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ABSTRAKT

Denni a umé¢lé osvétleni v interiéru jsou kli¢ovymi prvky, které formuji vizuélni prostiedi a
zdravotni aspekty. Velkd pozornost je vénovdna umélému osvétleni, ale dulezitd Cast
osvétleni je denni osvétleni. To je zédkladem predmétné diplomové prace. Cilem je
optimalizovat denni a um¢lé osvétleni. Diplomova prace se zabyva optimalizaci denniho a
umélého osvétleni ve vefejnych budovach nebo komercnich prostorach. Pouzitd metoda
ma na zakladé numerické simulace ptirodniho (denniho) a umélého osvétleni umoznujici
posouzeni pozadované urovné vnitiniho osvétleni. Pro pfirozené osvétleni byly zastinéni
oken, zatimco pro umélé osvétleni fizeni urovné osvétleni provadéno pomoci systémui
fizeni osvétleni systémem KNX. Pro ucely této studie byla provedena méfeni na riznych
paracovnich mistech v laboratofi a pouzit otevieny software (Dialux Evo) k vytvoieni
numerickych simulaci osvétleni na pracovnich mistech s rizn¢ nastavenym zastinénim
oken.

Klicova slova: Osvétleni, Piirozené svétlo, Umélé svétlo, Optimalizace svétla, Komeréni
prostory

ABSTRACT

The daily and artificial lighting in the interior are the key elements shaping the visual
environment and health aspects. Much attention is given to artificial lightings, but because
of the benefits of natural lights, there is the need to study their optimization. This is the
basis of this study. In effect, the goal of this study is to optimize the natural and artificial
lights. This Diploma Thesis presents the optimization of natural and artificial lightings in
public buildings or commercial premises. The method applied was to have a detailed
numerical simulation of natural (daylighting) and artificial (electric) lightings by allowing
interior illumination levels assessment. For the natural light, vertical windows were
considered, while for the artificial light, illumination was done using the KNX lighting
control systems. For the purpose of this study, measurements were taken at various
observation points in the Laboratory, and an open-source software (Dialux Evo) was used
to produce numerical simulations at the observation points with the blinds set at various

open positions, using the KNX lighting control systems.

Keywords: Lighting, Natural light, Artificial light, Light optimization, Commercial premises
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INTRODUCTION

General Background

The definition of light in current encyclopedias is predominantly limited to its physical
explanation as the visible part of the electromagnetic spectrum. However, precisely
speaking, our eyes cannot see a spectrum, it is rather the photoreceptors, i.e., rods and
cones in the eyes which collect, decipher and transpose the emission or reflectance of
electromagnetic waves in a specific range or photons into meaningful visual signals in our
brain. However, light serves for much more than just vision in humans. Light exerts

powerful non-visual effects on a wide range of biological functions and behavior [1].

Daylight (natural light) is the most sustainable source of light for building interiors [2].
Natural lighting can be thought of as available light, such as that produced by the sun or
the moon. Artificial lighting is produced via another source, such as a studio strobe,
Speedlight, LED light, your camera’s pop-up flash, or even a streetlight or lamp [3]. The

biggest benefits of using natural lighting is that it is free, abundant, and very easy to find.

The most common source of natural light on Earth is the Sun. We receive natural light
throughout our sunlight hours, whether we want it or not. That is, we cannot control the
amount, duration and intensity of the natural light. The light we obtain from the Sun covers
the entire visible spectrum, with violet at one end and red at the other. This light is good
for our health and is necessary for plants to carry out photosynthesis. Fire is another source
of natural light. Natural light is full spectrum and dynamic. Full spectrum means that light
contains all the colors of the rainbow. Dynamic means that the intensity and mix of colors
change with the time of day. Natural light cycles from bright with a high blue content
during the day to soft with a high red content in the evenings. The bright blue-rich light
signals us to be awake and alert, while the soft red-rich light tells our bodies it’s time to

relax and prepare for sleep [4].

Artificial light is generated by artificial sources, such as incandescent lamps, compact
flourescent lamps (CFLs), LEDs, etc. We can control the quality, quantity and duration of
this light by controlling a number of factors. Artificial light is necessary for us to work
during hours of low natural lighting (evening and/or night). The artificial light does not
cover the entire light spectrum and is not too conducive to photosynthesis or health of life

forms.
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Problem Statement

The natural and artificial lightings in the interior are the key elements shaping the visual
environment and health aspects. Much attention is given to artificial lightings, but because
of the benefits of natural lights, there is the need to study their combination and
optimization, most especially in commercial premises. This is the basis of this study,

Optimization of Lightings in Commercial Premises.

Objectives

The goal of this study is to optimize the natural and artificial lightings through the
uniformity of their illuminances on the workspaces in commercial premises. The lighting
system should uniformly illuminate the workspace so that an economic evaluation of the

lighting system could be made.

Methodology

The method applied was to have a detailed numerical simulation of natural (daylighting)
and artificial (electric) lightings by allowing interior illumination levels assessment. For the
natural light, vertical windows were considered, while for the artificial light, illumination
was done using the KNX lighting control systems. For the purpose of this study,
measurements were taken at various observation points in the Laboratory, and an open-
source software (Dialux Evo) was used to produce numerical simulations at the observation
points with the blinds set at various open positions, using the KNX lighting control

systems.

Limitations of the study
1. There were trees behind the windows of the Laboratory which could affect the

intensity of natural light into the room.

2. Unstable readings by the measuring instrument due to the unstable intensity of natural

light into the room as a result of the nature of the sky.
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| THEORETICAL PART
1.0 Division of lighting of premises

The natural and artificial lightings have many interconnections which are important for
energy efficiency and health demands. Special attention is paid for supplementation of
daylight by artificial light. Energy efficiency of daylight requirements are explained on the
basis of European Standards. The health factor in lighting is important in all buildings
however it is especially critical in commercial buildings where people have unrestricted

mobility.

1.1 Natural light (Daylight)

Natural light is light received on Earth from the Sun, either directly or after reflection from
the Moon. The prime characteristic of natural light is its variability [8], [9]. Natural light
varies in magnitude, spectral content, and distribution with different meteorological
conditions, at different times of day and year, and at different latitudes. Daylight has two
components: sunlight, where the source is the sun, and skylight, where the source is the
sky. Sunlight is light received at the Earth’s surface, directly from the sun. Sunlight
produces strong, sharp-edged shadows. Skylight is light from the sun received at the
Earth’s surface after scattering in the atmosphere. It is this scattered light that gives the sky
its blue appearance, as compared to the blackness of space. Skylight produces only weak,
diffuse shadows. The balance between sunlight and skylight is determined by the nature of
the atmosphere and the distance which the light passes through. The greater the amount of
water vapour and the longer the distance, the higher is the proportion of skylight. The
illuminances on the Earth’s surface produced by daylight can cover a large range, from
150,000 Ix on a sunny summer’s day to 1,000 1x on a heavily overcast day in winter [10].
Several models exist for predicting daylight incident on a plane, at different locations, and
for different atmospheric conditions. These models can be used to predict the contribution
of daylight to the lighting of interiors. Figure 1 shows a spectral distribution of daylight. It
is clear that daylight contain significant amounts of ultraviolet and infrared radiation and

that, over the visible wavelengths, daylight is a continuous spectrum [7].
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light the way nature intended

healthy: changes color and intensity with the time of day
beautiful: natural balance of all the colors in a rainbow
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Fig. 1: Natural light

(Source: https://www.google.com/search?q=light+the+way-+nature+intended&tbm=isch&source=univ&sa=
X&ved=2ahUKEwja9fKG-qPiAhVQYIAKHQhRAMIQsAR6BAgHEAE&biw=1266&bih=
562#imgdii= NjWgrUbAloFH2M:&imgre=qZVk5QK1SzeF8M:)
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Fig. 2: The dynamic nature of natural light
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The correlated color temperature of daylight can range from 4,000 K for an over cast day

to 20,000K for clear blue sky, as shown below:
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T T
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Fig. 4: The correlated color temperature of daylight (Lighting Research Center, www.lrc.rpi.edu)

In addition to the amount of daylight and its spectral power distribution, daylight varies in
a luminance distribution over the sky. For sunlight, there are standard sky path diagrams to
predict the position of a patch of skylight in a building for any specific window or skylight
size, form, and orientation.

1.2 Artificial light

The first form of artificial lighting used by humans was firelight, created by the
combustion of wood. Developments in basic technology lead to the creation of the oil
lamp, the candle and, ultimately, the gas lamp, all of which depend on combustion of fuel.
Oil lamps, candles, and gas lamps are sometimes used today, either through necessity or
for the atmosphere they evoke. The lighting industry makes several thousand different
types of electric lamps. The development of artificial light based on electric energy sources
began at the end of the 19" and early 20" centuries. In developing artificial lights, the
technological effort is aimed at producing light that will resemble natural daylight
(sunlight). Artificial light is measured in two ways — the specific frequency range of the
source and the strength of illumination, measured in lumens. Artificial light can be
classified into three main sources, in accordance with its developmental generation and the

technology that enabled its existence [22]:

i. First generation — bulbs based on heating of a wire filament (incandescent
lamps) or an arc. A standard modern incandescent lamp is composed of a glass

bulb containing a coil of metal wire, such as tungsten (W), in a
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ii.

iii.

vacuum. Incandescent lamps emit non-ionizing radiationin the visible
light range and do not usually emit radiation in the ultraviolet (UV) range,
except in extreme conditions of very high power. Additionally, this type of

lamp also emits invisible infra-red non-ionizing radiation which is felt as heat.

\
e

Fig. 5: Quality incandescent light bulb,
after Edison

i

Second Generation — Gas discharge lamps. Fluorescent lighting is based on
electric discharge of a gas (mercury) leading to emission of high-
energy photons (usually UV), that impact the fluorescent coating of the bulb,
producing visible light. The type of radiation emitted by fluorescent tubes and
compact fluorescent lamps (CFL) includes, in addition to visible light, a small
amount of UV radiation in the UVA range (315-380 nanometers), and even
shorter wavelengths (higher energy) in the UVC range. Exposure to UV
radiation from CFL lamps containing mercury may be reduced by distancing
the lamps from the user by 30 cm or more.

Fig. 6: Compact fluorescent lamp (CFL)

Third generation — Light-Emitting Diode (LED) lamps. A light-emitting diode
(LED) consists of a semiconductor that has undergone doping. An electric
current passing through the diode excites the atoms to high energies. When the
atoms return to lower energy levels, energy in the form of photons in the visible

light range is released. LED lamps emit visible light and do not emit UV

radiation [7].


https://www.tnuda.org.il/en/node/586
https://www.tnuda.org.il/en/node/530
https://www.tnuda.org.il/en/node/594
https://www.tnuda.org.il/en/node/663
https://www.tnuda.org.il/en/node/662
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Display of LED and LCD screens

A variety of energy-saving LED Sign illuminated by LED

lamps

Fig. 7: Modern LED lamps

(Source:https://www.tnuda.org.il/en/physics-radiation/infrared-visible-light-and-soft-ultraviolet-

radiation-%E2%80%93-introduction/artificial#Light%20Emitting%20Diode% 20(LED)%20lamps)

Advantages of LED lamps
e High level of brightness and

power

e High efficiency

e Use of low-voltage currents

e Low heat emission

o High reliability (physical

stability)
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Fig. 8: Spectral Power Distributions (SPDs) of different artificial light sources

(Source: https://www.google.com/search?q=Spectral+Power+Distributions+(SPDs)+of+different+
artificial+light+sources&tbm=isch&source=univ&sa=X&ved=2ahUKEwj77tH]1-
6PiAhWUGU1AKHZn0DKAQsAR6BAZIEAE&biw=1266&bih=562)

Note that intensities are not the same for each source (sunset is much less intense than

daylight) [4].

1.3 Combination of Natural and Artificial lights

1.3.1 General considerations

With reference to electric energy consumption, an ideal illumination system is the one

designed to possibly supply the necessary light by using sunlight and skylight sources. This


https://www.tnuda.org.il/en/physics-radiation/infrared-visible-light-and-soft-ultraviolet-radiation-%E2%80%93-introduction/artificial#Light%20Emitting%20Diode%20(LED)%20lamps
https://www.tnuda.org.il/en/physics-radiation/infrared-visible-light-and-soft-ultraviolet-radiation-%E2%80%93-introduction/artificial#Light%20Emitting%20Diode%20(LED)%20lamps
https://www.google.com/search?q=Spectral+Power+Distributions+(SPDs)+of+different+%20artificial+light+sources&tbm=isch&source=univ&sa=X&ved=2ahUKEwj77tH1-6PiAhUGU1AKHZn0DKAQsAR6BAgJEAE&biw=1266&bih=562
https://www.google.com/search?q=Spectral+Power+Distributions+(SPDs)+of+different+%20artificial+light+sources&tbm=isch&source=univ&sa=X&ved=2ahUKEwj77tH1-6PiAhUGU1AKHZn0DKAQsAR6BAgJEAE&biw=1266&bih=562
https://www.google.com/search?q=Spectral+Power+Distributions+(SPDs)+of+different+%20artificial+light+sources&tbm=isch&source=univ&sa=X&ved=2ahUKEwj77tH1-6PiAhUGU1AKHZn0DKAQsAR6BAgJEAE&biw=1266&bih=562
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means that a strategy needs to be developed in such a way that artificial lights will
illuminate the interior environment only at the points where the natural light is insufficient,

while leaving to daylight the task of illuminating the other areas.

In order to optimize the lightings, the first step is to establish the horizontal illumination

level that is a function of the planned tasks to be carried out inside the room.

After establishing the illumination level, the next step is the calculation of the artificial
illumination required to supply that level, without recourse to the available natural light.
This is to guarantee an artificial illumination system that is capable of performing

efficiently at night time or during daytime when there is little availability of natural light.

It is noteworthy to state clearly that the illumination levels in one room lightened by a
window usually present a distribution curve that has its biggest value at the surroundings of
the plane of the window’s opening, while the smallest value is usually near the opposing
wall to the window. This is a fact that leads to a good strategy for efficient use of the
natural light. It consists of dividing the interior environment in a certain number of
segments that are parallel to the window (i.e. the source of natural light) and to associate
each of segment to a corresponding electric circuit responsible to turn on and off the light

fixtures inside it.

1.3.2 Terms and Definitions

Visual Task: Visual elements of the work being done. Note that the main visual elements
are the size of the structure, its luminance, its contrast against the background and its
duration.

Task Area: Partial area in the work place in which the visual task is carried out. For places
where the size and/or location of the task area is unknown, the area where the task may
occur shall be taken as the task area.

Immediate surrounding area: A band with a width of at least 0.5 m surrounding the task
area within the field of vision.

Luminous flux or luminous power: This is a measure of the perceived power of light or a
measure of the total quantity of visible light emitted by a source. S.I unit is lumen (Im).

Luminous intensity: This is a measure of the light power emitted by a light source in a
particular direction per unit solid angle. S.I. unit is candela (cd).

IHlluminance or luminous emittance: This is the total luminous flux incident on a surface
per unit area. It is a measure of how much the incident light illuminates the surface. S.I.
unit is lux (Ix). It is equal to one lumen per square metre.

Built-in luminaires: This is the fixed luminaires installed to provide illumination in the

building.
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Control gear: Components required to control the operation of the lamp(s).

Luminaire power (P;): Electrical power from the mains supply consumed by the lamp(s),
control gear and control circuit in or associated with the luminaire, measured in watts
which includes any parasitic power when the luminaire is turned on. Note that the rated
luminaire power (Pi) for a specific luminaire may be obtained from the luminaire

manufacturer.

Total installed lighting power in the room or zone (P,): Power of all luminaires in the
room or zone, measured in Watts.
£, =2 B W]

(1.1)
Total energy used for lighting (Wy): Energy consumed in period ¢, by the luminaires when
operating, and parasitic loads when the luminaires are not operating, in a room or zone,

measured in kWh.

Energy consumption used for illumination (WL,t): Energy consumed in period ¢z, by the
luminaires to fulfil the illumination function and purpose in the building, measured in

kWh.

2.0 Basic illuminance parameters of lighting
2.1 Natural lighting

2.1.1 Description
[llumination is produced naturally, by the sun, and artificially, by oil and gas flames and
electric light sources. The development and growth in use of artificial sources of light over
the last century has fundamentally changed the pattern of life for millions of people on

Earth [7].
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2.1.2 Parameters

Luminous flux ¢

e
T AN

Lumen [Im]

l=—§i—¢

£

Luminous intensity |

Candela [Im/sr]=[cd]

Luminance L

*

[Im/(sr"m?3)] =[cd/m?]

Fig. 9: Basic parameters of light sources
Luminous flux
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Abbreviation: ()] phi
Unit: Im lumen

Fig. 10: Luminous flux

The luminous flux describes the quantity of light emitted by a light source. The luminous

efficiency is the ratio of the luminous flux to the electrical power consumed (Im/W). It is a

measure of a lamp’s economic efficiency [13].

Luminous intensity
'---'.-”.—-—___—'

A

Abbreviation: |

Unit: cd candela

Fig. 11: Luminous intensity

The luminous intensity describes the quantity of light that is radiated in a particular

direction. This is a useful measurement for directive lighting elements such as reflectors. It

is represented by the luminous intensity distribution curve (LDC).
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IHHluminance
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Abbreviation: E phi
Unit: I lux

Fig. 12: llluminance

[lluminance describes the quantity of luminous flux falling on a surface. It decreases by the
square of the distance (inverse square law). Relevant standards specify the required

illuminance (e.g. EN 12464 “Lighting of indoor work-places”).

Hlluminance: E(1x) = luminous flux (Im) / area (m2)

Luminance
L

Abbreviation: L
Unit: cd!m2

Fig. 13: Luminance

The luminance is the only basic lighting parameter that is perceived by the eye. It specifies
the brightness of a surface and is essentially dependent on its reflectance (finish and
colour) [13].

2.1.3 Calculation of lighting energy in buildings
Calculation methods

i Quick method
When using the quick method of estimation of the annual lighting energy estimation for

typical building types, the equation:
W= WL + WP [kWh/year] (1.2)
shall be used.

Note: 1. The energy requirement estimation by the Quick method will yield higher
LENI values than that obtained by the more accurate Comprehensive

method.


https://electrical-engineering-portal.com/illuminance-recommendations
http://www.licht.de/fileadmin/shop-downloads/zvei_leitfaden_12464_1_eng.pdf
https://electrical-engineering-portal.com/lights-up-the-facts-about-lighting

TBU in Zlin, Faculty of Applied Informatics 20

2. The default values for D, N, Fc, FD, FO and Wp are given in Annexes E,
F and G in EN15193-1 standard.

ii. Comprehensive method
The comprehensive method allows for a more accurate determination of the lighting

energy estimations for different periods e.g. annual or monthly. When using the

comprehensive method of lighting energy estimations, the equation:
wt= WLt + WP,t [KWh] (1.3)
shall be used for the required period ¢.

Note: 1. Determination of the daylight dependency factor (FD) for a room or zone is

described in Annex C of EN15193-1 standard.

2. Determination of the occupancy dependency factor (FO) for a room or zone
is described in Annex D of EN15193-1 standard.
3. This method may be used for any periods and for any locations provided

that the full estimation of occupancy and daylight availability is predicted.

2.1.4 Determination of the daylight dependency factor FD,n

The determination of the daylight dependency factor FD,n for the nth room or zone should
be made for annual and monthly time period. The daylight dependency factor FD,n for
room or zone in the building is determined as a function of the daylight supply factor

FD,S,n and the daylight dependent electric lighting control factor #D,C,n and given by

FD,n=1-(FD,S,n « FD,C,n) (1.4)

where:

- FD,Sn is the daylight supply factor that takes into account the general daylight
supply in the zone n. It represents, for the considered time interval, the contribution
of daylight to the total required illuminance in the considered zone n.

- FD,Cn is the daylight control factor that accounts for the daylight depending
electric lighting control system’s ability to exploit the daylight supply in the

considered zone n.
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Note: 1. FD,n can be determined for any time period (annual, monthly or hourly).
The factor has to be adjusted according to the period of the operation time at
daytime ¢D.

2. Other daylight supply systems that rely on enhancements to increase or

make possible daylight penetration beyond the perimeter zones are available
and may be calculated by using daylight factors or other methods for the
calculation of FD.

3. In zones without daylight availability, FD = 1.

Lower electricity consumption and operating expenses would be achieved with the

installation of modern LED lamps that have long useful lives.

2.2 Artifical lighting

2.2.1 Description

Artificial light, as opposed to natural light, refers to any light source that is produced by
electrical means. Artificial lighting has many different applications and is used both in
home and commercially. Artificial lights are available in a wide variety of shapes, sizes,
colors of light emitted, and levels of brightness. The use of artificial lighting is crucial in

agriculture and gardening, particularly in indoor cultivation.

2.2.2 Parameters

Maintained Illuminance (Em): Value below which the average illuminance on the
specified surface is not allowed to fall. Note that it is the average illuminance at the time
maintenance should be carried out.

Z(Ey)

IMluminance Uniformity (Uo): Ratio of minimum illuminance to average illuminance on a
surface.

U, =Emin 1.6
0]

Eavg
Unified Glare Rating (UGR-)
UGR (Unified Glare Rating) is a method of calculating glare from luminaires, light

through windows and bright light sources.

The UGR rating helps to determine how likely a luminaire is to cause discomfort to those
around it. For example, the discomfort that a LED Panel will cause the workforce within
an office. This classification ranges from 5 to 40, with low numbers indicating low glare.

UGR is calculated by using an equation which takes into account a number of factors that
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may contribute to glare caused by a luminaire, such as the angle of the luminaire, the

likelihood of glare and the luminance value (lumen output), as shown below:

where:

Note:

2
025 _ l“w
z ]

2
bp (1.7)

Ly is the background luminance in cd x m, calculated as Eina X w'!, in which Eing is
the vertical indirect illuminance at the observer's eye,

L is the luminance of the luminous parts of each luminaire in the direction of the
observer's eye in cd x m,

o is the solid angle (steradian) of the luminous parts of each luminaire at the
observer's eye,

p is the Guth position index for each individual luminaire which relates to its

displacement from the line of sight.

The variations of UGR within the room may be determined using the formula (or
the comprehensive table) for different observer positions. Limits for this condition
are under consideration.

If the maximum UGR value in the room is higher than the UGR limit, information
on appropriate positions for work stations within the room may be needed.
Discomfort glare from windows is still a topic of research. There is currently no

suitable glare rating method available.

Colour rendering index (Ra)

An important parameter of the light source is a general color rendering index Ra and

termed also CRI (Color Rendering Index). The color rendering index numerically

expresses the degree of conformity of color perception of objects illuminated,

contemplated illumination and color perception of objects illuminated contracting

illumination source under specified conditions. Human vision and his ability to recognize

colors during human evolution to adapt to daylight and so light. Temperature light sources

such as. Bulb. Therefore, these sources color rendering index of 100, which means that

there 1s no distortion.



TBU in Zlin, Faculty of Applied Informatics 23

Specific power (Luminous Efficiency)

Specific power, or else luminous efficiency resources, is one of the most important
indicators of the quality of the light source. It expresses the efficiency of conversion of
electrical energy into light. The unit is lumens per watt [Im.W-1]. Specific performance in
different types of light sources are constantly being improved. Especially in LED lighting
was at this parameter in recent years seen a lot of progress. The picture below shows the

historical development of specific performance for basic lighting groups [34].

Tab. 1: Specific power basic lighting groups [34]

Light source Luminous efficiency [Im.W-1

ordinary light bulbs 10-18
halogen bulbs 20-30
mixed lamps 20-28
High-pressure mercury lamp 40-60
compact bulbs 40-87
induction lamps 60-97

linear fluorescent lamps 50-104
Metal halide lamps 50-130
High-pressure sodium lamps 70-150
Light emitting diodes (LEDs) 60-160

Low pressure sodium lamps 100-200

2.3 Combined lighting
2.3.1 Description

The natural and artificial lighting have many interconnections which are important for
energy efficiency and health demands. The amount of artificial necessary to give an ideal
balance of brightness between those areas lit by daylight and those served by artificial light
is in proportion to amount of exterior daylight. It is also dependent on distribution of
daylight in the room and on the amount of unobstructed sky that can be seen. Another
factor which is important is the spectral quality of the light used to supplement daylight,
although it is not essential for the supplementary light to match exactly the color of natural
daylight. The natural light itself varies very much in its spectral content quality through the
day. One advantage of supplementary artificial light is that it allows more freedom in the
design of windows and relieves the designer of the necessity to provide high daylight

factors at the back of the room [7].

Nevertheless, the design of the windows requires careful consideration to reduce the area

of the sky visible to the eye from inside the room, to limit the brightness of surfaces and
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provide good distribution of daylight without necessarily providing maximum penetration
to the back of the room. A minor, but not negligible factor is the effect of the
supplementary lighting on dull days. Again limited experience suggests that when the
average brightness of the sky falls below 1000 cd/m2 the need is likely to be felt to switch
on the normal night-time lighting. This leads to the problem of reconciling the
requirements for supplementing the daylight and requirements for artificial lighting at

night-time. There are two possibilities [7]:
+ an independent system, which may give lighting of an entirely different character, or
 some modification of the supplementary system.

Which of the two methods is most appropriate in given circumstances will depend to some

extent on the distribution direction, and color of the light from the supplementary system.

2.3.2 Parameters
Luminous environment

For good lighting practice it is essential that in addition to the required illuminance,
qualitative and quantitative needs are satisfied. Lighting requirements are determined by

the satisfaction of three basic human needs:

e Visual comfort, where the workers have a feeling of well-being; in an indirect way
also contributing to a high productivity level,

e Visual performance, where the workers are able to perform their visual tasks, even
under difficult circumstances and during longer periods,

e Safety.

Main parameters determining the luminous environment are:

e Luminance distribution,

e Jlluminance,

e (lare,

e Directionality of light,

e Colour rendering and colour appearance of the light,
e Flicker,

e Daylight.
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Luminance distribution
The luminance distribution in the field of view controls the adaptation level of the eyes

which affects task visibility. A well balanced adaptation luminance is needed to increase:

e Visual acuity (sharpness of vision),
e (Contrast sensitivity (discrimination of small relative luminance differences)
e Efficiency of the ocular functions (such as accommodation, convergence, pupillary
contraction, eye movements etc.).
The luminance distribution in the field of view also affects visual comfort. The following

should be avoided for the reasons given:

e Too high luminances which may give rise to glare,
e Too high luminance contrasts which will cause fatigue because of constant re-
adaptation of the eyes,
e Too low luminances and too low luminance contrasts which result in a dull and
non-stimulating working environment.
The luminances of all surfaces are important and will be determined by the reflectance and
the illuminance on the surfaces. Ranges of useful reflectances for the major interior

surfaces are:

e Ceiling: 0,6 to 0,9

e Walls: 0,3t00,8

e Working planes: 0,2 to 0,6
e Floor: 0,1t0 0,5

INluminance

The illuminance and its distribution on the task area and the surrounding area have a great
impact on how quickly, safely and comfortably a person perceives and carries out the
visual task. All values of illuminances are maintained illuminances and will provide for

visual comfort and performance needs.

i. Recommended illuminances at the task area

The value of illuminance may be adjusted by at least one step in the scale of illuminances
(see below), if the visual conditions differ from the normal assumptions. A factor of
approximately 1.5 represents the smallest significant difference in subjective effect of

illuminance. In normal lighting conditions approximately 20 Ix is required to just discern
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features of the human face and is the lowest value taken for the scale of illuminances. The

recommended scale of illuminance (in 1x) is:

20-30-50-75-100 - 150 -200 - 300 - 500 - 750 - 1000 - 1500 - 2000 - 3000 - 5000

The required maintained illuminance should be increased, when:

Visual work is critical,

Errors are costly to rectify,

Accuracy or higher productivity is of great importance,
The visual capacity of the worker is below normal,
Task details are of unusually small size or low contrast,

The task is undertaken for an unusually long time.

The required maintained illuminance may be decreased when:

In continuously occupied areas, the maintained illuminance shall not be less than 200 Ix.

ii.

Task details are of an unusually large size or high contrast,

The task is undertaken for an unusually short time.

Illuminances of immediate surroundings

The illuminance of immediate surrounding areas shall be related to the illuminance of the

task area and should provide a well-balanced luminance distribution in the field of view.

Large spatial variations in illuminances around the task area may lead to visual stress and

discomfort. The illuminance of the immediate surrounding areas may be lower than the

task illuminance but shall not be less than the values given in Table 2 below:

Table 2 — Uniformities and relationship of illuminances of immediate surrounding

areas to task area

Task illuminance llluminance of immediate surrounding
Ix areas
Ix
=750 500
500 300
300 200
< 200 Etask
Uniformity: > 0,7 Uniformity: 2 0,5
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In addition to the task illuminance the lighting shall provide adequate adaptation luminance

in accordance with the standard recommendations.

iii. Uniformity
The task area shall be illuminated as uniformly as possible. The uniformity (U,) of the task
area and the immediate surrounding areas shall not be less than the values given in the

Table above.

iv. Glare

Glare is the sensation produced by bright areas within the field of view and may be
experienced either as discomfort glare or disability glare. Glare caused by reflections in
specular surfaces is usually known as veiling reflections or reflected glare. It is important
to limit the glare to avoid errors, fatigue and accidents. In interior work places, discomfort
glare may arise directly from bright luminaires or windows. If discomfort glare limits are

met, disability glare is not usually a major problem.
Note: Special care is needed to avoid glare when the direction of view is above horizontal.
a. Discomfort glare

The rating of discomfort glare directly from the luminaires of an indoor lighting
installation shall be determined using the CIE Unified Glare Rating (UGR-) tabular

method, based on the formula:

2
UGR:SIog—IO{OLﬁz = 2“’]
v (13)

There are a number of different UGR limits that should not be exceeded in certain

environments, these include:

UGR Rating Environment

UGR <16 Technical drawing

UGR <19 Reading, writing, training, meetings, computer-based work
UGR <22 Craft and light industries

UGR <25 Heavy industry
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UGR Rating Environment
UGR <28 Railway platforms, foyers
Unifed Glare Rating UGR

m0-2
o2-4
o4-6
OG-8
mg-10
= 10-12
m12-14
w14 -16

10400

Independent UGR testing for Pyropanel™- shows a maximum UGR rating for
the LED panel reached 14.5

Fig. 14: Unified Glare Rating (http://www.northgatelighting.co.uk/what-is-ugr/)
b. Shielding against glare

Bright light sources can cause glare and can impair the vision of objects. It shall be
avoided for example by suitable shielding of lamps or shading of windows by blinds. The
minimum shielding angles given in Table 3 below shall be applied for the specified lamp

luminance.

Note: The values given in Table 3 do not apply to uplighters or to luminaires mounted

below normal eye level.


http://www.northgatelighting.co.uk/what-is-ugr/
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Table 3 — Minimum shielding angles at specified lamp luminance

Lamp luminance Minimum shielding angle
ked x m™
20 to < 50 15°
50 to < 500 20°
= 500 30°

¢. Veiling reflections and reflected glare
High brightness reflections in the visual task may alter task visibility, usually
detrimentally. Veiling reflections and reflected glare may be prevented or reduced by the

following measures:

— Arrangement of luminaires and work places,
— Surface finish (matt surfaces),

— Luminance restriction of luminaires,

— Increased luminous area of the luminaire,

— Bright ceiling and bright walls.

V. Directional lighting

Directional lighting may be used to highlight objects, reveal texture and improve the
appearance of people within the space. This is described by the term "modelling".

Directional lighting of a visual task may also affect its visibility.
a. Modelling

Modelling is the balance between diffuse and directional light. It is a valid criterion of
lighting quality in virtually all types of interiors. The general appearance of an interior is
enhanced when its structural features, the people and objects within it are lit so that form
and texture are revealed clearly and pleasingly. This occurs when the light comes
predominantly from one direction; the shadows so essential to good modelling are then
formed without confusion. The lighting should not be too directional or it will produce
harsh shadows, neither should it be too diffuse or the modelling effect will be lost entirely,

resulting in a very dull luminous environment.
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b. Directional lighting of visual tasks

Lighting from a specific direction may reveal details within a visual task, increasing their
visibility and making the task easier to perform. Veiling reflections and reflected glare

should be avoided.

vi. Colour aspects

The colour qualities of a near-white lamp are characterised by two attributes:

— The colour appearance of the lamp itself,

— Its colour rendering capabilities, which affect the colour appearance of objects and
persons illuminated by the lamp.

These two attributes shall be considered separately.
a. Colour appearance

The "colour appearance" of a lamp refers to the apparent colour (chromaticity) of the light
emitted. It is quantified by its correlated colour temperature (TCP). Colour appearance may

also be described as in Table 4.

Table 4 — Lamp colour appearance groups

Colour appearance Correlated colou:(temperature Tcp
Warm below 3300 K
Intermediate 3300 to 5300 K
Cool above 5300 K

The choice of colour appearance is a matter of psychology, aesthetics and of what is
considered to be natural. The choice will depend on illuminance level, colours of the room
and furniture, surrounding climate and the application. In warm climates generally a cooler
light colour appearance is preferred, whereas in cold climates a warmer light colour

appearance is preferred.
b. Colour rendering

It 1s important for visual performance and the feeling of comfort and well-being, that
colours in the environment, of objects and of human skin are rendered naturally, correctly
and in a way that makes people look attractive and healthy. To provide an objective

indication of the colour rendering properties of a light source the general colour rendering
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index (Ra) has been introduced. The maximum value of R, is 100. This figure decreases
with decreasing colour rendering quality. Lamps with a colour rendering index lower than
80 should not be used in interiors where people work or stay for longer periods. Exceptions
may apply for some places and/or activities (e.g. high-bay lighting), but suitable measures
shall be taken to ensure lighting with higher colour rendering at fixed continually occupied

work places and where safety colours have to be recognised.

vii.  Flicker and stroboscopic effects
Flicker causes distraction and may give rise to physiological effects such as headaches.
Stroboscopic effects can lead to dangerous situations by changing the perceived motion of
rotating or reciprocating machinery. Lighting systems should be designed to avoid flicker

and stroboscopic effects.

Note: This can usually be achieved for example by use of DC electrical supply for
incandescent lamps, or by operating incandescent or discharge lamps at high frequencies

(around 30 kHz).
viii. Maintenance factor

The lighting scheme should be designed with an overall maintenance factor calculated for
the selected lighting equipment, space environment and specified maintenance schedule.
The recommended illuminance for each task is given as maintained illuminance. The
maintenance factor depends on the maintenance characteristics of the lamp and control

gear, the luminaire, the environment and the maintenance programme.
The designer shall:

— State the maintenance factor and list all assumptions made in the derivation of the
value,

— Specify lighting equipment suitable for the application environment,

— Prepare a comprehensive maintenance schedule to include frequency of lamp

replacement, luminaire and room cleaning intervals and cleaning method.
ix. Energy considerations

A lighting installation should meet the lighting requirements of a particular space without

waste of energy. However, it is important not to compromise the visual aspects of a
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lighting installation simply to reduce energy consumption. This requires the consideration

of appropriate lighting systems, equipment, controls and the use of available daylight.

I Lighting Energy Requirements ]
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Dependency factors & F.. Fg. Fg. A

Fig. 15: Flowchart illustrating alternative routes to determine energy use [36].

3.0 Requirements

The following is a sample of the parameter requirements for indoor lighting as spelt
out in the CSN EN 12464-1 (2012) Engineering Standard: Light and lighting —
Lighting of work places — Partl: Indoor work places (page 29):

Table 5: Administrative Offices (Table 5.26 in EN_12464-1(2012))

Ref. Type of interior, task or E,, |UGRL | Uo | Ra Remarks
No. activity Ix - - -
5.26.1 | Filing, copying, etc. 300 19 04 | 80

5.26.2 | Writing, typing, reading, data 500 19 0.6 | 80 | For display operations, see 4.9

processing
5.26.3 | Technical drawing 750 16 0.7 | 80
5.26.4 | CAD work stations 500 19 0.6 | 80 | For display operations, see 4.9

5.26.5 | Conference and meeting rooms | 500 19 0.6 | 80 | Lighting should be controllable

5.26.6 | Reception desk 300 22 0.6 | 80

5.26.7 | Archives 200 25 04 | 80
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4.0 Methods of evaluation

4.1 Measurement

Measuring instruments

The data capture methodology employed in this study are measurement and
simulation/computation. The Instruments used are: AHLBORN ALMEMO 2390-8 with V-
Lambda Stralung - Typ: FL A623-VL (used for the measurements), with a measuring
range of 0 to 20,000 lux intensity measuring indoor lighting. Probes have an accuracy of

5% of the measured value.

The DIALux Evo software was used to compute the illuminance based on the following
inputs, namely; the date, time and nature of the sky as at the time the measurement was

taken.

Fig. 16: Device ALMEMO ALMEMO 2390-8

4.2 Simulation — calculation methods
Simulation in DiaLux Evo

The open-source software (Dialux Evo) was used to produce numerical simulations at the
observation points with the blinds set at particular positions to allow an even distribution of

natural light into the Laboratory. The blinds were adjusted to the following different



TBU in Zlin, Faculty of Applied Informatics 34

positions, namely: Fully up (100% open), 75% open, 50% open, 25% open, fully closed
(0% open).

4.2.1 Model description

N — L] -

: 11
| I 1] 15
i ]
| L1
| I
Fig. 17: Mode.l of the light labor ator)f with the Fig. 18: Measurement/Observation points with
markings of the observed points. the respective simulated values — The

Software overview
4.2.2 Parameters setup

For the simulation, the nature of the sky, date, and opened level of windows were set to
specific values which conform to the conditions for taking measurements with the
measuring instruments. These were done in order to set the luminaire parameters to
achieve uniform illumination levels on a work plane throughout the room. Setting the
luminous intensity of the lights then depends primarily on their position in the room. Since
the luminaires illuminate the space at a certain angle of radiation, it is obvious that if the
same luminous intensity is set for all luminaires, there will be greater illumination in the
middle than in the rest of the room. For this situation, the luminous intensity values were

determined experimentally in order to have uniformity of illuminance on the work space.

5.0 Control systems of illumination

DIALux simulation program was used to simulate lighting conditions inside the room
involving natural and artificial lights. The program allows you to define the date, time,
type of sky (clear, average and overcast) and the level of opening of the windows. Sample

resolts are shown below:



TBU in Zlin, Faculty of Applied Informatics 35

File Edt Insert View ?

A : Samostatna svétla ¥ Building and outdoor pla... ~
L)) Coms.. o . 4w Caloulatio.. , . H E E 9 P
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3 -~ —

—
Search
Active light scene | — 7 (0]

Name Samostatna svétia

Description

W Generate outputs for this light scene
Light scenes

Mereni
Samostatnd svétla

Svételné scény pro podily denniho svétla

‘Combination
ire groups of the light scene
Daylight Svetlo 1 X  Svetlo2

Reference sky type ~ Qvercast Sky 1 lum = 1 luminaires

Date and time 11-Feb-19 2:00 PM

|
D Location Zlin

"
[}
L] b Settings

DlALuxevo |& 1 new message

Edit Insert View ? Zoom »

\_U Cons... ’- .. & Calculatio. a g Docum...  BF Building and outdoor pla... ¥ E

Views ¢ stel (5 Buiding1 (5] Poschodi3 t Results overview
- — - T ———
EECDH

Active saved view ———— 1o

Search

Name 53

Description

Saved views
® Views

Search

Mistnost...
[ —dad
Mistnost...
I |
o=l a

Mistnost...

x [cdm2 P Settings

[ 1 new message

(b)
Fig. 19: Sample simulation results as displayed in DIALux Evo software.
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6.0 Economic Evaluation

6.1 Acquisition costs (estimates)

Table 6: Acquisition costs (estimates)

Equipment Reference P.rice per Total price
Qty. | piece [Kc] [Kc]
Control unit homeLLYnk 1ss100100 1 32,143.00 32,143.00
Source for homeL Ynk MTN693003 1 1,690.00 1,690.00
Source for KNX MTN684016 1 3,853.00 3,853.00
KNX-DALI gateway MTN6725-0001 1 17,309.00 17,309.00
shutter actuator MTN649802 1 6,026.00 6,026.00
External lighting and temperature MTN663991 1 7,386.00 7,386.00
Buttons for blind MTN628119 1 3,070.00 3,070.00
Buttons for lighting control MTN617419 1 3,856.00 3,856.00
Fixtures + DALI ballasts ZCLED39QTW /M600-| 12 5,966.00 71,592.00
OPAL + DALI
Drive roller blinds JAO6WT 2 2 965.00 5,930.00
Total price
excluding VAT 152,855.00

The price does not include the cost of cabling, small material and labour.

6.2

Saving Electric Energy

To evaluate the influence of windows and sun protection to penetration of daylight

using daylight factor D.

Table 7: Daylight penetration as a function of daylight factor [35]

Daylight factor D The penetration of daylight
D>=3% Strongly
3%>D>=2% Medium
2%>D>=1% Faintly
D <1% no

The factor depending on the daylight can be determined from the relation:

Fp=1—-(Fb, Fb,)

where:

Fp,s = factor approach of daylight.

Fp, = official control of artificial lighting.

And daylight factor is determined from the relationship:

Fp,s=a+b.g

(1.9)

(2.0)
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where: a, b = coefficients determined by the penetration of daylight into the room
and the maintained illuminance,
@ = the latitude in degrees.
Table 8: Coefficients for determining factor and daylight [35]
Maintained illuminance [Ix) | The penetration of daylight a b
Faintly 1.2425 | -0.0117
300 Medium 1.3097 | -0.0106
Strongly 1.2904 | -0.0088
Faintly 0.9432 | -0.0094
500 Medium 1.2425 | -0.0117
Strongly 1.3220 -0.0110
Faintly .6692 -0.0067
750 Medium 1.0054 | -0.0098
Strongly 1.2812 -0.0121

Official control of artificial lighting can be determined from the table below.

Table 9: Fp.c factor value depending on the penetration of daylight [35]

Method for controlling a
lighting system floodlights

Values of Fp,c ingress according to the level of daylight

Faintly Medium Strongly
Small 0.20 0.30 0.40
Automatic, depending on 0.75 077 0.85
daylight ' ) )

Depending on the occupancy, the factor Fo in the room without presence detection

system is equal to 1.

Fc constant illuminance factor is the proportion of an average power during the

operation of the initial installed power.

To determine the operating time, the standard values according to standard EN 15193 is

used.
Table 10: Approximate annual operating time by type of building /35/
- Adjusted annual hourly Business
Building type D N 0
Offices 2250 250 2500
Educational 1800 200 2000
Hospitals 3000 2000 5000
Hotels 3000 2000 5000
Restaurants 1250 1250 2500
Sports facilities 2000 2000 4000
Salable 3000 2000 5000
Industrial buildings 2500 1500 4000
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I PRACTICAL PART
7.0 Light laboratory description

7.1 General description

The light laboratory was built in 2017 and serves for research and development needs at

FAI UTB in Zlin. The equipment of the laboratory was chosen to examine all types of

lighting, natural light, artificial light, and their combination.

Fig. 20: Interior of light laboratory at FAI TBU in Zlin.

Fig. 21: Inner view of the Laboratory from the software (showing the measurement/observation points)
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7.2 The building placement

The laboratory is located on the 3rd floor of the Faculty of Applied Informatics (FAI)

building with windows facing south.

B N

- T, o e
e — ) -

Fig. 22: FAI TBU Building (room D308 marked in red)

7.3 The primary objective of the Laboratory

The primary objective of this laboratory was not to specialize in testing high-end
luminaries but to address the impact of their effects on indoor environments such as the
interaction of natural and artificial lighting in the view of uniform illumination on the
workplace and chromatic distribution through the room. Moreover, as the lab control
system is conceived, it is a prerequisite to using the laboratory to verify the various control

algorithms based on both direct and feedback control.

7.4 Dimensions and surroundings

The Laboratory is a room of rectangular shape with dimensions of 8.7 x 7.3 x 3.4 meters.

There are work desks that define the work area at the height of 0.8 m above the floor.
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7.5 Light sources and shading elements

The artificial light source consists of luminaires with dimmable electronic ballasts (12 x
LED panel CCT 6060 36W, 3600lm) which are also capable of changing the colour of the
light (3000 - 6500K). These luminaires are suspended on a HILTI construction that is
sliding to change their vertical and horizontal position. In this situation, the lights were
placed at the height of 2.5m above the floor. To control the penetration rate of daylight,
there are shutters connected via a blind actor to the KNX. From the inside as secondary
dimming elements, there are blinds that are operated manually. This solution allows for

complete darkness in the laboratory.

7.6 Control system based on KNX (description, installation, functions)

The lighting control is performed by Digital Addressable Lighting Interface (DALI), which
is specially designed to control lighting where the KNX DALI-Gateway connects KNX
with electronic ballasts equipped with a DALI interface. This interface enables the
luminous intensity and colour temperature adjustment for each light separately. The logic
itself is based on a control algorithm whose primary objective is to control the inner
illumination to a constant level, and the goal is to keep the power consumption for lighting

at the minimum level and at the same time, meet the hygienic limits [14].

L
N
PE

UsB . External

interface Blind actor brightness sensor
J LED panel LED panel
eduroam 1 12 s
=
UpB uTp DALI +/- —4 i_ o F e aas | | _ :
| . - — " 0|
(=] L4 Y '
i ., - o J
. sl Cen T P—— =SS
T j \rr— Shutters \
—
J ] | \ [
& puRI o il N J
KNX/EIB +/ s Nl = \
A\
KNX power \ Presence sensor
| Homelynk LT A
WpRY DALI gateway

Fig. 23: Block diagram of KNX installation.
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7.7 Visualization in HomeLynk

The basic configuration was made in ETS 5. Subsequently, the programming of individual
functions was performed in the HomeLynk web environment, as well as the visualization
(Fig. 3) defining the interface between the user and the application. It is a future-proof
solution, developed by Schneider Electric, which allows remote control of all peripheries

via computer or smartphone.

iEzEm

Fig. 24: Visualization for luminaires and shading elements control.

8.0  Requirements

The following is a sample of the parameter requirements for indoor lighting as spelt out in
the CSN EN_12464-1 (2012) Engineering Standard: Light and lighting — Lighting of work
places — Partl: Indoor work places (page 29):

Table 5.26 — Administrative Offices

Ref. Type of interior, task or E,, |UGRL | Uo | Ra Remarks
No. activity Ix - - -
5.26.1 | Filing, copying, etc. 300 19 04 | 80

5.26.2 | Writing, typing, reading, data 500 19 0.6 | 80 | For display operations, see 4.9

processing
5.26.3 | Technical drawing 750 16 0.7 | 80
5.26.4 | CAD work stations 500 19 0.6 | 80 | For display operations, see 4.9

5.26.5 | Conference and meeting rooms | 500 19 0.6 | 80 | Lighting should be controllable

5.26.6 | Reception desk 300 22 0.6 | 80

5.26.7 | Archives 200 25 04 80
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9.0 Validation of calculation method

With reference to The Study of the Combination of Natural and Artificial Lights by
Ogunleye J.O, Drabel P. and Martin Zalesak (2018) the following conculsions were arrived
at [10]:

i There were high light intensities at points close to the window because of the effect
of natural light which has a higher spectrum than artificial light.

ii. When the blinds were down, there was higher concentration of lights at points
located in the middle of the Laboratory than those close to the walls.

iii. 1t is possible to use the simulation software to predict the amount of illumination on
the work space.

iv. The simulation software works more appropriately with artificial lights than
natural lights.

Natural light

Measurements were taken with natural lights only. The blinds were adjusted to the
following different positions, namely: Fully up (100% open), 75% open, 50% open, 25%
open, Fully down (0% open). Five different sets of measurements were taken; one set per
blind position. One set of measurement comprises of measured values of light intensity at
each of the measurement/observation positions in the Laboratory. It should be noted that
measured values were zero when the blinds were fully down (0% open) because there was

no artificial light involved.

The following chart shows the distribution of daylight in the room. It shows the uniformity
of daylight in the room without the use of blinds.

Denni osvétleni - bez zaluzii

100,00%
80,00%
60,00%
40,00%
20,00%

0,00%
fada u okna
prostfedni rada &
fada u dvefi
0,00%-20,00% = 20,00%-40,00% = 40,00%-60,00% M 60,00%-80,00% = 80,00%-100,00%

Fig. 25: Uniformity of light without blinds
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Artificial and Natural lights

Measurements were taken with natural and artificial lights. The blinds were adjusted to the
following different positions, namely: Fully up (100% open), 75% open, 50% open, 25%
open, Fully closed (0% open). The luminous flux of the artificial lightings in the
Laboratory was set at 3000Lumens(lm). Five different sets of measurements and
simulations were taken; one set per blind position. One set of measurement and simulation
comprises of measured and simulated values of light intensity at each of the
measurement/observation positions in the Laboratory. Measured and simulated values were
taken when the blinds were fully down (0% opened) because there was artificial light in

the Laboratory.

For the purpose of this study, measurements were taken at various observation points in the
Laboratory, while an open-source software (Dialux Evo) was used to produce numerical
simulations at the observation points with the blinds set at various open positions, using the

KNX lighting control systems. Comparisons shown in graphs (a) to (e) below:

Blinds Fully up (100% open)

7000
6000
5000
4000
3000
2000
1000

0

[lluminance [Ix]

1 2 3 4 5 6 7 8 9 10 11 12
== Simulated values 4452 2548 1919 2246 2830 4362 4541 2668 2303 1912 2560 4531
= Measured values 5446 2224 1311 1536 2523 5078 5474 2387 1465 1178 2270 6424

Measurement/Observation points

(a)

Blinds 75% open

7000
6000
5000
4000
3000
2000
1000

0

[luminance [Ix]

1 2 3 4 5 6 7 8 9 10 11 12
= Simulated values 4315 2481 1847 2192 2751 4210 4444 2601 2239 1857 2454 4417
= \leasured values 5050 2149 1166 1334 2447 5050 5562 2329 1288 1012 2259 6342

Measurement/Observation points

(b)
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Blinds 50% open

7000
6000
5000
4000
3000
2000
1000

0

[luminance [Ix]

1 2 3 4 5 6 7 8 9 10 11 12
= Simulated values 3847 2170 1701 2029 2472 3803 4003 2348 2147 1720 2125 3965
= \leasured values 4826 1771 1019 1188 2070 4713 5073 1974 1160 953 1844 5800

Measurement/Observation points

(c)

Blinds 25% open

3500
3000
2500
2000
1500
1000
500
0

[luminance [Ix]

1 2 3 4 5 6 7 8 9 10 11 12
== Simulated values 2652 1748 1483 1852 2077 2780 2960 1942 1887 1544 1720 2705
= \leasured values 2646 1277 872 1035 1502 2886 3153 1461 1014 835 1364 3312

Measurement/Observation points

(d)

Blinds Fully down (0% open)

< 2000
o 1500 M
o
c
& 1000
£ —
g 500
- 0

1 2 3 4 5 6 7 8 9 10 11 12
= Simulated values 1145 1249 1264 1626 1523 1412 1396 1497 1614 1297 1183 1111
=== \|easured values 625 658 592 778 | 854 798 H 790 829 748 583 688 641

Measurement/Observation points

(e)
Fig. 26: Graphs (a) to (e) showing the comparisons of measured and simulated values of

[lluminance at the observation points in the Laboratory.
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Also, Comparison of Lighting Simulation Outcomes for Electric Lights with Real
Reference by Pavel Drabek and Martin Zalesak concluded that [6]:

“Simulation tools used in light analysis provide accurate results, if the sources involved
are perfectly diffuse emitters or if the surfaces involved exhibit perfectly diffuse

reflection”.

1000 -
200 -
800 -
700 4 e

ﬂhw,_a-*“_‘“mb\

600 4 /" == - = o —
L ” b N
500 m‘w:?: . ~

400 e o S

E [Ix]

-
——

_“9_‘1\-“‘-
300 o= = T e
200 +
100 == — e

1 3 5 7 9 11
Obs. points [-]

Fig. 27: Illumination values at individual observation points for
different luminous intensity, T = 4000K, 0 = 3600Im, (continuous line
= real measurement, dash line = simulation).

10.0 Cases
10.1 Calculation

Electricity consumption for lighting can be determined either by measurement or estimate
calculation according to DIN EN 15 193 [35]. The total estimated consumption of

electricity for a certain period shall be determined from the relationship:

W = (e FO)  [(FO « tD « Fd) + (N + FO)] @.1)
1000

where: W = the estimated total consumption kWh,
Pn = total installed power for lighting the room in W,
Fc = factor constant illumination
Fd = factor depending on daylight
F0 = factor depending on occupancy
tD = time use of daylight in hours
tN = period without using the daylight hours,
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The power installed for the room illumination is determined by a sum of the individual

power consumption of luminaires.

where:

Pn:Zpi

Pi = wattage lamps in W.

10.2 Simulation Readings

Date  Time
13-05-19 12.00pm

11-02-19 2.00pm

13-05-19 12.00pm

11-02-19 2.00pm

11-02-19 2.00PM

13-05-19 12.00pm

13-05-19 12.00pm

11-02-19 2.00pm

13-05-19 12.00pm

11-02-19 2.00pm

13-05-19 12.00pm

11-02-19 2.00pm

13-05-19 12.00pm

11-02-19 2.00pm

13-05-19 12.00pm

11-02-19 2.00pm

13-05-19 12.00pm

11-02-19 2.00pm

13-05-19 12.00pm

11-02-19 2.00pm

13-05-19 12.00pm

11-02-19 2.00pm

13-05-19 12.00pm

11-02-19 2.00pm

13-05-19 12.00pm

11-02-19 2.00pm

13-05-19 12.00pm

11-02-19 2.00pm

13-05-19 12.00pm

11-02-19 2.00pm

Luminous
Sky Type Blind Position Power (W)
Average sky 100% Open 116

Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Average sky 100% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Clearsky  100% Open
Values with Uniformity (0.7) =
Extra llluminance required (difference)
Clearsky  100% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Overcast sky 100% Open
Values with Uniformity (0.7)
Extra llluminance required (difference)
Overcast sky 100% Open
Values with Uniformity (0.7)
Extra llluminance required (difference)
Average sky  75% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Average sky 75% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Clearsky  75% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Clear sky 75% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Overcast sky 75% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Overcast sky 75% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Average sky 50% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Average sky 50% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Clearsky  50% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Clear sky 50% Open
Values with Uniformity (0.7)
Extra llluminance required (difference)
Overcast sky 50% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Overcast sky 50% Open
Values with Uniformity (0.7)
Extra llluminance required (difference)
Average sky 25% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Average sky 25% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Clearsky  25% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Clear sky 25% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Overcast sky 25% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Overcast sky 25% Open
Values with Uniformity (0.7) =
Extra llluminance required (difference)
Averagesky 0% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Average sky 0% Open
Values with Uniformity (0.7) =:
Extra llluminance required (difference)
Clearsky 0% Open
Values with Uniformity (0.7)
Extra llluminance required (difference)
Clear sky 0% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Overcast sky 0% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)
Overcast sky 0% Open
Values with Uniformity (0.7) =>
Extra llluminance required (difference)

116

116

116

116

116

116

116

116

116

116

116

116

116

116

116

116

116
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Fig. 28: Simulation readings for blind positions and types of sky.
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SUMMARY OF SIMULATION READINGS

WINDOWS' TYPE OF Area of Lab. Luminous  Luminous Efficacy Power of light

E min

DATE TIME OPENING  SKY E,=Avg(E) Uo = E, [m2] Flux (Im) [Im/W] [kw]

11-02-19 2.00pm 100% Clear 6611 63.51 419864.61 49.7
100%  Average 3463.83 63.51 219987.843 49.7

100% Overcast 233.5 63.51 14829.585 49.7

13-05-19 12.00pm 100% Clear 2100.67 63.51 133413.552 49.7
100% Average 1960.42 63.51 124506.274 49.7

100% Overcast 522.75 63.51 33199.8525 49.7

11-02-19 2.00pm 75% Clear 4823.92 63.51 306367.159 49.7
75% Average 2565.42 63.51 162929.824 49.7

75% Overcast 233.5 63.51 14829.585 49.7

13-05-19 12.00pm 75% Clear 1824.58 63.51 115879.076 49.7
75% Average 1118.83 63.51 71056.8933 49.7

75% Overcast 414.92 63.51 26351.5692 49.7

11-02-19 2.00pm 50% Clear 4548.08 63.51 288848.561 49.7
50% Average 393.75 63.51 25007.0625 49.7

50% Overcast 119.98 63.51 7619.9298 49.7

13-05-19 12.00pm 50% Clear 1276.25 63.51 81054.6375 49.7
50% Average 735.42 63.51 46706.5242 49.7

50% Overcast 268.53 63.51 17054.3403 49.7

11-02-19 2.00pm 25% Clear 1146.58 63.51 72819.2958 49.7
25% Average 616.92 63.51 39180.5892 49.7

25% Overcast 72.02 63.51 4573.9902 49.7

13-05-19 12.00pm 25% Clear 831.33 63.51 52797.7683 49.7
25% Average 696.5 63.51 44234.715 49.7

25% Overcast 161.18 63.51 10236.5418 49.7

11-02-19 2.00pm 0% Clear 881.17 63.51 55963.1067 49.7
0% Average 465.83 63.51 29584.8633 49.7

0% Overcast 46.3 63.51 2940.513 49.7

13-05-19 12.00pm 0% Clear 573.17 63.51 36402.0267 49.7
0% Average 459.58 63.51 29187.9258 49.7

0% Overcast 103.66 63.51 6583.4466 49.7

Fig. 29: Summary of Simulation Readings

e niformity

= Power of Light

0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

= Uniformity 0.89 0.82 0.91 09 0.89 0.91 0.89 0.89 091 0.9 0.1 0.1 0.89 0.91 0.91 0.89 0.91 0.91 0.72 0.76 0.92 0.91 0.91 0.92 0.61 0.62 0.92 0.9 0.92 092
= Power of Light 8.45 4.43 0.30 2.68 2.51 0.67 6.16 3.28 0.30 2.33 1.43 0.53 5.81 0.50 0.15 1.63 0.94 0.34 1.47 0.79 0.09 1.06 0.89 0.21 1.13 0.60 0.06 0.73 0.59 0.13

Fig. 30: Graph showing Uniformity and Power of light
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11-02-2019 : 2.00pm 13-05-2019 : 12.00pm
100% 75% 50% 25% 0% 100% 75% 50% 25% 0%
Clear 6611 4823.92 4548.08| 1146.58 881.17 2100.67| 1824.58| 1276.25 831.33 573.17
Average 3463.83 2565.42 393.75 616.92 465.83 1960.42| 1118.83 735.42 696.5| 459.58
Overcast 233.5 233.5 119.98 72.02 46.3 522.75| 414.92| 268.53 161.18 103.66
Fig. 31: llluminance and Types of Sky with Windows’ % openings.
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Fig. 32: Graphs of llluminance and Types of Sky against Windows’ % openings.
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11.0 Ciritical consideration and evaluation

Energy Savings
Assuming there are automatic mechanisms to switch on/off the luminaires with respect to
the amount of natural light reaching each observation point, which can be carried out with
the aid of photosensitive sensors, a hybrid illumination system can be obtained, one that
will only expend energy when and where it is really necessary. Hence, such a strategy can
efficiently couple natural light devices (windows) with artificial light devices. Therefore,
every use of natural light can automatically be considered a profit in terms of lesser

consumption of electric energy with artificial light.

The Figure below, shows the possible four situations that can occur with a four-segment
(four-circuit) configuration and their corresponding lighting profiles. Situation A happens
when natural light levels are sufficiently high at all interior points, considering a pre-
defined horizontal work plane. This is an ideal situation, when all electric circuits can be
shut down and energy savings reach 100%, because only natural light is being used.
Assuming the room is divided into 4 segments, Situation B represents periods of time when
natural levels, although relatively high, are not sufficient to illuminate the most inner
regions (segment 4) of the room. In this case, the farther circuit of artificial light must be
turned on to help the window in its task of illuminating the room. As one of the four
circuits must now be on, energy savings is therefore 75% of the maximum possible.
Situations C and D are basically the same of situation B but representing cases where 2 and
3 circuits of artificial light must be turned on to illuminate segments 2 and 3 of the room
surface, because of a shortage of natural light. Obviously, there is one last possible light
profile, not shown in this figure, representing all light fixtures (four circuits) switched on,
and no energy savings at all. This last situation can occur at night when there is no natural

light available.

WA \ 8 _ Fig. 33: Possible energy savings when

r—= T T N ™ - r

\ \/ considering an artificial light system
1 100% _ " 75% B
off off

| i consisting of four circuits integrated with

N N natural light use.
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Typically, during daytime these different situations can occur more or less randomly,
mostly depending on sky clearness, geometric configuration of window and room, time of

the year and geographic position and orientation of the building.

12.0 Economic consideration

Lighting design and practice is continuously evolving and may have substantial
consequences on the energy requirement for lighting. A number of these influencing
factors can be categorised under the following headings:

* Individual dimming: A lighting control system used locally to work places to provide
individual lighting comfort by adjustment to meet personal preferences.

* Algorithmic light: A lighting system to take non-visual biological effects into account by
automatic changing of light level, direction and colour temperature.

» Light pipes: Light pipes are reflective tubes that direct sunlight and daylight from
apertures in the building roof to luminaires in the interior.

* Lighting installations with scene setting: A lighting system that permits pre-setting of
various illumination scenes in time and location for different activities in a room or zone.

* Daylight guidance: Energy savings may be obtained by employing daylight-guiding
systems that also allow the penetration of sufficient amounts of daylight into deeper

spaces, whilst maintaining control of glare and overheating.

Simulation tools used in light analysis provide accurate results, if the sources involved are
perfect diffuse emitters or if the surfaces involved exhibit perfect diffuse reflection.
However, this is complicated to achieve in real building reference; hence real values will
always show certain inaccuracies. The results of this work show that the basic knowledge
of lighting technology and its parameters are necessary for the correct execution of

simulations.

CONCLUSION

From the comparison of the measured and simulated values, it is possible to use the results
from simulation tools to perform the calculation of the light power of individual
luminaires, while controlling the illumination to a constant level. This thesis supports an
innovative framework for automated, personalized lighting control in commercial

buildings/premises based on the Dialux Evo simulation tool. The procedural computations
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for the achievements of energy savings and visual comfort are also not left out in the

course of this research work.

Any lighting specialist who is involved in building design can interactively experiment
many configurations (window sizes and positions, fixtures distribution schemes) in order to
choose a better solution for the lighting systems. In other words, this allows the
optimization of the lighting system and helps architects, engineers and lighting designers
with the adoption of such calculations in their everyday practice in an easy and reliable
way. The simulation software has the potential to support engineers in designing better and

more sustainable buildings by making use of a natural renewable resource - natural light.

The result of this study is mostly suitable for a room in the northern part of the building
with a clear sky. This is due to the high value of light power recorded.
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