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Calculation of saving possibilities in interior lighting system
using both daylight and artificial light

Abstract: This paper describes modelling of possible savings in lighting systems of artificial lighting, working in combination with daylight. The
proposed model works with overcast sky daylight (CIE). Based on knowledge of geographical position, day and time, the calculations are done in the
conditions of unshadowed outdoor illuminance levels. From this figure (when daylight factor is known) illuminance caused by daylight can be gain in
the differents parts of the room. By controlling the artificial lighting (dimming) to constant cumulative value (daylight plus artificial light) in the areas of
visual tasks, then it is possible to determine potential of savings in areas with controlled lighting system and without it. According to this model
(calculation), we can consider a suitability of the dimmable lighting systems in the specific work areas and make recommendations to reduce energy
requirements of buildings in energy audits.

Streszczenie: Celem artykutu jest rozwigzanie problemu obliczeni oszczedno$ci energii elektrycznej przy o$wietleniu pomieszczerr wewnetrznych
systemami $wiatta dziennego oraz sztucznego. Zajmuje sie sie transformacjg modelu dynamicznego jednolicie zachmurzonego nieba, jego udziatu
w oswietleiu dziennym w konkretnie danych wnetrzach. Obliczenie oszczednosci energii wykorzystaniem $wiatta dziennego jest mozliwe za pomoca
modelowania zmierzchu systemami $wiatta sztucznego, wtasnie wedfug symulowanego udziatu $wiatta dziennego. Dzieki zastosowaniu modelu
Jjednolicie zachmurzonego nieba mozemy eliminowac¢ wplyw lokalizacji otworéw okiennych. Na podstawie znajomosci o$wietlenia dyfuzyjnego
zewnetrznej prostej powierzchni bez cienia oraz poziomu natezenia o$wietlenia i jego rozkfad w polu zadania wzrokowego mozemy obliczy¢ udziat
Swiatta dziennego dla kazdego momentu. Nastepnym krokiem mozemy dla konkretnego systemu $wiatfa sztucznego podac poziom zmierzchowy
poszczegolnych elementéw oprawy oS$wietlenia sztucznego tak, zeby byt zgodny z z wymogami normatywnymi pozioméw dla okre$lonych zadan
wzrokowych. Réznica miedzy energig zuzytg systemem o$wietlenia ze Sciemnianiem oraz bez wskazuje na potencjat oszczedno$ci energii w
systemach o$wietleniowych $wiatta sztucznego z wykorzystaniem $wiatta dziennego. (Obliczanie potencjalnych oszczednosci oswietlenia

wnetrz wykorzystujacego Swiatfo dzienne i sztuczne)
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Introduction

The current economic requirements lead to the
reduction of energy consumption in the buildings. In the
field of interior lighting these requirements lead to greater
usage of daylight in combination with an artificial light. The
technical level of the current lighting systems enables the
regulation of the flux in the lighting control systems at a
constant level of illumination due to the artificial lighting
dimming systems. This can put into practice a reduction of
electricity consumption.

In order to determine potential savings and return of the
dimmable lighting systems, it is necessary to know the level
of external light intensity. This intensity is variable, though.
Since the daylight factors are calculated under uniformly
overcast sky, the specific illuminance calculations will be
done considering this situation too.

Based on the determination of usage of a room or a
building (type of visual task, the required illuminance,
occupation, working hours, shift operation, etc.) you can
determine the energy efficiency of the regulated lighting
system and the terms of return on investment compared to
the unregulated lighting system.

It should be mentioned too that the daylight affects the
basic biological processes in the human organism and
therefore building standards and health regulations are
designed to keep the organism in indoor environment fine
and secure as much as possible.

Daylight factor

Contribution of daylight in buildings in areas of visual
tasks, are the share of internal illuminance (direct and
reflected light) and the illuminance of an outdoor
unshadowed flatland in condition of uniformly overcast sky.
The contributions of direct sunlight are excluded from the
both illuminance. The value of daylight factor includes the
glazing effects, pollution, indoor and outdoor shading, etc.
On the contrary, due to using uniformly overcast sky is
eliminated the influence of windows position in various
points of the compass. Daylight factor D is expressed as a
percentage and it is calculated according to equation:
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(1) D =—-100[%]

E,
where: E - is the illuminance of the point of internal
comparison flatland in Ix, £, - a comparison illuminance in
the point of outdoor unshadowed flatland in Ix.

Uniformly overcast sky

Uniformly overcast sky is a condition that in fact occurs
only a few times a year. However, this situation enables to
create a model of the sky which we can work with. This
model sets clearly sky luminance behaviour from horizon to
zenith. Our model uses uniformly overcast sky on a dark
area considering the sky with luminance gradation from
horizon to zenith 1:3 (according to CIE). Sky luminance of
any point is then given by:

(2) L, =L, /3(1+2siny) [cdm™]

where: L, - the luminance of the sky at an angle above the
horizon y, L, - the luminance of the sky at the zenith

Coordinates of the Sun and the solar ray geometry

For determining the specific sky illuminance, which
allows the calculation of outdoor unshadowed flatland is
necessary to know the position of the Sun to the
investigated comparison plane. Only the most commonly
used methods of determining the coordinates of the Sun are
listed. They are used in the calculation of insolation of
buildings.

Analytical calculations of Sun coordinates

The calculation of the apparent position of the Sun in the
sky is determined by the geographic location of the specific
site on the planet, Earth's rotation and mutual position of the
Sun and the Earth in space. For calculations of the daylight
and insolation of buildings there is a sufficient substitution
the irregular shape of globe. A position of any point on
Earth's surface is usually determined by latitude ¢ and
longitude A;, see Figure 1.
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Fig.1 - Coordinates of the point on the Earth's surface. [1]

During the time Earth is spinning around the Sun in
slightly elliptical orbit the Earth's equator plane is inclined to
the ecliptic plane tipping by 23.45°. See Figure 2.
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Fig. 2 - Declination for four typical days in a year. [1]
Solar Declination

An angle of Sun rays and the Earth's equator plane is
called solar declination & and it is constantly changing
during the year. For specific time information the accurate
declination values are given in astronomy yearbooks. For
our purposes the declination is determined by mathematical
expressions. We consider that the zero declination occurs
at midnight before the day of spring equinox on the 21°
March. We consider the following equation [2]:

360°
365

3) 5= 23.45°sin[ J- 81)} [rad]

where: J - is the ordinary day of the year

On the day of the winter solstice (usually 22
December) when the Sun is the most inclinated to the
Earth's southern hemisphere the value of solar declination
is & = -23.45 ° and on the summer solstice (usually 21%
June) it is §=23.45°. On spring and autumn equinox
(March 21%' and September 22") the Sun is above the
equator and the Earth's declination is zero.

Time and the hour angle of the Sun

The length of solar day is the traditional and the most
common unit of time in the world. The time equation has a
maximum value during 16" May (+3.8 min.) and 3"
November (+16.4 min.) The minimum values are on 12"
February (-14.4 min.) and 25" July (-6.3 min.).
The local solar time is defined as the central solar time. The
local noon occurs when the local meridian passes through
the central Sun, then we talk about central afternoon. Each
meridian has its own central time. It would be very
impractical to change the clock on each meridian. Certain
areas have the same time. Central European Time CET is
the same as the central solar time on Az = 15° east
longitude, and as a zone watch time is used in the range of
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longitudes 7.5° < Az < 22.5°. The CET determines the
genuine solar time according to the relation (3).

A, 15

4) GST = CET + CLET [hrs]
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where: /.- the longitude in degrees, GST - genuine solar

time in hours, CET - Central European Time in hours, ET -
the time difference between GST - CET in hours [1]

Height of the Sun

Height of the Sun ys is the angle formed by the solar ray
with a horizontal plane. To calculate the height of the Sun is
used the known relation [1]:

B)yg = arcsin[sin @sind —cos@.cos y cos(l SOGST)] [°]

In technical calculations there are usually neglected the
influence of refraction of sunrays in the atmosphere and
irregularities in the solar declination, because even in the
worst case they cause the mistake less than 1° in
determining the solar coordinates.

Calculations of the daily illuminance

Based on the knowledge of the position of the Sun and
the brightness distribution of the uniformly overcast sky it
can be proceeded to deal with specific illuminance levels of
comparison outdoor unshadowed flatland in specific
locations and specific days and hours.

Horizontal illuminance

The first step of the calculation is to determine the
horizontal illuminance of an imaginary plane at a given
location. It sets maximum level of sunlight in the clear
(cloudless) sky, thus the reference value to determine the
availability of illuminance on the Earth's surface.
Extraterrestrial horizontal illuminance Ey will be different
every day. Therefore, the luminous solar constant Eyo for
the equinox must be corrected for the daily distances from
the sun to the Earth's using agents of eccentricity € [1].

(6) £=1+0.034 cos{@ (J - 20)}[—]
365

@) E, =E,,ssinyq [lx]

where: Ey, - light solar constant of 133 334 Ix

Diffuse illuminance

Diffuse illuminance D,, i.e. illuminance of outdoor
unshadowed horizontal plane under uniformly overcast sky
with knowledge of specific geographical and temporal
coordinates can be determined based on the following
relation [1].

®) D, = [%]Ema sin y[Ix]

4
where: Dy, / E; - permeability coefficient of the skylight

By conversion of this value over the illuminance factor
D, of the daylight illuminance on the indoor working place
caused by daylight, we can calculate the required
illuminance values. The difference between illuminance
caused by daytime component and the required value of
illuminance is necessary to subsidize by the artificial
lighting.

Modelling of combination of daylight and artificial light

This chapter of article shows example of dynamical
modelling of outdoor daylight as base for the determination
of dimming level.
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For calculation of model room, it is necessary to
determine daylight factor. For this task, WDLS software was
used. Model room is 3m wide, 6m long and 3m high and
has one window 2.8 x 1.8m (on left side in Fig. 3).

Fig. 3 — Daylight factor in model room

Next step is a project of the artificial lighting system. Our
model room is a common office, where maintained
illuminance of 500 Ix is required in all area, because work
place was not set. Lighting system was designed by WILS
program. Chosen Luminaires were surface mounted
2x36 W with linear fluorescent lamps and electronic
ballast. Input power is 72 W per luminaire including ballast.
In the model room, there are two columns of luminaires,
each column is dimmable separately.
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Fig. 4 — Artificial lighting system in model room

In modified WILS a program tool for savings potential
estimation was added. Workdays and timework can be set
in program to calculate accurately power consumptions. In
all area condition, that contribution of daylight plus artificial
light must be over 500 Ix.

Regulation of artificial lighting system is in 10% steps
from 0% to 100%, in this case linear dependency of input
power on luminous flux was used. The calculation is quite
fast up to four columns of used luminaires. Fig. 5 shows a
dimming level of each column respecting outdoor
illuminance level. For example for Eext = 10 klx, first column
will be turned off and second will work on 60%.

Eext R1 R2
1000 Ix 0,9 0,9
5000 Ix 0,3 0,9
7 000 Ix 0 0,9
10 000 Ix 0 0,6
20 000 Ix 0 0,3
25000 Ix 0 0,2

Fig. 5 — Dimming level determination
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Fig. 6 shows comparison between uncontrollable and
dimmable lighting system. Without a regulation
consumption is 2.6 kWh per work shift, the regulation
decreases this consumption depending on a season. In
winter, when there is a minimum of available daylight, 1.8
kWh per shift, compared to summer with the lowest
consumption 0.6 kWh per shift.
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Fig. 6 — Energy consumption of iregulable and dimmabile lighting
system

Conclusion

The objective of the authors of the article is making
software to determine the potential savings in the combined
artificial and daylight lighting systems. Its expected usage
will be in the design and renovation of the lighting systems,
energy audits of buildings and in recommendations of
reduction of their energy consumption.

This article was supported by project SP 2012/160: New
opportunities of LED technology in lighting.
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