Safety of Technogenic Environment

2012/3

Dynamic Lighting System for Workplaces
at Northern Latitudes

Tarmo Koppel;Tallinn University of Technology

Abstract. In this article the author analyzes quality parameers
of the ergonomic lighting systems and forms a modealf an ideal
indoor lighting. Based on the literature review and author’'s
measurements of the natural daylight, the model's gincipal
features are 1) dynamic spectrum and 2) dynamic oot
temperature. The model prescribes these parameters tfollow
the characteristics of the natural daylight in thecourse of a day
and throughout the year. The relevance of these panaeters and
the connection to human wellbeing is argued in sumpt to the
model.
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. INTRODUCTION

In developing a dynamic lighting system fit to rtn
latitudes, the author sees it necessary that sigting
system’s spectrum and color temperature follow $haene
parameters of natural daylight in

illuminance level is maintained, being in complianaith the
relevant standards, this level would not even ¢etecto the
natural daylight’s levels at the better part of dasy.

In author's opinion, nowadays a major problem of
widespread lighting systems is an inadequate spactin
sunlight all colors are represented in relativelyne amounts,
producing continuous spectra. Whereas, the a#ifigjhting
would either have a shifted color spectra (towasdsin case
of a filament light bulbs) or a fragmentary speciracase of
excited gas technologies). Only few of the lighting
technologies come near to natural daylight in rdpoing its
spectra, which are usually much more expensive.

The underlying principle for developing an ergonomi
lighting system is to follow the characteristicstb&é natural
daylight as closely possible. The scientific bodyresearch
has shown when the indoor lighting deviates fronthsu

the CorresloonOlm(gharacteristics the human wellbeing or performamncay

geographical region. As for example, when observingwcfer

spectrum and color temperature throughout the gedrday in
south-European latitudes they have a great difteréa those
observed in northern Europe. The latter region lene the
study was performed and the current model prodémed he

author presents the findings from the literaturd argues the
necessity of each parameter to be included inybies.

The aim of this study is to develop a model forirmhoor
ergonomic lighting system that would best match iatural
daylight, which is considered as a standard fohdgjgality
lighting systems.

Millions of years of the human evolution is a presdhat
the sunlight has been an integral part of. Theesfoiis not
difficult to understand that natural daylight igype of light
that we, humans are most custom to. The scieriifidy of
research is continually pointing out the importesie the Sun
and natural daylight are playing in human wellbeiBg it a
simple regulation of circadian rhythms or a comple
mechanism of driving the organism’s immune systerthe-
Sun is proven to make it all happen. A term “mal
illumination” has even been produced to describbealth
condition where a person, due to a limited accesghé
daylight, has developed a mixture of health symgtom
something similar to chronic fatigue syndrome. Bein
acquainted with the relevant daylight biologicalfeefs
studies, one could not underemphasize the relevahdhe
light in an everyday environment. However, most srod
workplaces fail to consider all the characterist€ghe light,
expect one — the illuminance level. And even if tdwrect

Recent biomedical studies have shown that besidemlv
function, light plays also an important role ineng the eyes
and having a biological effect for human wellbeiBgie to the
recent discovery of a novel photoreceptor in the éye
necessity for dynamic lighting has become clearéght is
signaling the tine of the day by the means of tlesvin
discovered photoreceptor cells and a separate 1sgstem to
our biological clock, which in turn regulates th&cadian
(daily) and circannual (seasonal) rhythms of adargriety of
bodily processes (Bommel 2006).

These 24h rhythms have a major impact on our héaith
physically and behaviorally: sleep/wake cycles,rtakss,
performance patterns, core body temperature, ptimsuof
hormones (Bellia et al 2011). This new kind of mheteptor
contains the melanopsin, the pigment that is messitive to
the blue light, which if received in the eye foperiod of time

Stimulates a wide range of physiological resporsss®ciated

to the neuroendocrine and neurobiological systetikg

resetting the timing in the circadian pacemakeppsessing
nocturnal melatonin production and improving aless
(Bellia et al 2011; Daurat et al 1993).

Research done in the field of photobiology has
demonstrated that bright light can be successfullgd for
treating SAD (seasonal affective disorder). Theseaior the
SAD to kick in is widely believed to be deficienoy complete
lack of natural daylight, especially in the winteeriod.
Symptoms of the SAD include:

» Depression,
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« Lack of energy,

« Decreased interest in work or important actigitie

 Increased appetite with weight gain,

« Carbohydrate and sugar cravings,

« Increased need for sleep and excessive daytime
sleepiness,

» Social withdrawal,

« Extreme afternoon slumps with decreased enerdy an
concentration,

» Decreased sex drive (Holick and Jenkins 2009).

Next to using bright light in treating SAD, it hatso been

found to improve social behavior. People who wetgosed

affect SAD through modulating emotion brain progggsn
healthy people (Vandewalle et al 2011). Andewallgam’s
conducted a study that showed enhanced responaeslitory
stimuli in the posterior hypothalamus in SAD patierat the
same study, green light decreased these responsesha
effects of blue or green light were not observech@althy
controls (Vandewalle et al 2011). Vandewalle's gtudas
innovative in pointing out posterior hypothalamus the
neurological substrate involved with SAD, including
distinctive response to light and altered emotiomsponses
(Vandewalle et al 2011). Therefore by now we knbat fight
with its special spectral characteristics has aatieffect on

to light exceeding 1000Ix were reported to haves lesemotional brain in SAD persons.

guarrelsome activity, more agreeable behaviors evetall
better mood (Rot et al 2008).

Even his colleagues concluded in their systemagicew
that bright light therapy is an excellent for traant
nonseasonal depression today and as adjuvant yhdéoap
antidepressant medication (Even et al 2008).

Il. METHOD

In order to develop an ergonomic lighting systendeidhe
author performed 1) a literature analysis and Zedes of
measurements. The aim of the literature analysis wma
determine whether the author’s hypothesis is supddry the

As reversing the symptoms of SAD has been estalishscientific body of knowledge. Literature review esjally

with confidence, the mechanism of it is still
investigation. Some researchers claim that bluepom@nt of
the light is a key factor in diminishing SAD. Otkehave
shown that as well as the blue also the white lightigh
intensities can be used for SAD treatment. Somearekers
even claim that the color of the light used for S&Batment
doesn’t matter as long as the light is of highrisigy. Recent
research has even indicated that intense blue hghing a
damaging effect for human eyes (Gagne et al 2011).

undeffocused on the human effects in regard to the lagiectrum

and color temperature. The goal of the measuremeassto
record the characteristics of the natural dayligbin winter
solstice to summer solstice — a period from whensiin is at
its lowest and to when at it's highest. On a mearmant
instance the following sunlight characteristics evercorded:

¢ Spectrum;

» Color temperature (Kelvins);

 llluminance level (lux);

On the other hand, Glickman tested whether blue LED ¢ UV-A and UV-B radiation (mW/cm?).

(Light emitting diode) daily usage has an effect persons
suffering from SAD (Seasonal Affective Disorder)daiound
that symptoms of major depression were reversetK@an
et al 2006). The same effect was however not obsefor a
control group that underwent the same therapy udimgner
red LEDs (Glickman et al 2006).

Thorn however points out with their recent studhgttSAD
is connected to the cortisol awakening responseR)Cand
there was no difference in cortisol levels durihg test of the
day between controls (Thorn et al 2011). The stahcluded
that during the shortened daylight period in wirttex cortisol
response to awakening is attenuated in SAD per@dren et
al 2011).

Again, in supporting the blue light, Brainard withis
colleagues doing their research on SAD found thalhé same
light intensities (2.3x10 15 photons si cm2) wHitght had
greater therapeutic benefit than red or blue l{@n&inard et al
1990). Although their study was done with a smalinple
seize (n=18), it and other studies would imply thest results
in light therapy are achieved wit high intensityitgHight.

Not all people can be considered to be affectetheySAD,
only a certain percentage of the population ar@enalble for
the reduction of natural lighting which in turn hasw been
widely accepted to be the trigger for SAD. Bluéntigs seen to
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Additionally on-site air temperature and relativentidity
level were recorded. The exact time and positiors a0
marked as to later calculate the sun elevationciogkness to
the sea —which both may have a noticeable effe¢themain
parameters of interest in this study.

To perform the task the author included following
instruments:

» Optical spectrometer ASEQ Instruments LR-1, cépab
of distinguishing 3653 unique wavelengths in thege
of 279 to 974 nanometers (nm). But for the purpaxes
this study mostly visible range was used from 39@%0
nm registering light intensities for 1717 unique
wavelengths. Spectrometer’s signal-to-noise rat® i
300:1. The spectrometer has also a built-in opfimm
calculating color space XYZ coordinates which inntu
were used to calculate the color temperature (INiKs).
The spectrometer produced both the graphical oudput
the spectrum curve and also a text-file outputl&er
analysis and spectral matching.

e Laptop PC for a realtime data
spectrometer control.

e Lux meter 1330B, with the maximum measuring range
of 200 000 lux, with the tolerance + 5% rdg +10.dgt

recording and
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« UV meter Waldmann 585 100, capable of measurin§un elevation angle with minimum distortion efféaim the
three UV ranges: UVA 320 - 410 nm; UV6(UVB) 280 -humidity. Therefore this narrow color temperature lis used
360 nm; UV21(UVB) 280 - 350 nm. Maximum for deriving the color temperature for the daylcagd year-

measurement range: UVA 199.9 mW/cm2, tolerance +
5%; UVB 19.9 mW/cm2, tolerance +/-10%.

Infrared thermometer to record measurement site
ambient temperature.

Measurement days were selected so that to minithiee
influences from other weather conditions such asias, rain
etc. The methodology aimed to minimize measureraenars
from other environmental factors so that the maiwiation in
measured readings would only be from the parametérs
interest.

Local weather station (national grid) online dataswsed
to obtain relative humidity readings. The impodanof
recording this parameter is as the light spectraimieipendent
on the level of humidity — the more water moleculesre are
in the air the more distorted is the spectrum (EMHI

For calculating the Sun’s elevation at the measergrsite
an online calculator was used (SunEarthTools).

The literature analysis mapped what health effeid
cognitive effects are known from afore-mentioneghting
parameters. The purpose of the literature analysis to
support the proposed model with research data.

Taking into account the literature findings and the

measurements’ analysis the author formed an ergimnom

lighting system model.

Ill. RESULTS

A. Measurements

The natural daylight measurements were conductetien
latitude of 59 degrees North (city of Tallinn).

Throughout the entire year (from oct 2011 to sé€it2) the
entire cycle of sun was metered. Having a look itte
daylight characteristics year-round is importantoirder to
encompass the sun at the lowest and at the highesition
angle.

Altogether 91 measurement instances took placee T
measurements were usually about metering the $unlic
characteristics at the noon, but also all-daylormgsarements
were done where the same characteristics were adete
hourly.

Common knowledge that the sunlight’s color tempeats
in a functional relationship with Sun’s elevatiamée can also
be seen from the author’'s measurements in FiguBaded on
the measurement data obtained at the given codedirend
calculated Sun elevation angle the author derive®ther
color temperature models.

In Figure 1 an effect from the air humidity can d®en as
having an effect on the color temperature level

intensity

found models.
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Fig.1. Sunlight’s color temperature as a functibSon elevation angle —
measurements distribution graph and modeled averady@naximum color
temperature curve (author's measurements).
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Fig. 2. The author's measurements for the spectiiutime summer sun, the
winter sun and the compact fluorescent light bulb.

Figure 2 presents a comparison of three differigfttihg
conditions: winter sunlight, summer sunlight and tompact
fluorescent light bulb (CFL) spectrum. The diffecenof the
summer and winter spectra is highlighted — thisstlates also
the Sun’s color temperature being higher in the memand
lower at the winter. Comparing sunlight's spectrdhte one of

a CFL leads to dramatic conclusion — it is pseudhitey as it

measurements conducted on the same Sun elevatllie aneates an illusion of being a white light, but mo$ the

throughout the year often do not match. A narrome lin
Figure 1 represents color temperature level atsiecified

wavelengths of the visible spectrum range are missi
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As the natural daylight may either be a direct igimlor a
diffused light from the atmosphere, all relevantunal light
sources/mediums were metered: sunlight directlyyliglot

through the clouds and clear sky zenith. Also ire th

wintertime, sunlight reflecting from the snow wastered. A
comparison of these different cases is presentédure 3.
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Fig.3. Spectral difference of midsummer noon sunjignd midsummer noon
zenith.
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Fig.4. sunlight color temperature during the cowfsthe day from sunrise to
sunset (modeled based on author's measurements)

Figure 5 indicates the maximum color temperaturehef
sunlight per each month. The values were modelsgdan
the Sun’s elevation angle at noon per each mordhaathor’s
measurements that prescribe maximum color temperater
Sun’s elevation angle (Fig. 1).

Considering the current capabilities of artificiidhting
technologies, it is obvious that the model's sutgpks
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spectrum cannot be precisely reproduced; therefine
proposed spectrum should be used as a guide iropéve
best possible spectrum solution.
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Fig.5. Noon (maximum) sunlight color temperatunetighout the year.

B. The model

Based on the literature review and
measurements the proposed model can be describédoby
main parameters:

1) continuous spectrum distribution, similar to wha
pictured in figure 3 — either noon sunlight spectrfor direct
lighting and/or noon zenith spectrum for indireghting;

2) dynamic color temperature throughout the day yeat-
round changing from 2200 to 4300 Kelvins dependinghe
time of day and month, as pictured in Figure 4 an@hereas
figure 5 sets a maximum color temperature for thernand
corresponding to the period of year, Figure 4 pibes the
fluctuation of the color temperature during the rseuof the
day. One might notice that on the darkest time afwinter
actual sunlight does not cover all the working Ispun such
case the color spectrum curve is to be stretchedtatty until
the whole workday is encompassed. This adjustmauntide
also applied for other special working hours thet aot
covered by the graph. One of such examples mighthbe
night shift, which in itself is a major contributtw workers’
stress due to the messed up circadian rhythms.egtiyr
proposed model of dynamic color temperature miginy well
offer some relief also to the night shift workelng|ping their
bodies to get custom to the artificial day. Nowasldpr
example light is being used as pre-lunch countesomeato
circadian and sleep disruption in astronauts (Fateil 2005).
The same research group found the spectrum rardy6ed 77
nm to be most potent in suppressing plasma melateriich
in turn is a major contributor to circadian rhythmechanism
(Fucci et al 2005).

The above mentioned are the main parameters addrbgs
the model. In addition the following parameters dtobe

the author’s
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mentioned, as they are associated with the highitgqua

lighting systems:
« Controlled UV exposure;
« Sufficient illumination level,
* Harmonious brightness distribution;
e Glare limitation;
« Avoidance of reflections;
« Personal control;
« Daylight integration.

IV. CONCLUSIONS ANDDISCUSSION

In this article the author formed a model for dymamdoor
lighting system that best matches the natural dhayli
characteristics. The author argued why this modmilev suit
the human in the work environment better than nitgjorf the
lighting system in use at present time. This atjgtovides a
theoretical basis, grounded with instrumental messents
for the future studies in developing and analyzimg benefits
of such dynamic lighting systems that match natdeaflight

The author sees it unnecessary to have a dynamigaracteristics.

illuminance level, as it is unattainable and nessll® pursue
illuminance levels those of a natural daylight. Eomparison:
a recommended illuminance level (maintenance vafoe)

The essential idea behind the author’s proposedtipies is
to support human day/night circadian rhythms arel ytbar-
round (summer/winter) rhythm of the northern latgu This is

office  workplaces is commonly 500Ix, whereas thechieved by following as closely as possible thight color
illuminance from the midsummer midday sun at narihe temperature of the corresponding time of the yétxt to

latitudes is measured to be over 100 000 Ix. Havhig in
mind, the author suggests
illuminance level, based on the specific workplaype,
according to the relevant standards, for examptd s the
European standard EN 12464-1.

to maintain the suggestgg,

following the seasonal spectrum the model pressréoeolor
perature for the course of the day. Not lesntapt is the
achieving the full spectrum for indoor lighting —haiman
being needs all wavelengths of the daylight. Theida
principle behind the day variance follows the fimgk of the

A controlled UV exposure is found to be a necessaljeratyre — having a yellowish tone at the morpindite at

complement to indoor lighting system, especially tlife
outdoor time for these workers is limited. UV rautia is
necessary for cell division — if a person is la€kJ¥ light, the
normal cell growth is disturbed, which can lead ctncer
(Moritz 2010).

Figure 6 represents an approximate UV power deasitle
selected latitude throughout the year. In comparisthe
widely used PHILIPS facial solarium UV-radiationtput at
the distance of 30cm was recorded to be as folldwWsA 3,3
mwW/cm?; UV6 (UV-B) 0,11 mW/cm?; UV21 (UVB) 0,12
mW/cm? (author’'s measurements). The highest recotéié-
readings of the midsummer sun at noon were sigmiflg
higher: UV-A 4,1 mW/cm?;, UV6 (UV-B) 0,37 mW/cmz
uv21 (UVB) 0,42 mW/cm?2 (author’'s measurements).
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Fig.6. UV radiation output throughout the year (eus measurements).

noon and yellowish again by the end of the day. démcribed
color tone shift might be unnoticeable but doesdffthe
circadian rhythms of the human body, telling whgsntime to
be active and when it's time to prepare to rest.

The author still believes that the best alternatigeall
artificial lighting systems is natural daylight. Smwling time
outside is proven to benefit one’s health and $dmhavior.
Therefore, even having installed a state of thedartamic
lighting system can never replace sunlight in @mplexity.
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