pp, the estimated 

power at the full capacity Pf is calculated with the following equation: 

 

𝑃𝑓 = (𝑃𝑝 − 𝑃𝑠) ∙ 𝑐
𝑝

+ 𝑃𝑠                                                                       (3) 

 

With figures about the power consumption of line at the stand-by mode and at the full capacity, the 

energy consumption in desired period of time (t) for any level of production can be calculated with 

the following equation: 

 

𝐸𝑡 = � 𝑝
𝑐
∙ 𝑃𝑓 + 𝑐−𝑝

𝑐
∙ 𝑃𝑠  � ∙ 𝑡                                                              (4) 

To get the figure about the consumed energy per produced unit in [Wh/unit], the value that is get 

with this equation (Et) has to be divided by the number of produced cars during observed period. 

 

5.4.1. 9-3 

 

The measurements for the 9-3 line are divided in three parts. Measurements of the consumption of 

the welding system are conducted separately from the measurements of the consumption of the 

other parts of the equipment – machinery, conveyors, control systems and manipulators. 

Furthermore, the energy consumption of this equipment is also divided in two parts. 

 

5.4.1.1. Weldings 

 

Welders consume much power in a short time. That is why integration is made to get a real figure of 

welders' energy consumption. In the graph below, the power consumption during the time is shown, 

as well as total energy consumption from the beginning of the measurements. 

NOTE: The measurements are conducted at the low current side of the current measuring 

transformer 800/5 A. This means that a factor is 160. To get more accurate values, the clamp 

ampermeter is installed to measure current at two windings. Furthermore, the voltage is measured 
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at the high voltage side. Because all of that, the figures that can be seen below in the graph have to 

be multiplied by 80 to get real figures. 

 

 

Picture 21. Energy consumption of welding system of 9-3 line 

 

From the graph it may be seen that there was almost no consumption at the period from 9:42 to 

9:47. By following the activity while the measurement took place, it is confirmed that during that 

period the line was at stand-by mode. Of course, during that time no underbodies were produced. 

Energy consumed during that period was 47,21 Wh. When this value is extended to one hour it is 

566,5 Wh, which means that the average power consumption for weldings at stand-by mode is 566,5 

W. Table 13 clearly shows all these data: 

 

Table 15. The energy consumption of welding system at stand-by mode 

Activity Hours 
Produced 

UB: 
Energy consumed 

[Wh]  
Energy measured 

[Wh] 

Whole line in stand-by 
9:42 11 3.104,15 38,80 
9:47 11 3.151,36 39,39 

  TOTAL 5 min 0 47,21     
    Per hour 0 566,50     

 

From the graph it can also be seen that the highest activity was from 10:05 to 10:20. That is 

confirmed by following the activity of the line. During that period the line consumed 15 176,96 Wh 

and produced 9 cars, what when extended to one hour gives 60 707,84 Wh consumed and 36 cars 

produced. This means that during that time the line operates at almost full capacity. At that level of 

production, energy consumed for weldings per produced underbody is 1 686,33 Wh. To estimate 
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power consumption at full capacity, the equation 3 is used. With it, estimated power consumption of 

welding system at full capacity is 66 554,92 W. 

In the table below, all these data are shown clearly. 

 

Table 16. Energy consumption of weldings at full capacity 

Activity Hours Produced UB: 
Energy consumed 

[Wh] 
Energy 

measured [Wh] 

Whole line 
operating 

10:05 14 14.466,16 180,83 
10:20 23 29.643,12 370,54 

  TOTAL 15 min 9 15.176,96     
    Per hour 36 60.707,84     

  

Estimated power consumption at full capacity 
[W] 

66.554,92 
    

  Energy consumption per produced UB [Wh/job]: 1.686,33     
 

5.4.1.2. The rest of equipment 

 

In this section, the energy consumption of all the other systems in the 9-3 line, besides welding, are 

presented. 

As well as for welding system, measurements were conducted during the period of no activity and 

during the period of the highest activity in order to get figures about energy consumption at the 

stand-by mode and at the full capacity. 

The line is physically divided into two parts and measurements had to be conducted at two different 

places. Therefore, the results of the measurements are presented for each part separately. 

In the graph below, the power consumption of the first part of the line is shown. 

NOTE: All values from the graphs below have to be multiplied by 2 in order to get real figures. 

Namely, at the place where measurements were conducted, electrical power for each electrical 

phase is passing through two cables, while the measuring equipment was installed only on one cable 

at each electrical phase.  
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Picture 22. Power consumption of the first part of 9-3 line 

 

From the graphs above it may be seen that the stand-by mode period was from 9:05 to 9:20. 

Although there was no activity and no cars were produced, measured energy consumption is 1906,9 

Wh, which gives the average power consumption of 7627,62 W in the stand-by mode. All the figures 

are clearly shown in the table below. 

 

 

Table 17. Energy consumption of first part of 9-3 line in stand-by mode 

Activity Hours 
Produced 

UB: 
Energy consumed 

[Wh] 
Energy measured 

[Wh] 
Whole line in stand-

by 
9:05 35 1.549,12 774,56 
9:20 35 3.456,02 1728,01 

  TOTAL 15 min 0 1.906,90     
    Per hour   7.627,62     

 

The period with the highest activity was from 10:18 to 10:28. During that period 2 916,42 Wh were 

consumed and 5 cars were produced. The calculations were made in the same way as for the welding 

system, which gives the estimated average power consumption of the first part of the line at the full 

capacity of 20 624,31 W. All these figures are clearly presented in the table below. 
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Table 18. Power consumption of the first part of 9-3 line at full capacity 

Activity Hours Produced UB: 
Energy consumed 

[Wh] 

Energy 
measured 

[Wh] 

Whole line 
operating 

10:18 53 17.958,38 8979,19 
10:28 58 20.874,80 10437,40 

  TOTAL 10 min 5 2.916,42     
    Per hour 30 17.498,52     
  Estimated power consumption at full capacity [W] 20.624,31     

  Energy consumption per produced UB [Wh/job]: 583,28     

 

 

In the same way as for first part of the line, energy is measured and for the second part of the line. 

 

 

Picture 23. Power consumption of the second part of 9-3 line 

The period of the stand-by mode was from 11:10 to 11:15. Energy consumed was 407,78 Wh, which 

gives an average power consumption of the second part of the line in the stand-by mode of 4 893,36 

W. These figures are clearly presented in the table below. 

 

Table 19. Energy consumption of second part of 9-3 line in stand-by mode 

Activity Hours 
Produced 

UB: 
Energy consumed 

[Wh] 
Energy measured 

[Wh] 

Whole line in stand-
by 

11:10 49 3.915,14 1957,57 
11:15 49 4.322,92 2161,46 

  TOTAL 5 min 0 407,78     

    Per hour   4.893,36     
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In contrast, the highest activity is recorded from 10:55 to 11:08. During that period, second part of 

line consumed 2 390,97 Wh and produced 8 underbodies. Extended to one hour, it gives production 

of 36,92 underbodies, which is almost the full capacity of the line. For this level of production this 

part of the line has to consume 11 035,24 Wh during one hour, while the estimated power at the full 

capacity is 11 463,89 W. These figures are clearly presented in the table below. 

 

Table 20. Power consumption of the second part of 9-3 line at full capacity 

Activity Hours Produced UB: 
Energy consumed 

[Wh] 

Energy 
measured 

[Wh] 

Whole line 
operating 

10:55 39 1.326,45 663,23 
11:08 47 3.717,42 1858,71 

  TOTAL 13 min 8 2.390,97     
    Per hour 36,92 11.035,24     

  
Estimated power consumption at full capacity 

[W] 11.463,89     

  Energy consumption per produced UB [Wh/job]: 298,87     

 

 

5.4.1.3. Total electricity (9-3) 

 

According to the above discussion, the electric power consumption of the line 9-3 is 13 087,49 W and 

98 643,11 W in the stand-by mode and full capacity mode respectively. . This means that in the 

stand-by mode line uses around 13% of the power that it uses at the full capacity. 

 

5.4.2. 9-5 

 

Electrical energy consumption of the 9-5 line is measured in the same way as for the 9-3 line, but 

more easily. Graph 28 shows the power consumption of line 9-5. 
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Picture 24. The electrical power consumption of 9-5 line 

 

It may be seen from the graphs above that the most of the time the line was working in the stand-by 

mode. It may also be seen that during three periods activity was very high, after which it came back 

to the stand-by mode. During each period of activity, two peaks can be seen. By following the activity 

of the line parallel with conducting the measurements, it was noticed that during each period of 

activity two underbodies are produced. Stand-by period which was observed was from 14:00 to 

14:30. At that period 5 180,2 Wh were consumed by 9-5 line, which gives an average electrical power 

consumption of 10 360,4 W in the stand-by mode. These figures are clearly shown in the table below. 

 

Table 21. Electrical power consumption of 9-5 line in stand-by mode 

Activity Hours 
Produced 

UB: 
Energy consumed 

[Wh] 
Energy measured 

[Wh] 

Whole line in stand-
by 

14:00 23 25.930,00 12965,00 
14:30 23 31.110,20 15555,10 

  TOTAL 30 min 0 5.180,20     
    Per hour   10.360,40     

 

 

From these three periods of activity, the period from 13:33 to 13:42 is observed. During that period 2 

underbodies were produced and 4 406,74 Wh of electrical energy was consumed. Extended to one 

hour, it gives 29 378,27 Wh for production of 13,33 underbodies. With these figures, estimated 

electrical power consumption of the 9-5 line at the full capacity (14,2 underbodies per hour) is 30 

614,43 W. All figures are clearly presented in the table below. 
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Table 22. Electrical power consumption of 9-5 line at full capacity 

Activity Hours Produced UB: 
Energy consumed 

[Wh] 

Energy 
measured 

[Wh] 

Whole line 
operating 

13:33 21 18.115,26 9057,63 
13:42 23 22.522,00 11261,00 

  TOTAL 9 min 2 4.406,74     
    Per hour 13,33 29.378,27     
  Estimated power consumption at full capacity [W] 30.614,43     

  Energy consumption per produced UB [Wh/job]: 2.203,37     

 

 

From these figures it may be seen that electrical power consumption of 9-5 line at stand-by mode is 

around 34% of the consumption at the full capacity. This is 2 and half times more than that for the 9-

3 line. 

 

 

5.5. Ventilation system 
 

Although the 9-3 and 9-5 lines are next to each other in the factory, they use separate ventilation 

systems, which work principally in the same way. First inlet air goes through the heat exchanger, 

which efficiency is around 70%, to recover a part of the heat from outlet air. After that, preheated air 

goes through the system where it is further heated, in order to achieve the required inlet 

temperature, ranging from 17 to 20 °C. Also, inlet air temperatures are different for 9-3 and 9-5 line, 

but still in the same range. Outlet air temperature is around 23 °C in average. From the data from the 

duration diagram, shown in the picture below, the heating for achieving required inlet temperature 

can be calculated. On the vertical axis in the diagram, temperatures in °C are presented. Where the 

Saab factory is situated, year average temperature is 8 °C and therefore the curve that is marked 

with number 8 is used for calculations. This curve represents duration of outside temperature during 

one year. 
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Picture 25. Duration diagram for calculation of required additional heating 

 

Equation used for calculation of the required energy for heating is: 

 

𝐸ℎ = �̇� ∙ 𝜌 ∙ 𝑐𝑝 ∙ ∫ ∆𝑇(𝑡)𝑑𝑡8760
0                                                              (5) 

 

where Eh is required energy for heating in [kWh], �̇�is average airflow through the system in [m3/s], ρ 

is air density equals 1,2 kg/m3, cp is specific heat capacity equals 1,005 kJ/kg°C and ΔT(t) is a 

difference between required inlet air temperature and 70% of difference between outlet air 

temperature and outside air temperature in dependence on time. Integration is made for 8 760 

hours, i.e. for one year. 
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From this diagram, heating for 8 760 hours is calculated, which means that given value has to be 

divided by 8 760 to get year average power. Since for the other systems also estimation is made, the 

figure of year average power consumption for ventilation system is accurate enough for this study. 

Air is blown through ventilation system by two fans, one for inlet and one for outlet air. Since they 

have no speed regulation, like variable speed drives, they work at full speed during the whole 

operating time of the lines, which is around eight hours per day. For this study, apparent voltage and 

current through the fans are measured and with known power factor, the active power consumption 

is calculated. Because of the constant speed, measured power can be considered as average power. 

Like the cooling system, ventilation system consumes quite much energy per produced unit when the 

line is at stand-by mode. This is the direct consequence of constant power of fans. 

 

5.5.1. 9-3 

 

Average airflow of 9-3 line is 28 000 m3/h, i.e. 7,8 m3/s. This system is used only for ventilation of 

part of the factory where is the 9-3 underbody line.  Required inlet air temperature for this line is 

18°C and outlet air temperature is 23°C in average. It shows that in the part of the factory where the 

line 9-3 is, there is increase of temperature of 5°C. From these figures, duration diagram and the 

equation 5 it is calculated that required heat for one year would be 61 600 kWh if the system was 

operating whole year long, 8 760 hours without stopping. Since it operates around 25% of time 

during the year, actual energy consumption of ventilation system is around 15 400 kWh yearly. The 

most important figure for this study is that average power consumption for additional heating is 

around 7 kW (61 600 divided by 8 760). 

Measured apparent current at fan motor is 21 A and voltage is 400 V. Estimated power factor is 0,85. 

From this figures, it can be calculated that the power consumption of one motor is 12,5 kW. There 

are two motors, one for outlet and one for inlet air. This gives power consumption of motors that 

drive the fans of 25 kW. 

With figures of power consumptions of heating and fans, total power consumption of ventilation 

system for 9-3 line is estimated to 32 kW. This power consumption is the same in both full capacity 

mode and stand-by mode. At full capacity, the unit energy consumption of the ventilation system is 

0,8 kWh/unit. 
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5.5.2. 9-5 

 

The ventilation system that provides 9-5 line with fresh air is also used for other parts of the factory. 

The Whole system has a airflow of around 53 000 m3/h, i.e. 14,7 m3/s while 9-5 line requires a airflow 

of around 32 000 m3/h, i.e. 8,9 m3/s. That is around 60 % of air consumption of whole system. This 

means that the power consumption of the ventilation for 9-5 line is also 60% of the total power 

consumption.  

Required inlet air temperature ranges from 17 to 20 °C, depending on the outside temperature. 

Outlet air temperature is around 23°C in average, same as for 9-3 line. The energy required for 

heating in one year would be equals 233 300 kWh if the whole ventilation system was operating 

whole year long. Since it operates around 25% of time during the year, actual energy consumption of 

whole ventilation system is around 58 325 kWh yearly. As 9-5 line requires just 60 % of this energy, 

it's year energy requirement for heating is 35 000 kWh. From this figures, average power 

consumption for additional heating for 9-5 line is calculated and it equals 16 kW. 

Measured apparent current of fan is 47 A and voltage is 400 V. With power factor of 0,85, 

consumption of electrical energy for powering one fan is around 27,7 kW. Since there are two fans, 

total electrical power consumption for ventilation system is 55,4 kW. Therefore, the part consumed 

by 9-5 is 32,6 kW. 

From these figures, total year average power consumption of ventilation system for the line 9-5 is 

48,6 kW in both full capacity mode and stand-by mode. At full capacity, the unit energy consumption 

of the ventilation system is 3,4 kWh/unit. 

 

 

5.6. Compressed air system 
 

Compressed air is used in both 9-3 and 9-5 line, but the consumption of compressed air is much 

higher in the 9-3 than in the 9-5 line. The total consumption of energy for compressed air system in 

9-5 line is relatively small when compared to the energy consumption of the other systems in the 

same line. Therefore the compressed air consumption in 9-5 line is neglected. 

In the 9-3 line compressed air is used for opening and closing of the welding guns and for some 

manipulations on the conveyors. There are 24 robots that have welding guns. Not all of them have 

the same welding guns. There are several types and each of them is discussed more detailed below. 
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Because it is not possible to measure the mass flow of consumed compressed air, an approximate 

method measuring the volume flow of compressed air was applied. Each welding gun requires two 

different levels of openness. Therefore, the pistons that move the guns can make two kinds of 

strokes, big and small. Big stroke has a range from 55 to 92 millimeters, depending on the type of 

robot. Small stroke has a range from 10 to 18 millimeters. In average for all the robots, for one big 

stroke the welding gun makes five small strokes. Depending on the robot type, the welding guns 

have a diameter of the piston rod of 35 or 65 millimeters. This information is useful because the 

compressed air is used also for returning the piston back to starting position. All observed robots 

have a cylinder diameter of 125 millimeters. 

To calculate the energy consumption of the compressed air system for the line 9-3, at first a total 

volume of compressed air that is used for the production of one underbody has to be calculated. 

With figures from above (about cylinder diameter, stroke and piston rod diameter) and with known 

number of strokes per unit for each robot, the volume of compressed air used for produced 

underbody can easily be calculated. The volume of the compressed air used per produced unit for 

one robot can be calculated with a following equation: 

 

𝑉 = 𝑠𝑏∙𝑑𝑐2∙𝜋
4

+ 𝑠𝑠∙𝑑𝑐2∙𝜋
4

+ �𝑑𝑐2−𝑑𝑝2�∙𝑠𝑏∙𝜋
4

+ �𝑑𝑐2−𝑑𝑝2�∙𝑠𝑠∙𝜋
4

                                        (6) 

 

where V is volume in [mm3], sb is big stroke, ss is small stroke, dc is diameter of cylinder and dp is 

diameter of piston, all expressed in [mm].  

Every welding gun operates with several different forces, depending on requirements for a particular 

welding spot. From these figures, the average force can be calculated. There is characteristic which 

shows which pressure is required for one particular force. According to that, the pressure required 

for average force can be calculated by means of linear approximation. This figure is used for 

calculating the free air volume. 

Now, with the known pressure that welding gun uses, volume of compressed air that is used in 

welding gun and the atmospheric pressure, corresponding volume free air that welding gun uses can 

be calculated from equation: 

 

𝑝𝑎𝑡𝑚 ∙ 𝑉𝐹𝐴 = 𝑝𝑐 ∙ 𝑉𝑐                                                                      (7) 
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where patm is atmospheric pressure that equals 1 bar, VFA is corresponding volume free air in [l], pc is 

the pressure of compressed air in the welding gun in [bar] and Vc is the volume of compressed air in 

the welding gun in [l]. 

These calculations have to be done for every robot, since each robot has different specifications. 

Then the free air usage volume of all welding guns has to be summarized to get total volume free air 

usage for one produced unit. 

When the total free air usage volume in [l] per one produced unit is multiplied by compressors 

energy usage per volume free air in [Wh/l], it results with an unit energy consumption of the 

compressed air system for line 9-3 in [Wh/unit]. 

The compressor used for 9-3 line pressurizes air to 10 bars and has a rated power of 75 kW. Its flow 

at rated power is 192 l/s, which gives a specific power of 6,51 W/l/min, i.e. a specific energy 

consumption of 0,11 Wh per liter compressed free air. 

Below are shown the specifications for one welding gun and calculations that are made in order to 

get its volume free air usage. For all other robots, the results are shown in the Appendix 5. 

Robot one (R1) is placed at station UR120. Its welding gun cylinder diameter is 125 mm, piston rod 

diameter is 35 mm and big and small stroke are 85 and 15 mm respectively. It makes 2 big strokes, 

while it makes 12 small strokes. According to that, the total volume of compressed that it uses (with 

strokes and returning back to starting positions) equals 8,25 liters. For the force of 3 300 N it requires 

a pressure of 7,09 bar, while the average force that is used equals 3000 N. With linear approximation 

it is calculated that for this force, the pressure of 6,45 bar is required. From these figures and with 

the equations 6 and 7, the corresponding total volume free air that is used by this welding gun is 

calculated and it equals 53,17 liters. 

The same calculations are made for all robots, i.e. for all welding guns. When the volumes from all 

welding guns are summarized, it comes to the figure of 1 508,44 liters free air that is used for the 

production of one underbody. As the compressor requires 0,11 Wh for compressing one liter of free 

air, a total energy consumption of the compressed air system for production of one underbody in line 

9-3 equals 163,68 Wh. 

The compressed air is used only when there is production. The power consumption of the 

compressed air system at the full capacity equals 6 403,67 W.  
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5.7. Total energy consumption 
 

In this section, a total energy consumption of both lines is presented and compared. 

Table 21 shows the power consumption at full capacity and in the stand-by mode for both 9-3 an 9-5 

line.  

Table 23. The power consumption of 9-3 and 9-5 lines at stand-by mode and at full capacity [W] 

[W] 
9-3 9-5 

STAND-BY FULL CAPACITY RATIO STAND-BY FULL CAPACITY RATIO 
cooling system 4.286,29 4.286,29 1 11.725,03 11.725,03 1,00 

electricity 13.087,48 98.643,11 0,13 10.360,40 30.614,43 0,34 
compressed air 0 6.465,20 0,00 0 0 0,00 

ventilation 32.000,00 32.000,00 1,00 48.600,00 48.600,00 1,00 
TOTAL 49.373,77 141.394,60 0,35 70.685,43 90.939,46 0,78 

 

It may be seen from the table that the power consumption at the full capacity of 9-3 line is around 

55% higher than that of the 9-5 line. In contrast, the power consumption in stand-by mode of 9-3 line 

is around 40% lower than that of 9-5 line. This leads to the fact that the 9-5 line has much bigger 

ratio „stand-by energy consumption/full-capacity energy consumption“ than the 9-3 line, 0,78 for the 

9-5 compared to 0,35 for the 9-3 line. This directly reflects on the unit energy consumption at low 

production loading. Namely, because of the high power consumption in stand-by mode, the unit 

energy consumption of the 9-5 line increases faster with a decrease in the production loading.  

For the calculation of the unit energy consumption, following equation is used: 

 

𝐸𝑢 =
� 𝑝𝑐∙𝑃𝑓+

𝑐−𝑝
𝑐 ∙𝑃𝑠 �∙𝑡

𝑝
                                                                         (8) 

 

where Eu is unit energy consumption in [Wh/unit], c is the capacity in [unit] of a line for the period of 

time t and p is a production in [unit] in that time. Pf is the power consumption of a line at the full 

capacity and Ps is the power consumption of the line in the stand-by mode. 
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5.7.1. 9-3 

 

In the 9-3 line, the biggest part of an energy consumption at the full capacity is a direct usage of 

electricity, while in the stand-by mode the biggest consumer of energy is ventilation system, which 

works all the time at the same level. The energy consumption of each system within the 9-3 line in 

dependence on production loading is shown in the graph below. Production loading represents a 

level of activity of the line. It is expressed in percentage and is calculated with the relation p/c, where 

c is capacity of line in period of time and p is number of produced cars in the same period. 

 

 

Picture 26. Unit  energy consumption of the 9-3 line in dependence on production loading 

 

Increase in the unit energy consumption with the decrease of the working volume can be seen from 

the picture above. Ventilation system is not the biggest consumer at the full capacity, but its unit 

energy consumption increases much faster than for the other systems. When the line operates with 

a production loading of 20%, ventilation system becomes the biggest consumer of energy per 

produced unit. The similar situation is with the cooling system. It also has much bigger consumption 

at a lower production loading than at the full capacity, but the amount of energy that it consumes is 

relatively small compared to the ventilation system and the electricity and therefore it is not so 

obvious from the graph. In contrast to other systems, the unit energy consumption of the 

compressed air system is constant, i.e. it doesn't depend on the production loading. This is because 

there is no consumption of the compressed air when the line is in the stand-by mode. 
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5.7.2. 9-5 

 

In the 9-5 line, the biggest energy consumer is the ventilation system, at the full capacity and in the 

stand-by mode. It uses more than a half of energy of whole line at the full capacity, while in stand-by 

mode it consumes almost 70% of total energy consumption of the line. 

One of the biggest problems is high energy consumption of the line in the stand-by mode. Namely, it 

equals 78 % of the energy consumption at the full capacity, what reflects negatively on the unit 

energy consumption at low production loading. The unit energy consumption of all systems within 

the 9-5 line is shown in the picture below 

 

 

Picture 27. Unit energy consumption of the 9-5 line in dependence on the production loading 

When the line operates at full capacity, the energy consumption of the ventilation system is at the 

same level as the electricity consumption and cooling system energy consumption. With the 

decrease in the production loading, the energy consumption of the ventilation system increases 

rapidly. The cooling system energy consumption and the electricity consumption are approximately 

at the same level compared to the ventilation system. 

 

5.7.3. Comparison of lines 

 

In the picture below, a total unit energy consumption of each line in dependence on production 

loading is compared. 
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Picture 28. Total unit energy consumption of 9-3 and 9-5 line in dependence on the production 

loading 

 

It may be seen from the graph above that at the full capacity both lines have the unit energy 

consumption at approximately same level. Because the absolute energy consumption of the 9-5 line 

at the full capacity is much higher than for 9-3 line, and it also has a lower capacity (14,2 units per 

hour for 9-5 line compared to 39,5 units per hour for 9-3 line), it consumes more energy per 

produced unit. The 9-5 line has much higher power consumption in the stand-by mode than 9-3 line 

and hence its unit energy consumption increases much faster with the decrease in the production 

loading. It can be concluded that the unit energy consumption of the 9-5 line depends on the 

production loading much more than it is case for the 9-3 line. 

According to the above analysis, both lines should be operated at a full capacity as much as possible 

in order to decrease the unit energy consumption. Of course, the production loading is determined 

by the production processes, but from the energy conservation point of view the lines should be in 

the stand-by mode as less time as possible. The other possibility for energy conservation is to 

decrease the power consumption of the line when it is in the stand-by mode. It is shown here that 

the stand-by mode power consumption has a big influence on the unit energy consumption and 

therefore the development of technologies should also go in a direction of lowering power 

consumption in stand-by mode. 
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6. Conclusion 
 

When different light technologies were compared, LED lamps have shown some advantages to 

replacing the existing fluorescent lamps, such as low energy consumption, high illuminance and low 

UV emissions. But the investment costs are relatively high as it is relatively new technology 

compared to fluorescent lamps. So, if the company requires short payback period for installing new 

lighting instead of fluorescent lighting, LED technology is not the right choice.  

The comparison of the energy consumption of different manufacturing lines has shown that the 

newer technology doesn't necessarily imply better energy efficiency. Although the new line 

consumes less power by means of absolute power consumption, its efficiency is much lower than 

that of the older line, especially when the production loading of the line is at the lower level. For 

both lines, how to reduce the energy consumptions in stand-by mode is one the key issues to 

improve the total energy efficiency. 
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Appendix 1. UV index and UV dose 
 

A. UV index 
 

UV index is a standard measurement of how weak or strong the UV radiation is. Originally, it is a 

measure of the sun potential to do damage to human skin or eye, but it is, of course, also a measure 

of damaging potential of any UV source. It is developed to help people protect themselves from 

harmful effects of the UV light. Familiar UV index may help us determine the influence of each type 

of lamp on human body. 

It can be calculated from a direct measurement of the UV spectral power at a given place. It is 

important to say that the UV index can't be simply related to the irradiance because each wavelength 

has its own energy. First of all, it is necessary to know the action spectrum – a function that describes 

the relative effectiveness of the UV radiation for particular wavelengths in causing certain biological 

reactions. Specially developed McKinlay-Diffey Erythema Action Spectrum is used to weight each of 

the wavelengths[28]. It is shown in the picture below. 

 

 

Picture 2. McKinlay-Diffey Erythema Action Spectrum[28] 

 

After the measurements are made, it is necessary to determine the power of the UV radiation for 

each wavelength in [mW/m2] or [W/m2] to create the energy spectrum. The product of energy and 



2 
 

action spectrum has to be integrated for all wavelengths. The result of integration has to be 

multiplied by 40 (if the radiation is expressed in W/m2) or divided by 25 (if the radiation is expressed 

in mW/m2) to get the UV index. 

Harmfulness of the UV radiation with the corresponding UV index and requirements for the UV index 

are presented in the chapter „Light requirements“. 

 

B. UV dose 
 

Another important value that has to be taken into account is the UV dose. While the UV index shows 

the strength of the UV radiation, the UV dose represents the amount of UV radiation to which a 

person is exposed. It depends on the intensity of the UV radiation and exposure time and it is 

expressed in J/m2. It is integrated from the UV irradiance over time. Generally speaking, the greater 

dose tends to produce greater harm. 

 To calculate the biologically effective dose (BED), the following equation is being used: 

 

                                                           𝐵𝐸𝐷 = ∫ 𝑈𝑉(𝜆)𝐴(𝜆)𝑑𝜆 ∙ 𝑡𝜆                                                                (9)                                                  

 

where the UV represents the ultraviolet irradiance and A the action spectrum for a given 
wavelength[29]. 
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Appendix 2: Light measurement results at MDH 
 

A. LED tube measurements 
  4.11. 8:30   4.11. 16:00   11.11. 11:40   

  Illuminance 
UV-A 

irradiance 
UV-B 

irradiance Illuminance 
UV-A 

irradiance 
UV-B 

irradiance Illuminance 
UV-A 

irradiance 
UV-B 

irradiance 
SPOT lux x10-3 W/m2 x10-3 W/m2 lux x10-3 W/m2 x10-3 W/m2 lux x10-3 W/m2 x10-3 W/m2 

1 169 0,1 0 163 0,1 0 181 0,4 0 
2 204 0,2 0 195 0,1 0 213 0,3 0 
3 214 0,1 0 207 0,1 0 223 0,3 0 
4 189 0,2 0 179 0,1 0 200 0,4 0 
5 159 0,1 0 146 0,1 0 168 0,4 0 
6       68 0,1 0 80 0,2 0 
7       48 0,1 0 57 0,3 0 
8       34 0,1 0 44 0,2 0 
9                   

 

11.11. 16:30   17.11. 14:30   2.12. 16:00   

Illuminance 
UV-A 

irradiance UV-B irradiance Illuminance 
UV-A 

irradiance 
UV-B 

irradiance Illuminance 
UV-A 

irradiance 
UV-B 

irradiance 
lux x10-3 W/m2 x10-3 W/m2 lux x10-3 W/m2 x10-3 W/m2 lux x10-3 W/m2 x10-3 W/m2 

163 0 0 190 0,8 0 174 0,1 0 
195 0,1 0 212 0,2 0 187 0 0 
209 0 0 206 0,3 0 194 x 0 
180 0,1 0 207 1 0 184 0,1 0 
145 0,2 0 199 0,4 0 164 0,1 0 

70 0,1 0 65 0,1 0 58 0,2 0 
48 0 0 48 0 0 41 0,1 0 
36 0 0 32 0,1 0 27 0,1 0 

      245 0,4 0 232 0,1 0 
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3.12. 11:00   7.12. 16:00   

Illuminance 
UV-A 

irradiance 
UV-B 

irradiance Illuminance 
UV-A 

irradiance 
UV-B 

irradiance 

lux x10-3 W/m2 x10-3 W/m2 lux x10-3 W/m2 x10-3 W/m2 

200 0,3 0 176 0 0 
207 0,2 0 190 0,2 0 
213 0,2 0 197 0,1 0 
210 0,3 0 185 0,1 0 
193 0,3 0 164 0,1 0 

73 0,1 0 57 0,2 0 
x x 0 43 0,1 0 

35 0,1 0 29 0,1 0 

257 0,3 0 232 0,2 0 
 

13.12. 16:00   15.12. 14:30   

Illuminance 
UV-A 

irradiance 
UV-B 

irradiance Illuminance UV-A irradiance 
UV-B 

irradiance 
lux x10-3 W/m2 x10-3 W/m2 lux x10-3 W/m2 x10-3 W/m2 

165 0,1 0 173 0,1 0 
196 0,1 0 200 0,1 0 
211 0,1 0 215 0,2 0 
183 0,1 0 188 0,2 0 
150 0,1 0 152 0,2 0 

64 0,1 0 68 0,4 0 
51 0,1 0 51 0,4 0 
34 0 0 35 0,1 0 

228 0,1 0 235 0,1 0 
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B. Fluorescent tube measurements 
 

 
4.11.     17.11. 15:00   7.12. 16:00   

 
Illuminance UV-A irradiance UV-B irradiance Illuminance UV-A irradiance UV-B irradiance Illuminance UV-A irradiance UV-B irradiance 

SPOT lux x10-3 W/m2 x10-3 W/m2 lux x10-3 W/m2 x10-3 W/m2 lux x10-3 W/m2 x10-3 W/m2 
1 157 2,9 0 144 6,4 0,1 156 6,2 0,1 
2 163 3,6 0,6 161 7,6 1 168 8 1,9 
3 171 3,8 0,6 167 8,4 1,4 182 9 1,3 
4 129 2,6 0 154 6,4 0,6 159 6 0,4 
5 126 1,7 0,1 149 5,5 0,1 140 4,5 0 
6       77 1,2 0 84 1,5 0 
7       57 0,7   59 0,7 0 
8       43 0,4   47 0,6 0 
9       186 4 2,1 192 10,4 1,7 
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Appendix 3: Total cost difference (fluorescent – LED) after 80 000 operating hours [€] 
    INITIAL LED COST [€]                     
ENERGY COST 
[€/kWh] 10 12 14 16 18 20 22 24 26 28 30 32 34 36 
  0,05 112,75 110,75 108,75 106,75 104,75 102,75 100,75 98,75 96,75 94,75 92,75 90,75 88,75 86,75 
  0,06 126,75 124,75 122,75 120,75 118,75 116,75 114,75 112,75 110,75 108,75 106,75 104,75 102,75 100,75 
  0,07 140,75 138,75 136,75 134,75 132,75 130,75 128,75 126,75 124,75 122,75 120,75 118,75 116,75 114,75 
  0,08 154,75 152,75 150,75 148,75 146,75 144,75 142,75 140,75 138,75 136,75 134,75 132,75 130,75 128,75 
  0,09 168,75 166,75 164,75 162,75 160,75 158,75 156,75 154,75 152,75 150,75 148,75 146,75 144,75 142,75 
  0,1 182,75 180,75 178,75 176,75 174,75 172,75 170,75 168,75 166,75 164,75 162,75 160,75 158,75 156,75 
  0,11 196,75 194,75 192,75 190,75 188,75 186,75 184,75 182,75 180,75 178,75 176,75 174,75 172,75 170,75 
  0,12 210,75 208,75 206,75 204,75 202,75 200,75 198,75 196,75 194,75 192,75 190,75 188,75 186,75 184,75 
  0,13 224,75 222,75 220,75 218,75 216,75 214,75 212,75 210,75 208,75 206,75 204,75 202,75 200,75 198,75 
  0,14 238,75 236,75 234,75 232,75 230,75 228,75 226,75 224,75 222,75 220,75 218,75 216,75 214,75 212,75 
  0,15 252,75 250,75 248,75 246,75 244,75 242,75 240,75 238,75 236,75 234,75 232,75 230,75 228,75 226,75 

 

                                
38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 

84,75 82,75 80,75 78,75 76,75 74,75 72,75 70,75 68,75 66,75 64,75 62,75 60,75 58,75 56,75 54,75 
98,75 96,75 94,75 92,75 90,75 88,75 86,75 84,75 82,75 80,75 78,75 76,75 74,75 72,75 70,75 68,75 

112,75 110,75 108,75 106,75 104,75 102,75 100,75 98,75 96,75 94,75 92,75 90,75 88,75 86,75 84,75 82,75 
126,75 124,75 122,75 120,75 118,75 116,75 114,75 112,75 110,75 108,75 106,75 104,75 102,75 100,75 98,75 96,75 
140,75 138,75 136,75 134,75 132,75 130,75 128,75 126,75 124,75 122,75 120,75 118,75 116,75 114,75 112,75 110,75 
154,75 152,75 150,75 148,75 146,75 144,75 142,75 140,75 138,75 136,75 134,75 132,75 130,75 128,75 126,75 124,75 
168,75 166,75 164,75 162,75 160,75 158,75 156,75 154,75 152,75 150,75 148,75 146,75 144,75 142,75 140,75 138,75 
182,75 180,75 178,75 176,75 174,75 172,75 170,75 168,75 166,75 164,75 162,75 160,75 158,75 156,75 154,75 152,75 
196,75 194,75 192,75 190,75 188,75 186,75 184,75 182,75 180,75 178,75 176,75 174,75 172,75 170,75 168,75 166,75 
210,75 208,75 206,75 204,75 202,75 200,75 198,75 196,75 194,75 192,75 190,75 188,75 186,75 184,75 182,75 180,75 
224,75 222,75 220,75 218,75 216,75 214,75 212,75 210,75 208,75 206,75 204,75 202,75 200,75 198,75 196,75 194,75 
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Appendix 4: Payback period for installing LED instead of fluorescent tubes [operating hours] 
    INITIAL LED COST [€]                     
ENERGY COST 
[€/kWh] 10 12 14 16 18 20 22 24 26 28 30 32 34 36 
  0,05 9144 11430 13715 15001 15001 15001 15002 15002 15830 18115 20401 22687 24972 27258 
  0,06 7620 9525 11430 13334 15001 15001 15001 15002 15002 15096 17001 18906 20811 22715 
  0,07 6532 8164 9797 11430 13062 14695 15001 15001 15002 15002 15002 16205 17838 19470 
  0,08 5715 7144 8572 10001 11430 12858 14287 15001 15001 15001 15002 15002 15608 17037 
  0,09 5080 6350 7620 8890 10160 11430 12699 13969 15001 15001 15001 15002 15002 15144 
  0,1 4572 5715 6858 8001 9144 10287 11430 12572 13715 14858 15001 15001 15002 15002 
  0,11 4157 5196 6235 7274 8313 9352 10391 11430 12469 13507 14546 15001 15001 15002 
  0,12 3811 4763 5715 6668 7620 8572 9525 10477 11430 12382 13334 14287 15001 15001 
  0,13 3517 4397 5276 6155 7034 7913 8792 9671 10550 11430 12309 13188 14067 14946 
  0,14 3266 4083 4899 5715 6532 7348 8164 8981 9797 10613 11430 12246 13062 13879 
  0,15 3049 3811 4572 5334 6096 6858 7620 8382 9144 9906 10668 11430 12191 12953 

 

                                
38 40 42 44 46 48 50 52 54 56 58 60 62 64 66 68 

29544 30001 30001 30002 30002 30002 31658 33944 36230 38515 40801 43087 45001 45001 45001 45002 
24620 26525 28430 30001 30001 30001 30002 30002 30191 32096 34001 35906 37811 39715 41620 43525 
21103 22736 24368 26001 27634 29266 30001 30001 30002 30002 30002 30777 32409 34042 35674 37307 
18465 19894 21322 22751 24180 25608 27037 28465 29894 30001 30001 30002 30002 30002 31215 32644 
16414 17684 18953 20223 21493 22763 24033 25303 26572 27842 29112 30001 30001 30001 30002 30002 
15002 15915 17058 18201 19344 20487 21630 22772 23915 25058 26201 27344 28487 29630 30001 30001 
15002 15002 15507 16546 17585 18624 19663 20702 21741 22780 23819 24858 25897 26936 27975 29014 
15001 15002 15002 15168 16120 17072 18025 18977 19930 20882 21834 22787 23739 24691 25644 26596 
15001 15001 15002 15002 15002 15759 16638 17517 18397 19276 20155 21034 21913 22792 23671 24550 
14695 15001 15001 15002 15002 15002 15450 16266 17083 17899 18715 19532 20348 21164 21981 22797 
13715 14477 15001 15001 15001 15002 15002 15182 15944 16706 17468 18230 18991 19753 20515 21277 
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Appendix 5: Specifications of all welding guns in the 9-3 line 

STATION 
NUMBER 

ROBOT 
NUMBER 

  
CYLINDER 
DIAMETER 

(mm) 

STROKE (mm) PISTON 
ROD 

DIAMETER 
(mm) 

NUMBER OF 
STROKES 

VOLUME [l] 
TOTAL 

VOLUME 
(BIG 

STROKES) (l) 

TOTAL 
VOLUME 
(SMALL 

STROKES) 
(l) 

TYPE 

BIG 
STROKE 

BIG 
STROKE 
RETURN 

SMALL 
STROKE 

SMALL 
STROKE 
RETURN 

  BIG SMALL BIG SMALL 

UR 120 R1 GWT 125 85 15 35 2 12 1,04 0,96 0,18 0,17 4,01 4,24 
    R2 GWT 125 85 15 35 2 10 1,04 0,96 0,18 0,17 4,01 3,54 
    R3 GWT 125 85 15 35 2 13 1,04 0,96 0,18 0,17 4,01 4,60 
    R4 GWT 125 85 15 35 3 16 1,04 0,96 0,18 0,17 6,01 5,66 

UR 130 R1 GWT 125 85 15 35 4 21 1,04 0,96 0,18 0,17 8,01 7,42 
    R2 GWT 125 85 15 35 4 21 1,04 0,96 0,18 0,17 8,01 7,42 
    R3 GWT 125 85 15 35 1 9 1,04 0,96 0,18 0,17 2,00 3,18 
    R4 GWT 125 85 15 35 1 9 1,04 0,96 0,18 0,17 2,00 3,18 

UR 140 R1 ARO 125 55 10 65 2 10 0,67 0,49 0,12 0,09 2,33 2,12 
    R2 ARO 125 55 10 65 1 9 0,67 0,49 0,12 0,09 1,17 1,91 
    R3 GWT 125 85 15 35 4 20 1,04 0,96 0,18 0,17 8,01 7,07 
    R4 GWT 125 85 15 35 3 19 1,04 0,96 0,18 0,17 6,01 6,72 

UR 150 R1 ARO 125 55 10 65 3 16 0,67 0,49 0,12 0,09 3,50 3,39 
    R2 ARO 125 55 10 65 3 16 0,67 0,49 0,12 0,09 3,50 3,39 
    R3 ARO 125 55 10 65 1 8 0,67 0,49 0,12 0,09 1,17 1,70 
    R4 ARO 125 55 10 65 2 11 0,67 0,49 0,12 0,09 2,33 2,33 

UR 320 R1 GWT 125 92 18 35 3 19 1,13 1,04 0,22 0,20 6,51 8,06 
    R2 GWT 125 92 18 35 3 18 1,13 1,04 0,22 0,20 6,51 7,64 

UR 330 R1 GWT 125 92 18 35 1 8 1,13 1,04 0,22 0,20 2,17 3,39 
    R2 GWT 125 92 18 35 1 9 1,13 1,04 0,22 0,20 2,17 3,82 
    R3 GWT 125 92 18 35 3 18 1,13 1,04 0,22 0,20 6,51 7,64 
    R4 GWT 125 92 18 35 3 16 1,13 1,04 0,22 0,20 6,51 6,79 

UR 340 R1 ARO 125 55 10 65 10 50 0,67 0,49 0,12 0,09 11,67 10,61 
    R2 ARO 125 55 10 65 9 49 0,67 0,49 0,12 0,09 10,50 10,40 
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STATION 
NUMBER 

ROBOT 
NUMBER 

    AVERAGE 
FORCE 

(N) 
AVERAGE 
PRESSURE 

(bar) 

TOTAL 
VOLUME 
FREE AIR 

(l) 

PRESSURE 
(bar) FORCE (N) 

UR 120 R1 7,09 3.300 3.000 6,45 53,17 
    R2 7,09 3.300 3.000 6,45 48,61 
    R3 7,09 3.300 3.000 6,45 55,45 
    R4 7,09 3.300 3.000 6,45 75,20 

UR 130 R1 5,84 3.700 3.100 4,89 75,54 
    R2 5,84 3.700 3.100 4,89 75,54 
    R3 7,55 3.700 3.000 6,12 31,74 
    R4 7,55 3.700 3.000 6,12 31,74 

UR 140 R1 8,64 3.640 3.000 7,12 31,72 
    R2 8,64 3.640 3.000 7,12 21,90 
    R3 6,05 3.700 3.200 5,23 78,93 
    R4 6,05 3.700 3.200 5,23 66,60 

UR 150 R1 8,64 3.640 3.000 7,12 49,10 
    R2 8,64 3.640 3.000 7,12 49,10 
    R3 9,18 3.600 3.200 8,16 23,37 
    R4 9,18 3.600 3.200 8,16 38,08 

UR 320 R1 5,09 3.000 3.100 5,26 76,61 
    R2 5,09 3.000 3.100 5,26 74,38 

UR 330 R1 4,75 3.000 3.000 4,75 26,42 
    R2 4,75 3.000 3.000 4,75 28,44 
    R3 7,19 3.200 2.800 6,29 88,97 
    R4 7,19 3.200 2.800 6,29 83,63 

UR 340 R1 8,89 3.670 3.100 7,51 167,27 

    R2 8,89 3.670 3.100 7,51 156,92 

      
TOTAL: 1508,44 
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