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Introduction. In addition to ensuring the human visual function, visible light has non-visual biological and psychological
effects. The non-visual effects of light affect a human's health, well-being, activity and sleep. Comfortable lighting that har-
moniously combines both visual and non-visual effects and creates physiological and psychological benefits for people is
defined as "integrated lighting". Modern standards for artificial lighting focus only on visual effects, visual comfort and energy
efficiency and do not refer to the non-visual impact of light on humans. Recently, a number of national and industry standards
have been developed, as well as expert proposals, which provide recommendations regarding the regulation of parameters of
integrated lighting systems, but these documents have not been agreed upon in accordance with an accredited standards
development process.

The aim of this research — to analyze the methods of assessing the non-visual impact of light on humans and the recommenda-
tions of experts regarding the standardization of integrated lighting parameters, as well as the development of proposals for
improving national regulatory documents on electric lighting in Ukraine, taking into account the visual and non-visual effects
of light.

Materials and methods of the research. An analytical review of scientific publications over the past 30 years was performed using
the databases EuroPub (Great Britain), Science Direct — Scopus — Web of Science — Core — Google Scholar "Google Aca-
demies", Hinari Access to Research for Health, National Library of Medicine, U.S. Environmental Protection Agency, National
Library of Ukraine named after V. 1. Vernadskyi, Budstandart, as well as scientific publications taken from open sources.
Results. The purpose of integrated lighting is to provide optimal illuminance according to human needs, taking into account
the visual and non-visual effects of light by adjusting its intensity and color in different periods of the day. Current interna-
tional standards regarding interior lighting are based only on visual characteristics, measures to ensure visual comfort and
energy efficiency. Currently, there are no international standards setting requirements for integrated lighting. None of the
international standardization bodies, including CIE and IES, have yet approved the proposed integrated lighting parameters
and metrics for evaluating the circadian efficiency of artificial light sources. There are two main approaches to quantifying the
circadian efficiency of lighting: metric of equivalent melanopic lux, based on the melanopic light response of photoreceptors
(ipRGC) with a maximum at 490 nm; the circadian stimulus (CS) metric is developed based on the spectral sensitivity of all
photoreceptors based on circadian phototransduction studies. A circadian stimulus quantifies the circadian efficacy of light
measured as suppression of melatonin secretion after 1 h of nocturnal illumination. The main methods of increasing the cir-
cadian efficiency of lighting systems are increasing the level of vertical illumination and increasing the share of short-wave-
length light in the source spectrum.

Conclusions. Daylight is the most effective for stimulating the circadian system and reduces the use of electrical energy for
artificial lighting, so increasing the use of daylight is an important direction for improving the efficiency of integrated lighting.
When designing integrated lighting, such factors as a person's age, health, work mode, diet, sleep, and others should be taken
into account. On the basis of the conducted analysis, for the application of integrated lighting in Ukraine, it is reccommended
to make changes to the DBN for internal lighting of workplaces and living spaces only for daytime activity of people. The level
of vertical illumination is recommended to be set in accordance with the recommendations of the WELL building standard
regarding the design of circadian lighting.

Kumrouosi caosa: light, photoreceptors, non-visual effects, melanopic equivalent of daylight, led lighting systems,
integrated lighting
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Introduction

Since the 2000s, the attention ol physicians, bio-
logists, ecologists, and lighting engineers has been
drawn to the problems of non-visual effects of light on
the human body and its consequences for health. The
emergence of this problem is connected with the
opening of the non-visual channel of light perception
by ganglion cells of the retina, the signals from which
are sent directly to the pineal gland — a neuroendoc-
rine organ that regulates the secretion of the hormone
melatonin. The action of the biological channel con-
sists in the fact that intense lighting inhibits the
secretion of melatonin and causes a state of activity in
the body, and a low level of illumination promotes the
secretion of this hormone, which leads to relaxation of
the body and sleep. Such synchronization of the state
of the human body with the surrounding light envi-
ronment has evolutionary roots. Life on Earth deve-
loped in accordance with the natural cycle of day and
night. Most organisms, including humans, have deve-
loped circadian oscillators precisely tuned to changing
light levels, and their physiology and behavior are
controlled by this cycle. In 2002, a variety of photo-
receptors was discovered — photosensitive ganglion
cells (ipRGC), which are connected to the supra-
chiasmatic nuclei (SCN), which form a structure in
the brain that acts as the main biological clock [1].
In the absence of natural rhythms of light and dark-
ness, the change of which is caused by the rotation of
the Earth, the biological clock can lose phase, which
will have negative consequences for health.

Today, the concept of good lighting goes beyond
the requirements for ensuring visual functions.
Medical and biological studies have shown that
light, in addition to the visual function, causes a non-
visual biological and psychological effect on humans,
which is called the non-imaging forming (NIF)
response or non-visual (NV) reaction. The non-
visual effects of light affect a person's health, well-
being, activity and even sleep [2]. Good lighting also
involves the absence of light at a certain time of the
day. Lighting that combines both visual and non-
visual effects and creates physiological and/or
psychological benefits for people is called integrated
lighting [3]. It is also called circadian or biodyna-
mic lighting, as well as human-centered lighting,
but these are marketing terms according to the CIE
position. Integrated lighting is the official term for
lighting that is designed to integrate visual and non-
visual effects, creating physiological and psycholo-

gical effects on people that are reflected in scien-
tific evidence [4].

Modern standards for artificial lighting focus only
on visual aspects, visual comfort and energy efficiency
and do not concern the non-visual impact of light on
a person. Photometric and colorimetric parameters
used to describe, design and measure the parameters
of internal lighting systems include the level and
uniformity of illumination, the brightness of lamps,
ceilings, walls, glare limitations, the spatial distribu-
tion of light intensity, the color of light and the quality
of color rendering, as well as indicators of brightness
flickering, stroboscopic effect and photobiological
safety of light. However, until now there are no inter-
national standards and recommendations regarding
the normalization of non-visual parameters of biolo-
gical action and metrics of circadian characteristics
of light.

The spectral sensitivity of ipRGC ganglion cells,
which contain the photo-pigment melanopsin, differs
from the spectral sensitivity of rods and cones. Rods
and cones have a neural connection with ganglion
cells and their signals interact with the signals of
ganglion cells. The nature of these interactions is not
fully understood, which is why the functions of the
spectral sensitivity of the non-visual effects of light are
not defined. The function of spectral sensitivity of
ganglion cells is standardized by CIE [5]. In the
future, when developing recommendations regarding
the assessment of non-visual effects of light, the CIE
also suggests using a standard D65 light source with
a correlated color temperature (CCT) 6500 K [6].

Recently, a number of national and industry
standards have been developed, as well as expert
proposals, which provide recommendations regarding
the standardization of parameters of integrated
lighting systems and the establishment of their
threshold values, but these documents have not been
agreed in accordance with the accredited process of
developing standards and have not yet been recog-
nized in the established order by authoritative
international standardization organizations. Research
related to the non-visual impact of light on a person
and the design of integrated lighting systems conti-
nues and is extremely relevant today.

The aim of this research — is to analyze the
methods of assessing the non-visual impact of light
on humans and the recommendations of experts
regarding the standardization of integrated lighting
parameters, as well as the development of proposals
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for improving national regulatory documents on
electric lighting in Ukraine, taking into account the
visual and non-visual effects of light.

Materials and methods of the research

An analytical review of scientific publications over the
past 30 years was performed using the databases
EuroPub (Great Britain), Science Direct — Scopus —
Web of Science — Core — Google Scholar "Google
Academies”, Hinari Access to Research for Health,
National Library of Medicine, U.S. Environmental
Protection Agency, National Library of Ukraine named
after V. 1. Vernadskyi, Budstandart, as well as scientific
publications taken from open sources.

Results of the research and their discussion

Review of Research Methods and Indicators

The main problem in the design of lighting systems

taking into account the non-visual effect of light is the

lack of officially recognized international standards

regarding metrics of circadian characteristics of light

and requirements for integrated lighting [7]. Today,

there are two approaches to creating circadian

photometry:

— on the basis of one photoreceptor (ganglion cells of
the retina) proposed [8];

— based on all five photoreceptors (retinal ganglion
cells, rods and three types of cones) proposed in
[9].

The method for evaluating the circadian efficiency
of light proposed in [8] is based on experimental data
on inhibition of melatonin secretion by light with
different wavelengths, obtained by the authors of the
studies [10, 11]. Figure 1 shows the spectral depen-
dence of inhibition of melatonin secretion by light.
The photoreceptor, which is responsible for sup-
pressing melatonin secretion, has maximum sensi-
tivity at a wavelength of 460 nm. However, in studies
[12], where white light of different colors (warm
white and cold white) was used instead of mono-
chromatic, it was shown that the response curve of
suppression of melatonin secretion has an additional
maximum with a wavelength between 470 and
510 nm. The dotted curve in Figure 1 has a trend
that cannot be explained by the sensitivity of a single
photoreceptor. It was hypothesized that rods and
cones, which have a neural connection with ganglion
cells and their signals interact with signals coming
from the ganglion cells themselves, can also partici-
pate in the suppression of melatonin secretion. The
solid curve (Figure 1) proposed in [13] emphasizes
the negative effect of light with a wavelength above
550 nm on suppression of melatonin secretion. Blue
light alone is more effective at suppressing melatonin
secretion than white light with higher energy, con-
sisting of blue and yellow components. The most
important aspect of this principle is that the photo-
sensitivity of the circadian system does not exhibit
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Figure 1. Action spectra of melatonin secretion inhibition
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additive behavior with respect to light of different
wavelengths when considered separately, but becomes
more sensitive to blue light as yellow-red light dec-
reases. The hypothesis about the spectral opposition
of circadian sensitivity, which is also confirmed in the
study [14], suggests that ipRGC ganglion cells also
receive information from retinal bipolar cells. Many of
these neural connections are still unknown, making
it impossible to define a single spectral sensitivity
function or action spectrum for all non-visual light
exposures [15].

In [8] determination of circadian values is carried
out with the help of photometric values, using the
function of spectral sensitivity of suppression of
melatonin secretion ¢(A) (Figure 1) obtained on the
basis of research in [10, 11].

Using the circadian sensitivity function ¢(A) and
the spectral distribution of light energy X., it is
possible to calculate the energy circadian characte-
ristics of light X, [8]:

Xec=IXekC(7‘)d7" (1)
The ratio of integrals of circadian and photometric

characteristics is called the circadian efficiency coeffi-
cient a,,:

[ X e(A)da
T X, v()da

()

where v(A) is a function of the relative spectral
efficiency of daytime vision.

As a first approximation, a., can be determined
from the CIE chromaticity coordinates:

IXL-;. E[j-}d";" oL _] =W

a., = =—= (3)
J'Xl_;_ v(A)dAd ¥ y

where x, y, z are color coordinates.

The circadian efficiency factor a., allows you to
calculate the circadian integral value of light from the
equivalent photometric value. Table 1 shows a,, for
typical light sources; the a,, ratio increases almost
linearly with an increase in CST.

Table 2 shows the relationship between human
activity, a., coefficient, and correlated color tempe-
rature [6].

Table 1
Value of a, for different sources of light
Sources of light CCT, K ay, relat. units Sources of light CCT, K a.y, relat. units
Direct rays of the Sun 5081 0.76 White LEDs 2800 0.37
Blue sky 19963 1.49 4200 0.71
Cloudy sky 5924 0.88 6300 1.02
Fluorescent lamps 2827 0.31 Blue LED with A = 468 nm 6.9
6678 0.52 Incandescent lamp 2800 0.35
6500 0.94 High pressure sodium lamp 2770 0.28
Table 2
Relationship between human activity, coetficient a,, ratio,
and correlated color temperature (CCT)
Type of human activity Ay CCT, K
Moments of peace, relaxation <04 < 3300
Types of lighting: office, industrial, street, commercial and educational institutions 0.3—0.8 3300—5300
Optimum concentration at work with high visual loads > 0.7 > 5300
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The hypothesis using one receptor has a number
of limitations: the time factor of circadian light expo-
sure is missing; the circadian sensitivity function ¢(A)
does not take into account the contribution of other
photoreceptors to ipRGC signals and does not take
into account the unevenness of the function between
470 and 510 nm. Because of this, this model using a
single receptor overestimates the circadian effect of
light sources with CST > 4000 K. This method is easy
to apply and is used for approximate estimates of the
circadian efficiency of light.

Another metric based on a single photoreceptor,
which relies on the melanopsin spectral sensitivity
curve with a maximum at 490 nm, called the equivalent
melanopic lux (EML) method, proposed in [17]. It
also does not take into account the contribution of
other photoreceptors (cones and rods) that carry
information to the ipRGC. The melanopic response
curve is slightly different from the values obtained in
the studies [10, 11].

The equivalent melanopic lux is calculated as:

EML =E -+ R, (4)

where, E is the photopic illuminance measured at
eye level in lux, R — the melanopic efficiency of light
in relation to melatonin inhibition, which varies
between 0.45 and 1.70 units [ 18].

The EML technique helps differentiate light sources
that create the same visual effect. For example, incan-
descent lamps producing 200 lux have 108 EML,
while daylight at 200 lux has 220 EML.

It should be noted that the EML metric does not
correspond to the International System of Units (SI),
so the International Commission on Illumination
(IEC) introduced a modified form of the EML metric.
The CIE standard [5] recommends instead of EML
the melanopic equivalent of daylight (mel.EDI),
expressed in lux. The relationship between EML and
mel.EDI is as follows:

EML = mel.EDI - 1.103. (5)

Daylight melanopic equivalent mel.EDI is based
on standard light (D65) as a reference source and
shows daylight illumination that provides the same
melanopic illumination effect as the test source. For
example, mel.EDI 150 lux means that the evaluated
light source creates the same illumination that
suppresses melatonin secretion as 150 lux of daylight

at SST 6500 K. In the study [19], the recommended
mel.EDI during the day should be at least 150 lux,
at night the maximum value of mel.EDI should be
10 lux. mel.LEDI is calculated by multiplying the
photopic illuminance (E) by the melanopic daylight
efficiency ratio (mel.DER), which varies from 0.40
to 1.60 units [18].

Alater model of circadian photometry was proposed
in [9] using all five receptors. The spectral sensitivity
of these photoreceptors is shown in Figure 2.

The concept of spectral melanopic sensitivity was
introduced in the standard [5]. Five spectrally weighted
irradiances received the general name "alpha — opic
irradiance"”, each of which is named after its own
pigment: melanopic (ipRGC), rod or rhodopic (r-type),
cyanopic (s-type cones), chloropic (cones m-type)
and erytropic (I-type cones).

The method for quantifying the effectiveness of
non-visual stimulation is developed on the basis of
the spectral response of photopigments and photo-
receptors and is based on neurophysiology and
neuroanatomy research on circadian phototrans-
duction [21]. Phototransduction is the process by
which ganglion cells convert light energy into nerve
signals. The CS circadian stimulus metric quantifies
the efficacy of light on the circadian system, measured
as suppression of melatonin secretion after 1 h of
nighttime illumination (at 2.3 mm pupil diameter).
According to this model, the maximum suppression
of melatonin secretion after 1 h of light is 0.7 units,
whereas 0.3 units in the morning is sulficient
to promote circadian stimulation. The CS value
expresses the percentage of suppression of melatonin
secretion, varying from 0 to 70%. The CS model
involves first determining the circadian illuminance
(CLp), where CLy is the spectrally weighted irra-
diance at the level of the retina, which depends on
the spectral sensitivity function of ipRGC, rods and
cones [9].

Measurements are carried out using the Daysime-
ter device [22]. To determine the CS based on the CLy
circadian light, the equation is used [23]

— 2 (6)

CL. 11026
1+ (3%)

C5=07-

For CL4 and CS calculations, you can use the CS
calculator [24], it provides CLp and CS values for
different light sources and can calculate CS values
from the given light spectra [25].
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Figure 2. Spectral sensitivity of photoreceptors recommended by CIE TN 003:2015 [20] :
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The metric [9] is non-linear to interpret the
unevenness of the circadian sensitivity function
between 470 and 510 nm. At the same time, the
effect of the spectral opposition of the signal of
blue-yellow colors, which affect the ipRGC signals,
is taken into account. The threshold level (mini-
mum effect) and saturation level (maximum effect)
for suppression of melatonin secretion is deter-
mined depending on the amount of light falling on
the retina. Using this model, the equivalent circadian
light (CLy) is calculated, which is defined as the
radiation flux per unit area after 1 hour of its expo-
sure. This is a dimensionless value that can be
compared with the concept of illumination. On the
basis of CL,, it is possible to calculate the circadian
stimulus (CS), which is a dimensionless value from
0.1 to 0.7 units, which is proportional to the rate
of nocturnal melatonin suppression in humans. It
should be noted that the CS metric also has limita-
tions: it concerns temporal aspects such as the
duration of illumination, time of day, history of previo
us exposure to light on people.

The recommended input is the spectral illumi-
nance of the eyes, but this method does not take into
account the modification of the spectrum reaching
the eyes due to the reflectance of surfaces in the
environment.

. ssc (A) — spectral sensitivity of cones containing cyanopsin, with maximum sensitivity at 440 nm;

. sz (A) is the spectral sensitivity of ipRGCs containing melanopsin, with a sensitivity maximum at 490 nm;

. sr () is the spectral sensitivity of rods containing rhodopsin, with maximum sensitivity between 505 and 510 nm;
. smc (L) — spectral sensitivity of cones containing chloropsin, with maximum sensitivity at 545 nm;

. sle (A) is the spectral sensitivity of cones containing erythropsin, with maximum sensitivity at 570 nm

One of the factors that must be taken into account
when designing circadian lighting is the phase shift of
melatonin secretion as a result of the influence of
night lighting. It has been experimentally established
that even moderate artificial lighting in the late
evening can significantly change the cycle of melatonin
secretion and its amount during the day, while the
dependence of "light dose — melatonin secretion shiit
response” is not linear [26]. Thus, an illumination
level of 500 lux creates a delay of approximately
2.5 hours, and 100 lux — for 1.5 hours.

The classical model of sleep is based on the
interaction of two different processes:

— the process of homeostasis, which is characterized
by an increase and decrease in pressure after
waking up and during sleep, respectively;

— the circadian process, which provides a "sleep
window".

Light and darkness at the appropriate time affect
the sleep process and this must be taken into account
when designing circadian lighting systems. Yester-
day's daylight affects last night's sleep, and both the
level of illumination and the spectrum of light play a
role here. Light affects sleepiness and activity in two
different ways (Figure 3).

Way 1 begins in the daylight hours of the previous
day and affects the quality of sleep at night, which in
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Figure 3. Two ways in which daylight can affect daytime alertness and performance [15]

turn affects sleepiness, activity, and performance
today.

Way 2 — direct photobiological influence of light,
which causes an activating effect during the illumi-
nation process [15].

In addition to the considered problems, there are
still a number of difficulties related to the design of
circadian lighting systems, in particular, the correct
assessment of the spectrum of lighting that reaches
the human eye and its spatial distribution, taking
into account the influence of the environment,
individual characteristics of people, physical exertion,
etc.

Review of Integrated Lighting Features

In this section, an analysis of some features of integ-
rated lighting, recommendations for establishing
requirements for integrated lighting in separate in-
dustry standards, as well as proposals for improving
national regulatory documents for artificial lighting
in Ukraine were carried out.

Since circadian rhythmicity is a property of almost
every physiological, metabolic and behavioral system,
this phenomenon puts a wide range of biological pro-
cesses under the indirect control of the retina. Light
constricts the pupil, inhibits melatonin secretion,
increases heart rate and body temperature, stimulates
cortisol production, and acts as a neurophysiological
stimulant. Lighting time can be used as a therapy for
circadian rhythm sleep disorders and circadian rhythm
associated with shift work and changing time zones.

It should be noted that there are no universal
approaches when designing integrated lighting.
People who are active during the day benefit from light
with high biological activity in the morning and after-
noon, low efficiency in the evening and least at night.
People who are active at night need adequate lighting
to safely perform professional tasks at night, while
minimizing the potential negative effects associated
with wakefulness and nighttime lighting. For noc-
turnal workers, visual and non-visual needs conflict,
requiring prioritization. Many people who work at
night perform critical functions (for example, doctors,
nurses, pilots, dispatchers, etc.). For them, factors
such as visibility and attention take priority over cir-
cadian synchronization, even if disruption of the circa-
dian rhythm is associated with negative health conse-
quences.

Recommendations for the design of integrated
lighting based on industry standards and recom-
mendations of experts are given in studies [18, 27]
(Table 3). Design criteria for integrated lighting
are based on the temporal structure of light expo-
sure (time of day, duration of exposure), illuminance
levels, spectral distribution of radiation power, and
spatial distribution of light. These factors influence
the biological effectiveness of the light stimulus and
can be manipulated to affect two categories of human
responses to light — visual and non-visual. In the
study [16], it is recommended that artificial lighting
imitates the dynamics of natural lighting, changing
its intensity and color throughout the day. But the
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imitation of daylight can never be completely
achieved due to the large difference between the
radiation spectrum and intensity of daylight and
artificial light. The level of lighting created by day-
light is approximately 10—50 times higher than the
created by artificial light sources according to
modern standards. Due to the fact that in order to
achieve the limit level of the circadian stimulus CS
greater than > 0.3, it is necessary to spend more
global energy than is established by the standard
EN 12464-1 [28]. The research [29] shows that the
required level of illuminance of the cornea of the eye
to achieve CS > 0.35 for daylight D65 is 233 lux,
for a fluorescent lamp with CCT 4000 K — 575 lux,
for a lamp with CCT 5000 K — 387 lux, for lamps
with CCT 6430 K — 266 lux. The vertical illuminance
in the premises according to the requirements of
the standard [28] is significantly less than these
values. Artificial lighting can provide a sufficient
level of Ey illuminance by increasing the power of
lighting systems or increasing the CCT [30].
Using light sources with a CCT of 8000 K to achieve
CS = 0.35, illuminance Ey 187 lux is required. To
achieve the recommended values of circadian
efficiency, higher levels of illuminance are required
than those set for visual functions by the standard
[28], which negatively affects the energy efficiency of
lighting [31]. In this regard, when using integrated
lighting, the problem of minimizing electricity
consumption becomes relevant. Our evaluations
show that only the use of light-emitting diode (LED)
light sources with their functionality and potential
to increase energy efficiency can provide energy
consumption indicators that do not exceed current
requirements for ensuring human visual functions.
LED technologies and automatic control systems
make it possible to move from lamps with fixed color
and light intensity to dynamic lighting systems with
adjustable color and light parameters. With the
help of LEDs, it is possible to provide a CST range
of light in the range of 2300—8000 K. The role of
LEDs in creating integrated lighting is crucial for
reducing electricity consumption. In [27], it is
recommended to use lamps that direct the light
upwards, and the ceiling and walls have high light
reflection coefficients to increase the vertical
illuminance "Ey". In order to minimize the optical
power of lighting systems to ensure the necessary
vertical illumination during the day, it is necessary to
use light sources with higher circadian efficiency

coefficients and to use natural light as much as
possible.

The total illumination of the cornea consists of
direct illumination that comes directly from the light
source, and indirect illumination that is created due
to the reflection of light before it reaches the eye.
The desired ratio of direct and indirect lighting is
different for visual and non-visual effects. From the
point of view of energy efficiency of lighting for
visual tasks, the component of direct light should
be higher than the reflected light, while for non-visual
impact, on the contrary, the component of reflected
light should be higher. The recommended ratio of
vertical and horizontal illuminance to obtain CS > 0.3
should be Ey/Ey = 0.65[27].

To ensure high values of vertical illumination, light
reflection coefficients and the color of the internal
surfaces of the room (walls, ceiling) play an important
role. The study [32] investigated the influence of color
and light reflection coefficients of interior surfaces of
rooms on potential visual and non-visual lighting
parameters. The results showed that the light reflec-
tion coefficient affects both the brightness level and
the color change of reflective surfaces. Matte surfaces
increase the ratio of melanopic brightness to photopic
and SST compared to glossy surfaces. Reflective
surfaces of dark colors negatively affect the circadian
efficiency of rooms, white surfaces can provide more
than 50% more effective biological stimulation com-
pared to colored surfaces (yellow, orange)[32]. Incor-
rect choice of interior surface colors can reduce circa-
dian stimulation despite good performance in terms
of visual requirements. Improving the reflection of
internal surfaces is a simple and cheap way to increase
indirect illumination of the cornea of the eye [30].
Directing the initial light flux upwards (to the ceiling)
leads to a more uniform and higher level of indirect
illumination of the cornea of the eyes. One of the ways
to increase the level of vertical illumination, as
recommended in [31], is the additional use of local
lighting (table lamps).

One of the ways to create new highly efficient
integrated lighting systems is to use international,
national and industry standards of different countries.
The standards reflect advanced scientific and techni-
cal experience, contribute to streamlining the
processes of development, manufacture and testing of
products. Standards are developed on the principle
that they should be based on new knowledge and
state-of-the-art and are the result of collaboration
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Tahle 3

Circadian lighting parameters are recommended by regulatory
documents and experts

Normative documents,

. . Measurement unit
source of information

Quantitative lighting

Darameiers Time of exposure

DIN SPEC 67600:2013-04 [34] Photopic lux

Ey = 250 gk, CCT = 8000 K;
Ey > 290 sk, CCT = 6500 K;

A few hours during a day

Ey <50 qk, CCT < 2700 K In evening before going to

bed

Circadian lighting design [35] EML, relat. Units

Work places: From 9 to 13 hours
Ey = 200 EMJI (daylight and
electric lighting)

Ey > 150 EML (electric lighting)

Household conditions:

Ey > 200 EML, During the day

Ey < 50 EML At night
Recommendations for healthy mel.EDI, lux Ey =250 During the day
indoor day and night lighting [19] Ey<10 3 hours before bedtime

Ey<l1 During sleep
Instructions for designing circadian Circadian CS CS§$=03 > 2 hours per day
lighting [36] stimulus, relat. Units (7:00 a.m. to 4:00 p. m.)

CS<0.2 At evening

CS<0.1 At night

between industry, science, occupational health and
safety, and a range of stakeholders. The development
of international standards, even if the principles of
development are followed, is a too long process, so
industry or national standards are often used. For
example, DIN SPEC standards can be developed in a
few months. They do not conflict with any existing
standards and can be used as a basis for a full stan-
dard. The SPEC modifier means that the standard
was not developed as part of the full consensus
standardization process established by ISO. Using
such standards is the fastest way to implement a
project from research to implementation [33]. Table 3
shows some parameters of industry standards and
recommendations of experts regarding integrated
lighting.

In Ukraine, the use of integrated lighting can be
started following the example of some countries by
developing a standard for integrated lighting or
making changes to the current national standards
for lighting, in particular, changes to the State Buil-

ding Regulations. At the first stage, these changes
may concern only the spheres of workplace lighting
with daytime activity of people. The simplest recom-
mendation for this category is to provide light of high
biological efficiency during the day and low at night.
The lighting parameters can be set in accordance with
the WELL standard [35], the positive results from the
use of integrated lighting according to the recom-
mendations of which have been numerically confir-
med. In the standard [35] developed by the Inter-
national Institute of Construction, the levels of illu-
minance at workplaces, which should not be lower
than 200 EML, are defined. Residential premises
should also be lit at a level of at least 200 EML during
the day and no more than 50 EML at night (in the
period 2 hours before going to bed and before wa-
king up).

It should be noted that the DBN V.2.5-28:2018
[37] also needs to make a number of changes related
to the visual effects of light, which are important for
integrated lighting. In particular, this refers to the
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evaluation of the discomiort glare of LED light sour-
ces using the generalized discomiort indicator UGR
according to CIE 117-19-95 [38]. As a number of
studies have shown, this indicator is ineffective for
evaluating LED lamps with uneven brightness [15].
In SIE 232-2019 [39] introduced temporary changes
in the methodology for determining UGR, which
will be in effect until practical results are obtained
using a fundamental approach based on physiologi-
cal and psychological mechanisms.

[t is also necessary to make changes regarding the
new requirements for parameters of blinking and
stroboscopic effect of LED light sources and methods
of their measurement, established by EU Commission
Regulation No. 2019/2020 [40].

As for workplaces with nocturnal activity of people,
individual approaches are needed to ensure the
appropriate level of illumination and spectrum at the
right time of the day for the right period. When
designing integrated lighting, such factors as a
person's age, state of health, work mode, sleep, etc.
should be taken into account.

Lighting for the elderly is also one of the priority
areas of application of integrated lighting [41].
Aging is associated with physiological and psycho-
logical changes that disrupt the body's reaction to
light (yellowing of lens pigmentation, reduction in
the diameter of the pupil of the eye). A 20-year-old
person receives three times more light than a 60-year-
old person. This reduces sensitivity to world signals
and makes older people more vulnerable to the effects
of lighting, their cognitive performance and sleep
quality.

Integrated lighting systems consume more
energy than classic systems to provide only visual
needs, but further studies have shown that auto-
matic LED lighting control systems and the use of
daylight not only have a positive effect on the energy
balance, but also on the health and satisfaction of
consumer needs. With this in mind, integrated
lighting systems must be designed to take into
account the use of daylight and automatic control
of LED lighting.

Conclusions

1. The purpose of integrated lighting is to provide
optimal illuminance according to human needs,
taking into account the visual and non-visual
effects of light by adjusting its intensity and color
temperature in different periods of the day.

2. Current international standards regarding interior
lighting are based only on visual characteristics,
measures to ensure visual comfort and energy
efficiency.

3. Currently, there are no international standards
setting requirements for integrated lighting. None
of the international standardization bodies, inclu-
ding CIE and IES, have yet approved the proposed
integrated lighting parameters and metrics for
evaluating the circadian efficiency of artificial light
sources.

4. There are two main approaches to quantifying the
circadian efficiency of lighting:

— metric of equivalent melanopic lux, based on the
melanopic light response of photoreceptors
(ipRGC) with a maximum at 490 nm;

— the CS circadian stimulus metric is developed
based on the spectral sensitivity of all photo-
receptors based on circadian phototransduction
studies.

A circadian CS stimulus quantifies the circadian

efficacy of light measured as suppression of

melatonin secretion after 1 h of nocturnal illu-
mination. The CS value expresses the percentage
of suppression of melatonin secretion, varying

from 0 to 70%.

5. The main methods of increasing the circadian
efficiency of lighting systems are increasing the
level of vertical illumination and increasing the
share of short-wavelength light in the spectrum of
the source.

6. Daylight is the most effective for stimulating the
circadian system and reduces the use of electrical
energy for artificial lighting, so increasing the use
of daylight is an important direction for improving
the efficiency of integrated lighting.

7. When designing integrated lighting, such factors
as a person's age, health, work mode, diet, sleep,
and others should be taken into account.

8. On the basis of the conducted analysis for the
application of integrated lighting in Ukraine, it is
recommended to make changes to the DBN for
internal lighting of workplaces and living spaces
only for daytime activity of people. The level of
vertical illumination is recommended to be set in
accordance with the recommendations of the
WELL building standard regarding the circadian
lighting design of inner premises.
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HEBI3YAAbHI EQEKTU CBITAA TA YPAXYBAHHS1 IX Y

NPOEKTYBAHHI CUCTEM CBITAOAIOAHOINO OCBITAEHHSI: OFASIA AITEPATYPU
WOAO NPOBAEMWU IHTErPOBAHOINO OCBITAEHHS1

NMoATasCLKUIN AepyXKaBHWI arpapHUi yHiBepcuTeT, M. MNoATasa, YkpaiHa

2HauioHanbHWUIN yHiIBepcuTeT «MOATaBCbKa NOAITEXHIKa iMeHi IOpia KoHApaTioka», M. NMoATasa, YKpaiHa

3AepyxaBHa ycTaHoBa «IHCTUTYT MmeAnuvHM npadi imeHi 0. |. KyHaieBa HauioHaAbHOT akasemii MeAVHHUX HayK
YkpaiHu», M. Kuis, YKpaiHa

Bemyn. Okpim 3a06e3nedeHHs1 30poBoi (DYHKILT JIOAMHUA, BUAMME CBITJIO Ma€ HE30POBUIA OiOJOTIUHUIA i MCUXOJOTTYHUI

BruiMB. He3opoBi edekTu cBiTja BIUIMBAIOTh Ha 3I0POB’S, OJarornosayyysi, akTUBHIiCTb i coH JoauHu. KomdbopTHe

OCBITJIEHHSI, 1110 TAPMOHITHO MOEAHYE SIK Bi3yasibHi, TaK i He Bi3yasibHi eeKTH Ta CTBOPIOE (hi3i0I0TiuHi Ta MCUXOJOTIUHI

repeBaru JJis JIIOAMHU, BU3HAYAIOTh SIK «iHTErpoBaHE OCBiTJIeHHs». CydyacHi CTaHIApTH LIOAO HITYYHOTO OCBITJIEHHS

30Cepe/IKeHi TUIbKHY Ha Bi3yalbHUX eeKTax, 30poBoMy KOMMOPTI it eHeproedeKTUBHOCTI Ta HE CTOCYIOThCS HEBi3yaTbHOTO

BIUIMBY CBiTJIa Ha JwoauHy. Hatenep po3poOsieHO psil HaliOHAJbHMX i Trady3eBUX CTAHIAPTIB, a TAKOX MPOMO3UILIi

eKCTIEPTIB, B IKMX HANAIOTHCSI PEKOMEH1allil CTOCOBHO HOPMYBaHHSI MapaMeTpiB CUCTEM iHTErPOBAHOTO OCBITJIEHHS, aje 1ii

JIOKYMEHTU He Oy/IM y3ro/KeHi BiMOBIAHO A0 aKpeaUTOBAHOIO MPOIECY PO3POOIEHHSI CTAaHAAPTIB i MMOKU HE BU3HAHI B

YCTAaHOBJIEHOMY TOPSIIKY.

Mema docaidxucenns — TIOPIBHSIBHUI aHAJi3 CTaHIAPTU30BaHUX METO/IB OILIIHIOBAaHHSI HEBi3yaJbHOTO BIUIMBY CBiTJa Ha

JIIOIMHY Ta peKOMeHAalliii eKCIepTiB 1040 HOPMYBAHHS MapaMeTpiB iHTErPOBAHOIO OCBITJIEHHSI, a TAKOX PO3pPO0OJIEHHS

MPOMO3ULIIi CTOCOBHO BAOCKOHAJEHHS HalliOHAJIbHUX HOPMATMBHUX JTOKYMEHTIB Ha IUTy4YHE OCBIiTJIEHHS B YKpaiHi 3

ypaxyBaHHSIM Bi3yaJbHOI'O Ta HEBi3yaJlbHOTO BIUIMBIB CBiTJIa.

Mamepianu ma memoou docaiodcenns. AHaITUMHUI OIJIIN HayKoOBUX MyOJikauiii 3a octaHHi 30 poKiB BUKOHAaHO 3

BUKOpucTaHHsIM 0a3 maHux EuroPub (Benuka Bpuranist), Science Direct — Scopus — Web of Science — Core — Google

Scholar «Akanemii Google» Hinari Access to Research for Health, National Library of Medicine, U.S. Environmental

Protection Agency, BYJICTAHIOAPT Online, HaykoBi 1my0Jtikailii 3 BiIKpUTUX JKepeJ.

Pezyabmamu. MeTa iHTETpOBAaHOTO OCBITJIEHHSI — 3a0€3MEYUTHU ONITUMAaIbHE OCBITJICHHS BiAIOBIIHO 10 MOTPeO JIOAUHU 3

BpaxyBaHHSIM Bi3yaJIbHUX i HEBi3yaIbHUX €(EKTIiB CBIT/Ia IIJISIXOM PETY/TIOBAHHS MOT0 iHTEHCMBHOCTI Ta KOJIIPHOCTI B pi3Hi

nepionn a06u. YMHHI MiXHApOAHI CTAaHAAPTM CTOCOBHO BHYTPILIHBOTO OCBITJIEHHS 0a3yloTbCsl JIMIIE Ha Bi3yaJbHUX

XapaKTepUCTUKAX, 3aX0/ax i3 3abe3rneueHHsT 30poBOro KoM@opTty il eHeproedeKTUBHOCTI. Harerep BimcyTHi MixkHapoaHi

CTaHAApTH, 110 BCTAHOBJIIOIOTh BUMOTH JIO iHTETPOBAHOTO OCBITIeHHS. 2ZKOJIeH i3 MixkHAapOIHUX OpPraHiB 3i cTaHAapTU3Allil,

3okpema CIE ta IEC moku 110 He CXBaJMB 3allpOIIOHOBAHI IMapaMeTpu iHTErpPOBAHOIO OCBITJICHHS Ta METPUKU JIJIst

OLIIHIOBAaHHS LIMPKAJHOI €(PEeKTUBHOCTI IITYYHUX JXKepesl CBiTIa. ICHye ABa OCHOBHUX MiIXOAU OO KiJIbKICHOI OLIIHKM

LIMPKagHOI e(peKTUBHOCTI OCBITJICHHSI:

— METpUKa €KBiBaJICHTHOI'O MEJIaHOIIYHOTO JIIOKCA, 1110 0a3yEThCsl HA MEJIAHOMIUHIl BiMOBii Ha CBITJIO (hOTOpELIeNTOPiB
(ipRGC) i3 makcumyMmoM 1ipu 490 HM;

— MeTpuKa uupkaaHoro ctumyity (CS), sika po3pobsieHa Ha OCHOBI CIEKTPaJIbHOI UyTJIUMBOCTI BCiX (POTOPELEnTOpiB, 110
0a3yloTbCsl Ha [JOCHIIKEHHSX LUpKaaHoi doroTpaHcaykilii. LlupkanHuii CTUMYJ KilbKiCHO BU3HAYa€ LIMPKAIHY
e(eKTUBHICTh CBiTJIa, SIKYy BUMIPSIHO SIK TIPUTHIYEHHST CeKpellil MeJlaToHiHy micist 1 rox HivHOTO ocBiTiIeHHs. OCHOB-
HUMHU METOJaMU MiABUILEHHS LUPKATHOI €(MEKTUBHOCTI CUCTEM OCBITICHHSI € 30UIbIIEHHS pPiBHSI BEPTUKAIbHOI
OCBITJIEHOCTi Ta YaCTKN KOPOTKOXBMJILOBOTO CBITJIa B CIIEKTPi IKepea.

Buchosku. [lenHe cBIiTIO € HaliedeKTUBHIIIUM IS CTUMYJIIOBAHHS LIMPKATHOI CUCTEMHM Ta 3MEHIIYE BUKOPUCTAHHS

€JICKTPUYHOI eHEPTii Ha IITYYHE OCBITJCHHS, TOMY 30i/IbIlIEeHHS BUKOPUCTAHHS JEHHOTO CBiT/Ja € BAXJIMBUM HaMpsIMOM

MiIBUILEHHS €(EeKTUBHOCTI iHTErpoBaHOro OCBiTIAeHHs. [Ipu INMpoOeKTyBaHHI iHTEIPOBAHOIO OCBITIIEHHSI MalOTh OyTU

BpaxoBaHi HACTYMHI (paKTOpU: BiK JIIOAUMHMU, 300POB’sl, PeXKUM POOOTH, JIi€Ta, COH Ta iHIIi. Ha 0ocHOBI MpoBeaeHOro aHaizy

ISl 3aCTOCYBaHHS iHTErpOBAHOIO OCBITJIIEHHSI B YKpaiHi peKOMEHAyeTbcsl BHecTu 3MmiHu B JIBH mist BHyTpilnHbOrO

OCBITJIEHHSI pOOOYMX MiCllb i XUTJOBUX MPUMIILLEHb TiIBKU JUISI TEHHOI aKTUBHOCTI JIIOAMHU. PiBeHb BepTUKaJIbHOL
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OCBITJICHOCTI PEKOMEHIYETLCS BCTAHOBUTH BiIMOBIAHO 10 peKoMeHaallii OyniBesbHoro cranaapty WELL mono nuzaiiny
LIMPKATHOTO OCBITJICHHS.

KarouoBi cioBa: cBiTiIOBe 3a0pygHEHHd, CBITJIOZIOOHI JKepesia OCBIiTIEHHS, HUPKAJHI PUTMH,
CIIeKTP BHIIPOMiHIOBaHHSA, ACKPaBicTh, OCBiTIIeHiCTH, (hoTOGIOMOTIiUHA HeOe3meKa cBiTIa
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KonrakTHa ocoda: Hazapenko Bacuib IBaHOBHMY, TOKTOP Gi0JOTIYHUX HayK, J1aO0OPATOPist 10 BUBYCHHIO

i HopMyBaHHIO (Pi3MUHUX (haKTOpiB BUpoOHUUOTO cepenoBuia, 1Y «lHctutyT meauuunu nipaii imeHi FO. 1. Kynniesa
HAMH Ykpaiaw», 6ya. 75, Bya. Cakcarancbkoro, M. Kuis, 01033. Tem.: + 38 0 44 289 15 12.

EnextponHa moira: vinazar@ukr.net
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