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The object of the study is the pro-
cesses and factors that determine the
energy efficiency and environmental
friendliness of LED light sources and
contribute to reducing negative impacts
on the environment and human health.

The work investigated the levels
of energy efficiency and environmen-
tal friendliness of commercial sam-
ples of LED luminaires for compli-
ance with the requirements of the
EU Commission Regulations on
Energy Labeling No. 2019/2015 and on
Ecodesign No. 2019/2020. The network
efficiency coefficient nry (Im/W)
was taken as the energy efficiency
criterion. The main environmental
friendliness criteria: the limit level of
flicker luminance Pgyyy and the visi-
bility of the stroboscopic effect SVM
are established by the EU Commission
Regulation No. 2019/2020; the limit
level of blue light hazard should not
exceed the risk group RG1 according
to EN 62471:2018; the limit levels of
the Unified Glare Rating UGR accord-
ing to ISO 8995-1:2025.

LED luminaires using high-pow-
er LEDs have a npy coefficient of
135-170 lm/W and comply with ener-
gy efficiency classes D and C accord-
ing to Commission Regulation EU
No. 2019/2015. The 1y coefficient of
luminaires with low-power LEDs is
100 Im/W, energy efficiency class F.

Luminaires with low-power LEDs
correspond to the RGO risk group in
terms of blue light safety, and lumi-
naires with high-power LEDs cor-
respond to the RG1 risk group. All
tested luminaires meet the require-
ments of Commission Regulation
EU No. 2019/2020 in terms of flicker
luminance and visibility of the stro-
boscopic effect (Pszy<1, SVM < 0.4).
Light exceeding the established limit
values for these indicators has a nega-
tive impact on health and can be classi-
fied as light pollution.

Light sources have the greatest
impact on the environment as a result
of the consumption of electrical energy
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1. Introduction

ergy consumption and reduce negative impacts on the environ-

Ecodesign is a priority area of environmental and energy
conservation policy, which provides for measures to reduce en-

ment and people at all stages of the product life cycle. It is used
as a preventive method to optimize the impact of energy-con-
suming products on the environment. Energy-consuming prod-
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ucts should be evaluated according to such parameters as: fuel,
material and other resource consumption; emissions of harmful
substances into the atmosphere; physical pollution, which is
defined as noise, electromagnetic fields, optical radiation, etc.

Reuse of materials is considered a key factor for a closed-
loop economy, which allows reducing resource consumption
and preventing the formation of new waste streams [1].
However, when it comes to products related to electricity
consumption at the use stage, the predominant role is played
by CO, emissions generated during electricity generation [2].

In Directive 2009/125 [3], the EU established a frame-
work for ecodesign requirements for energy-using products
and common basic principles for the sale of energy-using
products within the EU. The Directive also applies to electric
lamps and luminaires. The new EU Regulation 2024/1781 [4]
extends the framework for ecodesign requirements to im-
prove the environmental sustainability of products and re-
duce their environmental and carbon footprint throughout
their life cycle. They aim to improve the following aspects of
products: durability; reliability; energy efficiency; resource
efficiency; recyclability; waste reduction, etc.

The most common tool for determining the environmen-
tal profile of a product is LCA (Life Cycle Assessment) [5-7].
LCA is a tool for systematically assessing the potential envi-
ronmental impact of a product or service during its life cycle.

The methodological basis for LCA research is the inter-
national standards ISO 14040:2006 and ISO 14044:2006. In
addition, LCA has been improved by using eco-indicators of
sustainability. These indicators are used as a tool for develop-
ing environmental policy. They allow comparing products and
provide the necessary information for making decisions about
future changes in the direction of sustainable development.

It should be noted that there are no methods for assessing
the impact on the environment that take into account all
factors that create pollution and affect human health. The
most common impact categories used in LCA of light sourc-
es are: global warming potential caused by greenhouse gas
emissions; acidification by sulfur dioxide and nitrogen oxide;
toxicity caused by heavy metals, acids, etc.; resource deple-
tion [7]. One of the disadvantages of LCA of electric light
sources is that the environmental impact of the light itself is
not taken into account at the use stage [7].

The International Commission on Lighting (Commission
Internationale de 1"Eclairage — CIE), based on the analysis of
studies on the impact of light on the environment and human
health, recommends in the publication CIE PS 003:2025 to
avoid undesirable effects when designing lighting systems.
This applies, first of all, to luminance flicker and strobo-
scopic effects, discomfort glare and other phenomena that
qualify as light pollution. According to the definition given in
CIE S 017/E:2020, light pollution is the total sum of all harm-
ful effects of electric light. It is now generally recognized that
light pollution causes a significant negative impact on the en-
vironment and is the most distorting element of nightlife [8, 9].

The requirements for light sources are constantly increas-
ing, which is confirmed by the adoption of new directives and
regulations in the EU. In 2019, the European Commission an-
nounced a new Commission Regulation (EU) 2019/2020 [10],
which revised the minimum requirements for LED light
sources. The Commission Regulation (EU) 2019/2020 on
ecodesign [10] is complemented by the Commission Regula-
tion (EU) 2019/2015 [11] on energy labelling, which provides
information on the energy efficiency of a product. The Com-
mission Regulation (EU) 2019/2015 sets out rules for calcu-

lating energy efficiency classes based on the overall network
efficiency nry (Im/W).

The new ISO/CIE standard 8995-1:2025 sets out re-
quirements for workplace lighting, taking into account
the non-visual effects of light on humans. To achieve the
recommended values for circadian light efficiency, higher
levels of illuminance and light quality are required com-
pared to the requirements for visual functions. Therefore,
the study of the parameters of LED light sources for compli-
ance with the requirements of Commission Regulation (EU)
No. 2019/2020 [10] and ISO/CIE 8995-1:2025 recommenda-
tions is a relevant issue for lighting engineering.

2. Literature review and problem statement

In [7], a critical analysis of the life cycle and environmental
assessment of LED lamps and their impact on the environment
was conducted. It was shown that the luminous efficacy for
commercial LED lamps reached the level of 80-100 Im/W.
When assessing energy efficiency, the type of light source (di-
rectional or non-directional) was not taken into account,
as well as the features of operation (from the power supply
network or autonomous power supply). The quality of color
rendering, which affects the level of energy efficiency, was
also not taken into account. It is assumed that the luminous
efficacy of light sources, which is defined as the ratio of lumi-
nous flux to power (Im/W), is a key parameter when assessing
the environmental impact at the “life cycle (use) stage”. As a
disadvantage of life cycle assessment on the environment, it
is noted that the impact of such parameters as the emission
spectrum, flicker luminance, glare created by high luminance
of LEDs, and the photobiological hazard of blue light is not
taken into account. These studies were conducted before the
entry into force of the EU Commission Regulation on Ecode-
sign No. 2019/2020 [10], which sets new requirements for the
characteristics of LED sources. In work [12], non-directional
LED lamps were studied for compliance with the requirements
of the EU Commission Regulation [10]. It was shown that the
network efficiency nry for lamps with a power of 5-12 W was
from 90 to 120 Im/W (energy efficiency classes F, E). The ener-
gy efficiency of LED lamps with directional and non-direction-
al light was not studied, so there is every reason to argue about
the feasibility of conducting these studies.

Ecodesign is interpreted as “the integration of environ-
mental aspects in product design in order to reduce adverse
environmental impacts throughout the life cycle” [10]. Com-
mission Regulation (EU) No. 2019/2020 [10] focuses on the
life cycle stages that have the greatest impact on the environ-
ment. Light sources have the greatest impact during their use
phase through their energy consumption. Therefore, one of
the main challenges in the lighting sector is to reduce energy
consumption, which is constantly increasing due to the in-
creasing demand for lighting.

Nowadays, people are overexposed to blue light from LEDs,
especially at night. Animal studies [13] show increased mortal-
ity of photoreceptors in the eye after exposure to commercial
white LEDs. The effect of LED radiation on the retina has been
tested in several studies under conditions close to those found
in the home environment [14]. They suggested that blue light
may have a negative effect on the retina not only under extreme
conditions. However, these studies were conducted over a short
period of time (maximum 1 month) and most of these experi-
ments do not fully reflect the real picture [15].



The European Scientific Committee on Health, Environ-
ment and Emerging Risks (SCHEER) has issued a statement
stating that there is no evidence that the photobiological
hazard group is exceeded by LED light sources for general
lighting above RG1. On the other hand, the cumulative effect
of this exposure may lead to negative consequences in the
long term. The standard on photobiological hazards of blue
light EN 62471:2008 was developed based on the results of
exposure to intense light and did not take into account the
effects of repeated exposure. The question is whether these
very low doses during systematic exposure can be harmful.
Research is needed to better understand the mechanisms of
photochemical damage and to determine the potential long-
term effects of blue light.

In [16, 17], the results of studies on the influence of flicker
on biological processes and the conditions for their occurrence
are summarized. In particular, it is noted that in the frequency
range of 3-70 Hz, flicker can cause seizures in people diag-
nosed with epilepsy, as well as some specific neurological
symptoms. Less obvious biological effects occur when exposed
to invisible flicker - this is eye strain, fatigue, headache.

The flickering of the luminance of LED lamps and lumi-
naires powered by an alternating current network is not a
problem of the LEDs themselves, but is associated with pow-
er supplies (drivers). Drivers, among other functions, convert
alternating current into direct current. This conversion is
never ideal, always creates a certain ripple in the output cur-
rent, which in turn creates a modulation of the luminance of
the light. Manufacturers sometimes, in order to reduce the
cost of LED lamps and luminaires, use cheap low-quality
drivers, so the high level of flicker is primarily a problem of
cheap LED products. Another disadvantage of LED lamps
and luminaires is that the modulation depth in them, de-
pending on the driver parameters, can be from 0 to 100%,
while in compact fluorescent lamps with high-frequency
electronic devices it is no more than 15%. The problem here
is that LED products with a high level of luminance flicker
do not reach consumers [17]. luminance flicker has a negative
impact not only on human well-being and health, but also
on other living organisms. The work [18] shows that, first of
all, species of animals that lead a diurnal lifestyle are at risk.
Few studies of the biological effects of flicker on animals have
been conducted, mainly on insects and vertebrates living in
captivity. Flicker has been found to affect their behavior and
movement patterns. It is concluded that flicker from light
pollution, which has not been previously considered, has an
impact on the environment and requires research.

The flicker level indicator introduced by the Regula-
tion [10] is the parameter Py, Where “st” means short-term,
and “LM” is the flicker measurement method defined in
standards that establish measurement methods and require-
ments for devices for accurate perception of voltage fluctua-
tions. Flicker in the frequency range 0.05-80 Hz is assessed
by the short-term flicker indicator (Pgry) in accordance
with IEC TR 61547-1:2020. The visibility indicator of the
SVM stroboscopic effect in the frequency range 90-1250 Hz
is assessed in accordance with IEC TR 63158:2018.

When studying the impact of LED light sources on the
environment using LCA methods, attention was mainly
paid to such categories as: global warming potential; tox-
icity caused by heavy metals; resource depletion, etc. One
of the shortcomings of LCA of electric light sources is that
when assessing the impact on the environment and human
health, the impact of light itself is not taken into account.

Based on the analysis of studies on the impact of light on the
environment and human health, the CIE in the publication
CIE PS 003:2025 recommends improving the environmental
friendliness and safety of lighting during the design and
installation of lighting systems. It is proposed to avoid unde-
sirable effects. In particular, bright glare, flicker luminance,
light that causes discomfort and distraction, as well as other
types of light pollution.

From the analysis of literary sources, it can be concluded
that at the stage of using LED light sources, the following fac-
tors affect the environment, health and well-being of people:

- global warming due to greenhouse gas emissions resulting
from the generation of electricity consumed by light sources;

— light pollution, which directly affects living organisms —
flicker luminance and stroboscopic effect; glare created by
bright light sources and discomfort of the light environment;
photobiological danger of blue light for the human retina.

3. The aim and objectives of the study

The aim of the study is to determine the levels of energy
efficiency and environmental safety parameters of LED lumi-
naires in accordance with the requirements of the EU Com-
mission Regulations on Ecodesign and Energy Efficiency
and international standards. This will make it possible to
recommend the most efficient designs of LED sources for use
and reduce their negative impacts on the environment and
human health at the stage of use.

To achieve this aim, the following objectives were set:

- to conduct a study of the energy efficiency of LED lumi-
naires of directional and non-directional light for compliance
with the requirements of the EU Commission Regulations on
Ecodesign and Energy Labeling;

- to investigate the level of risks that LED light sources
can pose to the environment and human health - flicker
luminance and stroboscopic effect, discomfort luminance,
photobiological hazard of blue light.

4. Materials and methods

The object of the study is the processes and factors that
determine the energy efficiency and environmental friend-
liness of LED light sources and lighting systems based on
them and contribute to reducing negative impacts on the
environment and human health. Experimental studies were
performed using standard methods for measuring electrical,
light, spectral and colorimetric parameters.

Measurements were carried out in the accredited re-
search center for testing electric lamps and technological
equipment of the State Enterprise “POLTAVASTANDART-
METROLOGY”. Measurement methods and product re-
quirements are defined in [10, 11] and European standards
EN 13032-4:20154+A1:2019, EN 13032-2:2017, CIE 013.3-1995.
The following test equipment and measuring instruments
were used for the research (Fig. 1): GO-2000B gonio-
photometer (EVERFINE Corporation, China), UPRTEK
MK350S spectrometer (United Power Research Technol-
ogy Corp., Taiwan). Main technical characteristics of the
GO-2000B goniophotometer: measurement ranges of light
intensity 5-150,000 cd, illumination 0.0001-200,000 lux,
luminous flux 1-250,000 Im; measurement accuracy + 7%;
rotation angle range from minus 180° to plus 180°. Main



technical characteristics of the MK350S spectrometer:
wavelength range 380-780 nm; illumination measurement
range 1-150,000 lux; accuracy of illuminance determi-
nation + 2.5%, correlated color temperature (CCT) + 2%,
color rendering index Ra + 1.5%, flicker + 5% (5-30 kHz).

Commission Regulations EU No. 2019/2020 [10] and
No. 2019/2015 [11] set requirements for the energy efficien-
cy of LED light sources, which can be assessed through
the maximum permitted power for the declared luminous
flux (taking into account the quality of color rendering).

The assessment of the energy efficiency of light sources
for general lighting according to Commission Regulation EU
No. 2019/2020 [10] is carried out on the basis of information
on the measured “useful luminous flux” @, and the overall
network efficiency nry. For non-directional sources @, is
the total luminous flux emitted in a solid angle of 47 steradi-
ans (360°). Directional light sources Fuse must have at least
80% of the total luminous flux within a solid angle of  stera-
dians (120°). LED luminaires in which the light sources and
control gear are mounted in a single, indivisible housing and
cannot be disassembled for separate inspection of the source
and control gear are also considered light sources [10].

The maximum power of LED sources for luminous fluxes
of 60-82000 Im, according to [10], must not exceed the values
calculated using the following expression (1)

D
P, =C| L+ |R, 6))
F-n

where C - the basic value of the correction factor. For non-di-
rectional LED light sources (NDLS) operating from the
mains (MLS), the basic value of C is 1.08, and for directional
light sources (DLS) operating from the mains, it is 1.23;

7 - the threshold efficiency (Im/W). For LED light sourc-
es 7 =120 Im/W;

L - the terminal loss factor (W). For LED light sources
L =1.5W (Table 1 in [10]);

F - the efficiency factor. For LED non-directional light
sources F = 1.0, and for directional sources F = 0.85;

R - a factor that is 0.65 for R, <25 and (R, + 80)/160
for R, > 25.

The energy efficiency classes of light sources according
to [11] are determined based on the overall network effi-
ciency nry. This coefficient is calculated by dividing the
useful luminous flux @, (Im) by the power in full burning
mode (W), multiplied by the coefficient Fry, which takes
into account the type of source, as well as the method of
power supply.

Fig. 1. General view of the test equipment and measuring instruments used in the
research: a — GO-2000B goniophotometer; b6 — UPRTEK MK350S spectrometer;

¢ — OST 300 complex

The risks of photochemical damage to the retina by blue
light with a wavelength of 435-440 nm from LED sources
were investigated in accordance with the standardized meth-
ods EN 62471:2008, IEC/TR 62778:2014.

The hazard-weighted energy luminance of blue light
LB was measured using the OST 300 test equipment com-
plex (EVERFINE Corporation, China). The OST 300 spect-
roradiometric system (Fig.1) contains a monochromator, a
photometric detector, a system for measuring the size of light
sources that simulates the human eye in the field of view of
100, 11 and 1.7 mrad, diaphragms for limiting the field of view.

The system is used to measure the spectral distribution of
power, luminance, irradiance, illumination, apparent size of the
light source, color temperature, color rendering index and other
parameters. The device is equipped with a large aperture lens that
allows to measure the object under study from small and large
distances and a CCD matrix with a resolution of more than one
million pixels. Luminance in different fields of view (1.7 mrad,
11 mrad and 100 mrad) can be measured simultaneously.

Main technical characteristics of the OST300 complex:
optical rail 6 m; accuracy of measurement of illuminance
and energy illuminance + 5%, luminance and energy illu-
minance + 5%; wavelength range 200-3000 nm; wavelength
setting accuracy — 0.2 nm. Special software allows calculat-
ing based on spectral measurements the energy illuminance
LB and energy illuminance Es, taking into account the blue
light hazard weight function B(A), CCT and other parameters.

The discomfort glare created by LED luminaires was stud-
ied in accordance with the recommendations of CIE 117-1995,
CIE 232:2019 and [20].

To assess the levels of discomfort glare of light sources in
rooms, the generalized UGR indicator proposed in CIE 117-1995
is used. The result of the UGR calculation is a number with
values from 10 to 30, with lower values indicating less dis-
comfort caused by glare. A UGR level of <19 is considered
acceptable for most indoor spaces (offices, classrooms, etc.).
The recommended UGR threshold values are characterized
as < 10 - imperceptible level of discomfort; < 13 — barely no-
ticeable; < 16 - noticeable; < 19 - satisfactory; < 22 - limited
satisfactory; > 25 - noticeable; > 28 - significant.

Several models have been proposed to predict discomfort
from glare caused by outdoor lighting systems [21,22], but
no single generally accepted method has yet been developed.
Existing discomfort assessment models use different stimulus
characteristics that need to be measured for different areas
of application (for pedestrian areas, for areas with low traffic
speed, for pedestrian crossings, etc.). The following indicators
are used: average luminance of the light source, maximum
luminance, background luminance, pro-
jection area of the source, solid angle of the
source, effective luminance, luminous in-
tensity, etc. The CIE instructed the relevant
technical committee to develop a model for
assessing the feeling of discomfort glare for
outdoor lighting, which can be a unified
glare rating (UGR) model.

To take into account the influence of un-
even luminance distribution in accordance
with the recommendations of CIE 232:2019,
the concept of “effective radiation area”
was introduced. The effective radiation area
of LED light sources in calculations in-
cludes surfaces with a luminance higher
than 500 cd/m?.



In the studies, the area with a luminance higher than
500 cd/m? was measured using the OST 300 complex.

Fig. 2 shows an example of uneven distribution of source
luminance and areas selected for measurement at different
angles of the field of view.

Fig. 2. Example of uneven distribution of light source
luminance and areas allocated for measurement at different
angles of the field of view

To estimate the unified glare rating UGR of LED lumi-
naires with uniform luminance distribution, the expres-
sion (2) can be used

UGR:g.lg[w
L

N Lo
21:1 l Za)l]’ @)

P

where Lp - the background luminance, which depends on
E - vertical illuminance, directed towards the observer’s
eye, cd/m? L; - the luminance of the i-th luminaire, directed
towards the observer’s eye, cd/m?; w; - the solid angle of
the emitting part of the i-th luminaire in the direction of
the observer’s eye, rad; N — the number of luminaires in the
lighting installation; p; — the Guth index for each individual
luminaire, which depends on the direction of the line of sight.

Luminaires with non-uniform luminance of the radiat-
ing surface according to CIE 232:2019 are evaluated by the
formula (3)

, 025 <~ _, Lo
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where K*=

: ; Leyr — the effective luminance;

w,r - the effective solid angle of the total luminous area
with Ley; Lgs—the average luminance of the luminaire;
w - the solid angle in which the light of the entire lu-
minaire is emitted. One of the methods for determining
the effective luminance L is based on the nature of the
luminances. For L.g calculations, the luminance within
the effective area A,y is taken, which is determined by
the angle w,s. The ratio A.;/ A is called the effective area
coefficient, which is proportional to @,/ @.

The flicker and visibility indicators of the stroboscopic
effect (Pyrp and SVM), which are regulated by the EU Com-
mission Regulation on Ecodesign No. 2019/2020 [10], are
a type of light pollution. They are determined according to
the standards IEC TR 61547-1:2020, IEC TR 63158:2018. The
UPRTEK MK350S spectrometer was used for measurement.

The following conditions were adopted to evaluate the
levels of luminance flicker P

—at Pyrm = 1, the tested light source has a flicker level
that is detected by the observer with a probability of 50%,
such as in 60 W incandescent lamps;

—at Py <1 - the light source has a flicker level lower
than in 60 W incandescent lamps;

— at Py > 1 - the flicker level is higher than in incandes-
cent lamps and is easy to detect.

As for the assessment of the stroboscopic effect, an ob-
jective method for measuring the stroboscopic effect visibil-
ity (SVM) is proposed in the IEC TR 63158:2018 standard.
The conditions for the occurrence of the stroboscopic effect
considered in this document are limited to the assessment
at illuminances greater than 100 lux and at moderate object
speeds (< 4 m/s).

The following conditions are adopted for the assessment
of the visibility of the stroboscopic effect SVM: at SVM =1,
the stroboscopic effect created by the light modulation is at
the threshold of visibility. This means that the average ob-
server can detect it with a probability of 50%. If the value of
SVM < 1, then the probability of detection is less than 50%,
and if SVM > 1, then the probability will be higher than 50%.

5. Results of research on the parameters of energy
efficiency and environmental friendliness of LED
luminaires of directional and non-directional light

5.1. Research on the energy efficiency of LED lumi-
naires of directional and non-directional light

This work investigated the energy efficiency of LED lu-
minaires of non-directional and directional light for lighting
premises of industrial and public buildings, offices, edu-
cational institutions and outdoor lighting. There are many
designs of LED luminaires for various purposes. The most
typical ones that are widely used were selected for research.
Table 1 and Fig. 3-6 show the results of measurements and
calculations and provide basic information about the pa-
rameters of the studied luminaires. Sources of directional
light include LED lamps and luminaires with concentrated
and deep light curves (LC). Light sources with other LC
types, including cosine, are sources of non-directional light.
Fig. 3-6 show the spatial distributions of the luminous flux of
some of the studied luminaires according to the LCSGRAPH
classification (Luminaire classification system - LCS) with
information on the type of LCS and the percentage of “useful
luminous flux” U, which is taken into account when deter-
mining the energy efficiency of the sources [11].

In the luminaires for directional and non-directional
light, except for No. 5,10, medium and high-power LEDs
with lens and reflective optics were used. These luminaires
are designed for lighting industrial premises with high ceil-
ings (No. 1-4) and outdoor lighting (No. 6-9). In luminaires
No. 5, 10, low-power LEDs and prismatic and opal light dif-
fusers were used. One of the main requirements for such lu-
minaires is to ensure uniform distribution of the luminance
of the radiating surface (average values up to 5000 cd/m?).
These luminaires are designed for lighting public buildings,
educational and medical institutions, offices, etc.

All the studied luminaires, in terms of energy efficiency,
meet the requirements of the EU Commission Regulations
2019/2015 and 2019/2020 [10, 11].
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Fig. 3. Luminous intensity curve and spatial distribution of the luminous flux of an LED luminaire
for lighting industrial buildings (directional light source):
a — luminous intensity, cd (type of luminous intensity curve — deep, /hax — in the angle range 0—30°);
b — luminous flux, Im (luminous flux within the angle range 120° — 93.3%));
¢ — appearance of the luminaire under study

-/+180
-150 150
-120 120
-90 } 90
-60 360 60
480
-30 600 30
0
a b c

Fig. 4. Luminous intensity curve and spatial distribution of the luminous flux of a reflected light LED luminaire
for office lighting (non-directional light source):
a — luminous intensity, cd (LC type is cosine, /y.y is in the angle range 0—35°);
b — luminous flux, Im (luminous flux within the angle 120°— 78.3%); ¢ — appearance of the studied luminaire
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Fig. 5. Luminous intensity curve and spatial distribution of the luminous flux of an LED luminaire
for office lighting with a prismatic light diffuser (directional light source):
a — luminous intensity, cd (LC type is deep, /nax is in the angle range 0—30°);
b — luminous flux, Im (luminous flux within the angle 120° — 86.9%); ¢ — appearance of the studied luminaire
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Fig. 6. Luminous intensity curve and spatial distribution of the luminous flux of an LED luminaire

for outdoor lighting (non-directional light source):
a — luminous intensity, cd (LC type is semi-wide, /. is in the angle range of 35—55°);
b — luminous flux, Im (luminous flux within the angle of 120° — 69.1%); ¢ — appearance of the studied luminaire

Table 1

Measurement results and calculations (based on measurement data) of maximum power and energy efficiency classes of LED
luminaires for directional and non-directional light

Lugli- Power thal lii;iz%fsggs)f( luwmpiisoifs Useful lumi- Colqr render- ;\:ﬁir;?& Total nff)twork Energy efficien-
naire luminous . . . i nous flux, ing index R, efficien- cy class accord-
number Pon, W flux @, lm | 2 solid an- intensity Dy (Im) relative units power, cy N Im/W ing to [11]
gle of 120, % curve Pop maxs W
Directional light sources

1 198 29978 92.9 deep 27850 80.4 338 165 C

2 164.7 23176 94.2 deep 21830 80.1 265 156 D

3 197.4 28237 83.7 deep 23634 73.1 274 141 D

4 197.3 29058 93.4 deep 27140 73.0 278 162 C

5 45.1 4510 82.0 deep 3700 80.2 47 97 F

Non-directional light sources

6 197.4 28960 69.7 half-wide 28960 70.8 248 147 D

7 59.2 10052 76.2 wide 10052 72.2 87 170 C

8 102.2 16531 76.1 wide 16531 72.4 167 162 C

9 106.8 14420 70.0 half-wide 14420 72.8 126 135 D

10 39.3 3968 78.0 cosine 3968 86.9 39 101 F

In order to assess the level of reduction in the luminous
efficiency of luminaires for outdoor lighting during operation
due to their contamination, measurements of light parameters
were carried out before maintenance (before cleaning the lu-
minaires) and after maintenance. The reduction in luminous
efficiency due to contamination of an LED luminaire after
2.5 years of operation in an outdoor lighting system is 16%.
The indicator of the level of contamination is determined
through the planned service life by the ratio of the luminous
efficiency (or luminous flux) before cleaning the luminaire to
the corresponding indicators after cleaning and is estimated in
percentages. Significant loss of light due to contamination of
luminaires increases the relevance of periodic maintenance of
LED lighting systems for all areas of application.

5.2. Research on the level of light risks created by
LED sources

Lighting using LEDs is relatively new compared to other
types of light sources and it is important to take into account
all potential impacts on human health and the environment.

Comparative studies of the luminance distribution on the
radiating surface of Armstrong-type ceiling luminaires with
opal and prismatic diffusers have been conducted. The best
uniformity of luminance on the radiating surface is created
by LED luminaires of reflected light. Fragments of the gen-
eral appearance of the radiating surface of luminaires of re-
flected light and luminaires with opal and prismatic diffusers
are shown in Fig. 7.

When using opal diffusers, the LC of the luminaires
corresponds to the cosine type and the luminaires belong to
sources of non-directional light. The use of light diffusers
with different sizes of prismatic relief on their surface brings
the LC of the luminaires closer to the deep type (the percent-
age of luminous flux in a solid angle of 120° exceeds 80%)
and they should be classified as a source of directional light.
Luminaires with cosine LC are inferior in efficiency to lumi-
naires with deep LC for creating horizontal illumination, but
they are more effective for providing vertical illumination,
which is very important for the implementation of integrated
lighting projects.
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Fig. 7. Fragments of the general appearance of the radiating surface: ¢ — a luminaire of reflected light; b6 — a luminaire with a
prismatic diffuser; ¢ — a luminaire with an opal diffuser

An opal diffuser with a luminous flux per unit area of
the diffuser within 0.8-1.6 Im/cm? creates a LC close to the
cosine, with an average luminance of the radiating surface
of up to 5000 cd/m2. The peak luminance of individual
“light spots” in this case can be 7000-8000 cd/m?, and the
minimum luminance of the radiating surface is not lower
than 500 cd/m?2.

The use of prismatic diffusers creates a directional-diffuse
scattering of light and the LC thus approaches the deep type.
The peak luminance on the radiating surface of the luminaire
can reach values of 10,000 cd/m?2, and the minimum lumi-
nance decreases to 300-200 cd/m?. Bright areas of the radiat-
ing surface of luminaires cause discomfort and disability glare,
especially in cases where their peak luminance significantly
exceeds the average value.

For luminaires with opal diffusers, in which the mini-
mum luminance of the radiating surface exceeds 500 cd/m?,
the unified glare rating (UGR) is determined using expres-
sion (2).

For luminaires in which part of the radiating surface has
a luminance lower than 500 cd/m?, it is necessary to deter-
mine the effective radiation area and the effective luminance
generated by this area. To calculate the corrected unified
glare rating (UGR’), expression (3) must be used.

Studies were conducted on the change in the generalized
discomfort index AUGR’caused by the uneven distribution
of luminance on the radiating surface of a luminaire with a
prismatic light diffuser in comparison with a luminaire with
reflected light.

The average luminance of the luminaire Ls was deter-
mined by measuring the luminous intensity directed at the
observer and the emitting area of the luminaire A.

Based on the data of measuring the luminous intensity,
the distribution of luminance on the radiating surface of the
luminaires, the effective area of the luminaire radiation, the
maximum and average luminance were determined and the

2

L. o
Lf-i and the level
LI o

of increase in the discomfort index AUGR’ = 8 - Ig K? caused
by the uneven distribution of luminance [20]. The results are
summarized in Table 2.

The uneven distribution of luminance using a prismatic
diffuser increases the value of the generalized discomfort
index UGR’ by 3 units, which reduces the rating of light com-
fort due to glare by the same amount.

Measurements of the energy luminance of LED lumi-
naires (taking into account the blue light hazard weight
function) and calculations of their photobiological safety
level were carried out in accordance with the requirements
of EN 62471:2008, IEC/TR 62778:2014. Measurements of the
maximum luminance Ly and effective energy luminance Ly
were carried out using the OST300 equipment complex in the
field of view of 1.7 mrad and 11 mrad. The results of measure-
ments and calculations are given in Table 3.

Ceiling luminaires of directional and non-directional light
with low-power LEDs with an average luminance of the radiat-
ing surface below 5000 cd/m? belong to the general group RGO.
Luminaires of non-directional and directional light with medi-
um and high-power LEDs belong to the risk group RGI.

Luminaires for lighting industrial premises and outdoor
lighting are mounted at fairly high distances from the light-
ing objects and the illumination levels they create do not
exceed 500 lux. They do not pose a photobiological hazard,
but the luminance levels must be significantly reduced, as
this creates glare and discomfort.

The studies of flicker levels Py and visibility level of
stroboscopic effect SVM were carried out in accordance
with the requirements of the EU Commission Regulation
No. 2019/2020 [10] and the standards IEC TR 61547-1:2020,
IEC TR 63158:2018, using UPRTEK MK350S. Examples of
measurements of individual luminaire samples are given
in Table 4.

calculated value of the coefficient K> =

Table 2
Estimation of the change in the generalized discomfort index AUGR caused by uneven bright luminance ness
Average lumi- Effective Effective area Calculated value Level of increase in discom-
Luminaire characteristics naire luminance | luminance | coefficient A.4/A, of coefficient K2, fort index AUGR’ = 8 - Ig K2,
Ly, cd/m? Leg, cd/m? relative units relative units relative units
Reflected light luminaire 5.1 5.1 1 1 0
Lumlnglre W}th prismatic 3.9 91 0.45 24 3
light diffuser




Table 3

Results of measurement and calculation of the level of photobiological hazard of directional and non-directional light

Luminaire characteristics Correlated color tem- | Energetic lumi- |Luminance, C(I)VIII?IIIT;JE :ifi_ Risk group
perature (CCT), K |nance Lg, W/%av| Ly, cd/m? . P RG
sure time, s
Non—.dlrectlo.nal .hght lur.mneure 1784 21 5.1.103 4.8-10° 0
for indoor lighting, cosine LC
Directional light luminaire for indoor lighting with N 5
prismatic diffuser, deep LC type, diffuse directional 3746 25 5710 41-10 0
Non-dlrectlopal light lur.nlnal.re for outdoor lighting 3975 1904 2.7.10° 650 1
with lens optics, wide LC type
Non-dlrecFlonal hght.lumlnal.re for outdoor lighting 3945 2127 3.0-106 345 1
with lens optics, semi-wide LC type
Directional hgl.lt lutr}lnalre f(?r industrial lighting with 5480 2339 2.810° 240 1
reflective mirror optics, deep LC type
Table 4

Measurement results of the flicker parameters Py and visibility index of the stroboscopic effect SVM of the studied LED
luminaires for indoor and outdoor lighting.

Product name Sample number Modulation depth, % Py, relative units SVM, relative units
5 1.1 0.0621 0.0107
Luminaire for indoor lighting
10 2.0 0.0785 0.0103
o o 5.9 0.0910 0.0884
Luminaire for outdoor lighting
10.8 0.2726 0.2125

All the studied luminaires meet the requirements [10] -
Py <1,SVM < 0.4.

6. Discussion of the results of the study of energy
efficiency and environmental friendliness of LED
luminaires for directional and non-directional light

Ecodesign is a form of environmental regulation that
provides for measures to reduce electricity consumption by
lighting systems and reduce the impact of energy-consuming
products on the environment and human health. It focuses
on the stages of life cycles that have the greatest impact on
the environment. For light sources, the greatest impact oc-
curs at the use stage (due to electricity consumption).

In 2019, the EU increased the requirements for energy ef-
ficiency and environmental friendliness of LED light sources
by establishing new energy and environmental performance
limits in Commission Regulation EU No. 2019/2020.

Comparing the energy efficiency of LED luminaires for
directional and non-directional light (Table 1), it is possible
to conclude that it depends mainly on the light output of the
LEDs and light losses in optics and light diffusers. High- and
medium-power LEDs have a light output 1.3-1.5 times higher
than low-power ones, and the loss of luminous flux when using
light diffusers of various types is 15-45%. With the same useful
luminous flux, non-directional and directional luminaires using
high-power LEDs have approximately the same efficiency (4
within 135-170 Im/W) and correspond to energy efficiency
classes D and C. One of the phenomena that limits the normal
functioning of the visual system is glare. Glare is created by light
sources with high luminance. They cause a decrease in the abil-
ity to see objects near the light source or its reflection and can
create physical effects (headaches, migraines, and discomfort).
The standardized method for assessing the levels of discomfort
glare is the unified glare rating (UGR).

To reduce the luminance of the radiating surface of the
luminaire, light diffusers of various designs are used.

Ceiling luminaires with a radiating surface size
of 595 X 595 mm, in which low-power SMD (Sur-
face-Mount Device) LEDs and various types of light diffus-
ers are used to limit the average luminance to 5000 cd/m?,
have a luminous energy efficiency nry up to 100 Im/W
(energy efficiency class “F”).

In [10], the requirements for the luminance of LED sources
are not established, but such requirements are established in
the lighting standards ISO/CIE 8995-1:2025, EN 12464-1:2021,
EN 12464-2:2024. Energy efficiency significantly depends on
the level of luminance on the radiating surface of the lumi-
naire, therefore, ensuring high energy efficiency indicators at
safe luminance levels of LED luminaires is one of the tasks of
improving the ergonomics of luminaires. LEDs, as a rule, are
sources of directional light with a small radiation area and
high luminance. The bright light of LEDs can cause not only a
disability and discomfort effect on human eyes, but also pose
a danger to the retina. The degree of damage depends on the
luminance of the light source, its angular size, radiation spec-
trum and duration of exposure. Depending on these factors,
retinal damage can take various forms: from photoretinitis and
retinal burns to macular degeneration [23].

Light emitted in the wavelength range of 400-500 nm (with
a maximum of around 435-440nm) causes photochemical
effects on the retina. This range corresponds to blue light, and
the hazard associated with this spectral range is therefore called
blue light hazard. The International Commission on Illumina-
tion [24] provides clarification on the term “blue light hazard”.
It should only be used when considering the photochemical
risk of retinal damage (photomaculopathy), usually associated
with staring at bright light sources. General requirements for
the classification and methods for assessing the photobiological
safety of lamps and lamp systems are set out in EN 62471:2008.
For LED lamps and lamp systems used for general lighting,



explanations and guidance on the assessment of the blue light
hazard are provided in IEC/TR 62778:2014.

The results of the study of the photobiological hazard of
blue light from LED luminaires for various purposes (Ta-
ble 3) show that luminaires for indoor lighting belong to the
RGO risk group (does not carry any photobiological hazard).
Luminaires for outdoor lighting and lighting of industrial
facilities using powerful LEDs and lens and mirror optics
belong to the RG1 risk group (low risk). But these luminaires
are mounted at large distances from the lighting objects and
do not pose real threats of photobiological hazard to humans.

One of the negative effects created by electric light sourc-
es is luminance flicker. In incandescent lamps and discharge
lamps, luminance flicker occurs due to a change in the sup-
ply voltage in the AC network over a period. The luminance
characteristics of LEDs mainly depend on the driver (power
source) and the light flux control system (dimmers). The
flickering of LED luminance can theoretically be reduced
to zero by ensuring the stability of the power supply and
high-frequency electronic devices for regulating the lumi-
nous flux (at frequencies exceeding the sensitivity interval
of flicker perception — more than 1.2 kHz). It should also
be noted that LED lighting can create a depth of luminance
modulation higher than that of discharge lamps [17].

To describe the environmental impact of light on the en-
vironment and human health, it is difficult to find a general
indicator of stability, therefore it is advisable to consider light
pollution as an environmental effect by individual types. For
example, flicker - by the short-term indicator Py ; the level
of the stroboscopic effect — by the indicator of the visibility
of the stroboscopic effect SVM; the photobiological hazard of
blue light - by the risk group RG, etc. For a practical assess-
ment of the impact of light pollution on the environment and
minimizing this impact, it is necessary to develop guidelines
that could be used by ecologists, lighting managers and other
specialists at different levels.

It is advisable to assess the negative impact of light due to
the risks posed by LED lighting systems (glare, photobiolog-
ical hazard, luminance flicker, stroboscopic effect) based on
the limit values of these parameters established by EU Com-
mission Regulations and international standards.

The following measures are recommended to reduce the
negative impact of LED lighting systems on the environment.

When designing, manufacturing and operating lighting
systems, it is necessary to use LED sources that meet the
energy efficiency parameters of the EU Commission Reg-
ulations on Ecodesign No. 2019/2020 and Energy Labeling
No. 2019/2015. These regulations establish requirements that
meet the state of the art. The regulations, taking into account
the technical progress of LED technology, are periodically
reviewed. During the review, the feasibility of establishing
stricter requirements for energy efficiency is assessed, and
indicative reference parameters with the best characteristics
available on the market are also established.

LED light sources must meet the following environmen-
tal requirements:

— the risk of blue light hazard for indoor lighting (office,
educational, medical, residential, etc.) should not exceed
group RGO. The risk of blue light hazard for outdoor and
industrial lighting should not exceed group RG1;

- the level of flicker luminance Py, and visibility of the
stroboscopic effect SVM should not exceed the requirements
established by Commission Regulation (EU) No. 2019/2020;

- the UGR discomfort indicators created by luminaires
should not exceed the recommendations of the ISO/CIE 8995-
1:2025 standard for specific areas of lighting.

To limit irrational lighting costs and its negative impact
on the environment, it is advisable to use timers, sensors, au-
tomatic lighting control systems, screen and direct light onto
the lighting object, etc. [25].

To reduce light pollution, it is necessary to introduce
restrictions on lighting of areas, light intensity levels and
duration of lighting, reduce light penetration into homes at
night, reduce glare, etc. [26].

In 2019, the European Commission launched a new pub-
licly available database that allows consumers to compare
the energy efficiency class of various household products and
other characteristics. The European Product Registry for En-
ergy Labelling (EPREL) opens new ways to help consumers
improve energy efficiency through detailed information on
energy-labelled products [12].

These measures can be implemented through amend-
ments to regulatory documents, the development of health
and sanitary recommendations to reduce negative impacts
on the environment and human health, and guidelines for the
design and maintenance of lighting systems.

In conclusion of the analysis of the research results, it
should be noted that in recent years, due to the implementa-
tion of the requirements of the Ecodesign Regulations, there
has been a significant increase in the energy efficiency and
environmental friendliness of LED light sources. It is worth
noting the increase in color uniformity (SDCM < 6), the
increase in the uniformity of luminance distribution on the
radiating surface of the luminaires, and the increase in the
stability of the luminous flux during the service life. LED
sources require further improvement in the following areas:
reducing glare and improving the quality of color rendering;
reducing the negative impact of LED light sources on circadi-
an rhythms due to the large proportion of blue light in their
spectrum.

The results obtained will be used in the preparation of
practical medical and sanitary recommendations for the use
of LED light sources in lighting systems for various purposes
and making changes to state building codes.

It should be noted the lack of the study on light pollution
created by outdoor lighting systems, illuminated advertising,
and vehicles. It is planned to expand research on light pollu-
tion, as well as on integrated lighting, the main requirements
for which are formulated in ISO/CIE 8995-1:2025.

7. Conclusions

1. LED luminaires of various designs were studied for
compliance with the requirements of the EU Commission
Regulations on ecodesign and energy labelling. It was shown
that LED luminaires of non-directional and directional light
using medium and high-power LEDs have high luminous
efficacy nrm 135-170 1m/W, and meet energy efficiency
classes D and C. The luminaires meet the requirements for
lighting industrial buildings, outdoor lighting and other
objects. However, a significant part of these luminaires has
a color rendering index of less than 80 and high luminance.
Luminaires with low-power LEDs, with a light load per unit
area of the light diffuser of 0.8-2 Im/cm?, have a luminous ef-
ficacy nry 100 Im/W and belong to energy efficiency class F.



The luminaires meet the minimum requirements of the En-
ergy Efficiency Regulations. They can create a high-quality
lighting environment and be used to illuminate educational
and medical institutions, offices, residential premises and
other facilities.

2. Luminaires with low-power LEDs, in which the light
load on the diffusers is within 0.8-2 Im/cm?, have a lumi-
nance of the radiating surface up to 5000 cd/m? and corre-
spond to the photobiological safety level of risk group RGO.
Luminaires with powerful LEDs and lens optics for lighting
industrial buildings and outdoor lighting correspond to the
photobiological safety level of risk group RG1. There is a high
peak luminance on the radiating surface of individual lumi-
naires, exceeding 1 Mcd/m?. Such luminaires can be used
for outdoor lighting and lighting industrial premises with
high ceilings. All tested luminaires meet the requirements
of EU Regulation 2019/2020 for a safe level of flicker and
visibility of the stroboscopic effect. The short-term flicker
index Pgrp < 1, and the visibility index of the stroboscopic
effect SVM < 0.4. The best luminance uniformity and level
of comfort of the lighting environment are created by LED
luminaires of reflected light. Luminaires with opal and pris-
matic diffusers create a satisfactory luminance distribution.
The increase in the generalized discomfort index created
by these luminaires with prismatic diffusers can be more
than 3 units compared to luminaires of reflected light, and
partially worsen the comfort of the lighting environment.
Luminaires with powerful LEDs and lens optics create high
generalized discomfort indicators on the lighting object, so
their use is limited to outdoor and industrial lighting.
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