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Light & Engineering is an international
scientific Journal subscribed to by readers
in many different countries. It is the English
edition of the journal “Svetotekhnika” the
oldest scientific publication in Russia, estab-
lished in 1932.

Establishing the English edition “Light
and Engineering” in 1993 allowed Russian
illumination science to be presented the
colleagues abroad. It attracted the atten-
tion of experts and a new generation of sci-
entists from different countries to Russian
domestic achievements in light and engi-
neering science. It also introduced the results
of international research and their industrial
application on the Russian lighting market.

The scope of our publication is to present
the most current results of fundamental re-
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search in the field of illumination science.
This includes theoretical bases of light source
development, physiological optics, lighting
technology, photometry, colorimetry, radi-
ometry and metrology, visual perception,
health and hazard, energy efficiency, semi-
conductor sources of light and many others
related directions. The journal also aims to
cover the application illumination science in
technology of light sources, lighting devices,
lighting installations, control systems, stand-
ards, lighting art and design, and so on.

“Light & Engineering” is well known by
its brand and design in the field of light and
illumination. Each annual volume has six is-
sues, with about 80-120 pages per issue.
Each paper is reviewed by recognized world
experts.
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PERCEPTION AND VISUAL COMFORT
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2Faculty of Philosophy, University of Ljubljana, Ljubljana, Slovenia
*E-mail: lanlan.wei@fe.uni-lj.si

ABSTRACT

Outdoor public lighting is essential for shaping
nocturnal urban environments, as it significant-
ly enhances visibility and fosters a sense of safe-
ty perception and visual comfort in public spac-
es, thus, influencing their usage. While extensive
research has been conducted on lighting param-
eters such as luminance, illuminance, uniformi-
ty, and glare, there remains a lack of focus on user
preferences for actual outdoor lighting settings.
This study aims to address this gap by investigat-
ing photo stimuli based on public lighting prefer-
ences in a real outdoor environment in Ljubljana,
Slovenia. In this research, 116 participants evalu-
ated their levels of comfort, confidence, and spa-
tial awareness based on nine virtual images from
two distinct locations featuring various lighting
settings, these included continuous and less-con-
tinuous lighting environments, low-mounted (4.5
m) lighting poles vs. high-mounted (12 m) lighting
poles, three distinct CCTs, and both overhead and
peripheral lighting environments. Participants rat-
ed each lighting scene on a 5-point scale, facilitat-
ing an assessment of their preferences. The analy-
sis revealed a significant preference for continuous,
high-mounted (12 m) lighting poles with a natu-
ral white CCT in the square area, and for overhead
lighting in the road area. The most substantial dif-
ference in user experience was observed between
continuous and less-continuous lighting environ-
ment, while variations in pole height, CCT, and

lighting position demonstrated comparatively mi-
nor impacts. Notably, the influence of CCT on par-
ticipants’ perceptions of safety, comfort, and spatial
awareness was the least significant among the fac-
tors examined.

These findings provide valuable insights into the
design of urban lighting aimed at enhancing safety
and comfort, thereby informing future urban plan-
ning and lighting design practices.

Keywords: public outdoor lighting, user prefer-
ences, urban environment, comfort, urban planning

1. INTRODUCTION

Public outdoor lighting, integrated with the ur-
ban context, shapes night time environments by
influencing visual task performance, safety per-
ception, and overall comfort [1]. For young peo-
ple, who frequently engage in night time activities,
well-designed lighting can enhance their sense of
safety while fostering inviting and sociable spaces.
The prospect-refuge theory [2—3] posits that physi-
cal attributes, such as prospect (visibility), conceal-
ment, and entrapment, directly influence percep-
tions of danger or fear of crime [4—7], which in turn
impact user preferences and well-being. [llumina-
tion plays a critical role in modulating these attri-
butes by improving visual clarity (e.g., obstacle rec-
ognition [8-9]), enabling social judgments (e.g.,
emotion and gaze direction detection [10]), and en-
hancing pedestrian safety feeling and reassurance
[11-17].
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Research underscores that specific lighting pa-
rameters — such as illuminance, uniformity, lumi-
naires height, and CCT — significantly shape percep-
tions of urban environment. For instance, uniform,
bright, and overhead lighting is often preferred in
public spaces for its ability to illuminate broad-
er surroundings rather than isolated pathways [7,
18-19]. Higher illuminance levels are linked to im-
proved pedestrian reassurance, visual adaptation,
and detail recognition, whereas inadequate lighting
amplifies feelings of vulnerability. However, Fotios
et al. [16, 20-21] empirically demonstrated a non-
linear relationship between lighting parameters and
the perception of safety through their study. The re-
search substantiates two critical findings:

1. In spatial lighting design, optimizing light dis-
tribution (particularly through minimizing low-illu-
minance areas) proves more effective in enhancing
individuals’ safety perception than merely increas-
ing absolute illuminance levels;

2. A threshold effect exists between illuminance
levels and safety enhancement outcomes — beyond
a critical value (approximately (5-7) 1x), further il-
luminance revealing no sustained linear correlation
with perceived safety improvements.

Another critical parameter is CCT, which affects
emotional responses and spatial recognition. Warm-
er light (e.g., 2700 K) is associated with comfort
and intimacy, while cooler light (e.g., 4000 K) pro-
motes alertness and energy [22-24]. However, while
extensive research has been conducted on lighting
parameters such as illuminance, spectrum, lumi-
naire position, uniformity, and glare [8—11], there
remains a lack of focus on user preferences for out-
door lighting settings.

For young populations, the interplay between
lighting design and spatial context is pivotal for bal-
ancing safety and visual comfort. Overhead lighting
reduces dark corners and potential hiding spots, en-
hancing security through clear visibility. In contrast,
peripheral lighting emphasizes vertical surfaces and
architectural features, fostering sociability by creat-
ing spatial depth [25-27]. Luminaire’s height fur-
ther shapes spatial perception: taller lighting poles
evoke openness, while shorter ones promote inti-
macy [28-29].

This study aims to address this gap by investi-
gating photo stimuli based on public lighting pref-
erences in real outdoor environments in Ljubljana,
Slovenia. Using 1:1 scale simulated photos of a fa-
miliar urban site — including a public square and a

pedestrian road — this study simulated various light-
ing scenarios. Through photo-stimulus evaluations
and questionnaire surveys, the study explores the
following questions:

— How do continuity, pole height, and vari-
ations in white lighting in open squares influence
perceived safety and visual comfort?

— What impact does overhead lighting have on
the perception of road spaces?

— What lighting settings align most closely
with young people’s preferences?

By analysing these responses, the study aims
to advance evidence-based guidelines for noc-
turnal urban environments design that prioritizes
safety, visual comfort, and liveability for younger
demographics.

2. METHODOLOGY
2.1. Participants

A total of 116 participants from the Faculty of
Electrical Engineering took part in this study. The
participants consisted of 14 females (12 %) and
102 males (88 %), all of whom were undergradu-
ate students aged between 22 and 25 years. All par-
ticipants had normal or corrected-to-normal vision
and reported being familiar with the location and its
surroundings. The study took place in the Electrical
Engineering Faculty from April to May 2021. Due
to COVID-19 safety protocols, participants were re-
quired to maintain 1.5 m. The darkroom used for the
experiment could accommodate 12 participants at a
time. As a result, participants were grouped into co-
horts of 8 to 10 people, and each group underwent
the same experimental procedure.

Regarding participants’ night time walking hab-
its, most reported that they typically walk outdoors
between sunset and 10:00 pm (N=92, 78 %). A
smaller group reported walking between midnight
and sunrise (N=6,5 %), while the remaining partic-
ipants did not engage in night time walking. When
asked about the primary purpose of their outdoor
walks, the majority indicated ‘Relaxation, entertain-
ment, and fitness’ (N=105,9 %), while fewer partic-
ipants cited ‘Walking for business or professional
reasons’ (N=11,7 %).

Participation in the study was entirely voluntary,
and no financial compensation was provided to par-
ticipants. The research procedure was reviewed and
approved by the Ethics Committee at the University
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of Ljubljana, and all participants provided informed
consent before their involvement.

2.2. Photo Stimuli

The study utilized four groups of simulated light-
ing scenes of the Ljubljana Central Railway Station
to assess participants’ preferences and perceptions.
These stimuli were based on lighting models from
previous studies [19], encompassing variations in
uniformity, lighting position, and environmental
context. The renderings depicted real lighting set-
tings from the experimental selection square, in-
cluding high and low-pole lighting configurations,
as well as three CCT settings. To enhance the re-
alism of the study, we captured photographs of the
actual scene at night, measured its dimensions, and
used the real photometric data to create a 3D mod-
el in DIALux software to simulate five groups of
lighting conditions. The study utilized visual stim-
uli from two locations, selected for their represen-
tative characteristics and relevance to nocturnal pe-
destrian experience.

Less-continous

Fig. 1. Visual photo
stimuli and scene

ik descriptions
i

Peripheral

Location 4 is main square in front of the rail-
way station.

A prototypical Central European town square,
(121x26) m?, surrounded by residential and com-
mercial areas, 1 km from the city centre. Per-
ceived as relatively safe, it featured three lighting
variations:

— Scene 1 (S1): continuous vs. less-continuous
illumination;

— Scene 2 (52): low-mounted (4.5 m) lighting
poles vs. high-mounted (12 m) lighting poles;

— Scene 3 (83): three CCTs — warm (2200 K),
neutral (4000 K), and cool (5700 K).

Location B is transitional roadway to the city
centre.

A connecting space with a two-lane roadway
(3.5 m per lane) and pedestrian paths (1.5 m each).
The study compared:

— Scene 4 (54): overhead lighting on pedestri-
an paths vs. peripheral lighting aimed on the vehicle
path.

To isolate lighting effects, all non-lighting ele-
ments — tree placement, signage, and facade lumi-
nance — remained constant.
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Scene 1, Continuous vs. Less-
continuous, low-pole (4.5 m)

105s

General
introduction and
acclimatization

Slides 10 min

3 seconds (s) /slide

Background questionnaire Qlto Q5

Scene 2 | Scene 3 Scene 4, Overhead vs. Peripheral

3 s/slide 105 s

\
QltoQs

Fig. 2. Timeline of the experimental procedure for each lighting scene

Fig. 1. shows visual photo stimuli and scene
descriptions.

2.3. Instruments and Procedures

To maintain consistent illumination and mitigate
the influence of external lighting, the use of mobile
phones was prohibited throughout the presentation
phase. The standardised protocol was meticulously
adhered to across all experimental groups. The ex-
periment was conducted in a completely dark class-
room at the Faculty of Electrical Engineering, Uni-
versity of Ljubljana. Images were projected onto
a screen measuring (300%230) cm?, (WxH), us-
ing a digital projector. The luminance of the imag-
es was carefully adjusted via computer and projec-
tor to ensure an average ground surface luminance
of 1.0 cd/m?, which was measured with a lumi-
nance meter during every experiment in the dark
classroom.

Each image was displayed for 3 s, followed by
a simultaneous presentation of two images for com-
parison. Participants viewed the images and an-
swered questions after each set, with the next set
of images presented only after all participants had
completed their responses. To maintain partici-
pants’ dark adaptation, the use of mobile phones
was strictly prohibited during the session. The same
procedure was repeated for each group of partici-
pants. Fig. 2 illustrates the experimental procedure.

The procedure began by displaying each image
to participants for 3 s. To ensure robust perceptu-
al engagement, the same set of comparative imag-
es was presented twice. During the questionnaire
phase, pairs of images were shown simultaneous-
ly for an average duration of 105 s, allowing partic-
ipants to compare and rate them. Participants were
required to evaluate the images based on specific
questions:

— Question 1 (Q1), visual comfort (“comfort”
refers to visual comfort, which is explained to the

participant orally): “How comfortable do you feel
with picture 4? How comfortable do you feel with
picture B?”;

— Question 2 (Q2), confident: “How confident
do you feel with picture 4?7 How confident do you
feel with picture B?”;

— Question 3 (Q3), orientation: “To what extent
does lighting help you become oriented with picture
A? To what extent does lighting help you become
oriented with picture B?”;

— Question 4 (Q4), distance estimation: “How
much does the lighting help you estimate the dis-
tance to other pedestrians and objects with picture
A? How much does the lighting help you estimate
the distance to other pedestrians and objects with
picture B?”;

— Question 5 (Q5), safety perception: “How
much does the lighting in picture A assist in iden-
tifying potential unsafety? How much does the
lighting in picture B assist in identifying potential
unsafety?”.

The study employed a five-point scale, ranging
from 1 (not at all) to 5 (very much), to assess two
key dimensions of each lighting stimulus: emotion-
al responses (questions 1 and 2) and orientation-
al aspects (questions 3 and 4). Question 5 focused
on evaluating “How much the lighting helps in es-
timating potential unsafety?”. This question served
as a crucial measure of public space quality, align-
ing with the principles of prospect-refuge theory.
Unlike evaluations solely based on psychological
feelings of fear or stress, the assessment of poten-
tial unsafety incorporated both psychological and
spatial considerations, providing a comprehensive
evaluation of the lighting’s impact on public spac-
es [3, 6-7].

3. RESULTS

All survey questions were fully answered, al-
lowing for a comprehensive analysis of the col-
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lected data. The inter-item reliability of respons-
es to the five questions was assessed, revealing a
strong correlation among them. The Cronbach’s al-
pha test confirmed high internal consistency, with
an acceptable reliability score (0=0.935). To analyse
the results, we first calculated the mean values for
all lighting conditions. A repeated measures analy-
sis of variance (ANOVA) was then used to compare
differences between continuous vs. less-continuous
lighting and high-pole vs. low-pole lighting. Addi-
tionally, paired ¢-tests were conducted separately for
each model to further examine these differences. Ta-
ble 1 presents the findings across all lighting condi-
tions (9 scenes x 5 questions), with results reported
at a 95 % confidence level. The mean values ranged
from 2.12 to 4.15, the high-pole (12 m) continuous
lighting scene received the highest ratings across all
five questions.

3.1. Continuous versus Less-Continuous

A repeated-measures ANOVA was conducted
to compare participant preferences between contin-
uous and less-continuous lighting configurations in
a square urban environment. Results demonstrated

a significant overall preference for continuous light-
ing across multiple perceptual dimensions (F(1,
647) = 76.26, p < 0.001, d = —1.32), with large ef-
fect sizes indicating practical significance. Partici-
pants consistently rated continuous lighting higher
than less continuous lighting across all five ques-
tions in the low-pole configuration. Statistically sig-
nificant differences were observed for: Q1 (visu-
al comfort): F(1, 127) = 14.83, p < 0.001, Cohen’s
d =-1.35; Q3 (orientation): F(1, 128) =20.01, p <
0.001, d = —1.20; Q4 (distance estimation): F(1,
128)=19.83, p<0.001, d= —1.28; 05 (safety per-
ception): F(1, 128) = 12.68, p < 0.001, d = —1.32.
However, Q2 (confidence) showed no statistical-
ly significant difference after Bonferroni correc-
tion for multiple comparisons (F(1, 128)=8.09, p =
0.05, d = —1.44; adjusted a = 0.01). Fig. 3. shows
the mean score distribution of ratings for continu-
ous and less-continuous lighting environments with
low-pole lighting (4.5 m).

In high-pole lighting settings, participants con-
sistently demonstrated a strong preference for con-
tinuous illumination over less continuous alterna-
tives across four critical perceptual dimensions.
A repeated-measures ANOVA confirmed statisti-
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Table 1. Mean Scores and Standard Deviations, for Nine Simulated Lighting Scenes across Five Questions

o1 o2 03 04 05
Lighting Scene
M | SD) | M | SD)| M | $SD) | M | SD) | M | (SD)
A, low-pole
(4.5 m), 379 | 096 | 3.85 | 093 | 3.72 | 1.06 | 3.71 | 098 | 3.67 1.00
i continuous
B, low-pole
(4.5m),less- | 2.53 | 0.82 | 2.56 | 0.85 | 254 | 093 | 253 | 094 | 2.38 | 091
continuous
A, high-
pole (12m), | 4.15 | 082 | 3.97 | 0.84 | 3.99 | 1.12 | 393 | 095 | 406 | 0.96
5 continuous
Square B, high-pole
area (12m), less- | 2.32 | 094 | 225 | 084 | 237 | 096 | 234 | 095 | 2.12 | 0095
continuous
A yellow-
ish colour 322 | 1.32 | 3.05 1.16 | 2.86 1.11 | 2.81 1.09 | 2.87 1.11
(2200 K)
3 B, na-
ture white 384 | 0.86 | 3.67 | 097 | 3.69 | 1.10 | 3.59 1.18 | 3.66 | 1.12
(4000 K)
C, bluish col-
our (5500 K) 3.11 1.13 | 3.31 1.15 | 3.56 | 1.17 | 3.53 1.19 | 3.58 1.17
Road p A, overhead | 3.88 1.01 384 | 096 | 3.77 | 1.07 | 3.72 | 1.05 | 3.76 | 1.10
area B, peripheral | 2.56 | 095 | 2.63 | 093 | 2.74 | 098 | 2.86 | 091 | 2.82 | 0.97

cally significant advantages of continuous light-
ing in: Q1 (visual comfort): F(1, 128) = 14.23, p <
0.001, Cohen's d = -2.09; Q2 (confidence): F(1,
128) = 11.30, p < 0.001, d = -2.07; Q3 (orienta-
tion): F(1, 128) = 15.31, p <0.001, d = —1.63; and
04 (distance estimation): F(1, 128) = 13.76, p <
0.001, d =—1.69. Despite the large effect sizes (d =
1.63 — 2.09), 05 (safety perception) did not main-
tain statistical significance after Bonferroni correc-
tion for multiple comparisons (F(1, 128)=8.05, p =
0.05, d=-2.03). Fig. 4 with the mean distributions.

3.2. Yellowish, Natural, and Bluish White
Lighting Environment

A paired-sample #-test analysis revealed a con-
sistent preference for the natural white lighting
scene over both the yellowish and bluish alterna-
tives. Fig. 5 illustrates the distribution of mean
scores across all five perceptual dimensions, high-
lighting the natural white scene as the highest-rated
condition. In contrast, the yellowish scene received
the lowest ratings across all metrics, while the blu-
ish scene occupied an intermediate position, close-

ly trailing natural white. Statistical analysis further
confirmed a significant preference for natural white
light over yellowish light in most cases, where-
as differences between natural white and bluish
light were less consistently significant. Fig. 5 pro-
vides a comprehensive breakdown of mean differ-
ences (MD), F-ratios, p-values, and Cohen’s d for
matched-pair comparisons across the three CCT
conditions.

When considering all five perceptual dimensions
together: natural vs. yellowish white: F(1, 648) =
133.07, p < 0.001, d = —0.67; yellowish vs. blu-
ish: F(1, 648) = 26.73, p <0.001, d = —0.42; natu-
ral vs. bluish white: F(1, 648) =337.92, p <0.001,
d = —0.23. Effect sizes, as measured by Cohen’s d,
ranged from small to medium (d = —-0.23 to —-0.67),
with the most pronounced effect observed in the
comparison between natural white and yellowish
white.

3.3. Overhead versus Peripheral

Previous studies [19] have investigated the over-
head versus peripheral lighting modes in urban
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Q4. Distance estimation | ———— .
Fig. 6. The mean
Q3. Orientation e ——— score distribution
Q2. Confident | of overhead and
) peripheral lighting
e — :
Q1, Visual comfort environments
0 1 2 3 4 5

M B, Peripheral

Overhead minus Peripheral

Nature white minus Bluish...

Nature white minus...

H A, Overhead

Continous minus less...

Continous minus less...

0 0,5 1 1,5 2 .
: : Fig. 7. The mean score
Continous = Continous . cq .
) . Nature differences within each
minus less | minus less . i Nature Overhead . 3
. . white minus, ) of the lighting scenes
continous = continous vellowish white minus.  minus
under low- ' under high- white Bluish white Peripheral
pole (4.5 m) pole (12 m)
B Q5. Safety perception 1.29 1.94 0.79 0.08 0.94
Q4. Distance estimation 1.18 1.59 0.78 0.06 0.86
Q3. Orientation 1.18 1.62 0.83 0.13 1.03
M Q2. Confident 1.29 1.72 0.62 0.36 1.21
H Q1. Visual comfort 1.26 1.83 0.62 0.73 1.32

squares. Our study builds on this prior research by
examining these lighting settings in road environ-
ments, which are more representative of typical
overhead and peripheral lighting scenes in Slove-
nia. This broader context allows for a deeper un-
derstanding of how these lighting modes impact pe-
destrians’ perceptions of safety and comfort. The
results indicate that overhead lighting consistent-
ly received higher ratings than peripheral lighting
across all five evaluation questions, with mean dif-
ferences ranging from 0.87 to 1.27. Fig. 6 illustrates
the distribution of mean scores, clearly showing the
overall preference for overhead lighting.

Question 1: the F-test revealed a significant dif-
ference between overhead and peripheral lighting
settings (F(1, 128) = 5.36, p = 0.022, d = —1.30),
indicating that overhead lighting was rated signifi-
cantly higher. Questions 2, 3, 4, and 5: no statistical-
ly significant differences were observed.

When all five questions were considered togeth-
er, the analysis revealed a statistically significant
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overall difference between the two lighting settings
(F(1, 648) = 11.01, p < 0.001, d = —0.32). Howev-
er, according to Cohen’s d, the effect size was small,
suggesting that the practical significance of this
finding may be limited.

Fig. 6 provides a visual comparison of the mean
scores, illustrating the preference for overhead
lighting across all questions, even where differenc-
es were not statistically significant.

3.4. Perceptual Differences between Lighting
Scenes

The results of this experiment revealed a clear
preference for continuous lighting, high-pole con-
figurations, natural white illumination, and over-
head lighting over their respective alternatives:
less-continuous lighting, low-pole configurations,
yellowish and bluish illumination, and peripheral
lighting. Fig. 7 highlights the most pronounced dif-
ferences, with continuous versus less-continuous
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lighting in high-pole settings exhibiting the larg-
est mean difference (1.59 to 1.94). In contrast, the
difference in low-pole settings was smaller (1.18
to 1.29), likely due to the greater extent of dark ar-
eas created by less-continuous lighting in high-pole
configurations, which more significantly impacts
perceptions of comfort, safety, and spatial cogni-
tion. Additionally, a substantial difference was ob-
served between overhead and peripheral lighting
(0.86 to 1.32), suggesting a strong preference for il-
lumination concentrated in the immediate surround-
ings rather than positioned peripherally along the
roadway. Comparisons between natural white and
bluish lighting revealed minimal differences (0.06
to 0.73), particularly in spatial cognition assess-
ments, where differences ranged from 0.06 (Q4)
to 0.08 (05).

Overall, these findings offer valuable insights
into lighting preferences in urban environments,
emphasizing the significant influence of conti-
nuity, pole height, CCT, and light placement on
perceptions of safety, visual comfort, and spatial
awareness.

4. DISCUSSION

The influence of lighting on human perception
has been widely studied, but there is still a lack of
unified and reliable theories explaining the specif-
ic effects of lighting scenes on preference. In this
study, we aimed to fill this gap by combining and
building upon previous research to investigate the
impact of lighting on human emotions and spatial
cognition. Our findings supported our hypothesis
that, in open public spaces, people generally pre-
fer the lighting atmosphere created by continuous,
high poles, whereas in street areas overhead light-
ing is more favourable than peripheral lighting. Our
findings are compatible with prior studies, such as
those by Nasar [19] and the prospect-refuge theory
[30], which found that uniform illumination (in our
case, we used continuous instead of uniform illumi-
nation) was a higher preference. Overhead lighting
settings also received higher preference compared
to peripheral lighting. However, this study did not
investigate high or low illuminance levels, since
people generally prefer brighter environments [13,
31-32]. Furthermore, although images with natural
white CCT received the most preferences, this study
did not consider the non-visual effects of lighting on
the night time environment.
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5. CONCLUSION

This study systematically evaluates nocturnal
urban lighting preferences through a photo-stimuli
survey of 116 participants in Ljubljana, focusing on
safety perception and visual comfort. Analysis of
nine simulated scenarios revealed a robust prefer-
ence for continuous illumination, high-pole config-
urations (12 m), natural white spectra (4000 K), and
overhead placement.

This study provides empirical insights into light-
ing preferences in nocturnal urban environments,
emphasizing the interplay between safety percep-
tion and visual comfort. A strong preference for
continuous illumination, high-pole configurations,
natural white (4000 K), and overhead placement.
Based on participants’ answers these configurations
significantly enhanced visual comfort, confidence,
distance estimation, and safety perception, high-
lighting the critical role of predictability and spatial
coherence in night-time urban design.

Key variability emerged between continuous and
less-continuous illumination both under high and
low lighting poles, the overhead vs. peripheral po-
sitioning exerting secondary influence. Minimal di-
vergence across CCTs suggests spectral uniformity
may hold lesser perceptual weight than spatial dis-
tribution in lighting design. While aligned with the-
ories linking predictability to preference (e.g., Na-
sar’s environmental appraisal [18], prospect-refuge
principles), these findings derive from controlled
photographic simulations; validation in real-world
nocturnal settings remains critical.

The results underscore a pressing tension in ur-
ban retrofitting: while energy-efficient upgrades
dominate policy agendas, neglecting user-centric
factors — comfort, aesthetic integration, and con-
textual appropriateness — risks undermining pub-
lic space quality. High-pole lighting, though effec-
tive in fostering perceived safety and spaciousness,
demands judicious application to mitigate light pol-
lution and energy excess. Furthermore, poor main-
tenance (e.g., flickering, vandalism) may erode per-
ceptual benefits, emphasizing the need for holistic
lifecycle management.

As a foundational investigation, this work ad-
vocates for expanded field studies incorporating
diverse urban typologies (residential, commer-
cial, arterial corridors) and environmental variables
(temperature, weather, cleanliness). Future research
must also disentangle the non-visual impacts of
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spectral composition, such as circadian disruption,
to advance lighting systems that harmonize human
well-being, ecological sustainability, and aesthet-
ic coherence.

6. LIMITATIONS OF EXISTING
RESEARCH

Several limitations of this study should be con-
sidered when interpreting the results.

Firstly, the experiment was conducted within a
relatively short timeframe. While participants were
acquainted with the location of the images used in
the experiment, temporal variations may have influ-
enced observers’ perceptions. Previous studies have
demonstrated that immersion in an environment has
a more significant impact on perception compared
to viewing natural scenes or images.

Secondly, the sample predominantly comprised
individuals under the age of 30, comprising 90 % of
the participants. This demographic skew limits the
generalizability of the results.

Future research endeavours should focus on ex-
ploring the interactions within complex scenes in
real urban environments to gain a deeper under-
standing of the influence of lighting settings and pa-
rameters on people’s perceptions. Moreover, efforts
should be made to encompass a broader range of de-
mographic groups, including varying age and gen-
der categories, to ensure greater diversity within the
study population.
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ABSTRACT

Living rooms are shaped by functional, aesthet-
ic, and socio-economic choices and formed by vi-
sual factors such as luminance contrast and colour
schemes that create distinct atmospheres. Using a
single living room image with digitally manipulat-
ed luminance contrast levels and colour schemes
(warm, cool, and grey), 35 Turkish participants
evaluated the emotional and cognitive effects of
these variations. Results indicate that luminance
contrast significantly shapes the perception of at-
mosphere, with higher contrast contributing to more
vibrant and lively spaces, while low-contrast grey
schemes led to more subdued, negative associa-
tions. Gender differences emerged in the perception
of certain adjectives, such as ‘depressing’ and ‘un-
comfortable’. By examining how visual elements
create distinct atmospheres in domestic spaces, this
study offers insights relevant to interior design and
domestic architecture, contributing to a deeper un-
derstanding of how material and sensory elements
influence the experience of home environments.

Keywords: luminance contrast, colour schemes,
perceived atmosphere, emotional response, living
room interiors, interior design

1. INTRODUCTION

Recent studies on the atmosphere have focused
on this aesthetic value of space as how it emerges in
certain conditions and how it can be created in dif-
ferent contexts. Among the key elements contribut-
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ing to an environment’s atmosphere is light, yet lim-
ited research explores its role in quality, specifically
within home environments. Given the centrality of
the home in a person’s daily life cycle, especially
the living room, investigating how light influenc-
es the atmosphere in residential spaces is necessary.

The living room is unique within the topic of
residential spaces, as it does not only serve as a
functional space but also as a place where indi-
viduals express their identities into physical envi-
ronments through design elements [1]. The living
room becomes a reflection of a person’s preferenc-
es for colour, light, shape, and other physical as-
pects [2]. This makes the physical components of
living rooms, including daylight availability, sur-
face areas, and material choices, particularly sig-
nificant yet these have received relatively little at-
tention [3]. Living rooms are central spaces within
homes, serving as both functional and atmospheric
environments that influence the daily experiences of
their inhabitants. Light, as Bohme asserts, is a pri-
mary contributor to the atmosphere in any environ-
ment, but it cannot be understood in isolation from
surrounding surfaces, which vary in colour and ma-
terial [4]. Visual factors like colour and light are
“spatial, holistic, dynamic, and contextual”, as not-
ed by Arnkil et al. [5]. Thus, these elements must be
evaluated together, especially in residential spaces,
where elements like warm and cool tones, as well
as light and dark contrasts, play an essential role
in shaping the atmosphere [6]. Focusing on the in-
terplay between lighting and design elements, this
study investigates how luminance contrast and co-



Light & Engineering

Vol. 33, No. 4

lour schemes impact the perceived atmosphere in
living rooms.

Luminance contrast, or the variation in an ob-
ject’s brightness from its backdrop, is the funda-
mental for vision. Additionally, in the material and
sensory dimensions of domestic life, different lumi-
nance contrasts can evoke different emotional re-
sponses in people, particularly in how people ex-
perience home spaces on a sensory and emotional
level. By examining how luminance contrast and
colour shape the atmosphere of home environments,
this research aims to offer valuable insights into de-
signing interiors that foster both emotional reso-
nance and functional efficiency. The optimization of
luminance contrast can enhance the overall experi-
ence of living spaces by balancing visual elements,
like luminance contrast and colour, to influence the
perception of domestic spaces.

2. LITERATURE REVIEW

Current study concentrates on whether or not
there is a significant difference in perceived atmo-
sphere descriptions depending on the luminous con-
trast levels and colour schemes in images. There-
fore, the method of this study is based on two main
concepts: perceived atmosphere and light as lumi-
nance contrast, a unified approach to study distribu-
tion of light in the built environments.

2.1. Perceived Atmosphere and Light

Defined as the effect, the atmosphere can be the
interactions between subject and object and subject
to subject [7]. In 2008, Vogels compiled a list of de-
scriptive atmospheric statements to assess the ex-
perienced atmospheres by the observers in the built
environments [8]. The following inquiries examined
the effects of light uniformity and intensity on spa-
tial impressions in real-life or controlled situations
where the generated atmosphere questionnaire as-
sessed different lighting conditions [9]. A posteriori
to these approaches that explored perceived atmo-
sphere and its relation to light in an environment,
here, the luminance contrast measure is proposed
to consider different light qualities in more compli-
cated contexts, such as common conditions. Images
are one practical way to study these complex and di-
verse conditions which frequently reflect real spaces
and depict designed subjects [10]. When comparing
the room’s atmosphere and lighting, images statisti-
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cally replicate the lighting impression of real-world
settings or physically-based models [11]. It is pos-
sible to probe the perceived atmosphere and mea-
sure light in that environment by evaluating imag-
es as atmospheric sceneries. Hence previous studies
denote no observed differences in the way the real
and virtual environments were perceived for the
lighting or room impressions based on subjective
evaluations of appearance (brightness, CCT, distri-
bution) and high-order perceptions (pleasantness,
interest, spaciousness, excitement, and complex-
ity) [12]. The simulations’ reliability on the com-
puter screen and video projector was also evaluated
against a mock-up in which the contrast and bright-
ness of the lighting were equivalent across different
mediums [13].

While light is a fundamental atmosphere gen-
erator, colour is a key visual attribute to be consid-
ered in represented environments. According to a
recent survey, black, grey, and white are seen as
colours independent of one’s degree of colour ex-
pertise [14]. One response to why white, grey, and
black are colours is “because we see and distinguish
them”. A further reaction to these colours and their
unique relationship to contrast is “Because contrast
differences can be observed and they can be named
and differentiated”. These findings draw attention
to the relation between contrast and light especially
for achromatic images, however, the subject of liv-
ing room atmosphere can’t be explored without co-
lour. Unlike prior studies focusing primarily on co-
lour for aesthetic concerns, this research emphasizes
luminance contrast as the dominant variable, while
colour is treated as a secondary contextual element.
This controlled setting makes it possible to inves-
tigate how emotional and cognitive perceptions of
space are influenced by visual cues such as lumi-
nance contrast, which advances our knowledge of
how we interpret home interiors. Therefore, lumi-
nance contrast was investigated to utilise it as a uni-
fied variable for studying light, material, and colour
within the space.

2.2. Luminance Contrast

Contrast in an image or display context is the
variation in brightness within the same field of vi-
sion [15]. Brightness, the perceptual correlation
of light intensity, and spatial frequency, the rate at
which stimuli vary in a specific region, are the pri-
mary components of any visual input associated
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with contrast measurements. Scenes are interpret-
ed in terms of spatial frequencies [16]. The spa-
tial frequency, a property of any periodic structure
that quantifies the frequency at which sinusoidal
components of the structure repeat per unit of dis-
tance, may be used to indicate the light intensity in
the stimulus [17]. Because all components mix into
a single smooth representation, “observers are un-
aware of the individual spatial frequency compo-
nents in most cases” [18]. Still, the image’s appear-
ance varies with different spatial frequencies, as
does the information transmitted. Different methods
might be used to quantify luminance contrast de-
pending on these factors. Depending on how con-
trast is interpreted in various images, the photo met-
ric measurement of contrast can lead to identical or
entirely different findings.

The approach used to calculate contrast in the
context of visual input may also be based on sim-
ple or complex features of the image. Natural imag-
es become more complicated as changes in spatial
frequency, brightness, and distribution characteris-
tics are amplified. To address this issue, an alterna-
tive method between the perceived and measured
physical contrast for complex images was proposed
as “spatial luminance contrast” [19]. To assess con-
trast, this process computes the brightness variation
between adjacent pixels. The pixel brightness vari-
ation between adjacent pixels is determined using a
pyramid method for various resolution levels of the
same image. Each level generates a new pixel val-
ue representing a new pixel of the lower-resolution
image by calculating the brightness contrast of eight
surrounding pixels around the core pixel. Next, a
higher level in the resolution pyramid’s value is de-
fined using these values again. The total contrast
value of the same image is determined for every res-
olution level, from high to low. Hence, this method
considers brightness, spatial frequency, and contrast
for complex images.

Spatial Luminance Contrast was utilised over ar-
chitectural images in 2016 by Rockcastle et al. [20].
They discovered that visual interest with subjective
ratings may be predicted by this combination met-
ric, RAMMG. Based on subjective assessments, the
RAMMGS5 measure was determined to be consis-
tent with the fifth level of the resolution pyramid
method. Thus, the monitor luminance of pixel con-
trast for the experimental images is calculated using
this method in the current research.
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In lighting quality assessment, research has in-
creasingly focused on objective criteria to com-
plement traditional subjective evaluations. Budak,
Zheltov, and Meshkova conducted an extensive
study at 21 Moscow Metro stations, developing
a new criterion for lighting quality based on the
spatial and angular distribution of luminance [21].
Their work demonstrated that luminance mapping,
derived from RAW-format images adjusted with lu-
minance meter readings, provided a strong correla-
tion with expert assessments of lighting quality.
This method enabled a more structured and empiri-
cal approach to evaluating how light interacts with
architectural spaces. Similarly, their 2021 study in-
troduced the concept of luminance spatial-angular
distribution (LSAD), which aimed to improve upon
the limitations of conventional metrics like the uni-
fied glare rating (UGR) [22]. By formulating an in-
tegral equation for LSAD, they highlighted the ne-
cessity of spatial brightness variations in assessing
lighting quality, showing that a purely intensity-
based evaluation lacks the nuance required for re-
al-world applications.

While these studies rely on meticulously record-
ed luminance distributions and expert evaluations,
the approach taken in this research provides an al-
ternative yet complementary perspective. The al-
gorithm proposed in this article employs pixel lu-
minance values to calculate contrast, inherently
capturing brightness variations across an image.
Unlike LSAD, which emphasizes the angular dis-
tribution of luminance and its effect on perceived
glare, this algorithm probes whether luminance
contrast metrics can serve as an efficient proxy for
lighting quality assessment. By focusing on contrast
variations rather than absolute luminance levels,
this method has the potential to assess how lighting
affects the atmosphere of a scene — offering a com-
putationally efficient way to bridge objective mea-
surements with perceptual experience. In essence,
while the referenced studies provide a high-pre-
cision framework for structured lighting analysis,
this research explores a more adaptable and scal-
able approach that may prove valuable in dynamic
or less-controlled environments where direct lumi-
nance measurements are impractical.

3. METHODS AND PROCEDURE

This study has two phases to investigate lumi-
nance contrast, colour attributes, and perceived at-
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mosphere in the living room. The first phase is con-
ducted to specify atmosphere adjectives concerning
luminance contrast. Then, the image set was gen-
erated for a structured variance of luminance con-
trast values and three colour attributes as the second
phase. Together, the experiment presented each im-
age separately and collected atmosphere adjective
ratings per image viewing.

3.1. First Phase: Atmosphere Adjectives

In a preliminary investigation, terms describ-
ing an atmosphere with light-related environments
were regrouped. Vogels’ three categories [8]; relat-
ed to the emotion or mood evoked by the environ-
ment, related to the atmosphere of the environment,
and terms that provide a more or less objective de-
scription of the environment, were formed by gath-
ering adjectives from earlier studies about impres-
sions of light, light, and atmosphere. Adjectives
that did not fit into any category were removed,
including those that described light sources, ex-
pressed views, evaluated the design style, and dealt
with other senses (taste, hearing, touch, etc.). The
environment-related adjectives were translated into
Turkish. In addition to adjectives with the same or
similar meanings, adjectives that lost their meaning
after translation were also removed. Finally, the fol-
lowing statement was used to control the remain-
ing adjectives’ validity as atmospheric words: “This
area/location is ”. A total of 54 Turkish at-
mosphere adjectives were finalized and rated in the
preliminary atmosphere and light research. The re-
sults showed the prolonged impacts of light on a
scene’s overall atmosphere. The Principal Compo-
nent Analysis results identified three components.
The adjectives in the second component, referred
to as luminance contrast, were proven to be linked

Fig. 1. The original living room image

with the contrast levels of the images, see Table 1.
Contrarily, components one and three describe the
perceived environment of light in terms of concepts
other than luminance contrast. These adjectives will
be rated in the online questionnaire to test a signif-
icant difference between perceived atmosphere ad-
jectives concerning luminous contrast levels with
the basic colour categories as warm, cool, and grey
schemes.

3.2. Second Phase: the Image Set

Image properties relating to its format were req-
uisite of the RAMMG contrast measure. Several
living room images were taken with a Canon 60D
DSLR camera with an EF-S 18—135mm f3.5-5.6
Lens. The primary goal was to have surfaces in the
living room that could be adjusted to different light
levels and colour combinations. Content was also
a crucial component of the living room. Any con-
notations for trends and culture and the aesthetics
of photographic framing were limited by capturing
generic scenes from the living room. The select-
ed living room contained modern everyday items
such as screens and designed items at a minimum.
No human figures were included while preserv-
ing a variety of daylight, different functions, sizes,
and geometry of space and materials. No addition-
al criteria were used to maintain the convention-
al living room in the images regarding the room’s
atmosphere.

RGB channels of the selected living room image
in Fig. 1 were converted to a single grey-scale lay-
er to calculate the luminance contrast of the original
image. Using Python programming software, ver-
sion 3.10.4 (2022), the standard RGB to grey-scale
conversion formula below was applied to the im-
age. Thus, the value of each pixel was the weight-
ed sum of the corresponding pixels’ red, green, and
blue pixels contribution:

L=0.2126 R +0.7152 G + 0.0722 B. )

The original image’s RAMMG 5 luminance con-
trast measure provided a baseline before manipulat-
ing for other contrast levels. After manipulating the
main surface brightness, such as the wall, ceiling,
and floor areas, the original image’s low, med, and
high luminance contrast versions were obtained.
The colour attributes of these photographs were
then adjusted in cool, warm, and grey categories by
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Table 1. Atmosphere Adjectives which Correlate with the Luminance Contrast of Images

Lively Lifeless Exciting Depressing Dynamic Subdued
Bright Dark Roomy Narrow Transparent Blurry
Intimate Gloomy Uncomfortable

manipulating the textile colours of the sofa, pillows,
curtains, and the reflected light colours on the hard
surfaces in Fig. 2. Since this study primarily probes
the luminance contrast of images, the colour alter-
ations were adjusted to the target luminance con-
trast values set after the original image.

Due to the relative values subject to the display
properties, luminance contrast results or histograms
of calibrated images were not featured here. Instead,
these results were grouped into low, med, and high
contrast categories. This way, these luminance con-
trast categories could be referred to in future stud-
ies’ varying displays and image sets. The image
count and sample size were also bound to the rated
atmosphere adjectives. While it’s beneficial to keep
the image variety, the duration of the experiment
was another constraint. In conclusion, nine images,
three for each contrast category, were specified for
their colour attributes and RAMMGS results.

3.3. Procedure

All the subjects have provided informed consent
and the experiment ethical approval was obtained
from Bilkent University Ethics Committee with
No2022 02 22 01. Participants in this experiment
had to be native Turkish speakers without any visu-
al impairments. The online experiment contained a
screen brightness calibration. The participants were
asked to adjust their computer screens to view the
wide range of grey colours through a brightness
calibration graphic. Additionally, they were asked
to complete the survey in a dark environment where
the only light source would be the screen.

There were no time restrictions on the display
duration of the images. Each participant was asked
to rate fifteen atmosphere adjectives separately

while viewing a single image. All nine images and
the order of adjectives were randomized for the en-
tire questionnaire. This way, three different levels
of luminance contrast with warm, cool, and grey
colour attributes were viewed for the same living
room.

4. RESULTS

35 Turkish participants, 14 male and 21 female,
completed the online experiment. Their average age
was 30, and they were between 19 and 38. All par-
ticipants had undergraduate (10), graduate (13) or
Ph. D. (12) level educations and majored in vary-
ing fields such as interior architecture and environ-
mental design, architecture, communication and de-
sign, management, dentistry, and law. With IBM
SPSS Statistics software version 28 (2001), one-
way ANOVA and post hoc tests were performed
to determine the difference in rated atmosphere ad-
jectives in relation to the luminance contrast and co-
lour attribute of images, respectively.

Analysing the data using analysis of variance
(ANOVA) or another test that implies normalcy
may increase risk of a false positive result if the
measurement variable is not normally distribut-
ed. However, simulation studies using a range of
non-normal distributions have demonstrated, a
moderate deviation from normality does not signifi-
cantly affect the false positive rate of an ANOVA
[23-25]. The data set appeared to be mostly normal
after examining the frequency histogram, therefore
this study continued with ANOVA tests to examine
gender, colour, and luminance contrast differences
among 15 atmosphere adjectives which have been
rated in 5-point Likert scale between “strongly dis-
agree” to “strongly agree”.

Fig. 2. The warm,
grey, and cool colour
variations of med level
luminance contrast
category image
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Table 2. Separate Post Hoc Test Results for Luminance Contrast and Colour Groups for Atmosphere

Adjective Ratings
Multiple Comparisons (Tukey HSD) between Multiple Comparisons (Tukey HSD) between
Contrast Groups Colour Groups
Atmosphere Mean Atmosphere
Adjectives () Lu- () Lu- Differ- Adjectives ) ) Mean Differ-
minance minance
(Dependent Contrast Contrast ence (Dependent Colour | Colour ence (I-J)
Variable) (I-J) Variable)
Low Contrast Med —182 Warm Cool 1.192*
3 _ * *
Ll High .566 el Grey 1.333
High
Contrast Med 384 Grey Cool —141
Low Contrast Med —455% Warm Cool —1.202*
1 _ * _ *
Bright High 929 Lifeless Grey 1.242
High "
Contrast Med 475 Grey Cool 40
Low Contrast Med .616%* Warm Cool 158%*
1 * *
Dark High 1.162 B Grey .616
High "
Contast Med —.545 Grey Cool 141
Low Contrast Med .545% Warm Cool —.869*
. * _747*
il High 909 Dark Grey 147
High
e Med -364 Grey Cool —121
Low Contrast Med 444* Warm Cool 127*
. % %
Depressing High 687 Intimate Grey I19
High
Contrast Med —242 Grey Cool -192
Low Contrast Med -283 Warm Cool —.899*
1 _ * _ *
Ty High 455 Cllowiny Grey 707
High
Contrast Med 172 Grey Cool -192
Low Contrast Med 364 Warm Cool .828%*
. % sk
Narrow High 424 sttt Grey 1.061
High
Contuast Med —61 Grey Cool -232
Low Contrast Med 374 Warm Cool —.687*
. % _ E3
Uncomfortable High 305 Depressing Grey 424
High
Contrast Med —-131 Grey Cool -263
Low Contrast Med =30 Warm Cool —.566*
g _ * _ *
Dynamic High 566 Uncomfortable Grey 586
High Med 535% Gre Cool 20
Contrast : y
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Multiple Comparisons (Tukey HSD) between Multiple Comparisons (Tukey HSD) between
Contrast Groups Colour Groups
Atmosphere Mean Atmosphere
Adjectives () Lu- () Lu- Differ- Adjectives ) ) Mean Differ-
minance minance
(Dependent E— FE— ence (Dependent Colour | Colour ence (I-J)
Variable) -)) Variable)
Low Contrast Med 162 Warm Cool .818%*
1 * %
Subdued High 495 Byt Grey 1.101
High
Contrast Med —333 Grey Cool —283
Low Contrast Med 414%* Warm Cool —1.000*
g * _ *
Bty High 515 Subdued Grey 1.192
High
Contrast Med —-101 Grey Cool 192
*The mean difference is significant at the 0.016 level. Warm Cool —343
Blurry Grey —455%*
Grey Cool 111
*The mean difference is significant at the adjusted
0.016 level.

4.1. Analysis

The effect of colour and luminance contrast was
analysed separately for all adjectives. No effect of
colour category was observed for the atmosphere
adjectives roomy, narrow, and transparent (p=0.181,
0.016, and 0.042 at p<0.016 significance level ad-
justed for one way ANOVA). Levene test for homo-
geneity of variance only showed bright adjective as
not suitable for Tukey HSD Post Hoc test. Addition-
ally, no effect of luminance contrast was observed
for the atmosphere adjective lifeless, exciting, trans-
parent, and intimate (p=0.021, 0.093, 0.030, and
0.438 at p<0.016 significance level adjusted for one
way ANOVA). Post Hoc test, Tukey HSD results
show which contrast groups or colour group ratings
differed for the remaining adjectives, see Table 2.

A second analysis compared the means of the
combination of colour and luminance contrast per
atmosphere adjective. Describing positive and neg-
atively associated adjectives is an alternative way
to interpret their relation to contrast and colour vari-
ances. Positively associated atmosphere adjectives
were agreed upon, rating means were above neu-
tral, for high or low contrast in warm images, see
Table 3. Except for the bright adjective, which was
agreed for high contrast grey images, and roomy ad-
jective, which was agreed for high contrast grey and
warm images.

21

Negatively associated atmosphere adjectives
were rated above neutral (3.00), in other words
agreed on for cool and grey images of varying con-
trast levels. However, no image with warm colours
was agreed for negative atmosphere adjectives. Low
contrast grey images were perceived as dark and
lifeless atmospheres for the living room image, see
Table 4. Hence, the low contrast grey combination
in the living room was the agreed rating result for
all the negative adjectives.

Additionally, the atmosphere adjective respons-
es for depressing, narrow, uncomfortable, and trans-
parent were found statistically different between
genders. Transparent and narrow adjectives are sig-
nificant at the 0.01 level, depressing and uncom-
fortable adjectives are significant at the 0.05 level
(2-tailed Spearman’s correlation).

5. CONCLUSIONS

This study explores how homes are experienced
and understood, providing insights into how design
elements such as lighting and colour shape that ex-
perience. By focusing on luminance contrast and
colour, the research highlights how physical and
sensory factors — like light and material choices —
affect the feel and functionality of domestic spaces.
The use of a controlled, single living room image
with pixel-based luminance contrast calculations
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Table 3. Means of the Positive Atmosphere Ratings on S-Point Liker-Scale
from “Strongly Disagree” to “Strongly Agree”

Contrast and Col?ur .Combination Mean | Contrast and Colour Combination per Adjective | Mean
per Adjective
Low contrast— Cool 1.85 Low contrast-Cool 1.94
Med contrast — Grey 2.24 Med contrast-Grey 2.03
High contrast — Warm? 3.88 High contrast-Warm¢ 3.70
Med contrast— Warm 2.82 Med contrast-Warm 2.45
Lively High contrast— Grey 2.15 | Dynamic High contrast-Grey 2.24
High contrast— Cool 2.36 High contrast — Cool 2.52
Med contrast— Cool 2.18 Med contrast— Cool 2.36
Low contrast— Grey 1.58 Low contrast — Grey 1.70
Low contrast — Warm¢ 3.27 Low contrast — Warm¢ 3.12
Low contrast— Cool 2.61 Low contrast— Cool 2.21
Med contrast — Grey 2.52 Med contrast — Grey 2.88
High contrast— Warm ¢ 3.61 High contrast — Warm 3.88
Med contrast— Warm 3.00 Med contrast— Warm 2.88
Intimate High contrast— Grey 2.61 Bright High contrast— Grey“ 3.18
High contrast— Cool 2.58 High contrast — Cool 2.67
Med contrast— Cool 2.73 Med contrast— Cool 2.55
Low contrast — Grey 2.21 Low contrast — Grey 1.79
Low contrast — Warm¢ 3.48 Low contrast — Warm 2.94
Low contrast— Cool 1.76 Low contrast— Cool 2.73
Med contrast — Grey 1.82 Med contrast — Grey 2.94
High contrast — Warm? 3.12 High contrast— Warm ¢ 3.24
Med contrast— Warm 2.45 Med contrast— Warm 2.91
Exciting High contrast— Grey 2.00 Roomy High contrast — Grey“ 3.03
High contrast— Cool 2.18 High contrast — Cool 2.88
Med contrast— Cool 2.18 Med contrast— Cool 2.79
Low contrast — Grey 1.61 Low contrast — Grey 2.27
Low contrast — Warm? 3.03 Low contrast — Warm 2.79

“Rated adjective mean is above the neutral (3.00) and agreed in varying degrees

allowed us to isolate and examine the specific ef-
fects of luminance and colour. Findings indicate
that luminance contrast is a dominant factor in how
individuals cognitively process and emotionally
respond to interior spaces, with lower contrasts, par-
ticularly in grey schemes, leading to negative per-
ceptions such as lifelessness.

The exploratory nature of this study also uncov-
ered interesting patterns in how participants rat-
ed atmosphere adjectives. Notably, gender differ-
ences emerged, with female participants diverging
from male participants on terms such as ‘depress-
ing’, ‘narrow’, ‘uncomfortable’, and ‘transparent’.

While male participants remained neutral on these
descriptors, female participants disagreed, reflect-
ing a more nuanced perception of the space based
on luminance contrast and colour. This finding un-
derscores the complexity of perceived atmosphere,
which cannot always be captured through simple bi-
polar descriptions or linear correlations.

A prior study found that different brightness and
perceived uniformity combinations may indicate
the same atmosphere dimensions [9]. For example,
perceived uniformity was found to change greatly
without influencing the perceived liveliness of the
environment. We found that the participants tend-
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Table 4. Means of the Negative Atmosphere Ratings on 5-Point Likert Scale
from “Strongly Disagree” to “Strongly Agree”

Contrast and Col(.)ur.Combination Mean | Contrast and Colour Combination per Adjective Mean
per Adjective

Low contrast — Cool* 3.85 Low contrast— Cool? 3.33

Med contrast— Grey* 3.27 Med contrast— Grey 2.76

High contrast— Warm 2.06 High contrast — Warm 2.00

Med contrast— Warm 2.91 Med contrast— Warm 2.58

Lifeless High contrast — Grey“ 3.36 Depressing High contrast — Grey 2.55
High contrast— Cool? 3.39 High contrast— Cool® 3.15

Med contrast — Cool? 3.48 Med contrast — Cool® 3.09

Low contrast— Grey? 4.21 Low contrast — Grey* 3.48

Low contrast — Warm 2.15 Low contrast — Warm 2.94

Low contrast — Cool* 3.70 Low contrast— Cool 291

Med contrast — Grey 2.94 Med contrast — Grey 2.70

High contrast — Warm 1.52 High contrast — Warm 2.42

Med contrast— Warm 2.79 Med contrast— Warm 2.58

Dark High contrast — Grey 2.48 Narrow High contrast— Grey 2.45
High contrast— Cool® 3.09 High contrast— Cool® 3.03

Med contrast— Cool 3.00 Med contrast— Cool 2.82

Low contrast — Grey? 4.00 Low contrast — Grey* 3.58

Low contrast — Warm 2.88 Low contrast — Warm 2.70

Low contrast— Cool® 3.67 Low contrast— Cool® 3.27

Med contrast— Grey 2.94 Med contrast— Grey 2.67

High contrast— Warm 1.85 High contrast — Warm 2.15

Med contrast — Warm 2.67 Med contrast — Warm 2.52

Gloomy High contrast — Grey 2.64 Uncomfortable High contrast — Grey 2.79
High contrast— Cool® 3.21 High contrast — Cool 2.70

Med contrast— Cool® 3.18 Med contrast— Cool 2.85

Low contrast— Grey* 3.91 Low contrast— Grey“ 3.42

Low contrast — Warm 2.85 Low contrast — Warm 2.45

Low contrast— Cool 2.79 Low contrast— Cool? 3.73

Med contrast — Grey 2.39 Med contrast— Grey* 3.30

High contrast — Warm 1.88 High contrast— Warm 1.88

Med contrast— Warm 242 Med contrast — Warm 2.97

Blurry High contrast— Grey 2.61 Subdued High contrast— Grey* 3.48
High contrast— Cool 2.58 High contrast— Cool® 3.18

Med contrast — Cool 2.55 Med contrast — Cool? 3.27

Low contrast — Grey“ 3.24 Low contrast — Grey* 3.97

Low contrast — Warm 2.58 Low contrast — Warm 2.33

“Rated adjective mean is above the neutral (3.00) and agreed in varying degrees

bRated adjective mean is above the agree (4.00)

23




Light & Engineering Vol. 33, No. 4
Table 5. Atmosphere Adjectives Correlate with the Luminance Contrast of Images
Lively Lifeless Exciting® Depressing®© Dynamic Subdued
Bright Dark Roomy? Narrow? ¢ Transparent? ¢ Blurry
Intimate“ Gloomy Uncomfortable¢

“Marks not significant adjectives for luminance contrast; “Marks not significant adjectives for colour categories; “Marks statisti-

cally different adjectives for gender.

ed to agree on certain adjectives for particular lu-
minance contrast groups and colour categories. The
experiment results showed no effect of luminance
contrast for “lifeless”, “exciting”, “transparent”,
and “intimate” descriptions of atmosphere. Only
for the negative adjectives means were above 3.00
(neutral), in other words participants have agreed
upon the negative atmosphere descriptions in rela-
tion to luminance contrast. Low luminance contrast
should be avoided to prevent “dark”, “gloomy”,
“uncomfortable”, “depressing”, “narrow”, “sub-
dued”, and “blurry” perceived atmosphere results.
However positive adjectives (“lively”, “bright”, and
“dynamic”) were disagreed upon in all contrast cat-
egories, suggesting the other aspects of the room
design should be considered as influencing these at-
mosphere results. When both studies are compared
the design of the room and/or the usage of electric
light in the scene appears as a factor to be consid-
ered. This study examined a single living room, and
the fact that the environment adjectives “roomy”,
“narrow”, and “transparent” were not found among
the colour variations may have something related
with the room’s dimensions and material properties.

Another finding was that cool colours were sig-
nificantly different in comparison with warm co-
lours for the “lively”, “lifeless”, and “bright” ad-
jectives. No significance could be found for other
atmosphere adjectives nor any difference when
compared to grey colours. For the remaining elev-
en adjectives plus the “bright” adjective, partici-
pants agreed on the warm living room condition
while disagreeing on positively associated adjec-
tives for the grey option, and vice versa for the neg-
ative adjectives.

This study has demonstrated the extent of inter-
action between perceived atmosphere and the ob-
server. A high or low contrast environment can be
associated with positive atmosphere descriptions,
but may also be perceived negatively depending
on the colour category. The adjectives found to be
significant varied based on luminance contrast, co-
lour, their combinations, and the gender of observ-
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ers, see Table 5. The variation seen across different
conditions suggests that atmosphere is an influenc-
ing phenomenon rather than a determining factor in
how an environment is perceived.

Since luminance contrast values are relative
to display properties, numerical results or histo-
grams of calibrated images were not included in
this study. Instead, luminance contrast was grouped
into low, medium, and high categories, ensuring
that the findings remain applicable across vary-
ing displays and image sets in future research. This
approach allows for greater comparability in sub-
sequent studies examining different lighting con-
ditions or room designs. It is also important to con-
sider the broader context in which people construct
their homes. As previous research suggests, resi-
dents must work within material, sensory, and social
constraints to shape their living environments [26,
27]. This study’s methodology contributes to under-
standing how these constraints impact atmosphere
perception and offers practical applications for in-
terior design and architecture. Probing deeper into
these dynamics can improve the way we commu-
nicate and design spaces with the necessary atmo-
spheres, enhancing both functionality and emotion-
al resonance.

Examining a single living room was a limita-
tion of this study, yet it provided a focused and con-
trolled environment to explore the interaction of
light, colour, and materials. Future studies could
build on these findings by exploring luminance con-
trast and colour perception across different archi-
tectural contexts and lighting conditions. The ap-
plication of Al-based image analysis and machine
learning models could provide predictive tools for
assessing perceived atmosphere based on lumi-
nance and colour properties. Additionally, integrat-
ing these findings into virtual reality simulations
with real-time adjustments to illumination and ma-
terial properties could further validate and expand
on the role of luminance contrast in shaping interior
environments. These advancements could contrib-
ute to more adaptive design strategies, ensuring that
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interior spaces are both functionally effective and
emotionally engaging.
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ABSTRACT

Criteria for determining whether a physiological
colorimetric system! belongs to the colour space of
basic colorimetry have been formulated. A meth-
od for assessing the correspondence of an arbitrary
colour space to the physiological space of the CIE
1931 standard colorimetric observer is presented.
Studies of CIE-recommended colorimetric spaces —
CIEPOO06, Judd, Mac-Adam, and several other well-
known systems — revealed that they are non-physi-
ological for the CIE standard observer. The error in
the colour-matching functions of the physiological
LMS,;,,s system, caused by the uncertainty in the
position of the reference colour stimulus S within
the Nyberg triangle, has been quantified.

Keywords: colour-matching functions, colo-
rimetric systems, dichromats, trichromats, prota-
nopes, deuteranopes, statistical theory, comparison
fields

1. INTRODUCTION

All existing methods for evaluating the quanti-
tative and qualitative characteristics of floodlight-
ing installations and their components (light sources
and luminaires) rely on experimental studies to es-
tablish colour equality between two comparison
fields. These experiments are essential for determin-

I In Russia, there is a concept of a physiological colorimet-
ric system in which the colour-matching functions correspond
to the spectral sensitivities of the L-, M- and S-cone types.
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ing the colour-matching functions (CMFs) of colo-
rimetric systems, which form the basis of all light-
ing engineering calculations.

According to Schrodinger [1, 2], the task of de-
fining CMFs for any colorimetric systems is ad-
dressed within basic colorimetry, which is grounded
in the Young — Helmholtz theory and Grassmann’s
laws [3]. The work of Maxwell and Schroding-
er demonstrated that the colour space (CS) of ba-
sic colorimetry is a three-dimensional affine space
where the coordinates of points, directed segments,
and their lengths are defined, but neither distanc-
es nor angles between these segments are speci-
fied. For visual representation, Grassmann and lat-
er Schrédinger introduced a vector colour space,
which is widely used in colorimetry.

Basic colorimetry is founded on the theory that
the human visual system, under photopic vision,
perceives responses from three types of cone pho-
toreceptors with partially overlapping spectral sen-
sitivity curves, Fig. 1, (a). This overlap makes it
impossible to measure even the relative spectral
sensitivities of the three cone types through direct
colour-matching function assessment experiments.
Indirect methods, such as using dichromats instead
of trichromats [4, 5], inducing artificial colour blind-
ness in receptors [6], and others, rely on hypotheses
with limited applicability. These approaches have
led to discrepancies in the measured sensitivity dis-
tributions of L-, M-, §- cones reported by different
authors. Despite these variations, the colour spaces
constructed from these L, M, and § sensitivity func-
tions are termed as “physiological” by their authors.
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Since the vector colour space (CS) constructed
from the basic colorimetry CS is linear [2], Grass-
mann’s laws [3] imply that the number of equivalent
colorimetric systems is infinitely large. This proper-
ty of CS is erroneously extended to the physiolog-
ical CS of basic colorimetry. According to Meisel
[7], a physiological CS is defined as one where the
spectral sensitivities of the three receptors in the av-
erage human eye with normal vision of trichromat
coincide with the CMFs of that CS.

As demonstrated in [8], individual spectral sen-
sitivity curves of L-, M-, S- receptors vary signifi-
cantly among trichromats. Consequently, their av-
eraged values differ across observer groups and
deviate from the reference L, M, S sensitivities, es-
tablished for reference receptors. In our view, this
is one reason for the proliferation of distinct physi-
ological CS proposed by various authors. A second
cause lies in the use of dichromats to derive spec-
tral sensitivity functions for trichromats. As shown
in [8], this approach introduces substantial errors in
determining the 7 (1) function.

Based on the Young — Helmholtz theory, Grass-
mann’s laws, and visual physiology data [3], it’s
possible to formulate criteria that should be met by
the physiological CS of an arbitrary set of trichro-
mat’s observers. All trichromatic CSs in basic col-
orimetry are related by means of linear transforma-
tions, which makes their analysis most convenient
within the framework of the standardized CIE colo-
rimetric system [9]. The XYZ system is particular-
ly advantageous, as colour luminance is defined by
a single coordinate, Y.

1.1. Criteria for Belonging of a Physiological
Colorimetric System to the Colour Space
of Basic Colorimetry

There are next criteria to belong to CS of basic
colorimetry:

1. In the photopic vision range (luminance L, =
10 cd/m?) signals from all L, M, S receptors in the
physiological colour space must be greater than
zero. This criterion is uncontested among lighting
engineers, and many proposed physiological sys-
tems satisfy it.

2. The luminance sensation elicited by positive
L, M, S receptor signals cannot be negative. Thus,
the luminance coefficients of the physiological CS
must also be positive.
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3. A physiological CS must account for the pos-
itive luminance sensations of real colours in indi-
viduals with colour vision deficiencies. Specifical-
ly, it must explain the experimentally confirmed
fact that protanopes, deuteranopes, and tritanopes
exhibit distinct but always positive spectral lumi-
nous efficiency.

4. Since the transformation of a chromaticity di-
agram from one colorimetric system to another is
projective, the chromaticity coordinates of all real
colours must lie within the reference colour stimu-
li triangle (RCST) in both the physiological CS and
any other colorimetric system derived via projective
transformation.

The authors of “physiological” colorimetric sys-
tems analysed the obtained functions in relation
to only some of the requirements mentioned above,
what is not enough for a truly physiological sys-
tem. Experimental data in [8] demonstrate that even
when trichromats analysing, the formulated crite-
ria are not always met in the reference colorimet-
ric system.

This discrepancy arises because CMFs derived
from specific trichromatic observer groups may dif-
fer markedly in shape and peak positions from those
of the Guild and Wright observer set, which the CIE
established as the reference for constructing the
RGB and XYZ systems. Consequently, a colorimet-
ric system deemed “physiological” for an author’s
observer group may not qualify as such for the CIE
reference trichromats.

The value of developing niche “physiological”
CS is limited unless they align with the reference
RGB and XYZ systems. Thus, defining a CS that is
truly physiological for these CIE-standardized sys-
tems is critical. Only such a CS can be universal-
ly recognized as the physiological colour space of
trichromats.

The significance of determining CMFs for a
trichromat’s physiological colorimetric system lies
in its ability to account for chromatic adaptation of
L, M, S receptors in a physiologically valid man-
ner. This is critical for modern colour difference
spaces such as OSA-UCS, DIN99d, CAMO02-UCS,
CAMI16, and others, which rely on these principles.

2. RESEARCH METHOD

In accordance with CIE recommendations, au-
thors of physiological colour spaces typically char-
acterize their systems using transition matrices that
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convert their CS’s CMFs into the standard XYZ
system. However, full specifications of physiologi-
cal CS, including CMFs, transition matrices, and lu-
minance coefficients, are rarely provided.

Furthermore, instead of transition matrices from
physiological CS to XYZ system, authors often pro-
vide coefficient matrices that convert the relative
spectral sensitivities of the physiological CS recep-
tors into colour-matching. functions of XYZ sys-
tem. While there is no inherent issue with this ap-
proach, since the equal-energy illuminant “E” is
centred in the chromaticity diagram (a principle
used in constructing the XYZ system), it remains
straightforward to derive forward and inverse tran-
sition matrices between the physiological CS and
XYZ system using these coefficients.

The critical problem lies in the fact that deriving
such transition matrices does not validate the phys-
iological nature of these CS. According to Grass-
mann’s laws, infinitely many equivalent colorimet-
ric systems exist, but only one corresponds to the
physiological colour space of the reference trichro-
mat. For example, the CIE 1931 RGB system is un-
deniably a trichromat colorimetric systems, yet it
fails to describe a physiological colour space be-
cause receptor responses in this system assume neg-
ative values, violating Criterion 1. Similarly, the
XYZ system cannot qualify as physiological, as “di-
chromats” lacking the “X” or “Z” receptors exhib-
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the reference colour
space; ¢) chromaticity
diagram of CIEPO06
(red) within the XYZ
(blue); d) 6'(A).-

500 550 600
Wavelength, nm

450 T00

it unchanged relative luminous efficiency compared
to trichromats, contradicting experimental data and
Criterion 3.

The core of the proposed methodology involves
analysing known physiological CS for compliance
with the criteria outlined above. If any criterion,
evaluated in the reference XYZ system, is not satis-
fied, the colorimetric system in question cannot rep-
resent the physiological colour space of the stan-
dardized trichromat adopted as the reference.

3. RESULTS

In 2006, CIE Technical Committee 1-36 pub-
lished a report [10], recommending the use of the
physiological colour space (cone fundamentals)
CIEPOO06, for which the following matrix, convert-
ing the relative L, M, S colour-matching functions
to the XYZ system, was provided in 2019 [5]:

X 1.9473 —1.4144 0.3647\( L
Y |=]0.6899 0.3483 0 M. @D
Z 0 0 1.9348 )\ S

This transformation (1) enables the derivation of
transition matrices from the LMS system to XYZ
system and vice versa, as well as the chromaticity
coordinates of the L, M, S reference colour stimu-
liinX Y, Z
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Fig. 1, (a) shows the colour-matching. functions
of the XYZ system (dashed curves) and CIEPO06
LMS systems (solid curves), while Fig. 1, (b) dis-
plays their chromaticity diagrams in the reference
colour space. Using the methodology from [3, 8,
11], the /, m chromaticity diagram for CIEPO06 was
calculated, Fig. 1, (¢). In the XYZ system, the lu-
minance coefficient of the Y reference colour stim-
ulus is 1, while those of the other two reference co-
lour stimuli are zero. Thus, Y coordinate of the sum
of the tristimulus values, 0"(4) [23], transformed
into XYZ system from CIEPOO06 (or another sys-
tem), must remain positive for all real colours, as
it is proportional to the perceived luminance. This
Y coordinate can be calculated based on the known
values of the converted in CS X, Y, Z chromaticity
coordinates ¥'(A) for real colours /, m in the CIE-
PO06 CS, Fig. 1, (¢), and the CMF (1) derived
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CIEPO06, Fig. 1, (a).

oy Y'(A)
y'(A)= O"(ﬂ)
' Y'(A)’
o(Al)=—=
@ Y'(4)

where Y'(A) represents the wavelength-dependent ¥
coordinate of monochromatic radiation, obtained by
using equation (2).

Since matrix (2) was designed by the CIEPO06
authors to ensure Y'(4) = y(A4),
74
y'(A)

Fig. 1. (d) plots 0'(A) for CIEPO06.

Calculations 0'(A) reveal that, according
to CIEPO06, monochromatic radiation at 4 in range
(440-580) nm is perceived by the standard trichro-
mat with negative luminance. Fig. 1, (¢) further
shows that non-monochromatic colours with chro-
maticity coordinates below the alychne (x-axis)
also exhibit negative luminance. This confirms that
the CIEPOO06 CS is not a physiological colorimetric
system for the trichromat, corresponding to the CIE
1931 XYZ and RGB systems.

The best results among the analysed systems
were obtained for Judd’s colorimetric system [3],
with reference colour stimuli’s chromaticity coordi-
nates in XYZ system:

o'(A)=
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colorimetric system
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Fig. 4. Transformation of ¢'(A)into the XYZ colorimetric system for the colorimetric systems of: a) Pitt [14], b) Stiles
[15], ¢) Szekeres [16], d) Yustova [4], e) Mac-Adam [17], f) Kustarev [18]

2,96 -2,17 0,22 Results for Judd’s colorimetric system, analo-
(L,M,S)=| 1 0 0 | gous to those for CIEPO06, are shown in Fig. 2.
0 0 1 Judd’s colorimetric system satisfies all physio-
logical criteria except Criterion 3, placing the S and
these yield the following transition matrices be- M reference colour stimuli on the alychne renders
tween X, ¥, Zand L, M, S CMFs: protanopes (lacking L receptors) blind in this sys-
tem. Additionally, Judd’s colorimetric system im-
plies identical luminous efficiency for deuteranopes

0 -046 0 and trichromats, contradicting experimental data in
(L,M,S)=(X,Y,Z)|1 1,36 0 Judd’s own work [3]. Thus, Judd’s colorimetric sys-
0 01 1 tem is also non-physiological for the CIE 1931 stan-
’ dard observer.
29 10 Similar calculations chromaticity diagrams and
(X,Y,Z)=(L,M,S) 2,17 0 0 0'(A) were performed for 10 other colorimetric
022 0 1 systems, Table 1.
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Fig. 5. Chromaticity diagrams (solid curves) and reference colour stimuli triangle (dashed curves), magnified for the col-
orimetric systems of: @) Thomson and Wright [19], b) Fedorov [6], ¢) Sperling [20]
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For Konig and Dieterici colorimetric system  gram, their colour-matching functions exhibit nega-
[13], negative values of the 5(A) function at A >  tive values at specific wavelengths:

535 nm, Fig. 3, indicate its non-physiological prop- __ * Thompson and Wright’s colorimetric system:
erty for the trichromat in XYZ system. [ (ﬂ)< 0 at 4 <470 nm.
* Fedorov’s colorimetric system: 72(A)< 0 at
4. DISCUSSION A=(400-405) nm.

e Sperling’s colorimetric system: [ (ﬂ)< 0 at
Fig. 4 shows O '(/1) calculations for six colo- 4 =(495-540) nm.
rimetric systems from the Table 1, including Mac-
Adam’s colorimetric system [17], recommended by CONCLUSIONS
the CIE and Russian standard [12] for evaluating
light source colour rendering. Negative luminance The conducted study demonstrates that the anal-
values for some real colours indicate that, from the ysed colorimetric systems are not physiological for
reference XYZ system perspective, none of these the CIE 1931 standard colorimetric observer. Ref-
systems qualify as physiological. erence [8] presents the development of the LMS;,.
The last three colorimetric systems in the Ta- colorimetric system, which eliminates the short-
ble 1, like Konig and Dieterici, have a positive  comings of the reviewed systems. The chromaticity
y-coordinate for the M reference colour stimulus, coordinates of its reference colour stimuli are list-
ensuring O '(/1) > 0 across the visible spectrum. ed in the table’s final row, with the following distin-
However, they cannot be fully deemed physiolog-  guishing features:

ical, as their CMFs assume negative values at cer- 1. L reference colour stimulus in LMS ;.. system

tain wavelengths. is a real colour with x, y, z chromaticity coordinates
Fig. 5 magnifies the chromaticity diagrams of (0.7346657271, 0.2653342729, 0) [21].

the XYZ system (solid blue curves) and three col- 2. Positive luminance coefficients: All reference

orimetric systems from the table (solid red curves).  colour stimuli in the XYZ system have strictly posi-
Since all three colorimetric systems RCST (red tive luminance coefficients, as their y coordinates lie
dashed lines) intersect the X, ¥, Z chromaticity dia- above the alychne.
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Table 1. The Chromaticity Coordinates of the Reference Colour Stimuli
of Ten Colorimetric Systems within the XYZ System

L M S
Ne Authors
X N Xm Ym Xs Vs
1 Konig, A., & Dieterici, C [13] 0.814 0.136 —0.636 1.636 0.069 —0.026
2 Pitt, F. H. G [14] 0.745 0.257 10.991 -9.74 0.16 0.004
3 Stiles, W. S [15] 0.788 0.213 1.118 —0.115 0.175 —0.017
4 Szekeres, G. A [16] 0.736 0.264 1.458 —0.456 0.174 0.002
5 Yustova, E. N [4] 0.748 0.252 1.65 —0.65 0.174 0.002
6 MacAdam, D. L [17] 0.747 0.253 1.75 —0.759 0.178 0
7 Kustarev, A. K [18] 0.737 0.2653 1.43 —0.43 0.173 0.0045
8 Thomson, L. C., Wright, W. D [19] 0.747 0.253 —5.94 6.91 0.175 0.0044
9 Fedorov, N. T [6] 0.825 0.175 -1.22 2.22 0.156 0.0005
10 Sperling, H. G [20] 0.746 0.252 —5.66 7.713 0.17 0.002
LMS,},ys system [8] 0.7347 0.2653 | -5.2457 | 6.2457 | 0.1692 | 0.0011

3. Reference colour stimuli triangle: The
LMS,;,ys system RCST fully encloses the XYZ sys-
tem chromaticity diagram without intersecting it,
ensuring positive colour-matching functions for all
real colours perceived by trichromats.

The aforementioned features of the LMS ;.. sys-
tem enable the description of all known colour-
matching. phenomena for the XYZ system trichro-
mat within the framework of basic colorimetry, the
Young-Helmholtz theory, and Grassmann’s laws.
However, it cannot be asserted that the CMFs of
LMS,;,ys system precisely align with the physiolog-
ical system of Guild and Wright’s observers. The
reason lies in the inability to definitively determine
the position of the S reference colour stimulus from
Guild and Wright’s experimental data. Nyberg [22]
proposed a method to define the region of possi-
ble chromaticity coordinates for the S reference co-
lour stimulus, based on Criteria 1-3 outlined ear-
lier in this article. This region forms a triangle of
very small area. As shown by calculations in [4,
21], the position of the S reference colour stimulus
has negligible impact on the 7(A), 5 (A) colour-
matching functions and only weakly affects / (/1) ,
though deviations remain. The work in [8] reduced
the area of the Nyberg triangle by more than half,
enabling a more precise estimation of the maxi-
mum deviation between LMS;,, system CMFs and
those of the physiological system corresponding
to the RGB and XYZ systems. Fig. 6, (@) illustrates,
for each wavelength, the maximum (solid curves)
and minimum (dashed curves) values of the CMFs
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across all possible positions of the S reference co-
lour stimulus. Fig. 6, (b) shows the absolute differ-
ences between these values, providing an assess-
ment of the maximum calculation errors.
Differences in Fig. 6 stem from S-reference co-
lour stimulus uncertainty, not discrepancies with
XYZ system. All colorimetric systems with .S within
the Nyberg triangle align with XYZ system calcula-
tions to 5—6 decimal places. That is sufficient to en-
sure physiological colorimetric systems errors are
negligible compared to experimental noise. Except
for points on the alychne, any S position within the
Nyberg triangle satisfies all criteria. Placing S refer-
ence colour stimulus at the triangle’s geometric cen-
tre (as in LMS ;¢ system) is statistically justified.
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ABSTRACT

The article introduces the concept of “light-
graphic design”, which reveals the synthetic as-
pects of lighting design that combine informational
illumination, graphic design, and urban wayfind-
ing. The authors examine the results of 2018 dis-
cussions on terminological changes in the field of
lighting design, as presented in publications of the
“Svetotekhnika” journal. The study analyses the ap-
plication of light-graphic design in the structure of
the historical centre of St. Petersburg, highlighting
existing issues such as the lack of systematization
in light signage, light pollution caused by advertis-
ing and decorative lighting, and the inconsistency
between architectural lighting and the perception of
light-graphic information. The authors argue for the
necessity of developing a unified wayfinding sys-
tem based on the synthesis of light and graphics.
They emphasize the importance of creating a uni-
fied graphic design code to facilitate orientation in
the urban environment.

Proposed solutions to these problems outline
the main directions for the development of light-
graphic design, using urban wayfinding in the pro-
tected historical and cultural zones of St. Peters-
burg as an example. These include structuring
innovations in light infographics and existing in-
formational signs, implementing light projection
technology, introducing interactive markers into
the urban environment, utilizing animated light-
graphics, employing light installations and art
objects as landmarks, and, finally, creating light
scenarios and routes as tools for visual orienta-
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tion that ensure an organic perception of the ur-
ban context.

Key aspects of the research include the modern-
ization of light-graphic tools in the development of
tourist routes and the identification of architectural
landmarks during night time, as well as the poten-
tial use of light routing in the design of urban park
spaces.

The authors identify promising directions for
the development of light-graphic design in the his-
torical centre of St. Petersburg, justifying the need
for a comprehensive light wayfinding system as a
significant component of the city’s informational
environment.

Keywords: lighting design, informational light-
ing, light wayfinding, visual communications, light
graphics, light scenarios, urban environment, histor-
ical centre of Saint Petersburg

1. INTRODUCTION

Considering the features of the informational en-
vironment in a modern metropolis, light and graph-
ics are two main means that are ensuring spatial
orientation in the dark. Light sources are primary
guiding reference points during night time. Means
of artificial lighting are vital for ensuring safe and
comfortable visibility in the evening city, for illu-
minating architectural objects, squares, embank-
ments, and urban parks. Alongside lighting, the in-
formational environment of the modern metropolis
is shaped by graphic design. Graphic signs are the
most widely used means for visual communication
and information transmission in the city. The fun-
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damental tasks of visual-communicative systems
are to ensure the “legibility” of the city and effec-
tive orientation within it [1]. One of the significant
means of visual communication in the city is urban
wayfinding, which is formed through the system of
signs in the visual environment.

The issues related to the study of urban wayfin-
ding are currently gaining additional relevance due
to the need to address the problems of citizens’ ori-
entation in the transforming environment of the me-
tropolis. Urban wayfinding objects, as carriers of
light and colour-graphic information, are intended
to provide comfortable perception of the surround-
ing space. As a result of analysing informational
lighting in the urban environment, the demand for a
synthesis of the fields of lighting and graphic design
becomes apparent.

The purpose of the study is to identify the role of
light-graphic design as a key component of the in-
formational environment of the historical centre of
Saint Petersburg in the context of urban wayfinding
development.

The objectives of this article are:

* To explore the synthesis of light and graph-
ics, considered as key aspects of the urban wayfin-
ding system;

* To define the concept of “light-graphic design”
as a significant component of contemporary design
research;

* To analyse light-graphic design as a compo-
nent of informational lighting in metropolises based
on existing design solutions;

* To identify existing problems of light-based
signage in the historical centre of Saint Petersburg;

* To examine possible ways of developing light-
graphic design in urban wayfinding.

2. TERMINOLOGY

The concept of “lighting design”, which charac-
terizes the active development of architectural envi-
ronment design at the turn of the 20 and 215t cen-
turies, includes a multitude of semantic components
that require dedicated terms. Discussion articles ad-
dressing the formation of lighting design and the
evolution of terminology in this field — from “light
architecture” to “lighting design” — were published
in the journal “Svetotekhnika” in 2018, forming
a field of scientific interaction in this area. For in-
stance, S.N. Siziy associates the emergence of the
term “light architecture” with the necessity of syn-
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thesizing light and architecture [2]. Y.B. Aizenberg
characterizes lighting design as a synthetic field at
the intersection of lighting technology and architec-
ture [3]. N.V. Bystryantseva considers lighting de-
sign as an interdisciplinary sphere associated not
only with architecture, but also with environmental
and industrial design, closely interwoven into the
informational space of the modern city [4]. V.P. Bu-
dak and N.I. Shchepetkov, summarizing the discus-
sion, assert that lighting design is a new branch of
architecture — “comprehensive in its typology of
objects, a promising and fascinating field of profes-
sional, creative and scientific activity in shaping the
living environment” [5].

Despite the broad range of discussed issues, the
discussion did not examine in detail a significant
subdivision of lighting design — informational light-
ing, which synthesizes light and graphics. As in-
formational lighting has by now developed into an
integral part of the urban environment, its further
advancement requires the expansion of the termino-
logical apparatus for future interdisciplinary studies.
Special attention should be given to the formulation
of concepts that describe the interaction between
lighting and graphic design.

The necessity of interaction between graphic de-
sign and architectural environment design in cre-
ating urban visual communications is emphasized
in the works of M.A. Silkina [6]. The terms “light
graphics”, “light-graphic drawing”, and “light-
graphic compositions” are elaborated in the mono-
graph Urban Lighting Design by N.I. Shchepetkov
[7]. Techniques of light-graphic design in informa-
tional lighting are presented in the book Light Art
Installations by V.V. Mironenkov. He uses the term
“light-graphic language” to describe an expressive
tool for informing and communist propaganda of
citizens in the USSR [8]. However, the cited scien-
tific works consider only individual aspects of a di-
rection that shapes the modern urban environment
and which is referred to in this study by the term
“light-graphic design”.

Let us examine in more detail the semantic con-
tent of the proposed term. Its most important as-
pect is the synthesis of lighting and graphic design.
Thus, light-graphic design can include the applica-
tion of light-based means in environmental iden-
tity — typography, infographics, motion graphics —
forming a characteristic group of graphic design
objects complemented by lighting tools. This group
includes information boards and advertising signs,
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where signs such as text, pictograms, logos, and lin-
ear graphic images accentuated with light serve as
the main graphic components. The second group in-
cludes environmental objects and situations charac-
terized using light as the primary tool, sometimes
accompanied by graphic means: light shows, fes-
tive lighting scenarios for buildings and streets, dec-
orative use of illuminated typefaces, and elements
of architectural light graphics. The block diagram,
Fig. 1, presents the results of an analysis of the use
of lighting and graphic means in urban information-
al lighting.

The identification of conventional groups that
determine the dominant role of either graphics or
light in various environmental situations and in rela-
tion to different urban objects overall demonstrates
the tendency toward the convergence of lighting
and graphic approaches in design practice, their in-
terpenetration, which highlights the relevance of
the term “light-graphic design”. Thus, in this study,
light-graphic design is defined as a synthesis of light
and graphics in the development of the information-
al space of the modern city, ensuring an integrated
approach to shaping the architectural environment.

Light, used as a medium for transmitting in-
formation in the metropolis, is a key instrument
of communication and message transmission [9].
When analysing the informational system created
through light-graphic design, it is necessary to dis-
tinguish its areas of application in the city by identi-
fying three categories: light signage, light commer-
cials, and decorative lighting. It is important to note
that the latter two categories can serve as auxiliary
components of the first, becoming light-based land-
marks. Accordingly, light wayfinding is the defining
category of informational lighting in the metropolis
[10] and is of greatest interest from the perspective
of light-graphic design. The study of light wayfind-
ing problems becomes the most appropriate analyt-
ical tool for identifying the directions of develop-
ment of the light-graphic communication system of
Saint Petersburg as a whole.

3. PROBLEM STATEMENT

The study of light-graphic design as a part of in-
formational lighting in the historical centre of Saint
Petersburg, based on on-site observation and an-
alytical methods, has made it possible to identify
several problems in the organization of light-based
wayfinding. The research also highlights the neces-
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Fig. 1. Block diagram of application of light and graphic
means used in information lighting of the city (illustration:
D.F. Nikandrov, O.A. Vul)

sity of its systematization and the development of
a structured, stylistically unified light wayfinding
system.

Currently, the centre of Saint Petersburg is char-
acterized by a lack of systematization and poor
legibility of light-based wayfinding elements. Var-
ious modes of transport rely on different visual-
communicative and symbolic systems, Fig. 2, (a).
For instance, metro stations are identified by illu-
minated boxes and “M” light signs, whereas surface
public transport stops lack any light-based identifi-
cation. Light-graphic signage in the form of texts,
signs, pictograms, and inscriptions is typically pres-
ent in cultural, commercial, and gastronomic insti-
tutions of private business, Fig. 2, (b), but it is rare-
ly applied to public and budget institutions such as
schools, clinics, and administrative buildings.

Informational lighting is placed on advertising
carriers of varying shapes and heights, which com-
plicates orientation and becomes a source of both
light and informational pollution — especially along
major thoroughfares, including Nevsky Prospekt,
Fig. 2, (¢). Due to the predominance of illuminated
advertising, the city’s address and transport wayfin-
ding elements often appear dim and difficult to read.
Tourist light signage, which informs visitors about
landmarks and cultural heritage sites, is mostly lim-
ited to backlit maps and a few illuminated panels
near some museums, Fig. 2, (d).
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Fig. 2. a — various navigation systems for the underground and ground transportation of St. Petersburg; b — light graphic
navigation in the cultural cluster “New Holland”; ¢ — light and information pollution on Nevsky Prospekt; d — typical
information stand with a map of St. Petersburg (photo: D.F. Nikandrov)

Recently popularized in Saint Petersburg, gobo
projectors that display static images onto sidewalks
or building walls are often used for advertising pur-
poses and are poorly integrated into the urban con-
text, Fig. 3, (@). However, in some cases, the identi-
fication of historical sites within the metropolis can
effectively support the wayfinding system — for ex-
ample, the illuminated portrait of Dostoevsky on the
wall of the writer’s museum-house, Fig. 3, (b).

The city currently faces a deficit of illuminated
orientation reference points. Meanwhile, on festive
days, the urban environment becomes oversaturated
with random light-graphic forms and installations,
Fig. 4. The decoration of streets and buildings with
graphically inconsistent garlands, patterns, and fig-
ures often leads to visual chaos, structural clutter,
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Fig. 3. a — light projection advertising with signs (photo:
D.F. Nikandrov); b — light projection-portrait on the
building of the Dostoevsky House-Museum (source:

https://kgainfo.spb.ru/)
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and light pollution. This issue is also addressed in
an article by A.G. Khadzhin and G.S. Matovnikov
using the example of Moscow [11].

Such decorations frequently distract attention
from not only the informational, but also the ar-
chitectural components of the urban environment,
which is particularly noticeable in the tourist areas
of the historical centre — Nevsky Prospekt, Palace
Square, and the Griboedov Canal embankment.

Without the use of mobile navigators, pedestri-
ans who are unfamiliar with Saint Petersburg city
environment will find it difficult to visually orient
themselves during night time. No specific solutions
have been proposed for direct orientation or the for-
mation of pedestrian light-based routes. Many ar-
chitectural sights and monuments are hard to iden-
tify due to the absence of illuminated information
plaques or stands. The city fabric lacks informa-
tional links between key landmarks, pathways, and
transport infrastructure nodes. The existing light-
graphic wayfinding system does not include inter-
active elements that allow users to interact with
the urban environment, such as accessing informa-
tion via QR codes. Furthermore, light-based sig-
nage and routing are not implemented in the parks
of Saint Petersburg’s historical centre — from small
gardens like Yusupov Garden to the larger parks
such as Yekateringof Park and the Central Park of
Culture and Leisure on Yelagin Island. This short-
coming may negatively impact visitation during the
autumn-winter season.

Thus, the analysis of the existing lighting en-
vironment reveals a critical lack of a unified light
wayfinding system in the centre of Saint Peters-
burg. This is further compounded by the insufficient
lighting of current informational elements and the
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Fig. 4. Festive light-
graphic forms in the
historical centre of
St. Petersburg (photo:
D.F. Nikandrov)

Fig. 5. a — design code of public transport navigation in Moscow (photo: D.F. Nikandrov); b — pictograms as a means
of light-graphic design in St. Petersburg navigation (photo: D.F. Nikandrov); ¢ — light navigation in the surface of the earth
by Aira; d — typical self-illuminated bus stop sign in Leningrad, Novy Peterhof station, 1972 (photo — Erhard Kranz)

oversaturation of illuminated advertising and dec-
orative lighting, which hinder spatial orientation.
At the same time, the use of light-based means in
wayfinding represents a crucial direction for the de-
velopment of Saint Petersburg’s information sys-
tem — especially considering the region’s climate
and the short daylight hours in the autumn-winter
period [12]. To qualitatively improve Saint Peters-
burg’s light-information environment, it is neces-
sary to develop a typology of possible developmen-
tal pathways, with a focus on effective innovations
that meet the demands of the present day.

4. SOLUTIONS

Let us consider the typology of the main solu-
tions for the development of light-graphic design in
the urban wayfinding of the historical centre of St.
Petersburg.

4.1. Systematization of Light-Graphics
First and foremost, it is necessary to system-

atize and further develop the already existing solu-
tions. Current wayfinding system in St. Peters-
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burg includes illuminated steles, LED displays, and
stands with informational maps and schemes. These
are usually located near metro stations and city
landmarks. The most relevant path for applying
light-graphic design is the introduction of a unified
design code for this wayfinding system, like the ex-
ample set in Moscow, Fig. 5, (a). The practice of us-
ing light infographics in wayfinding — such as pic-
tograms, maps, symbols applied both indoors and
outdoors, Fig. 5, (b), — also requires unification into
a coherent and recognizable design code system.
Developing these codes would positively impact
the public transport wayfinding system, potentially
including light-graphic designs at stops according
to transport types, following the Leningrad practice,
Fig. 5, (¢), as well as creating lighting scenarios for
informing about vehicle movement.

A light-graphic language of concise and recog-
nizable pictograms, signs, and labels used in the de-
sign of municipal and state institutions, social ser-
vice facilities, cultural sites, tourist attractions, and
commercial areas will help optimize visual infor-
mation delivery during night time, significantly
speeding up its perception. Informational plaques,
stands, and illuminated QR codes can serve as im-
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Fig. 6. a — projection navigation of the “GES-2” House of Culture in Moscow (photo: D.F. Nikandrov); b — “Strana
Sveta” video mapping show on Palace Square in St. Petersburg (photo: Vladimir Cherenkov; source: https://vk.com/
wall-222526013 _1173); ¢ — “Magic Carpets” — Interactive Street video projection, Bangkok, 2018, by Miguel Chevalier
(photo: https://www.miguel-chevalier.com/work/magic-carpets-bangkok-2018)

portant additions to light infographics, enabling ac-
cess to extra details about historical sites, Fig. 5,
(d). In the spring and summer seasons, it’s possi-
ble to use information panels embedded into the
pavement, allowing visitors to navigate the city
“by looking down”, without the need for maps or
mobile navigation, Fig. 5, (e).

4.2. Light Projection Signage

Light projection technology is increasingly used
in St. Petersburg, primarily for advertising and in-
formation lighting. However, there is a growing
trend toward its application in wayfinding [12].

Projection signage can be seen in modern mu-
seums such as the General Staff Building of the
Hermitage and “GES-2” in Moscow, Fig. 6, (a).
Wayfinding projections can appear not only as text,

pictograms, or graphic signs, but also as full-fledged
artistic graphics or photographs related to themes
or individuals associated with the place, Fig. 6, (c).
The potential of using projections in wayfinding has
yet to be fully explored, especially regarding their
interactive capabilities. For example, video map-
ping — the art of projecting light onto environmental
objects, Fig. 6, (b) — can serve not only as part of a
show but also as a tool for communication, inform-
ing, and managing human flows [13]. As lighting de-
signer Roger Narboni said, “light projection creates
a world of clearly distinguishable signs, symbols,
and graphic images that successfully complement
the lighting itself” [14]. This creates a synthesis of
virtual and real spaces in the architectural and land-
scape environments of the city, Fig. 6, (¢). Thus,
light projection signage is one of the most promising
areas for developing urban communication.

Fig. 7. a — “Take Flight!” light-graphic installation by Ralph Westerhof (source: https://ralfwesterhof.nl/work/take-flight/);
b —“Drawn in Light” light-graphic installation by Ralph Westerhof, Amsterdam (source: https://ralfwesterhof.nl/work/
drawn-in-light/); ¢ — light landmark “ballerina” near the second stage of the Mariinsky Theater (photo: D.F. Nikandrov)
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Fig. 8. a — city square and concert hall in Moscow City MIBC (source: Gorproject); b — projection lighting of Ishoj Station
in Copenhagen, lighting design by AF Lighting (source: https://lightonline.ru/news/svetotechnika/7-2013/Lighting_
Station_in_Copenhagen. html); ¢ — event space using light graphics — Bridgelife Neighborhood Park by Lab D+H (source:
https://mooool.com/en/bridgelife-neighborhood-park-by-lab-dh.html); d — Guryevsky Park of Light, light-graphic installa-
tions (source: Guryevsky municipality community — VK, dot.bureau — Dmitry Chebanenko)

4.3. Light Forms and Installations as
Landmarks for Orientation

As mentioned earlier, decorative and event light-
ing can serve not only as city embellishments during
holidays, but also as orientational aids. Volumetric
light forms and installations placed on streets and
squares, as discussed in the article by V.G. Karpen-
ko and N.I. Shchepetkov [15], can function as “light
beacons” and place identifiers, Fig. 7, (a). For tour-
ist wayfinding, it is possible to implement a system
of light landmarks for significant sites and heritage
objects, including technologies of augmented and
mixed reality, Fig. 7, (b), [16]. These landmarks can
form routes made up of light-graphic installations in
the form of architectural objects, recognizable en-
vironmental details, signs of city identity, and im-
ages or characters associated with St. Petersburg,
Fig. 7, (¢).

4.4. Light Scenarios and Routes

The light design of the contemporary urban en-
vironment often includes light-dynamic scenari-
os used both on festive occasions and in everyday
life. A clear example of such a scenario is the City
Square and Concert Hall at Moscow City, Fig. 8, (a),
where the theme of time is expressed through spatial
development of light graphics on multiple planes —
facade lines synchronized with music, illuminated
panels embedded into the square’s surface, and dy-
namic gobo projections.
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This design approach could also be relevant for
transforming historic and modern public spaces in
St. Petersburg — such as Sennaya, Troitskaya, and
Birzhevaya squares. The main goal in designing
light routes is to create a unified visual orientation
system linking infrastructure objects, landmarks,
city embankments, and park landscapes. Establish-
ing the previously discussed light landmarks makes
it possible to form attraction centres, Fig. 8, (), and
develop festive light routes across symbolic loca-
tions in St. Petersburg that reflect the spirit of spe-
cific events, such as the Day of the Siege Lifting,
Navy Day, or City Day. Lighting design in park en-
vironments, in turn, promotes the use of parks and
boulevards during dark hours, especially in colder
seasons. It can emphasize the historical identity of
the city’s parks and support the development of spe-
cial event clusters, Fig. 8, (c¢). Examples of such in-
teractive park scenarios include the 800 Anniver-
sary Park in Nizhny Novgorod, the Park of Light
in Guryevsk, Fig. 8, (d), and park zones in Almet-
yevsk. In St. Petersburg, these ideas could be ap-
plied to linear park spaces like Konnogvardeisky
Boulevard.

The conducted analysis of possible development
paths for light-graphic design in urban wayfinding
of St. Petersburg’s historical centre reveals both the
need to systematize existing solutions and the de-
mand for innovations. Creation a unified light way-
finding design code appears to be a key element in
enhancing the city’s visual communication. Sys-
tematization of the pictogram language, integrating
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modern lighting technologies and dynamic informa-
tional elements into urban infrastructure, and utiliz-
ing historically established light symbols demon-
strate the potential for a harmonious synthesis of
tradition and contemporary design. This approach
will not only ensure functionality, but also elevate
the aesthetic quality of urban wayfinding.

Thus, a comprehensive implementation of the
proposed directions for light-graphic design devel-
opment will contribute to the creation of a comfort-
able and visually appealing urban environment, en-
hancing user interaction with the wayfinding system
of St. Petersburg.

5. CONCLUSION

The definition of the term “light-graphic design”
proposed in this study presents it as a synthetic field
that combines both lighting and graphic compo-
nents. The significant intersection of these disci-
plines in the design of wayfinding systems, infor-
mational support, decorative architectural lighting,
and urban environment organization makes this
concept an essential element of contemporary de-
sign research.

The role of light-graphic design in the city’s in-
formational space lies in ensuring the high legibility
of graphical information and providing comfortable
orientation during night time. The analysis of light-
graphic design use in the informational lighting of a
metropolis — using the historical centre of Saint Pe-
tersburg as an example — reveals several challenges
that require modern design solutions. The explored
directions for the development of light-graphic de-
sign in urban wayfinding outline a trajectory for
lighting design that impacts transportation, tourism,
and social services. The authors identify the neces-
sity of creating a coherent system of light-graphic
signage and implementing a design code aimed at
enhancing the tourist potential of Saint Petersburg’s
central areas and improving the overall legibility of
the urban environment.

To improve the city’s wayfinding system, it is
crucial to conduct further research in the field of
light-graphic design. Introducing the term “light-
graphic design” and defining it as a direction in the
development of urban visual communications is
necessary for systematizing studies of the metropo-
lis’s informational environment. The proposed defi-
nition becomes an integral part of design theory and
contributes to a comprehensive approach to the de-
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velopment of light-graphic elements in the urban
environment. Future studies should focus on devel-
oping a detailed typology and expanding the con-
ceptual framework of this field.
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ABSTRACT

LED lighting devices are widely used for light-
ing in modern cities. That type of illumination of-
fers many advantages over traditional lighting sys-
tems. This is, first of all, high energy efficiency and
a service life increased by 50 times. This article is
devoted to the study of the development and im-
provement of LED outdoor street lighting technolo-
gy. The article provides a brief history of the devel-
opment of LED lighting technology. Examples of
LED lighting devices are provided for various ap-
plications of LED lighting. Specific types of LEDs
used in lighting fixtures in various areas of outdoor
LED lighting have been studied. The advantages of
LED lighting compared to other types of electrical
lighting are presented.

Keywords: LED, light engineering, outdoor
street lighting technology, utilitarian lighting, archi-
tectural lighting, energy efficiency, durability

1. INTRODUCTION

The history of street lighting is a continuous
search for more and more efficient light sourc-
es from light oil street lamps to modern efficient
street lighting technologies [1]. One of such re-
source of electrical street lighting is the devic-
es based on light emitting diodes (LED lighting).
Light emitting diode (LED) is a semiconductor
device that converts electrical current into vis-
ible radiation. The principle of LED operation
is based on the phenomenon of electrolumines-
cence when an electric current is passing through
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a semiconductor material that causes the emission
of photons.

2. EXPEREMENTAL RESEARCH
IN THE FIELD OF LED LIGHTING

Experimental physicists first observed such a
light phenomenon more than 100 years ago, but
could not explain it. Many scientists have been en-
gaged in research in this area, including Russian sci-
entist Oleg Losev [3]. He conducted experiments
back in the 30s of the 20th century. He revealed a
glow at the point of contact between two materi-
als — steel and carborundum. In 1927, he received
a patent for his invention, which he called “The
light relay”, Fig. 1. American engineer from Gener-
al Electric company, Nick Holonyak, invented the
world’s first practical LED in 1962. However, the
crystal also only had a red glow. It was the result of
mixing gallium arsenide with gallium phosphide.
George Craford invented the first yellow LED in
1972. Blue, green, purple LEDs appeared in the ear-
ly 90s. The light from the first LEDs was too weak.

Their efficiency left much to be desired — only
1-2 lumens per watt, which was almost an order
of magnitude lower than traditional incandescent
lamps. Only 30 years later, in the mid-90s, this fig-
ure was already 30 lumens per watt, and by the end
of the millennium — up to 60 lumens per watt [4].
They were used as an indicator, such as in calcula-
tors. In 1996, the Japanese company Nichia Chemi-
cal Industries developed technology for creating an
inexpensive white LED. They used blue light — the
cheapest and most efficient colour to produce be-
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cause of its short wavelength. The blue light was di-
rected into compounds called luminophores which
absorbed some of the blue light and emitted yel-
low light. When yellow and blue light were mixed,
white light was obtained. That’s because the shade
of white emitted depends on the blend of yellow and
blue. The LEDs, developed by Nichia, had a cor-
related colour temperature (CCT) about 8000 K on
the Kelvin scale, meaning they emitted more than
45 % blue light and appeared harsh on the eyes.
For comparison, most HPSL (High-Pressure Sodi-
um Lamps) with a “warm” orange-yellow hue have
CCT in range (2700-3000) K. Fig. 2 shows the cor-
related colour temperature of LED lamps.

LED lamps began to be produced on an industri-
al scale since about 2006. LEDs have become wide-
ly used for lighting: chandeliers, spotlights, strips
for hidden interior lighting, and street lighting. By
the end of the 20™ century, LED lights became one
of the fastest-growing lighting technologies. LEDs
have become popular in a variety of applications,
from electronic device screens to LED luminaires
for indoor and outdoor lighting. Energy-efficient
LED street lighting has been gradually introduced
in the cities of Europe and around the world since
2006. This innovation has reduced energy consump-
tion up to 70 % compared to traditional lighting
technologies. The important circumstance is that
it is easy to control and program [5]. For exam-
ple, Copenhagen has installed thousands of energy-
efficient LED street lights that can be controlled and
adjusted remotely, based on traffic patterns and oth-
er factors. Copenhagen has implemented a smart
lighting project that integrates motion and light sen-
sors with city data networks. The system allows
you to automatically adjust lighting depending on
weather conditions, time of day, and level of activ-
ity on the streets. This helps to reduce energy con-
sumption and improve safety. The system also al-
lows you to monitor the status of lamps in real time,
which simplifies their maintenance.

LED lighting has a wide range of colours and
lighting effects. With the help of coloured LED
lighting, unique light installations have begun
to be created in urban public places. Barcelona
has begun using wireless LED street lights made
by Spanish energy giant Endesa, which operate on
timers and energy-saving motion sensors. The in-
troduction of such street lights has reduced ener-
gy costs by 1/3. About 30 % of street lighting in
the USA was converted to LEDs in 2016. Chica-
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go saves $10 Million in Annual Energy Costs with
LED Lighting.

3. LED LAMPS FOR STREET LIGHTING

Since 2010, a program for introducing street
LED lighting has been launched in Russia, which
is associated with the opening of the Optogan LED
lamp assembly plant in St. Petersburg [6]. In the
Russian Federation, LED lamps are produced for
lighting roads of federal, regional and local im-
portance, for architectural lighting, and for hol-
iday lighting. Several generations of LED street
lamps have appeared in Russia thanks to the prog-
ress in the field of LED technologies. First genera-
tion lamps are characterized by a specific luminous
efficiency in the range of (80 — 100) lm/W. Second
generation, already achieves higher luminous effi-
ciency, exceeding 120 Im/W. In recent years third-
generation LED lamps, characterized by a specific
luminous efficiency of (140—-150) Im/W, have found
widespread use. Luminaires start to appear on the
market that offer even higher luminous efficiency,
exceeding (150—-170) Im/W. New models are more
energy efficient and cheaper than previous ones. In-
novative solutions such as intelligent remote con-
trol, network communication, and thermal recog-
nition systems are being implemented. In 2024, the
volume of the Russian LED lamp market grew by
6.6 billion rubles. The global outdoor LED lighting
market is expected to grow by 14.57 % over the next
five years. At the same time, since 2016, the share
of traditional lighting equipment has decreased by
10 %. Currently, the widespread introduction of
energy-saving lighting technologies is the official
strategy of the state. The main directions of devel-
opment of LED outdoor lighting in the Russian Fed-
eration are utility lighting fixtures (streets, roads,
public spaces), architectural lighting fixtures, and
fixtures for festive decoration. For road lighting of
different categories (highways, main roads, streets,
alleys) trunk-type LED lamps are used. They are
also used to light car parks, petrol stations, railway
crossings, stadium areas, supermarkets, and house
territories. Lighting fixtures must ensure traffic safe-
ty on highways, roads, streets, squares, tunnels, and
alleys. Lighting of motorways is associated with
such factors as the category of the road, traffic in-
tensity, and the brightness of the road surface. Ta-
ble 1 shows several examples of utility lighting fix-
tures used in the Russian Federation.
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Table 1. The Examples of Street and Road Lighting (Utility Lighting)

Purpose of the device

Example of a lighting device

Technical specifications

City streets, roads of classes
Al1-A4, B1-B2, streets of rural
settlements, territories of public
improvement facilities, bridges

CCT: 2700 K—4000 K

Luminous flux: 5250 Im— 17250 Im
Protection rating: IP66 IC type: LED
Colour rendering index: 80 variety of
device body colours

Streets and roads of urban and
rural settlements, gas stations,
car parks ground pedestrian
crossings

CCT: 2700 K—4000 K

Luminous flux: 12700 Im — 39200 Im
Protection rating: IP66 IC type: LED
Colour rendering index: 80 ariety of de-
vice body colours

Pedestrian streets of urban set-
tlements territories of public
improvement facilities of urban
settlements

<Y

CCT: 2700 K—4000 K

Luminous flux: 12700 Im — 39200 Im
Protection rating: IP66 IS type: LED

Colour rendering index: 80 variety of
device body colours

High-intensity white LEDs are used in lumi-
naires for illuminating roads, squares, and parking
lots [7]. White cool glow light provides neutral il-
lumination, high brightness and clarity. It promotes
good visibility and does not distort the colour of
surrounding objects. Such lamps are used wherever
maximum visibility and safety are required and are
suitable for most public spaces.

A special place in street lighting is occupied by
architectural and artistic lighting (illumination) of
buildings and urban areas [8]. High-quality light-
ing decor has today become an integral part of the
design of the building facade as well as landscape
design. This type of lighting is a combination of
functional qualities and decorativeness. According
to its type, architectural lighting can be flood, lo-
cal (accent), contour, and background. Flood (gen-
eral) lighting completely illuminates the facade and
does not disrupt the overall perception. This type of
lighting is used to make the illuminated object look
the same as it does during daylight hours. For flood
lighting, powerful ground spotlights are used, in-
stalled on stands or nearby buildings. This type of
lighting is used mainly for historical buildings. Lo-
cal lighting is used to highlight architectural ele-
ments of a building: arches, columns, pilaster, cap-
itals. Contour lighting highlights the contours of a
building and its large elements. This type of light-
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ing is most often done with LED strips and linear
lights. Background lighting reveals the contours of
a building by illuminating its background. It is pro-
vided by diffused light luminaires. The building
lighting is designed in conjunction with the lighting
of the surrounding space and nearby public roads.
Table 2 shows examples of different types of archi-
tectural lighting.

Light sources for architectural lighting must
meet the following technical requirements:

CCT (4000-6000) K for cold white surfaces;

CCT (2300 —3500) K for warm colour surfaces;

Protection class IP not less than 65;

Colour rendering index for multi-coloured sur-
faces not less than 80;

Powerful lamps (more than 150 W) are installed
in a protective casing to protect against blinding the
driver.

Table 3 shows the examples of LED luminaires
used for architectural lighting of buildings.

Lighting standards vary depending on the lo-
cation and significance of the illuminated object.
For example, the average brightness for illuminat-
ing a public building in a wide city area range from
10 ¢d/m? to 30 c¢d/m?, depending on the type of ar-
chitectural lighting chosen. In the case of buildings
that are cultural heritage sites, located in the sur-
rounding areas, the average luminance is usually be-
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Table 2. The Examples of Architectural Lighting of Buildings

Flood lighting Contour lighting

Local lighting Background lighting

Table 3. The Examples of Lamps for Architectural Illumination of Buildings

Purpose of the device

Example of a lighting device

Technical specifications

Lighting of facades of buildings,
structures, public facilities

Colour rendering: 90 R,
CCT: 3000 K—4000 K
Degree of protection: IP68

Lighting of building facades, in-
cluding contour lighting of
individual architectural elements,
road structures

Colour rendering: 85 R,
CCT: 3000 K—4000 K
Degree of protection: IP68

Narrowly targeted lighting of dec-
orative elements of the facades of
buildings, structures, and public
facilities

Colour rendering: 90 R,
CCT: 3000 K—-4000 K
Degree of protection: IP68

tween 3 cd/m? and 10 cd/m?2. In addition, architec-
tural lighting must be designed so, that the lighting
installations do not create a dazzling effect for vehi-
cle drivers and pedestrians.

Festiv illumination is a festive decorative light-
ing intended only for decorating streets, squares,
buildings, structures and landscape elements with-
out the need to create a certain level of illumina-
tion. The difference between festive lighting (illu-
minations) and utilitarian and architectural lighting
is that the light sources themselves are the objects of
consideration. Equipment for holiday lighting can
be divided into large groups of light sources: con-
tour (flexible neon, duralight), area (light curtains)
and figures (trees, animals).

Flexible neon is an LED strip (110 or 120 di-
odes/m) enclosed in a matte silicone or PVC shell.
The entire space between the LEDs is filled with a
waterproof compound, making the glow uniform
and “soft” along the entire length of the wire. Flexi-
ble neon can be cut in multiples of 1cm and 2.5¢cm —
this way you can easily adjust the length to suit the
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requirements of the project. Flexible neon is used
for decorative lighting of parts of buildings, bridg-
es, and for decorating trees. It can be of different co-
lours and shades: cold white, blue, yellow, red, or-
ange, green.

Durus light is a transparent PVC tube containing
LEDs inside. Due to the transparency of the tube,
each LED remains visible and a point glow effect
is achieved. “Flexible neon” is often used in the ad-

Fig 1. Russian scientist Oleg Losev (1903-1942)
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Cold white colour
(6000 - 7500) k

Neutral white colour
(4500 - 5500) k

Warm white colour
(2100 - 3000) k

Fig. 2. Correlated colour temperature of LED lamps

Fig. 4. The design schemes of SMD (a) and COB (b)
LEDs: 1 — semiconductor crystal; 2 — lens; 3 — contact
wire; 4 — contact; 5 — heat dissipating body elements

vertising field: to design inscriptions, logos or illu-
minate signs. Duralight can be used for decorative
lighting of building facades, entrance lobbies, win-
dows, doors, columns, as well as for creating light
figures. It bends easily and can take different bends
and shapes. Both backlight options can have differ-
ent brightness and glow colours. They can operate
from the network and be controlled using an exter-
nal controller programmed for various lighting ef-
fects. Fig. 3 shows the examples of duralight and
flexible neon.

4. TYPES OF LEDs FOR STREET
LIGHTING

The following types of LEDs are used for street
lighting: SMD (Surface-Mounted Device) LEDs;
COB (Chip on Board) LEDs; Multi-chip LEDs
[9,10].

SMD LEDs are mounted on the surface of the
printed circuit board. They are characterized by

Cathode

Emissive Layer
(Organic Molecules or
Polymers)
Conductive Layer
(Organic Molecules or
Polymers)
Anode /

Substrate

Fig. 3 Light sources for festive lighting: a) duralight;
b) flexible neon

high light output, compact size and durability. Their
disadvantage is the difficulty of repair.

COB LEDs are several crystals mounted on a
single board and coated by the phosphor, which en-
sures uniform light distribution. Their advantages
are high brightness and uniform light emission. Dis-
advantages are higher cost and limited replacement
options. They are using in high-power street lamps
that require high luminous intensity.

Multi-chip LEDs consist of multiple LED crys-
tals, placed side by side and working together
to produce a powerful light output. They are highly
efficient and have the ability to control the light tem-
perature. Disadvantages — the need for high-quality
heat dissipation and more complex control. They
are used to illuminate large objects such as high-
ways and parks. The design schemes of SMD and
COB LEDs are shown in Fig. 4.

One of the latest advances in LED lighting is
the introduction of organic light emitting diodes
OLEDs. These are very thin, rigid or flexible sheets
no thicker than 1.8 mm, visually similar to films,
Fig. 5. They emit soft, diffused light over their en-
tire surface. Their light emitting layer consists of
carbon and hydrogen compounds without any oth-
er components. Organic LEDs can emit light of dif-
ferent colours, while when turned off, they are al-
most completely white and transparent. OLEDs
are environmentally friendly and energy efficient.
They comply with government programs adopted
in many countries of transition to energy efficient
technologies.

N7
|

Fig. 5. OLED light
emitting diode
composition and the
appearance of OLED
lamp
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One of the promising areas in the development
of LED devices is the use of phosphors based on
quantum dots. In any case, LED lighting technology
will continue to develop with increasing energy effi-
ciency and decreasing equipment prices.

CONCLUSIONS

LED street lighting has become widespread be-
cause it has a number of significant advantages
compared to other types of lighting:

— LED lighting is more energy efficient in com-
parison to traditional lighting technologies, energy
consumption is 70 % lower;

— The quality of lighting with LED lamps is
higher due to the absence of flicker. LED lamps op-
erate at voltage drops from 80 V to 300 V and at
temperatures from —50 °C to +60 °C. This proper-
ty is especially important for applications such as
street lighting. LED lamps do not require warming
up after switching on. 100 % of the light flux is de-
livered immediately;

— The lifespan of the selected LED is designed
to last approximately 100000 hours or approximate-
ly 20 years. This is approximately 6 times the lifes-
pan of traditional street lights;

— Exposure to LED light is as safe as exposure
to daylight or any other electrical light source;

— LED lighting is also very versatile, capable of
producing a wide range of colours and lighting ef-
fects, and can be easily controlled and programmed
using smart city technologies;

— LED street lighting is programmable, which
is manifested primarily in the ability to adjust its
brightness.
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ABSTRACT

Working in the dark requires quality lighting
of the construction site. To illuminate large open
spaces, floodlights are used to create a powerful
directional luminous flux, which improves visibil-
ity of working areas, reduces the risk of occupa-
tional injuries and improves overall safety at the
construction site. Analysis of construction organi-
zation projects developed in period of 2014-2024
years revealed that almost all projects determine
the number of floodlights for outdoor lighting of
construction sites for incandescent lamps using
the specific power method. Due to the fact that in-
candescent lamps are prohibited at the legislative
level, LED floodlights are actually used on con-
struction sites in violation of project requirements.
This can affect the quality and safety of work, as
well as increase the cost of lighting. The results of
the study showed that the method of specific pow-
er provides at the required level of average illu-
minance on the horizontal plane, but can only be
considered as a preliminary calculation and in the
projects of construction organization should not
use them, because the method does not take into
account other mandatory lighting characteristics
that determine the safety of work at the construc-
tion site. For the device of general illumination of
the studied construction site preferable are flood-
lights with a capacity of 70 W in the number of 28
pcs. Other LED floodlights turned out to be more
than (1.04—4.64) times more expensive to operate
and maintain.
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Keywords: illumination modelling, specif-
ic power method, construction site lighting, LED
floodlights, visibility of work areas, occupational
safety

1. INTRODUCTION

The global trend of increasing housing construc-
tion is associated with population growth and ur-
banization. This leads to an increase in demand for
housing and the development of the construction in-
dustry. Different countries have their own particu-
larities and challenges in this area, but the general
trend is to increase the volume and pace of con-
struction. Working at night is one of the most com-
mon approaches to increase the speed of construc-
tion. Working at night requires quality lighting of
the construction site [1]. To illuminate large open
spaces, floodlights are used to create a powerful di-
rectional light stream, which improves the visibili-
ty of working areas, reduces the risk of occupational
injuries and improves overall safety at the construc-
tion site [2].

The current regulatory documentation! allows
the use of general-purpose incandescent lamps,
high-pressure sodium lamps, high-pressure metal
halide lamps, high-pressure mercury lamps, xenon
lamps, LEDs and LED modules. Until 2011, con-
struction organizations widely used incandescent

I Russian standard: GOST 12.1.046-2014 “System of la-
bour safety standards. Construction. Norms of lighting of con-
struction sites”
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lamps as the cheapest source of light, but now the
use of incandescent lamps of 100 W and above is le-
gally restricted. In the last decade, LED floodlights
are mainly used for outdoor lighting of construction
sites, which are a rational choice due to their econ-
omy, durability, safety and environmental friendli-
ness [3].

The issues of LED lighting in recent years have
attracted the attention of both domestic and foreign
researchers. This is due to the growing interest in
environmentally friendly and energy-efficient light-
ing technologies.

In the studies of domestic and foreign authors
consider various aspects of the use of LED lighting
fixtures and floodlights in different operating con-
ditions of their impact on the electrical grid, human
health, and the environment. Researchers analyse
the advantages and disadvantages of LED technol-
ogies, and offer recommendations for their use and
efficiency improvement [4—8].

Although the problems of LED lighting are
widely considered in scientific research, the issue of
the correctness of calculating the number of flood-
lights for a construction site requires more in-depth
study. Thus, El Korany Tamer, Eldosouky Adel, and
Azzam Rawan from Tanta University (Egypt) con-
ducted a study of the actual placement of flood-
lights on construction sites and came to the conclu-
sion that the actual distribution of lamps is an order
of magnitude higher than the standard illumination
at various points of the facility. The authors propose
using smaller tilt angles, leading to greater coverage
of surfaces with light, which minimizes the number
of floodlights [4].

Gordeeva V.V. and Shamin K.V. suggest using
the developed program “TechnicalLight” to opti-
mize the placement of lighting sources on construc-
tion sites. The authors note that the development of
the product takes into account the requirements for
the construction of calculation models and the pro-
gram can be used by designers, as well as in the ed-
ucational process in the discipline “Life Safety”, but
the choice of light sources should be guided by eco-
nomic indicators [5].

In his research, Kazarin V.E. analysed the calcu-
lation of lighting by the specific power method us-
ing LED lighting devices and found that reference
and regulatory documents do not contain data on
the specific power values of LED lamps and modern
lighting devices, as well as on the values of the uti-
lization factor and the coefficient of unevenness [6].
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The current regulatory documentation does not
establish strict requirements in the choice of meth-
od for calculating the number of floodlights, so, in
the design documentation, the method of specif-
ic power is using, because it is the simplest. How-
ever, nowhere is it specified what coefficient to use
to take into account the light output of LED flood-
lights, so the construction management projects
continue to provide calculations for known light
sources for which this coefficient was previously
established by regulatory documentation. When an-
alysing the construction organization projects de-
veloped in period of 2014-2024 years, it was found
that almost all projects determine the number of
floodlights for outdoor lighting of construction sites
is made for incandescent lamps, which since 2011
have been banned for use. On the sites themselves,
LED floodlights are used mainly, as incandescent
lamps are not available, so the number and place-
ment of floodlights raises questions. In addition, the
power density method does not take into account
the uniformity of illumination and the gloss factor,
which are mandatory characteristics for safety at the
construction site.

The purpose of this work is to investigate
the possibility of using the power density meth-
od to calculate the number of LED floodlights and
the choice of their power with consideration of eco-
nomic efficiency.

Scientific novelty of the work is to clarify the
method of specific power to calculate the lighting of
construction sites using LED floodlights, taking into
account their light output.

Practical significance of the work is to deter-
mine the total economic costs associated with the
purchase, installation and operation of LED flood-
lights of different power. The results of the study
can be useful in practice for designers, builders and
lighting specialists working on construction sites.

2. METHODS

Regulatory requirements for the level of general
illumination of a construction site have been signifi-
cantly tightened in the current editions of regulato-
ry documents, which determines the choice of con-
struction organizations in favour of LED floodlights
with high energy efficiency. Thus, since 2014 it has
been established that the general uniform lighting
should be used if the standardized value of illumi-
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Table 1. [llumination and Maximum Permissible Specific Installed Capacities of the General Lighting of the
Construction Site!

. Average Uniformity of Maximum
Visual . A . s, Gloss -

illumination in illumination U, . allowable specific

work Type of work . . . coefficient R, 2
the horizontal relative units, not . . power, W/m?, not

category relative units
plane, Ix less more than
General monitoring
XVI of the production 10 0.25 55 0.8
process

I Document RF: SP 52.13330.2016 “Natural and artificial lighting”

nance does not exceed 10 1x? (was 2 1x)3. In other
cases, and in addition to the general uniform light-
ing should be provided for general localized light-
ing or local lighting. Table 1 presents the main nor-
mative characteristics of general illumination of
the construction site, which are the initial data for
calculations.

To calculate the required number of floodlights
with incandescent or discharge lamps for general il-
lumination of the construction site in the projects
of construction organization widely used method of
specific power of lamps:

N—mE”S
P

; (M

where m is the coefficient depending on luminous
efficacy of the luminaire, W/(Ix'-m?); E, = K'‘E,
(K is the safety factor; £, is the standardized mini-
mum illuminance, 1x); S is the illuminated area, m2;
P is the lamp power, W.

A construction site with an area of 11024 m?
used in the construction of a 12-storey apartment
building in Moscow was chosen as the object. For
the study, LED floodlights with power from 30 W
to 480 W were selected, which are widely available
on the market and used on construction sites. Light-
ing characteristics of the projectors are presented in
Fig. 1 and Table 2.

2 Standard RF: GOST 12.1.046-2014 “System of labor safety standards. Construction. Norms of lighting of construction sites”
3 Standard RF: GOST 12.1.046-85 “System of labour safety standards. Construction. Norms for lighting of construction sites”
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Table 2. Lighting Characteristics of the Studied LED Floodlights

. . . The angle of the .
poverc | Tamim | ety | Ubbmange | cCpk | SRR
30 2400 80.0 120 4000 0.0125
50 4050 81.0 120 4000 0.0123
70 5600 80.0 120 4000 0.0125
100 10886 108.9 60 5000 0.0092
150 16532 110.2 60 5000 0.0091
200 22170 110.9 60 5000 0.0090
250 32500 130.0 60 5000 0.0077
300 33074 110.3 60 5000 0.0091
400 52000 130.0 60 5000 0.0077
480 69277 144.3 60 5000 0.0069

3. RESULTS construction site will be 10 Ix, however, to ensure

According to the available characteristics and
formula (1), the required number of LED floodlights
of different power (for general illumination of the
construction site (£, = 10 1x)) are calculated:

N,, =59.7 =60 pcs; Ny, =35.4=36 pcs;
N,, =25.6 =26 pcs; N, =13.2 =14 pcs;
N5, =8.7=9 pcs; N,y =6.5=7 pcs;
N,,,=4.4=5 pcs; Ny, =4.3=35 pcs;
Ny =2.8=3pcs; Ny, =2.1=3 pcs.

To verify the calculations obtained by the spe-
cific power method, we will use the computer pro-
gram DIAlux evo, which is based on photon maps
constructed on the basis of stochastic ray tracing,
followed by a final acquisition procedure (synthetic
iteration according to the global illumination equa-
tion), which is more accurate than the specific pow-
er method and takes into account the illuminance
uniformity and the gloss ratio, which affect the
safety of the works [9]. The simulation results are
presented in Figs. 2-5. As a solution, the program
proposed and arranged 16 LED floodlights with a
power of 100 W and 15 m masts, Fig. 2.

According to the accepted rule of rounding up-
wards, in calculating by the method of specific pow-
er, a difference of 2 floodlights was received. In-
deed, with 14 floodlights average illuminance of the

uniformity of illumination 16 floodlights should be
used. Computer modelling established the need for
6 floodlights with a power of 300 W, Fig. 3.

If the height of the masts is 30 meters, the aver-
age illumination will be 10.7 Ix, the minimum illu-
mination will be 2.7 1x, which corresponds to the
uniformity of illumination U, of 0.25 units. A small-
er number of floodlights is also unable to provide
uniformity of illumination. Thus, when calculat-

Fig. 2. Simulation results of general lighting of the con-
struction site in DIALux evo with 100 W LED floodlights

Fig. 3. Simulation results in DIALux evo of the total
illumination of the construction site with 300 W LED
floodlights
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Table 3. Information on the Cost of Purchasing and Using LED Floodlights with a Power of (30-480) W

o 2 o0 o = - = © 2 )
g s € £ o B S g | £ g 3
| =5 | 3 g 25 | 5 2e¥s | E |g8| =% £&
o e B = S B S Z S e s 4 o < 5 g
2| 85 | EE £ | = Z wef | 2 | 58| BE £
=3 S < 5 s g =& = = s 8 S - Bl £= o
o ) fn = o, 9 S = = g = 3 g = 2 g L o £ =Y R
= s 2 - s B o o~ = 2% = -'-=%o e o 2= =
=0 =} & oo - 5 = =} s 20 ] B E = £ =t
= 28 =) g S = s g3 £ £ = 2E - 5
S < &= =) = = - = = 9 = .00 < "ep S«
= o S = o F & 17 22T ) g= w = S
=1 E % g = = S = =R 2 2
1 2 3 4 5 6 7 8 9 10 11
30 2100 54 113400 | 1.62 6.99 4161 47118 8 15500 837000
50 3560 34 121040 | 1.70 | 6.99 4161 49445 8 15500 527000
70 6450 28 180600 | 1.96 | 6.99 4161 57007 8 15500 434000
100 8000 16 128000 | 1.60 | 6.99 4161 46537 | 15 140000 2240000
150 | 10240 10 102400 | 1.50 | 6.99 4161 43628 | 20 215000 2150000
200 | 12500 8 75000 1.60 | 6.99 4161 46537 | 25 284000 2272000
250 | 14390 6 86340 1.50 | 6.99 4161 43628 | 30 357000 2142000
300 | 16000 6 96000 1.80 | 6.99 4161 52354 | 30 357000 2142000
400 | 85000 4 340000 | 1.60 | 6.99 4161 46537 | 40 665000 2660000
480 | 100000 4 400000 | 1.92 | 6.99 4161 55844 | 40 665000 2660000

ing the method of specific power, the difference was
found for all LED floodlights, except for 400 W and
480 W, Fig. 4.

It is worth noting that it is necessary to take into
account the fact that some of the light may be shad-
ed during the construction of the building. For ex-
ample, if you use 3 floodlights with a power of
400 W or 480 W, erecting a building higher than
the light masts will lead to a lack of lighting on one
side of the site. To ensure illumination of the object
throughout the entire construction cycle, it is nec-
essary to install 4 floodlights of 400 W or 480 W,
placing them in the corners of the site at a height of
40 m, Fig. 5.

+1 H
I

-6
2
+2
‘ +2
30 50 70 100 150 200 250

Power of LED floodlights, W

m DIALux evo
Specific Power Method

Number of floodlights, pcs

+1 +1

300

+1
|
480

+1
| |
400

Fig. 4. The results of determining the number of light
sources in the DIALux evo and the specific power method,
indicating the difference between the floodlights quantity

54

When selecting the capacity of floodlights
should take into account their economic efficiency,
which is characterized by the lowest costs of pur-
chase, installation and operation in comparison with
other floodlights [5, 10, 11]. Table 3 summarizes the
cost information, which will be required to calculate
the total costs of each variant of floodlights.

From the results, Fig. 6, it follows that the low-
est costs of the construction organization will be in-
curred in the case of the purchase and use of LED
floodlights with a capacity of 70 W (672 thousand
rub.) when working during the year in 3 shifts of 8
hours.

Fig. 5. Simulation results in DIALux evo of the total
illumination of the construction site with 480 W LED
floodlights
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When determining the number of floodlights in DIALux evo
When determining the number of floodlights by the specific power method

Fig. 6. Total costs for purchasing and using LED flood-
lights with a power of (30-480) W

Thus, for the device of general lighting of the
construction site under study, floodlights with a
power of 70 W in the number of 28 pcs. are prefer-
able. Other LED floodlights were more expensive
in operation and maintenance by more than (1.04—
4.64) times.

4. DISCUSSION

The results of the study showed that the method
of specific power can be used only for approximate
determination of the number of floodlights. The use
of the calculation results of this method in the con-
struction organization projects does not provide the
required lighting characteristics of illumination of
the construction site, determining the safety of work
performance. The difference in the results of deter-
mining the number of light sources was found for
all considered LED floodlights, except for 400 W
and 480 W. The power density method provides the
average illumination of the construction site with
the required number of floodlights, but the safety
factor of 1.3 does not provide uniformity of illumi-
nation at the level of 0.25 units. Lighting uniformi-
ty plays a key role in workplace safety, reducing the
risk of accidents and injuries.

LED floodlights with 70 W are the most energy
efficient, which is characterized by the lowest total
cost of purchase and operation. Other LED flood-
lights were more expensive in operation and main-
tenance more than (1.04—4.64) times.

The results of computer simulation clearly vi-
sualize the object, while providing the required
lighting characteristics, so the use of DIALux evo
or other similar software products should become
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mandatory for the organization of the construction
site.
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ABSTRACT

High-quality daylighting plays a crucial role in
creating a comfortable environment in educational
auditoriums. It is well known that insufficient day-
lighting adversely affects both: students’ health and
academic performance. The existing methods for
designing and evaluating daylighting focus on en-
suring the minimum acceptable levels of horizontal
illuminance (Daylight Factor, D) required for visu-
al tasks. However, it is equally important to pro-
vide comfortable general daylighting in audito-
riums.

Currently, requirements for general daylighting
are not systematized. This article proposes a struc-
tured approach to defining the functions of daylight-
ing as general lighting in indoor spaces and criteria
for assessing comfortable general lighting. These
proposals aim to refine the requirements not only
for daylighting but also for electrical lighting in fu-
ture design projects. The authors continue to inves-
tigate the relationship between measurable photo-
metric parameters, obtained using a luxmeter, and
qualitative lighting criteria such as light saturation,
uniformity, and contrast.

The article presents the results of studies con-
ducted in several auditoriums at the National Re-
search Moscow State University of Civil Engineer-
ing (NRU MGSU) with side lighting openings, all
serving the same functional purpose but differing
in room and opening characteristics. An evalua-
tion of D levels was carried out using the existing
methodology, alongside an assessment of saturation
through the ratio of the coefficient of daylight cylin-
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drical illuminance (CDCI) to Daylight Factor (D).
Additionally, the distributions of the coefficient of
daylight vertical illuminance (CDVI) in four planes
relative to the light opening and the coefficient of
daylight spherical illuminance (CDSI) in character-
istic cross-sections were analysed.

It was found that the CDVI in the plane oriented
towards the wall opposite the light opening remains
nearly constant in absolute values across all points
of the characteristic cross-section of the room. Sug-
gestions are provided for assessing contrast and
light saturation in rooms using the CDVI.

Keywords: quality of daylighting, general day-
lighting, spherical illuminance, cylindrical illumi-
nance, indoor light environment, side daylighting,
light saturation in rooms, the coefficient of daylight
vertical illuminance (CDVI), the coefficient of day-
light cylindrical illuminance (CDCI), lighting uni-
formity, lighting contrast

1. INTRODUCTION

“Quality should be embedded in technology,
not proven by control,” said William Deming, the
20th-century scientist and specialist in quality man-
agement. His words are also applicable to the for-
mation of the quality of the daylight environment in
the premises.

In educational spaces where concentration, at-
tention, and engagement are required from all par-
ticipants in the process, daylighting plays a partic-
ularly important role. It is known that insufficient,
low-quality daylighting negatively affects the re-
sults of students [1].
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At the same time, major changes are taking place
within universities today: new educational tech-
nologies are emerging, the educational environ-
ment is changing, the material and technical base
is being updated, education itself is becoming more
flexible and adaptive, and the importance of cross-
disciplinary relations is increasing [2].

But how exactly can we incorporate the quality
of daylighting into the design of classrooms? Light,
which the famous architect Le Corbusier called a
“building material”, plays a key role in creating a
comfortable educational environment. In the pro-
fessional environment of designers and architects,
there is a term “light space” [3], which emphasiz-
es the importance of light as a formative element
of space.

According to regulatory requirements, daylight-
ing should ensure the fulfilment of visual tasks, be
uniform and eliminate the discomfort associated
with the blinding effect. However, the question re-
mains: how to make the lighting like this? What cri-
teria should be applied to the projected “light space”
and what quantitative parameters should be used
to describe it?

In the context of increasing attention to pub-
lic health, the impact of the urban environment on
it and the comfort of the internal environment of
buildings under construction, outlined in the Con-
struction Industry Development Strategy and the
Decree on the National Development Goals of the
Russian Federation for the period up to 2030 and
for the future up to 2036, these issues are becom-
ing particularly relevant [4, 5]. Today, the system-
atization of the requirements and parameters of the
quality of daylighting is necessary to form a correct
technical specification for lighting in the context of
the transformation in the construction industry as-
sociated with the transition to the registry principle
and the parametric rationing system [2].

This article presents the results of a study on
the search for numerical parameters of the quali-
ty of daylighting, which continues the authors’ re-
search cycle on the issue of assessing the saturation
of rooms with daylight [6, 7, 8]. The authors aim
to find a physical quantity measured by a conven-
tional luxmeter that characterizes the quality indica-
tors of the room’s day lightening, is able to describe
the light field in the room and correlate with the
psychophysical assessment of observers, as well as
having an accessible engineering calculation meth-
od in the future.
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The requirements for the quality of the light en-
vironment depend on the function of the space un-
der study and on the direction of the luminous flux.
In this study, classrooms of higher educational in-
stitutions with lateral light openings at the line-of-
sight level, located on the left side relative to the
blackboard, were considered.

2. METHODS

The main functions of daylighting arise from
its differences from electrical lighting — humans
need sunlight and its unique spectral composition.
It has been proven that insufficient daylight affects
the hormonal background and cognitive abilities
of people, and especially children. A space flood-
ed with daylight has a positive effect on a person’s
psycho-emotional state. Therefore, when forming
functional requirements for the interior, it is advis-
able to set the following tasks for daylighting to in-
crease the level of satisfaction and functionality of
the daylight environment:

— Orientation in space;

— Ensuring communication with the external
environment;

— Creating a uniform and daylight-saturated in-
door environment.

The formation of comfortable general daylight-
ing is seen as the most important for spaces where
the line of sight is not fixed for its functional pur-
pose, for example, in rooms designed for human
communication.

It seems that the criteria for ensuring the listed
functions of daylighting can be saturation of light,
contrast of light, and uniformity of lighting in the
room.

In this approach, daylighting is considered as a
factor ensuring the quality and comfort of the in-
door environment.

The comfort of the environment is an indicator
that can only be assessed by the consumer, in this
case by an observer. The scale of this assessment
may be the degree of satisfaction with the space.
The Daylight factor (D) parameter, being normal-
ized today, has no confirmed connection to the ob-
server’s subjective assessment of the daylight scene
in the room. At the same time, it is possible to pre-
dict the degree of satisfaction at the design stage, as
well as the functionality of daylighting, that is a suf-
ficiency of daylighting to perform visual work in a
specific room of the projected object in the future
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could improve the quality of the projected spaces
and the compliance with the functions inherent in
these spaces.

An analysis of foreign studies on this issue
shows that attempts are being made to define new
relative criteria for evaluating daylighting, in ad-
dition to and in addition to the existing indicator D
(daylight factor), which is an analogue of the coef-
ficient of daylight illuminance in Russian standards,
as well as physical criteria for evaluating the light
environment as a whole, formed indoors. For ex-
ample, the British standard requires an increase in
D standards if a room combines several function-
al spaces by 1 %. The UDI indicator has also been
added to the standards, which takes into account the
function of time and shows the availability and lev-
els of daylight during working hours, for example,
school hours. In Poland, in addition to D, the illu-
mination of the ceiling and walls is estimated. Also,
in European standards, there is a separation of the
fields of performing a visual task and the fields of
the background from the field of the task [1].

A study by scientists Antonello Durante and
Kevin Kelly from the Dublin University of Tech-
nology is also of interest, who are investigating the
relationship between perceived lighting adequacy
(PAI) and the average illumination of indoor sur-
faces (MRSE), an assessment of illumination with-
in the framework of a new design methodology fo-
cused on ambient and target lighting [9].

Their predecessor, Peter Boyce, and co-authors
argue that a paradigm shift is actually needed using
new interior design methods that prioritize lighting
the space rather than the horizontal working plane
[10].

This approach essentially suggests estimating
the brightness of the room’s surfaces, which is clos-
er to estimating the light field in a room than to es-
timating the illumination level at a point on the
work surface according to D. Among the problems
of implementation, the authors cite the complexity
of measurements and the lack of evidence that the
proposed indicator is related to people’s satisfac-
tion and their perception of the amount of light in
the room [9].

An experimentally proven correlation with the
psychophysical assessment of the saturation of a
room with light by an observer is the spatial char-
acteristic of the light field — cylindrical illumina-
tion and the indicator of saturation with daylight
of rooms proposed in previous studies by the au-
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thors of this article [11]. This is the CDCI/D ratio,
where CDCI is the coefficient of daylight cylindri-
cal illumination.

According to the authors’ research, it is accept-
able to measure cylindrical illumination as the
average vertical illuminance on 4 sides, but this
approach still involves a large number of measure-
ments, which makes it difficult to use this criterion.

When an observer evaluates the overall illumi-
nation of a room, he looks at the surfaces and the
surrounding three-dimensional objects, their bright-
ness, the ratio of the brightness of different surfaces,
the contrast of the plane of the light system and the
walls. The more the brightness of the window dif-
fers from the brightness of the walls, the faster the
feeling of gloominess of the room will come with a
decrease in outdoor illumination. It should be add-
ed that the observer can evaluate the general light-
ing of the room from different points of the space,
doing different functional tasks. Here it seems ad-
visable to apply the approach used in the design of
sports facilities, where the illumination should sat-
isfy different functional processes (athletes, spec-
tators, filming) with an unstable line of sight and
a moving object of discrimination. For such spac-
es according to SR 440.1325800.2023 “Sports con-
structions. Daylighting and electrical lighting de-
sign” the vertical illuminance, created by electrical
light sources, is evaluated. The plane and location
of the point in height depend on the sport type. Re-
turning to the daylight illumination of classrooms
with side light openings, it is interesting to evaluate
the average illumination and brightness of surfaces,
which is described in studies [9, 10], through verti-
cal illuminance in planes differently oriented rela-
tive to the light barrier.

The authors conducted a series of studies in
classrooms of the NRU MGSU with the same func-
tional purpose, similar dimensions in plan, but dif-
ferent colours of decoration and the location of the
side light openings. It should be noted that the win-
dows in all classrooms were located on the left. All
measurements were made with simultaneous mea-
surements of the external horizontal illumination in
a completely cloudy sky.

2.1. Research # 1

The first research was conducted in the standard
class for practical lessons of the National Research
University of Moscow State University (auditori-
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0,0%

1 2 3 4 5

Fig. 2. Comparison of the distribution patterns of D and
CDVI average value (CDVI,,) by control points in audito-
rium # 1
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CNCI and D values distribution on room section 1-1

Fig. 1. Measurement
results in auditorium
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Measurements of outdoor illuminance, horizon-
tal and vertical illuminance were carried out with an
authorized Testo 54547989—-11Z luxmeter. Cylin-
drical illuminance was measured at a height of 1.5
meters from the floor with a PRC Krochmann lux-
meter with a special cylindrical frosted glass nozzle.
Horizontal illuminance was measured at the level of
the conditional working surface # = 0.8 m, vertical
illuminance — at the level of 1.5 m. Measurements
were carried out at 5 points of the characteristic sec-
tion of the room in the area of the wall between two
light openings, the room plan is shown in Fig. 1.

The walls of the room are painted yellow, the
floor is light brown, and the ceiling is white plaster.
Subjectively, the light saturation of a room with ab-
solute cloud cover is estimated as low.

Based on the results of the analysis of the graphs,
shown in Fig. 1, the following conclusions can be
drawn:

1. D at the point furthest from the light
source is 1.5 % and meets the requirement of
SR52.13330.2016 Daylight and electrical lighting:
Dexp > Dreq = 1.2 %;

2. CDCI /D indicator in the centre of the room is
0.75, which is lower than the recommended values
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in [1] CNCI /D = [1-1.3], that is, the saturation of
the room with light is insufficient;

3. The values of vertical illuminance in the plane
directed at the light source exceed the values of cy-
lindrical illuminance by an average of 1.5-2 times.

4. The values of vertical illuminance on surfaces
directed at walls that are perpendicular to the light
source are close to cylindrical illuminance character
at the central point. The differences between the av-
erage of the values of CDVI2 and CDVI4 and CDCI
are 14 %;

5. The values of vertical illuminance in the sur-
face directed at the wall opposite the light source
vary by no more than 0.2 % throughout the charac-
teristic section and average is 0.9 %;

3. The deviation of the values of the average ver-
tical illuminance on the 4 sides from the CNCI val-
ues is on average 1.5 %, at points 3 and 4 it is 8.6 %,
Fig. 2.

2.2. Research # 2

In the research # 1, the vertical illuminance is of
the greatest interest on the surface oriented to the
wall opposite the light opening CDVI3. Its value
does not change with distance rising from the wall
and, as a result, can provide an accurate estimate of
the overall illuminance level in the room. The value
of CDVI3 is influenced exclusively by reflected and
re-reflected light fluxes, and at point 5 it is mainly
from the walls of the room. At other points, reflec-
tion from the floor and ceiling is added. This indica-
tor provides a numerical estimate of the brightness
of the walls.

Indeed, all walls appear to be equally bright
when observing the surface of the walls of a small
room, for example, a classroom from a point where
the light source does not enter the field of vision
with sufficiently uniform illumination, no matter
where the observer is in the room. But if you look at

Auditorium # 2 plan

Auditorium # 2

Auditorium # 3

4

Fig. 3. Photos of auditoriums # 2 and # 3

the window, the walls will appear darker against the
background of a bright light source.

The differences in the characters of CDVII and
CDVI3 make it possible to evaluate the contrast of
daylighting in the future: it can be assumed that the
brighter the light output, the greater the difference
between these values will be.

How do the characters and levels of CDVI1 and
CDVI3 differ for rooms of similar size and colour
with a different arrangement of light openings? Re-
search # 2 was devoted to finding an answer to this
question.

Two classrooms were compared, in which audi-
torium # 2 is an auditorium identical in size to the
room and light openings of auditorium # 1, but with
a different wall colour — light green.

Auditorium # 3 is also an auditorium for practi-
cal exercises, of similar size in plan, painted in light
green, but the windows are located above the line
of sight.

The measurements were carried out in December
during the daytime at sufficiently low levels of out-
door illuminance during the same period of the day
for both audiences.

Subjective assessment of the room # 2: low light
saturation, gloomy. Room # 3 is subjectively more

Auditorium # 3 plan

| |

1 2 1 |

Fig. 4. Auditorium

L

plans # 2 and # 3
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Auditorium # 2

Auditorium # 3

CDCI and D values distribution on room section 1-1

CDCI and CDVI values distribution on room section 1-1

Fig. 5. Measurement
results for classrooms
#2and #3

CDCI and CDSI values distribution on room section 1-1

o W S

=~ CDCI

saturated with light than room # 2, but the windows
located above the line of sight create a feeling of a
“well”, which significantly reduces the comfort lev-
el of the audience, Figs. 3, 4. The subjective assess-
ment was carried out by the authors of the study and
the student assistants of the experiment.

The values of D, CDCI, CDVI1, and CDV3 were
measured in 5 points of the room’ s characteris-
tic section. As well as relative spherical illumina-
tion (CDSI — coefficient of daylight spherical illu-
minance) at the work surface level was measured.
This value was added to the analysis as a potential
criterion for lighting quality and lighting contrast.
At the end of the 20th century, Russian lighting
scientists conducted a large number of research-
es to assess the quality of lighting using the spa-
tial characteristics of the light field, on the basis of
which methods were proposed to improve the qual-
ity of lighting in the workplace and the general lev-
els of combined lighting in industrial enterprises
of various industries [12]. Among others, the light-
ing contrast was evaluated using the M.M. Gutor-
ov formula:

2

m,, :|§|/E4,[,

CDVI1 ==— CDVI3 =
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CDCI

where € is the light vector, E,, is the spherical
illuminance.

Spherical illuminance was measured using a spe-
cial frosted glass photometric head with a PRC Kro-
chmann luxmeter.

The measurement results are summarized in
comparative graphs, shown in Fig. 5.

The D value at the point furthest from the
light source is 1.5 % and 1.7 % for rooms 2 and
3, respectively, and meets the requirement of
SR52.13330.2016 Dyyeqs = Dreg = 1.2 %. Comparing
the daylighting of classrooms by D alone provides
a similar assessment of the daylight environment.

The CDCI/D value for room # 2 in the centre
of the room is 0.86, which is lower than the val-
ues recommended in [1], and in auditorium # 3 the
CDCI/D value = 1.06, which corresponds to a suf-
ficient level of light saturation and correlates with a
subjective assessment of saturation.

The value of CDVI3, as well as in the first study,
remains close to the value of 1 % for the entire char-
acteristic section, showing minor deviations (de-
spite the values of CDVI1 and CDCI different from
the 1st study). In auditorium 3, the values of CDVI3
increase by 0.5 % (from 0.7 % to 1.2 % in absolute
terms as they move away from the light source).
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Table 1. Numerical Ratio of the Studied Characteristics
D (point 5) CDCID D/CDSI CDVI3/CDSI CDVI3/D CDVI/D CDVI3/CDVI1 | CDVI1/CDSI
Auditorium # 1 15% 0.75 0.28 1.70 0.16
Auditorium # 2 15% 0.86 0.29 0.08 0.27 1.93 0.14 0.56
Auditorium # 3 17% 1.06 0.33 0.14 0.44 1.62 0.27 0.53
Value difference
between auditoriums 1.14 1.24 1.15 1.87 1.64 0.84 1.95 0.96
#3and#2

The values of spherical illumination at all points
significantly exceed the values of all other measured
values and exceed the D values by an average of 3
times for room # 2 and 3.5 times for room # 3.

3. RESULTS

So, what value can show the subjective differ-
ence in classrooms 2 and 3: auditorium 3 feels more
saturated with light, it has lower contrast, but there
is a feeling of a “well” because of the windows lo-
cated above the line of sight.

The numerical ratios that can characterize the
qualitative indicators mentioned earlier are summa-
rized in Table 1.

The last line shows the difference (in number of
times) between the values obtained at the point in
the centre of auditorium # 2 and # 3, since only in
them all the specified values were measured.

The D values correspond to the norm and vary
by 14 %, and generally allow us to conclude that it

is acceptable to perform visual work in the audience
according to its functionality.

The CDCI/D ratio shows that in terms of light
saturation, auditorium # 3 is the best, which cor-
responds to the subjective assessment of the room.

If we replace the modulus and direction of the
light vector in formula 1 with the value of a constant
in the characteristic section of the value CDVI3 (di-
rected at the wall opposite the light source), then
we can make an attempt to estimate the contrast at
the central point of the room as the ratio CDVI3/
CDSI. This indicator differs for the audience # 2 and
# 3 by almost 2 times.

The CDVI3/CDVII ratio gives similar results.
For rooms # 1 and # 2, the value changes slight-
ly, but for room 3 it exceeds the previous ones by 2
times, as well as the ratio of CDVI3/CDSI.

The ratio of CDVI3/D is also significant. It
also demonstrates sensitivity to changes in the lo-
cation of light sources, but less than the previ-
ous indicators. The advantage of this criterion, is

__________

,
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that to evaluate it, you will need to add only one
parameter — CDVI3.

The question of the method of calculating this
value, which is formed by reflected and re-reflect-
ed light, remains open. At point 5, located 1 m from
the wall, the brightness of the wall and, accordingly,
the reflected component can be estimated according
to Lambert’s law, if we imagine the wall as a lumi-
nous rectangle onto which direct light from a light
source fall.

CONCLUSIONS

The conducted research has shown that the coef-
ficient of daylight illuminance (D) does not allow us
to fully assess the differences in the characteristics
of the general lighting of rooms. Although this indi-
cator ensures that the conditions necessary for visu-
al work are met, it is not enough to create a comfort-
able light environment. It is important for a person
not only to successfully perform visual tasks, but
also to perceive the surrounding space as a whole,
so that it evokes positive emotions, which improves
a person’s condition and increases labour produc-
tivity. Thus, to assess the overall lighting environ-
ment of a room, additional criteria such as satura-
tion, contrast, and uniformity of illumination must
be taken into account, Fig. 6.

Creating a universal parameter capable of inte-
grating all these aspects into one value seems to be
a difficult task, but we aim to find an approach that
will bring us as close to this goal as possible. In
the previous article, the authors proposed a simple
and familiar method for calculating the direct com-
ponent of the CDVI [2]. The next task is to find a
method for calculating the reflected component of
the CDVI.

The results of the study demonstrate the possi-
bility of using the value of CDVI3 to assess con-
trast. To assess saturation, it is advisable in the fu-
ture to consider replacing cylindrical illuminance
and CDCI with an average value of CDVI2-CDVI4.

However, more research is needed. It is neces-
sary to develop functional, technological, and psy-
chological requirements for general lighting. This
requires a more detailed gradation of the functions
of the light system.

Combining the criteria listed in the article into a
single system for assessing the quality of daylight-
ing will allow us in the future to form requirements
for the parameters of the room and light openings
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in conjunction with a subjective assessment of the
overall lighting and formulate requirements for
electrical lighting, taking into account the charac-
teristics of the emerging daylighting pattern.
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ABSTRACT

The relevance of the topic of the article is
caused by the low quality of the architectural envi-
ronment, which is determined among other things
by the requirements for sufficient insolation not
only of residential premises in houses, but also in
the territories adjacent to them. However, more
and more often there are demands to abolish the
concept of insolation, leaving only the concept of
illumination, which is caused by investment inter-
ests to increase the density of buildings not only
by a simple increase in the number of storeys, but
also by a reduction of insolation gaps between
buildings. It is quite obvious that such ill-con-
ceived decisions can adversely affect not only the
health of subsequent generations, but also the gene
pool of the nation as a whole. At the same time,
the already low architectural quality of the mass
dwelling will finally become unsuitable for a full
life. In this regard, the purpose of this study is
a chronological analysis of the impact of insola-
tion requirements on the calculated building den-
sity standards and the evolution of the aesthet-
ic appearance of mass housing at different time
stages. To achieve the goal, tasks have been set re-
lated to the loss of privacy and scale to humans in
the environment, the identification of insufficient
greenery and places of quiet rest in an open space,
which leads to the facelessness and monotony of
the spatial pattern of new construction. A hypoth-
esis has been put forward about the need to switch
from multi-storey construction to low-rise build-
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ings of comparable density with the obligatory
preservation of insolation standards, which will
help ensure a high aesthetic and sanitary-hygienic
quality of development.

The issues of insolation, and accordingly the
quality of mass residential development, were con-
sidered in the works of individual scientists and re-
search teams, published in 2004-2023 in free print
on the pages of the electronic e-library and the da-
tabases of Russian Science Citation Index (RSCI),
Scopus, and Web of Science.

The results of search queries include 104 links
with a sample of 20 articles, the analysis of which
was carried out taking into account the following
main directions: the history of changes in the stan-
dards for ensuring insolation of premises in resi-
dential buildings and in the territories they formed,
as well as the effect of the duration of insolation on
building density injection and, as a result, deteriora-
tion of the architectural appearance of mass residen-
tial development.

The prevailing trends in reducing the time of in-
solation in residential premises and in playgrounds,
together with the growing number of square me-
ters per unit of territory, led to a deterioration in
the quality of life in areas of new housing construc-
tion. The transition from multi-storey to low-format
high-density residential buildings will help improve
the architectural appearance of mass housing.

Keywords: building density, architectural ap-
pearance, quality of living environment, insolation
of premises, lighting of premises
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1. INTRODUCTION.

The architectural quality of the living environ-
ment is largely determined by the standards for the
duration of insolation and natural illumination [1].
Insolation, as a way to improve the living environ-
ment with direct sunlight, was adopted in Soviet and
world architectural and construction practice back
in the 20s of the last century [2]. However, with the
advent of a market economy in Russia, the standard
of insolation time is constantly being adjusted to-
wards its reduction, and this is especially noticeable
in the densely populated cities of modern Russia.
This happens, according to some experts, in order
to create expressive architectural solutions and, in
the opinion of others, in the absence of the need
to maintain the norms in their former form, since
people have learned to fight against tuberculosis ba-
cillus and other microbes with more effective drug
methods [3, 4].

In the current conditions, it is necessary to un-
derstand whether insolation norms are really exces-
sive or the true reason lies in the rampant desire of
investors to maximize building compaction in order
to make a profit.

2. METHODS

Analysis of the works, published in period of
years 20042023 on the pages of the electronic li-
brary RSCI, Scopus, and Web of Science databas-
es and devoted to the history of regulatory require-
ments for insolation of residential premises and
territories, seems to us especially relevant today,
given the practical concealment and informative in-
accessibility of the impact of these changes on the
architectural quality of mass housing even for pro-
fessionals [5].

The search for the maximum parameters of
sanitary rationing began in Russia from the first
post-revolutionary years in response to the poor
quality of development with its crowded courtyards-
wells, in which the sun was extremely insufficient
and the need, dampness, and diseases seemed to be
an integral part of these walls themselves. Already
in the 1920-30s in the studies of Erisman F.F., Vo-
eykova A.lL., Gershun A.A., Nikolskiy A.S., Vetosh-
kin S.I., Belikova V.K. the first attempts are made
to determine the calculated indicators of good sani-
tation of premises in ‘indicative’ housing complex-
es and social cities, communal houses and houses of
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‘transitional type’, and later in residential complex-
es, which was supposed to emphasize the impor-
tance of the favourable impact of insolation in the
context of political transformations [6, 7].

Since late 1940s the development of meth-
ods for calculating the biological norms of inso-
lation for residential premises was carried out by
G.M. Frank, N.M. Danzig, V.K. Galanin, and oth-
ers [8]. Such scientists as Belinskiy V.A., Rudnits-
kiy A.M., Tvarovskiy M., Boldyrev N.G., Shchep-
etkov N.I., Popovskiy Yu.B., Danilyuk A.M.,
Meshkov V.V., Sapozhnikov R.A., Garadzha M.P.,
Metennaya L.M., Steinberg A. Ya., Zelenko A.U.,
Ershov A.V., and others were engaged in geo-
metric methods of solar calculation. In 1963—
1977 the works of Dashkevich L.L., N.M. Guseyv,
Dunaev B.A., Obolenskiy N.V., Bakharev D.V.,
Maslennikova D.S. Sukhanov L.S., Vasilyev B.F.,
and others were devoted to the extensive theoreti-
cal issues of insolation [9, 10]. In addition to the hy-
gienic and psycho-aesthetic effects of insolation on
humans, studies on light-climatic zoning are known,
which are reflected in the works of Soviet and for-
eign scientists Kalitin N.N., Baburin K.E., Khoro-
shilov P.I., Kireev N.N., Krista Van Santen, Ulriki
Brandi, Christoph Geismar-Brandi [11-13].

As a result of numerous studies in 1963,
SN 427-63! was issued, which first streamlined ur-
ban density and later adopted SN 1180—-74. Both
documents regulated the same hygienic require-
ments for rationing continuous insolation lasting at
least 3 hours. Subsequently, SN 41-582 was pub-
lished, which in 1962 was replaced by SNiP II-
K2-623 that determined the building density of the
quarter in accordance with the number of floors. At
the same time the possibilities of building consoli-
dation were considered due to the superstructure of
houses. This was reflected in SNiP I1-60-754 (SNiP
II-60-75%*%*).

Of course, the requirements of continuous inso-
lation significantly limited the freedom of develop-
ers and already in SP # 2605—82 the concept of inter-

1 SN 427-63 Sanitary standards and rules for ensuring
insolation of premises of residential and public buildings and
residential buildings in populated areas

2 SN 41-58 Rules and norms of planning and development
of cities

3 SNiP II-K 2-6 2 Planning and development of populated
areas. Design standards

4 SNiP II-60-75, SNiP II-60—75** Planning and develop-
ment of cities and towns and rural settlements
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mittent insolation is introduced, as a result of which
the building density begins to grow. Later intermit-
tent insolation becomes the only norm for subse-
quently adopted SNiP 2.01-8907, TSN 23-303-98
(including for MGSN 2.05-97 and 2.05-99), San-
PiN 2.1.2.1002-00 and SanPiN 2.2.1/2.1.1.1076—
01. In the introduced SNiP 2.07.01-89* we find in-
structions to calculate the density in human units of
the population per hectare of territory (people/ha)
in accordance with regional (republican) standards.
Moreover, the standard duration of exposure is al-
ready 2.5 h instead of 3 h, and in TSN 23-303-98,
it is reduced to 1.5 h, depending on window orienta-
tion and number of rooms [14].

Modern SanPiN 1.2.3685-217 provides the max-
imum insolation duration of 2.5 h only for the north-
ern zone (northern of 58° N), for the central zone
(58° N — 48° N) — 2 h, and for the southern zone
(southern of 48° N) — 1.5 h. In order to increase the
building density, the estimated dates of insolation
previously indicated in March and September, have
been moved to April 22 and August 22, when the
sun is already enough, and for winter time, when
the sun is so necessary, the norms of insolation have
not been established at all [15]. If we compare the
time of insolation, for example, in Sweden and the
Netherlands, strictly speaking in the Russian equiv-
alent it should approach to 2.5 h. It is also neces-
sary to emphasize the importance of taking into
account the opinions of professional doctors, and
especially in conditions of increasing building den-
sity, threats arise in connection with the emergence
and spread of new viruses and infections, in partic-
ular COVID-19 [16].

3. RESULTS

Despite the fact that over the past half century
insolation standards have more than halved, from
(3—4) h to (1.5-2) h, it still continues to be practical-
ly the only barrier that restrains the growth of build-
ing density, measured in thousands of square me-
ters per hectare of territory (thousand m?/ha). This
partly explains the insistence on abolishing insola-
tion, limiting itself only to lighting requirements.
The dwindling norms of insolation led to massive

> SanPiN 1.2.3685-21 Sanitary rules and regulations
‘Hygienic standards and requirements for ensuring the safety
and (or) harmlessness for humans of habitat factors’ (as amended
on December 30th, 2022)
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multi-storey buildings without balconies and log-
gias, which became synonyms for the functional
warrens. In this regard, it is of interest to analyse
the effect of building density on the evolution of
the aesthetic appearance of mass housing at differ-
ent time stages.

3.1. The Stage of the Revolutionary Avant-
Garde of 1920—-1930

In this time of constructivism, rationalism, and
traditionalism, the work of hygienic justification
of insolation and illumination was limited mainly
to the search for optimizing the internal microcli-
mate of premises due to, for example, the best ge-
ometry of tape openings and their relationship to the
floor area (house-commune of the Textile Institute,
House URALOBLSOVET, etc.) [7]. Although even
then the attempts were made to increase the densi-
ty of development, including multi-level use of land
(urban planning projects of L. Khidekel).

3.2. The stage of monumental socialist
classicism of 1930—1952

At this time, it is not so much the saving of land
resources that comes to the fore, but the new aes-
thetics of preserving and returning the historical tra-
ditional features of post-constructivism and the Sta-
lin Empire (Art Deco).

3.3. The Mid 1960—1970

In that time, there is a rather long time period of
Soviet modernism, which lasted until 1990 of the
20th century (industrial architecture), and is char-
acterized by the ubiquitous processes of unification
and typification of housing construction. Refus-
al of closed well development leads to line setting
of large-block and later — panel typical houses with
a meridional location, which contributes not only
to improving the hygienic qualities of the housing,
but also to reducing the length of engineering com-
munications. In the current conditions of strictly
valid technical standards, architects actually could
not influence the architectural and spatial appear-
ance of housing, in part therefore they came to grips
with the design of inter-house territories, such func-
tionally extensive and still attractive in compari-
son with the compensatory development carried out
under the Renovation Programs [17]. The gradual-
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Table 1. Parameters of the Building Density
No. Document Building density in thous_ands of building area in sq. m/ha in accordance
with the number of storey
4 5 8 9 12
1 SN 41-58
2.2-2.7 2.4-3.0 2.9-34 -
2 SNiP II-K.2-62 2.6-2.8 2.8-3.2 34-3.8 3.6-4.2 -
3 SNiP 11-60-75 4.6 5.3 6.200 6.6 6.9
4 SNiP II-60-75%%* 5.0 5.8 6.800 7.2 7.5

ly growing density of development determined the
economic efficiency of rationing insolation with a
general decrease in its duration. Some parameters
of the building density — the ratio of the floor area
of buildings to the total area of territories in hectares
(m?/ ha) — valid until the beginning of the 90s of the
last century, are given in the Table 1.

3.4. At the End of the Last Century

And if in the 90s of the last century the architec-
tural appearance of residential buildings in Russia
began to change rapidly towards pseudo-historicism
and postmodernism, then later we can observe an
absolutely functional architecture of mass housing
devoid of any individual features [18].

3.5. The Beginning of 215t Century

Already in the early 2000s the building density
was adopted in accordance with the Urban Planning
Code of the Russian Federation adopted in 1998 and
the maximum building parameters of the Land Use
and Development Rules and the established (basic,
auxiliary and conditionally permitted) regulations

5‘4 // > 19 //// 19
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& / 25
o 7
3 \ —
~ (’/ 15 y 4 5 |
“ ‘ U\
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~3 =ik ! o 8
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Fig. 1. Fragment of the map of the territorial zones’
boundaries indicating the maximum building density: [ is
the boundaries of territorial zones; numbers, for example
25, is the building density in thousands of square metres
per hectare

69

for the use of land and capital construction facilities,
taking into account the urban zoning of the territo-
ry, Fig. 1, which was reflected in the updated edi-
tion of the Code of Rules SP 42.13330.2011 and SP
42.13330.2016°[19].

Since 2017, changes have come into force, in ac-
cordance with which the insolation of playgrounds
and sports grounds is reduced, which led to a further
increase in building density. The next stage was the
implementation of SP 476.1325800.20207, accord-
ing to which the maximum design building densi-
ty of the quarter should not exceed the established
25 thousands square meters per hectare, but it is al-
lowed to take up to 40 thousands m?/ha.

And finally, in order to meet the requirements of
the Federal Law ‘Technical regulations on the safe-
ty of buildings and structures’, the ‘DOM.RF Fund’
in accordance with the ‘Standard for the integrated
development of territories’ developed a joint ven-
ture XXX.1325800.20XX8, in which the density
of residential and multifunctional buildings for the
largest cities is (35.0-60.5) thousands m?/ha (for
large city — (30.0-55.0) thousands m?/ha). At the
same time for low-rise buildings in the largest cit-
ies the building density of (5.25-22.0) thousands
m?/ha and for large — (4.5-20.0) thousands m?/ha
were regulated. Thus, a phased system of rationing
insolation led (according to the Central Research In-
stitute of Experimental Dwelling Design) to urban
land saving.

We will illustrate what has been said on some
examples and, at least in the most general terms, we

6 Code of Rules SP 42.13330.2011 (SP 42.13330.2016)
Urban planning. Planning and development of urban and rural
settlements

7 SP 476.1325800.2020 Territories of urban and rural set-
tlements. Rules for planning, development and improvement of
residential neighborhoods.

8 SP XXX.1325800.20XX Urban planning. Integrated de-
velopment of territories. General provisions for building models
of the urban environment.
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will try to assess visually how in the considered pe-
riods of time the growing indicator of building den-
sity affected the architectural appearance of mass
residential buildings and adjacent territories, Fig. 2.

The characteristics of the new residential com-
plex, commissioned in 2022 under the Renovation
Program, clearly show that with comparable indica-
tors of inter-house spaces, 0.5-0.6 hectares, the new
place of residence, of course, has much lower tech-
nical and economic indicators of comfort due to the
insufficient amount of greenery, water devices, qui-

\ volieyball court
\'-.\ about 0.6 hectares ‘9

c)

Fig. 2. The impact of the build-
ing density of the territory on
the architectural appearance

of the living environment on
example of eastern working
village in Moscow, which was
created in 1939 to service the
water supply station com-
missioned at the Akulovsky
reservoir: @) general view of
the ‘Stalinist’ residential build-
ing on main street (architects
N. Geraskin, A. Samoylov);

b) details of design at the
entrance to the house; ¢) inter-
house territory (density of
about 1.8 thousand m?/ha) with
3—4-storey residential build-
ings; d) functional and planning
organization of the inter-house
territory (photos and drawings
by L.A. Solodilova)

et recreation areas, as well as parking spaces. At the
same time, the building density is many times high-
er than the usual indicators of the previous building,
which cannot but negatively affect the quality of the
living environment, Fig. 3.

Extensive development of green spaces for the
construction of large-format housing led to the con-
struction of identical parallelepipeds, devoid of any
plasticity, Fig. 4.

Thus, the norms of insolation, which are de-
creasing in duration, became the basis for an in-

Fig. 3. Impact of the building density
. of the territory on the architectural
appearance of the living environment,
Eastern settlement, Moscow: a) line
building with inter-house territory
of about 0.4 ha; (building density
(2.8-3.2) thousands m2/ha) with
4-storey residential buildings, year
1962; b) general view of the territory
with an abundance of greenery and
sufficient space for quiet and active
recreation; the first launch pad for
demolition under the renovation pro-
gram; ¢) compensation development
for renovation (with density about
(17-20) thousands m?/ha); d) func-
tional and planning organization of
the residential complex territory on
Main Street (year 2022) on the site
of the former green zone as part of
the renovation program (photos and
drawings by L.A. Solodilova)
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crease in the density of buildings and, as a result, a
deterioration in its architectural appearance. Such a
consolidation of development is incomparable with
the modern economic hypothesis of a ‘compact and
dense small-format city’ with retail forms of ser-
vice within a pedestrian radius, which should final-
ly compensate for hypertrophied shopping centres.
At the same time, untouched nature should remain a
priority, since man-made natural complexes are not
so effective from the ecological point of view. It is
necessary to seek new opportunities for the devel-
opment of high-density low-rise construction in the
cities with a high cost of land and capital construc-
tion projects. Effective use of land resources of low-
rise areas is possible when achieving high density
and compactness of development, which will also
be accompanied by compact placement of engineer-
ing and technical and transport communications.

CONCLUSION AND DISCUSSION

For all the attractiveness of low-rise construc-
tion, such houses are not being built in large and
largest cities, so the demand for multi-storey build-
ings is still high. The time has come, instead of the
standards imposed on the buyer, to form and of-
fer an alternative from much more comfortable and
economically efficient low and medium-rise hous-
ing up to 5 floors inclusive.

This study puts forward a hypothetical as-
sumption about the possibility and need to switch
to low-format high-density buildings [20] with
the obligatory preservation of insolation stan-
dards, which will help to ensure high aesthetic and
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Fig. 4. Modern
Multifunctional complex
‘Metropolis’, South-eastern
Autonomous Area, Moscow:
building density 39.271thou-
sands m%/ha (year 2021) on
the territory of 3.68 hectares,
includes eleven 30-storey
residential buildings united
by a two-level underground
parking lot with total area
144517.31 sq. m; the project
also provides for the con-
struction of a kindergarten
for a short stay for 79 places
(photo by L.A. Solodilova)

sanitary-hygienic quality of buildings. In connec-
tion with the above, a set of early architectural and
spatial measures is required, including among oth-
er things the development of a mechanism for in-
creasing the building density to 15-20.0 thousands
sq. m per hectare while maintaining the comfort of
living due to:

— Design of residential units with individual
front gardens and courtyards without the possibility
of organizing the territories of public centres;

— Introduction of differentiated insolation [15—
20] and technological [21] requirements that affect
the increase or decrease in density and number of
storeys of buildings [15, 20], in the conditions of
accounting for reflected solar radiation [22] as well;

— Loop-nest construction methods of develop-
ment, providing the blocking of spatial elements on
three sides.

These main measures are able to multiply the
density of small-format buildings, and at the same
time improve the comfort indicators of complex
housing construction, which should provide not
only a sufficient output of space and a correspond-
ing reduction in the cost of sq. meters, but also a
high comfort of the urban environment.
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ABSTRACT

Currently, modelling light fields in a slab of
a turbid medium is a fully solved task within the
framework of the so-called discrete transfer theo-
ry. The slab model is of great practical importance,
but there is a wide range of problems that cannot
be reduced to it and have fundamentally three-di-
mensional (3D) geometry: twilight sky radiance,
reflection from transparent objects, light fields in
3D-printed materials, and biological or medical tis-
sues. To date, there is no general solution to the
boundary value problems of the radiative transfer
equation (RTE) in 3D geometry, and it is unlike-
ly to exist given their diversity and multiparametric
nature. Greater progress in solving 3D problems can
be achieved by combining approximations with nu-
merical methods.

In this paper, the solution is represented as the
sum of an anisotropic part, approximated using a
small-angle modification of the spherical harmon-
ics method (SHM), and a smooth regular part, de-
termined from the diffusion approximation, referred
to as the quasi-diffusion approximation. The accu-
racy and applicability domain of this approximation
are estimated by comparing the spatial-angular radi-
ance distribution with the numerical solution of the
RTE for a slab. It is shown that the difference does
not exceed a few percent for most viewing angles.
Further development of the method for 3D media is
possible using advanced numerical tools for solving
partial differential equations. The solution can be re-
fined via the synthetic iteration method.
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Keywords: 3D medium, radiative transfer,
anisotropic scattering, diffusion approximation,
small angle approximation

1. INTRODUCTION

Currently, the calculation of light fields in plane-
parallel layers of a turbid medium has been fully ad-
dressed within the discrete theory of radiative trans-
fer [1]. This framework provides a matrix solution
to the RTE and efficient computational algorithms.
For optical remote sensing (ORS) of the Earth’s sur-
face from space, the Independent Pixel Approxima-
tion (IPA) [2] accounts for the Earth’s sphericity by
treating the atmospheric layer as plane-parallel for
each pixel while adjusting the solar incidence an-
gle. This approximation yields acceptable errors for
solar zenith angles up to 88°, but reliable radiance
distribution under twilight conditions [3] remains
challenging.

The problem of calculating the radiance distribu-
tion across the twilight sky is critical for modelling
natural lighting during evening hours. These prob-
lems inherently require a three-dimensional (3D)
approach and cannot be reduced to planar geome-
try, necessitating solutions to boundary value prob-
lems of the radiative transfer equation (RTE) for 3D
media.

A significant number of practical applications
involve 3D RTE boundary value problems. While a
flat-layer model suffices for calculating surface radi-
ance coefficients in many cases [4], reflections from
translucent objects demand accounting for their 3D
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shape. This is particularly relevant in 3D printing,
where high-resolution imaging relies on UV-cured
materials, requiring precise light-field determina-
tion within the material to reproduce high-frequen-
cy texture details [5]. Similar challenges arise in
biomedical applications, where light is used for di-
agnostics and tissue interaction [6-9].

To date, there are no general methods for solv-
ing boundary value problems of RTE, and they are
unlikely to be possible due to the large number of
types of such problems and their multiparametric
nature. The solution of such problems is signifi-
cantly complicated by presence of highly aniso-
tropic scattering in them, since suspended parti-
cles in these media are often much larger than the
wavelength. An alternative is to solve the prob-
lem using Monte-Carlo methods. However, under
conditions of strong anisotropy, achieving high ac-
curacy in solutions remains very difficult. The task
of transferring into three-dimensional environments
turns out to be very time-consuming or resource-
intensive, and therefore too inconvenient to use.

References [10,11] propose hybrid numerical-
analytical solutions to RTE boundary value prob-
lems, following engineering computation ap-
proaches. These studies decompose the solution
into anisotropic and regular (smooth) components.
While the anisotropic part is treated analytically,
the regular component is solved using diffusion ap-
proximation [12]. However, in [10], the anisotro-
pic component only accounts for direct Bouguer-
attenuated radiation, leaving the regular part with
significant anisotropy that compromises solution ac-
curacy. In contrast, [11] employs small-angle diffu-
sion approximation [13] for the regular component,
better preserving its anisotropic properties. Never-
theless, the mathematical complexity of this approx-
imation [13] necessitated additional simplifications.

In this work, we propose determining the aniso-
tropic component of the solution using a small-
angle modification of the spherical harmonics meth-
od (MSH) [14]. As the most general formulation
among small-angle approximations, MSH provides
an analytical solution expressed as a spherical func-
tion series, offering exceptional versatility for RTE
transformations.

Key features of MSH include azimuthal sym-
metry and insensitivity to radiation entrance angle
(inherent to small-angle formulations) and surface
geometry independence, enabling application to ar-
bitrary 3D media.
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The Boundary of the Falling Light

Scattered Light

Fig. 1. Scheme of scattering of radiation from a FM source
by an object of a flat-layered medium

To evaluate the method’s accuracy and limita-
tions, we examine solutions for a plane-parallel tur-
bid medium, illuminated by a collimated monodi-
rectional source, Fig. 1. While preliminary concepts
were introduced in [15], the present study:

* Provides a concise formulation of the quasi-
diffusion method;

* Presents comparison results combining syn-
thetic iteration with MDOM-program solutions;

* Derives complete solutions to the equations
in [15];

* Conducts direct comparisons with full bound-
ary value problem solutions [16].

2. METHOD FOR SOLVING BOUNDARY
VALUE PROBLEMS

The boundary value problem for the RTE in a
flat layer of a turbid medium illuminated by a FM
source at an angle ¢  has the form:

(,V)L(r,1) = —eL(r,)) +£CﬁL(r,i’)x(i’,i)df’,
ar (1)

L(r,1) =6(1-1,), L(r,) =0,

reXg,(1L,R)>0

rexp (1,R)<0

where L(r,i) is the luminance of the light field at
the point 7 in the direction I, € is the attenuation co-
efficient, A is the single scattering albedo, x(i,i’)
is the scattering indicatrix of light by an elemen-

tary volume of the medium, 1, = {\/1—/102 ,0,/10}

1s the direction of incidence of solar radiation;
My = (i,io) =cosd,, X ,is the upper boundary of
the layer at the level z =0, X, is the lower bound-
ary of the layer z = z ,, We assume that the medium
is homogeneous &£(r) = const = £. From here on, the
symbol “ " “ will denote unit vectors. It is also as-
sumed that the radiation completely leaves the ob-
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ject at the boundary and does not return to it, or that
the boundary is completely absorbing.

Next, to consider the peculiarities in the angular
distribution of luminance, we will select the aniso-
tropic part:

L(z.)=L,(r.1)+ L (z,1), )

where L, (T,i) is the anisotropic part of the solution;

Lur 1l 1is the regular part of the solution,

]
T= J.e(r +&1)d&is the optical thickness of the path
0

along the direction 1 of length /.

Taking into account (2), the boundary value
problem (1) is transformed into the new form:

AL,V)L (r,))=—¢L (r,1)+
A A A A .
+ 22 L e x(l Dl +g(rD)
4z

reZgp,(1,R)>0

L(r,)) =0, L(r0)

©)

reZ;p,(1,R)<0

=L, (r,)),

where ¢(r,1) is the source function associated with
the residual of the solution of the RTE for the aniso-
tropic part, which in the form of the SHM is repre-
sented as an expansion in Legendre polynomials:

oo k

grh=1-0Y Y

k=0 m=—k

2k +1(k=m)!
Az (k+m)!

. 4
Xg(e—sl(r)_ (1 _ Axk)efel(r)(lf/\xk)>Pl:n (,U) oime , ( )

where P"(u) are the associated Legendre polyno-
mials, u = (i,i), [ (r) is the distance from the upper
boundary to the point r in the direction of incidence
of 1, the FM source radiation, x; are the coefficients
of the expansion of the scattering indicatrix in Leg-
endre polynomials.

The solution for the regular part can be formu-
lated based on the first two spherical harmonics,
which represent the spatial irradiance and the light
vector [15]:

£(1=A)E,(r) + VE, (r) = g, (r),

1 . _ . )
EVEro(r)l +e(1-AWE, (r)l=q,(r,D],
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where E,(r)is the spatial irradiance; E(r) is the
light vector, ¢,(r) and ql(r,i) are the harmonics of
the expansion q(r,i) in spherical functions, which
is based on (4) will be presented in the form:

n 1 . 3 . .
q(r,1)=—q,(r,)+—1-q,(r,1). (6)
47 47

Expressing VE (r) from the first equation and
substituting into the divergence of the second, we
obtain:

% (1) =€ (1= A= A)E, () =

= Vq,(r,1) - £(1- AD)g, (r).

For a flat-layered medium, it is advantageous
to move from differentiation with respect r to dif-
ferentiation of the function f (r) with respect to the
optical thickness of the medium 7 based on the fol-
lowing relationship:

(7

Vf(r)=&Vf(z), @®)

as a result, taking into account minor transforma-
tions, the expression (7) will become:

AE, ((7)=3(1- AD)(1- A)E,(7) =

_3 V(@D - (- Alg, ()
&

©

which is equivalent to the second-order partial dif-
ferential equation:

%—30—@)0%)&0@):w(r), (10)

where i (1) is the source function:
3 - _
w(0)==(Va, (2. - (- ADg (7)), (1)

= L(j}x(i,i')(i,i')di/ = x,— average cosine of
4z

the scattering angle.
To simplify further calculations, we introduce
the substitution:
Va=(10=-A)V,=(0-Ax); V=

=(1-Ax,); a= \/3Vx1Vx2 >
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Fig. 2. Radiance distribution for the quasi-diffusion ap-
proximation (green) compared to MDOM (red) for optical
thicknesses: t= 10, t =20, t= 50 and T = 100: q) for the
full solution; b) for the regular part

where x,,x, are the coefficients of the expansion of
the scattering indicatrix in Legendre polynomials, in
the case of the Henyey-Greenstein indicatrix [17],
respectively x, = g = i, then the expression (10)
will be rewritten as:

dzErO (T) _

dr2 a’k, (1) =y(7).

(12)

The equation (12) is the partial differential equa-
tion whose general solution is:
E (7)=Ce ™ +C,e"+E,, 13)

— -7 Var Vot Vst
E, =ce +tce "+ et toe T,

where C/_,, ¢y 3 are the integration constants.
Let’s substitute (13) in (4) and taking into ac-
count (6) we get:

qo(z. D) = e(~V, e T4V ),

V.

x1

q,(z,Dl= %( e =3V, e 2V e ),

(14)

« 9q,(z,1
Va,(r.) = 2D

I3 _ (- _
5(_Vﬂze Vxlr+3szze (1 Ax,)‘r_2l/x32 e Vﬁr)‘
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After substituting the obtained results into the
equation (12), equating the coefficients with the
same exponents, we find the constants ¢(_s:

. a
CO_O;clz_Vlz_az =-1;
xl
V.2
e =00 ==75 2 (15)

The expression for the projection of the light
vector of the regular part onto the direction of radi-
ation transfer is obtained from the system (5) with
taking into account the gradient of the spatial irra-
diance (13):

E,,(T)i =
3q,(z.Dl+Cae ™~ Cae~VE,
- 3V '

x2

(16)

To determine the coefficients C_,, we will use
the boundary conditions in the form of Marshak
[13]:

1 1 -
ZEO(O)+EA(O)~1 =0,

| . (17)
—ZEO(T) +EA(T) 1=E (7).

where, taking into account the expression for spa-
tial irradiance (13) and the light vector (16), let’s
find expressions for determining the coefficients C,
and C,:

2a+ i
-, (2a 31@2)2 N

(2a=3V,)e™
| VLB (D) +3VoE, 64, (D1+2dE,,
(2a=3V,)e™ ’

V., +2a
¢, =-C -
3V, —2a
. (18)
+ ZdEps (O) - 3Vv2Eps (O) - 6q1 (0)1 )
(3V,, - 2a)

Thus, we have obtained expressions for all the
coefficients of the expression of the luminance dis-
tribution of the regular part, and the anisotropic part
is based on the SHM.
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@—MDOM 4, N=3
Tuse ™4

Fig. 3. Radiance
distribution for the
quasi-diffusion ap-
proximation (green)
in comparison with
MDOM at N=3
(red) for optical
thicknesses: T =4
andt=35

3. RESULTS

The results of calculating the luminance distribu-
tion based on the quasi-diffusion approximation for
calculating the regular part of the spatial luminance
distribution for a flat layer are presented in Fig. 2
in comparison with the well-known program for
calculating flat-layered media — MDOM [14, 16].
For comparison, the solutions were taken for radi-
ation incident zenith angle of 6, = 0 °, for flat lay-
ers with the Henyey-Greenstein scattering indica-
trix with the parameter g = 0.9. The anisotropic part
was solved in both cases based on the small-angle
modification of the SHM with the number of har-
monics NV,=401. The following parameters were se-
lected for MDOM: the number of discrete ordinates
N = 81, the number of azimuthal harmonics M =0 —
only one zero harmonic on azimuth.

The relative deviation in irradiance on the un-
derlying surface of the quasi-diffusion approxi-
mation from MDOM among the presented solu-
tions is shown in Fig. 2. For the complete solution:
the maximum relative deviation (for T = 20) was
Ofmax = 1 %, the minimum relative deviation (for
1=100) Was Opyi, = 0.3 %. For the regular part: the
maximum relative deviation (for 7=20) was Oy . =
3 %, and the minimum relative deviation (for t =
100) was 8Rmm: 0.2 %.

An assessment of the average calculation time
was also carried out using the algorithm based on
the quasi-diffusion approximation and MDOM for
the parameters selected above on a laptop with a
12-th Gen processor (Gen Intel (R) Core (TM) 17—
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Fig. 4. Radiance
distribution for the
full solution of the
quasi-diffusion ap-
proximation (green)
in comparison with
MDOM (red) for

, small optical thick-
| nesses: T=0.01,
t=0.02, t=0.05,
t=0.1

1255 U 1.70 GHz, and 8 GB of RAM and a speed
of 3200 MT/s). MDOM calculation time is 0.005 s.
The average calculation time of the quasi-diffusion
approximation is 0.00014 s.

For the MDOM solution, there are minimal pos-
sible values of discrete ordinates N =3, while the
calculation speed of the quasi-diffusion approxima-
tion also exceeds MDOM. The average calculation
time of MDOM 1is 0.0006 s, and the calculation time
of the quasi-diffusion approximation remains the
same. At the same time, the deviations in MDOM
calculations increase significantly. For confirma-
tion, we provide graphs in Fig. 3, which shows two
acceptable options for presentation on one graph for
t=4andt=75.

Fig. 3 demonstrates a significant increase in the
MDOM deviation at minimum N with increasing
T, which continues with increasing t and for large
T, as shown in Fig. 2, the joint representation of
quasi-diffusion and MDOM on the same graph is
uninformative.

The behaviour of the quasi-diffusion approxi-
mation at small optical thicknesses is interesting,
Fig. 4. In this case, the anisotropic part acquires a
big influence in the solution and the graphs of the
complete solution almost converge, the relative de-
viation of the quasi-diffusion approximation with
MDOM lies in the range of (0.24-0.25) %.

CONCLUSION

For large optical thickness, the quasi-diffusion
approximation converges to the exact solution while
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maintaining significantly faster computation speeds
compared to alternative methods for plane-parallel
geometries. These advantages position the method
as an efficient computational kernel for solving illu-
mination problems involved:

1. Three-dimensional geometries with large
optical depths (e.g., atmospheric twilight zone
calculations);

2. Radiative transfer in composite materials con-
taining arbitrary 3D inclusions with high optical
thickness.

The approach also enables:

* Accurate estimation of material absorption
properties;

* Determination of integral light field characte-
ristics;

* Solution retrieval at arbitrary points within the
medium (not just boundaries), substantially expand-
ing its practical applicability.

Notably, our solution incorporates the aniso-
tropic component through the Modified Spherical
Harmonics (MSH) approach, enabling precise light
field characterization in media with small optical
thicknesses. While the conventional Spherical Har-
monics Method fails to account for backscattering
effects, this limitation is effectively compensated by
the regular component derived from the diffusion
approximation.

The solution’s accuracy can be further enhanced
through synthetic iteration [ 18], which:

» Utilizes the RTE integral form of our solution;

* Provides accurate energy field characterization;

» Substantially improves angular distribution
accuracy.

The quasi-diffusion approximation’s formulation
as a Legendre polynomial series with exponentially
dependent coefficients (on optical thickness 1) per-
mits analytical expression of the synthetic iteration.

For implementing the regular component in 3D
media models, we recommend employing special-
ized mathematical packages with finite element
capabilities, particularly COMSOL Multiphysics
[19,20]. Our future work will focus on:

* Implementing this complete solution frame-
work;

* Incorporating synthetic iteration refinement;

» Conducting comprehensive comparisons with
Monte Carlo-based solutions.
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ABSTRACT

The results of experimental studies for spatial
spectra of an atmospheric background inhomoge-
neities fragment in the long-wave infrared range
(LWIR) are presented. The results of studies for the
atmospheric background radiation inhomogene-
ities, depending on their angular size, made it pos-
sible to divide atmospheric backgrounds into two
groups: the first group includes cloud classes, con-
taining small-scale inhomogeneities of 1° —2° in the
vertical directions and of 1° —3° in horizontal direc-
tions, such as altocumulus (4c), cumulus (Cu), cir-
rocumulus (Cc¢) and cirrus (Ci), and altostratus (4s);
the second group includes cloud classes containing
large-scale inhomogeneities of > 6° in the horizon-
tal directions and > 3° in the vertical directions such
as stratus (St), stratocumulus (Sc¢), and clear sky.

Keywords: atmospheric background (AB),
LWIR range, spatial spectrum, field of view

1. INTRODUCTION

In the works [1-5], devoted to the analysis of the
results of studies for inhomogeneities spatial spec-
tra of the cloudy atmosphere in the LWIR range, a
method was used to obtain inhomogeneities spatial
characteristics for cloud formations in the form of
estimates of spatial correlation coefficients for ar-
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rays of frames obtained from video streams of var-
ious forms and cloudiness amount (points) in the
vertical directions between rows and in the hori-
zontal ones between columns, changing by a giv-
en discrete value, in accordance with the algorithm
of scanning complex operation [6]. The main dis-
advantage of this method is the insufficient speed
of the equipment used, due to the use of a single-
element radiation receiver (for example, the time
interval required to scan a sky fragment in a sector
of 10°x60° was (on average) about 1 min), which
made it impossible to obtain relatively accurate esti-
mates for the characteristics of the spatial structures
of the cloudy atmosphere radiation. This disadvan-
tage was especially evident in the study of cumu-
lus (Cu), since the formation of this clouds class is
characterized by rapid turbulent and thermodynam-
ic processes.

The scientific problem of the work is to clarify
the spatial spectra of atmospheric background inho-
mogeneities in the LWIR range based on a series of
experimental studies.

2. METHODS

In the process of experimental study for spatial
spectra of atmospheric background inhomogeneities
in the LWIR range, a set of equipment was used,
Fig. 1, including the following items:
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Optical sensor of the Means of recording

Fig. 1. Structural diagram

Means of operational of the equipment set for

and storing video

LWIR range
streams

experimental study of the

information display atmospheric background

1. As an optical sensor of the LWIR range ther-
mal imager Sii AT was used, which has the follow-
ing characteristics [13]:

— Working spectral range: (8—14) um,

— Resolution: 640x480 pixels,

— Field of view (horizontal): 73.3°,

— Spatial resolution (iF,, — instantaneous field of
view): 1.999 mrad (=7 '),

— Noise equivalent temperature difference
NETD: 0.5 K,

— Frame rate: 50 Hz;

2. As a means of recording and storing video
streams a video recorder HIWATCH DS-H204GA
was used:

— Supporting video compression formats
H.265+/ H265/H.264+/ H.264,

— Providing video recording for up to 6 TB;

3. LCD monitor as a means of operational infor-
mation display was used.

During the summer months of 2023, 90 video
streams were recorded, corresponding to meteoro-
logical situations with cloudiness of various classes
and amounts (points).

Experimental studies of spatial spectra of atmo-
spheric background inhomogeneities in the LWIR
range were carried out in the following sequence:

— The type (class) and cloudiness amount
(points) were determined;

— The spatial position of the thermal imager field
of view was set (elevation angle &, azimuth 3 of the
thermal imager optical axis);

— The video stream was continuously recorded
for a duration of 40 minutes to 1 hour, during which

Fig. 2. Example for a frame of LWIR image for cumulus
(Cu) clouds of 1-3 points

radiation spatial structure

the random process of the atmospheric background
radiation could be considered stationary;

— The video stream was divided into frames at
equal intervals and, as a rule, the initial division of
frames was carried out at intervals from 5 s to 1 min
[12];

— The averaged spatial correlation coefficients
were calculated in the vertical direction between
rows R(n) and in the horizontal direction between
columns R(m) for frame arrays G(n, m), obtained
from video streams for cloudiness of different class-
es and points, from correlation matrices in the ver-
tical direction between rows R, ;,+) and in the hori-
zontal direction between columns R,, 4+

1 M
Rn,()z+k) = 2 (un,m - l[’tn)(u(;ﬁk),m - ILt(nJrk)) )
O-no-(lz+k) m=0
where R is the coefficient of mutual correlation

n,(n+k)

between the signal level proportional to the energy
brightness (radiance) of the radiation for the AB in-
homogeneities in the n-th and (n+k)-th lines of the
segment; u, ., U, 18 the signal level in n-th and
(n+k)-th lines of the segment; 4, f4,,;, is the math-
ematical expectation of the signal level in n-th and
(n+k)-th rows; 0,, 0,,,;, is the standard deviations
of the signal level in n-th and (n+k)-th rows; M is the
number of elements in a column; £ is the step for cal-
culating correlation coefficients (kK =0,1,2,3,...N).

N
(un,m - lle )(un,(m+k) - A‘u(m-f-k) )’
=0

o

m,(m+k) =

O O

m~ (m+k) n

Fig. 3. Example for a frame of LWIR image for cumulus
(Cu) clouds of 4—6 points
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Fig. 4. Example for a frame of LWIR image for cumulus
(Cu) clouds of 7-9 points

where R, ., is the coefficient of mutual correla-
tion between the signal level proportional to the ra-
diance of the inhomogeneities radiation AB in m-th
and (m+k)-th frame columns; u, ,, u, .., 18 the sig-
nal level in m-th and (m+k)-th columns; 4, , .,
is the mathematical expectation of the signal lev-
el in m-th and (m+k)-th columns; o,,0,,,,,1s the
standard deviations of the signal level in m-th and
(m+k)-th columns; N is the number of elements in a
row; k is the step for calculating correlation coeffi-
cients (k=0,1,2,3,..N);

— Diagonal correlation matrices of the calculated
spatial correlation coefficients for arrays of frames
between rows and columns were constructed,

— The dependencies of the spatial correlation co-
efficients for the frame arrays were averaged in the
vertical direction between the rows R(n) and in the
horizontal direction between the columns R(m),
taken discretely for the cloudiness of one class and
point.

To analyse the dependencies of the spatial cor-
relation coefficients for the frame arrays G(n, m) in

R(p) — Ac
— Cu 1-3 points
— Cu 4-6 points

Cu 7-9 points
0.8 —Cc

Ci
0.6 — As
0.5

0.4

0.2

T ! 1 —
0
05 1 15 2 25 3 35 4 45 /. degree

Fig. 6. Dependences for spatial correlation coefficients
in the horizontal direction between rows on the elevation
angle for cloud classes containing small-scale inhomoge-

neities of the atmospheric background

R([i"; R(&)

Segment sizeR 5(1) * Ry s(m)

Ry s(m)) 3

AB/ 6

y012345678910 12 14 16 18 20 22 24

Fig. 5. Graphical explanation for the method of estimat-
ing the angular dimensions for atmospheric background
inhomogeneities

the vertical directions between the rows R(n) and in
the horizontal directions between the columns R(m),
meteorological situations were selected, in which
the cloudiness of a certain class and point retained
its parameters unchanged for a time interval of at
least 40 min.

Meteorological situations in which the change in
the characteristics of the atmospheric background
(class or (and) cloudiness point) occurred faster
than 30—40 minutes, or characterized by the pres-
ence of clouds of several classes at once (for ex-
ample, clouds of the upper and lower layers), were
ignored.

Examples of LWIR image frame selections for
cumulus (Cu) clouds (with quantitative characteris-
tics: 1-3, 4-6, 7-9 points), altocumulus clouds (4c)
and cloudless (clear) sky are shown in Figs. 24,
respectively.

3. RESULTS

Experimental studies for spatial spectra of atmo-
spheric background inhomogeneities consist of es-
timating spatial correlation coefficients for arrays of
frames G(n, m), obtained from video streams frames
of various forms and cloudiness points in the verti-
cal directions between rows R(n) and in the horizon-
tal directions between columns R(m).

It was established that the characteristic dif-
ference of the cloudiness inhomogeneities spatial
spectra for different classes and points are the an-
gular dimensions of their inhomogeneities, which
were determined by the value of the spatial correla-
tion coefficients in the vertical directions between
the rows R(n) and in the horizontal directions be-
tween the columns R(m), exceeding the value of 0.5.
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Fig. 7. Dependences for spatial correlation coefficients
in the vertical direction between columns on azimuth for
cloud classes containing small-scale inhomogeneities of the
atmospheric background

Consequently, based on the values of R s(n) and
Ry 5(m), respectively, the spatial correlation coeffi-
cients by rows and columns, and the corresponding
steps of the angular shift by rows Ae and columns
AP, it is possible to estimate the angular dimensions
of the atmospheric background inhomogeneities by
elevation angle (¢) and azimuth (8), Fig. 5, [7-11].

As a result of the obtained results analysis, it was
established that, depending on the angular dimen-
sions of the inhomogeneities, atmospheric back-
grounds can be divided into two groups:

— The first group includes cloud classes contain-
ing small-scale irregularities of 1°-2° in the vertical
directions and 1°-3° in the horizontal directions: al-

R(g)
= St

= Clear sky

= SC

0.8

0.6
0.5
0.4

|
|
|
|
|
0.2 :
|
|
|

05 1 15 2 25 3 35 4 45 & degree

Fig. 9. Dependences of spatial correlation coefficients in
the vertical direction between columns on azimuth for

cloud classes containing large-scale inhomogeneities of the
atmospheric background

83

kw —st

—Clear sky

—Sc

0.8

0.6

0.5
0.4

0.2

P, degree

05 1 15 2 25 3 35 4 45

Fig. 8. Dependences for spatial correlation coefficients
in the horizontal direction between rows on the elevation
angle for cloud classes containing large-scale inhomoge-

neities of the atmospheric background

tocumulus (4c), cumulus (Cu), cirrocumulus (Cc),
cirrus (Ci), and altostratus (4s), Figs. 6, 7;

— The second group includes cloud classes con-
taining large-scale irregularities of > 6° in the hori-
zontal directions and > 3° in the vertical directions:
stratiform (S%), stratocumulus (Sc) and clear sky,
Figs. 8,9, [1-5].

CONCLUSION

Based on the obtained statistical material for the
spatial spectra of atmospheric background inhomo-
geneities, it was established that the characteristic
difference between clouds of different classes and
points is the angular dimensions of their inhomoge-
neities, which were determined by the value of the
spatial correlation coefficients in the vertical direc-
tions between rows R(n) and in the horizontal di-
rections between columns R(m), exceeding the val-
ue of 0.5.

As a result of the analysis for the obtained data,
it was established that, depending on the angular
dimensions of the inhomogeneities, atmospheric
backgrounds can be divided into two groups:

— The first group includes cloud classes con-
taining small-scale irregularities of 1° — 2° in the
vertical directions and 1° — 3° in the horizontal di-
rections: altocumulus (4c), cumulus (Cu), cirrocu-
mulus (Cc), cirrus (Ci), and altostratus (As);

— The second group includes cloud classes that
contain large-scale irregularities of > 6° in the hori-
zontal directions and > 3° in the vertical directions:
stratiform (St), stratocumulus (S¢), and clear sky.
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ABSTRACT

One valuable resource is sunlight in the Mid-
dle East, especially in Iraq, because of the country’s
wealth and vast areas. Due to the scarcity of water,
many people have turned to digging wells to grow
various crops. To operate these wells, the need for
solar energy systems has emerged. A model and
simulation were designed in MATLAB for a solar
energy system with a brushless DC motor. To at-
tain optimal effectiveness of the PV array and facil-
itate the brushed DC motor’s soft start., this paper
discusses the use in solar photovoltaic array-based
pumps, an intermediate DC-DC converter is placed
between an inverter with a voltage supply (VSI)
and the solar PV array. To maximize the PV array’s
power point, its incremental conductivity maximum
tracking of power point modifies the motor speed
reference. With the aid of MATLAB/Simulink soft-
ware, the simulation results of the suggested system
under various operating situations are confirmed.

Keywords: BLDC Motor, voltage source invert-
er, PV array, MATLAB/Simulink software

1. INTRODUCTION

The UN’s three primary objectives are to double
the share of renewable energy in the energy mix, in-
crease global energy efficiency by twofold, and pro-
vide universal access to contemporary energy sourc-
es. One easy way to accomplish these three goals is
through hybrid energy systems [1].

More than 95 % of those without access to mod-
ern electricity dwell in sub-Saharan Africa, with
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84 % of them residing in rural regions, according
to the international electricity Agency’s 2022 report.
However, because of the area’s remoteness and poor
national economic contribution, on-grid electrici-
ty generation is either impractical or too expensive
[2]. Therefore, since the resource is plentiful and
accessible locally, alternative energy sources like
biomass, wind, or solar renewable energy could aid
in meeting the energy requirement [3]. Renewable
and non-renewable energy systems are frequent-
ly paired with or without energy storage technolo-
gies in emerging nations to enhance the quality and
dependability of the power supply [4]. Although
the intermittent and unpredictable nature of renew-
able energy supplies is a defining characteristic, the
hybrid mix of these resources can assist overcome
these characteristics, hence boosting their efficiency
and appeal [5].

The feasibility of hybrid off-grid energy systems
utilized in rural and semi-urban areas worldwide has
been covered in research articles [6]. It is also dis-
covered that these publications can be used to pow-
er necessary electrical loads in remote islands or
grid-isolated settlements. To balance the annual
equivalent investment cost with fuel cost when us-
ing diesel generators [7], proposed a scenario-based
stochastic optimization model to estimate the capac-
ity of residential photovoltaic (PV) batteries while
accounting for solar radiation and hourly energy
consumption patterns. The model in the paper deter-
mines the capacities of PV batteries needed to meet
the energy requirement [8].

The BLDC motor’s and the solar PV array’s rat-
ings are chosen so that the suggested system can
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function well in any atmospheric situation. The
MATLAB/Simulink environment is used to analyse
the simulated results of the different performanc-
es [9]. The suggested system’s appropriateness for
solar PV-based water pumping is confirmed by the
results of simulations. When used in SPV-based
applications, a zeta converter has the following ad-
vantages over traditional buck, boost, buck — boost,
and Cuk converters. PV technology is utilized in so-
lar water pumping to convert sunlight into electric-
ity, which is then used to pump water. A DC or AC
motor connected to PV panels converts electrical
energy into mechanical energy. It is then convert-
ed into hydraulic energy [10]. 3 factors — pressure,
flow, and pump power — assess the water-pumping
capacity of a solar pumping system. For design pur-
poses, pressure is the amount of work a pump does
to transfer a specific volume of water up to the tank
for storage. The disparity in elevation between the
storage tank and the water supply determines how
much work a pump must perform. The energy re-
quired by the water pump must be provided by a PV
array [11].

These converter advantages are advantageous
for the suggested system for pumping water fed
by SPV arrays. To accommodate various PV field
configurations, the PV inverters used in small PV
plants in the current system need to have a wide in-
put voltage range [12]. Adopting inverters with an
architecture with two stages ensures this capability.
The 15t stage, typically a DC/DC converter is useful
for adjust the PV array voltage to satisfy the needs
of the DC/AC second stage, which is used to in-
ject the generated power into the grid or supply an
AC load. Because the 1%t stage may be used to de-
tect the PV array’s highest power output and the 2nd
stage is utilized to provide low total harmonic dis-
tortion (THD) AC current, this architecture is also
useful in terms of controllability. The additional
control scheme, which is necessary to regulate the
speed of the BLDC motor, is more expensive and
complex. Furthermore, high-frequency PWM puls-

iy i
w2 e,/ [,e| v/ [ia, | ff Loc 0
'T DC 'T AC % motor
j - —
PWM o
S-S5 A H—H, 43 vater
pulses pump
Pulse Current
generator BLDC [— sensing
motor n
control |18l signals

Fig. 1. Setup of the system
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es are typically used to run a voltage-source invert-
er (VSI), which raises switching loss and lowers ef-
ficiency [13].

Fig. 1 depicts the layout of the suggested SPV
array-fed BLDC motor-driven water pumping sys-
tem with a converter. A pump for water, a BLDC
motor, a converter, a VSI, and an array make up the
suggested system. The converter is run by the pulse
generator [14].

2. THE PV WATER PUMPING DEVICE
THAT IS BEING SUGGESTED

This paper proposes a stand-alone form of MAT-
LAB/Simulink water pumping system. To meet the
needs of a remote, isolated, low-maintenance, and
inexpensive water pumping application, will be em-
ployed with a tank for storing water rather than stor-
age of batteries. As seen in Fig. 2, the system’s pri-
mary components are a PV array that uses sunlight
as a source to generate electricity and a centrifugal
pump load that is powered by a permanent magnet
DC motor [15]. There will be a maximum power
point tracker that incorporated into the system to at-
tain high system performance efficiency and to in-
crease energy that the load draws from the PV array
during the day [16].

3. GOALS FOR THE WORK

This work’s main goal is to examine how well a
standalone water pumping system performs. To re-
duce maintenance, this will be powered solely by
a PV source using an electrical power converter
that converts DC to DC [17]. It won’t be connected
to any batteries for energy storage or smoothing. PV
array, rotational pump, DC motor, and DC-DC pow-
er converter make up the system. The PV array’s

To distnbution
systems

Fig. 2. Shape of a water storage system
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Fig. 3. Flowchart of the MPPT

output characteristics will be impacted by shifting
atmospheric conditions, and the necessity of a meth-
od for tracking maximum power points will be con-
sidered [18].

The effectiveness of various MPPT strategies
and kinds of DC-DC converters will be examined
to boost system efficiency. The primary goal will be
to find out how to use more effective MPPT tech-
niques to increase the MPPT in a standalone PV
pumping water system.

4. MONITORING MAXIMUM POWER
POINT (MPPT)

This technique takes advantage of the presump-
tion that the output conductance change ratio equals
the output conductance negative [19].

P=V-I, (1)
where P is the power of PV array, V is its voltage,
and [/ is its current. Then as the result of applying the
chain rule on the derivative of products is

oP/oV = [o(VI)]/ oV, )
since OP/0V=0 at MPP. Regarding array current

I and array voltage V, the equation could be ex-
pressed as follows:
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ol/dV =—1/V. 3)
Until the condition (8] / 8V)+ (I / V) =0 is met,
the DC to DC is controlled by the MPPT boost, the
PWM control signal of the converter. With this ap-
proach, the module’s peak power is located great-
er than 98 % of its incremental conductance. The
following flow chart, which is displayed in Fig. 3,
makes the method simple to understand [20].

The changes in speed are not quick enough
to offset the rapid PV voltage drop that happens
once the power absorption beyond the maximum
possible at the MPP if acceleration feedforward
compensation is not used. At the intersection of the
relationship of current energy vs. voltage and the
VSI voltage saturation limit curve, on the left of the
MPP, the working point rapidly shifts to the only
stable equilibrium. Until the motor power demand
(which is correlated with the motor speed) is re-
duced below the power availability at the equilibri-
um point, the system stays there. The working point
then swiftly shifts to a stable operating position at
the same power level, to the right of the MPP. The
MPPT never reaches a stable MPP operating condi-
tion since it then begins to increase the speed once
more, repeating the cycle endlessly [21].

5. DC MOTOR AND PUMP

Through an BLDC motor electronics commuta-
tion, a VSI is used to control the motor. An electron-
ic BLDC motor using a decoder logic, commutation
change the currents passing through its windings in
a specific order [22]. The DC input current is sym-
metrically positioned at the middle of each phase
voltage for 120°. According to the different possi-
ble combinations of three, six switching pulses are
produced. An integrated encoder generates three
Hall-effect signals based on the rotor position. At
60° intervals, a precise set of Hall-effect signals is
generated for every rotor position range. Table 1

Fig. 4. PV water
pumping system
Simulink model with
MPPT controller
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Table 1. Signals and Switching of BLDC
0,° Hall Signals Switching States
H, H, H, Sy S, S3 Sy Ss Ss
N/A 0 0 0 0 0 0 0 0 0
0-60 0 0 1 1 0 0 0 0 1
60-120 0 1 0 0 1 1 0 0 0
120-180 0 1 1 0 0 1 0 0 1
180240 1 0 0 0 0 0 1 1 0
240-300 1 0 1 1 0 0 1 0 0
300-360 1 1 0 0 1 0 0 1 0
N/A 1 1 1 0 0 0 0 0 0
Table 2. Specification of PV Model
Parameter Value
Maximum power, W 305.226
Voltage at maximum power, Vi, V 54.7
Current at maximum power, /;,, A 5.58
Open circuit voltage, V., V 64.2
Short-circuit current, /g, A 5.96
Total number of series-connected cells, N, pcs. 5
Total number of parallel cells, NV,, pcs. 66
Temperature coefficient of open circuit voltage, K,, mV/°C —272.7
Temperature coefficient of short-circuit current, K;, mA/°C 61.745
Diode saturation current, Iy, A 6.3076x10-12
Parallel resistance, R,,, 2 393.2054
Serial resistance, R, Q2 0.37428

lists the six switching states that were produced us-
ing the rotor position estimation [23]. It is notice-
able that just two switches conduct simultaneously,
which causes the VSI to operate in a 120° conduc-
tion mode and, thus, have lower conduction losses
[24]. In addition, the VSI’s basic frequency switch-
ing is provided via electronic commutation, which
eliminates the losses connected to high-frequency
PWM switching. For the suggested system, a BLDC
motor with an integrated encoder made by a motor
power firm was chosen [25].

6. SOLAR PV ARRAY

To ensure that the system’s performance is unaf-
fected by the loss related to the motor and convert-
ers in order, a 1.5 kW peak power output of a PV
array — a little more than what the motor needs is
used. The usual solar insolation level of 1000 W/m?
is used to estimate the solar PV array’s characteris-
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tics. The VSI’s DC link voltage and the BLDC mo-
tor’s DC voltage rating are taken into consideration
while choosing the voltage of the solar PV array at
MPP. The parameters of the PV system are present-
ed in Table 2.

7. SIMULATED RESULTS

The solar system for pumping water is modelled
using the MATLAB/Simulink program. As seen in
Fig. 4, the system’s entire simulation model is made

.
Sa

Fig. 5. Simulink model of BLDC motor
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up of a few masked blocks joined together. The PV
model was connected to a BLDCM that was driving
a centrifugal pump load via a controlled buck chop-
per to perform the simulation. It also comes with an
MPPT control device.

7.1. BLDM Motor Model

As seen in Fig. 5, the BLDM simulation model is
constructed in the MATLAB environment using the
SimPowerSystems and Simulink libraries.

The different motor-pump indices for BLDC, in-
cluding speed, N, electro-magnetic torque, e,, sta-
tor current, iy, and the back EMF created, 7., and
load torque, 7L, change proportionately to the level
of sun insolation. The simulated findings reveal two
significant truths. The BLDC motor has a gentle be-
ginning because, first, the stator current is managed
at start-up so that it requires time to attain its val-
ue in the steady state. Second, the suggested system
operates steadily regardless of the weather, since
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the electromagnetic torque produced by the BLDC
motor, 7., which is equivalent to the torque needed
to operate the pump, 7L, in spite of all changes in
the amount of solar radiation. The obtained graphs
of dependencies are shown in Figs. 6-11.

8. CONCLUSIONS

This paper presents a standalone solar water
pumping system that provides clean, sustainable
energy for the water supply in remote locations.
This paper’s primary goal was to increase the over-
all system efficiency by applying effective MPPT
methods to deliver the greatest power to the load,
particularly in the face of rapidly fluctuating meteo-
rological conditions.

The suggested system’s appropriateness for so-
lar PV-based water pumping has been validated by
its intended performance, even at 20 % of the typi-
cal solar irradiance.

02 03 04 05 06 07 08 09 1

Fig. 9. Torque
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ABSTRACT

The paper reports an experimental photobiolog-
ical study estimating the effectiveness of different
spectral modes of photosynthetically active radia-
tion (PAR) for cultivating tomato vegetables using
LED irradiators as electrical grow lighting. Variety
of Tomato cv. Katya F1 was used in the study.

The purpose of the study was to compare the
photobiological efficiency of radiation from dimma-
ble LED irradiators with an adjustable spectrum and
high-pressure sodium lamps (DNaT-600).

PAR irradiance at the upper leaf level was
maintained constant in the treatment (using LED)
and control (using DNaT-600) and was (425 +
15) umol/(m?-s). Energy consumption was mea-
sured using electronic electricity meters separate-
ly for the control and treatment part of experiment.
The characteristics of plant growth and develop-
ment were recorded throughout the experiment. The
tomatoes were analysed for nitrate, sugar, and vita-
min C contents.

The study showed that during the growing peri-
od of 80 days, a twofold saving in energy consump-
tion was achieved in the treatments with LEDs com-
pared to the control. At the same time, the yield of
vegetables per illuminated area in the control was
63.9 kg, which exceeded the average values of this
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parameter in the treatments by 1.4 times. Taking
into account the consumed electricity, the cost of the
tomatoes produced in the treatment was lower by
38 % and amounted to 42.2 kW-h and in the control
to 58.1 kW-h per one kg of tomatoes. The assump-
tion is substantiated that the reasons for differences
in tomato yields may be associated, first of all, with
different qualitative and quantitative characteristics
of infrared radiation in LED irradiators and sodi-
um lamps. Ways to improve LED irradiators to in-
crease the photobiological efficiency of their radia-
tion are outlined.

Keywords: variable irradiation spectrum, ener-
gy efficiency of irradiation modes, dimmable LEDs,
DNaT-600 irradiators, tomato productivity, quality
of tomato produce

1. INTRODUCTION

Recent decades have seen a rapid growth in the
development of northern territories. One of the chal-
lenges associated with this is providing the popula-
tion with fresh plant food. This task is often compli-
cated by major problems, both logistic ones, which
are caused by difficult weather conditions, and the
storage-related problems: the plant products deliv-
ered in advance are stored over long periods, which
results in dramatic quality impairment, often af-
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fecting their outward appearance and organoleptic
properties.

These difficulties could be resolved by grow-
ing plant products at the places of residence of the
people living in the north, using electrical lighting.
For this, highly efficient sources of electrical light
are needed. As light sources were created and im-
proved, lighting engineering in Russia tradition-
ally paid great attention to supporting research on
assessing the spectral and energy efficiency of ra-
diation for plant growth under electrical lighting.
Such studies began to develop especially actively
in the 1970s, with the production of various types
of sufficiently powerful metal-halide lamps (MHL),
which provided a technological basis for the for-
mation of experimental physiologically sound ap-
proaches to selecting modes of plant cultivation that
would be effective in terms of spectrum and irra-
diance under electrical illumination conditions [1,
2]. The modern lighting engineering offers various
light sources for the greenhouse industry. The most
widely used of them now are high-pressure sodium
(HPS) lamps and various types of LEDs, which are
used as the basis for designing LED irradiators with
various spectral and energy characteristics.

In the greenhouse industry, the small-scale in-
troduction of HPS lamps occurred in the 1980—
90s, and they gradually replaced their predeces-
sors, MHL, due to higher energy efficiency and
longer operating time. However, the continuously
improving LED lamps, which are superior to sodi-
um lamps in these and other parameters, have been
extensively used for growing plants under electrical
lighting in recent decades. LED lamps have proven
to be more promising for plant growth under elec-
trical illumination because of a number of unde-
niable advantages such as their exceptionally long
service life (more than 5 times longer than that of
HPS lamps), lower thermal radiation temperature,
which prevents plant burns, small size, and the pos-
sibility of regulating the spectrum and intensity of
radiation [3]. The state and prospects for further
development of technological lighting using LED
technology are described in sufficient detail in Rus-
sian publications [4]. Owing to their special char-
acteristics, LED devices can be used to change the
spectral power dynamically, to influence various
production and morphophysiological parameters of
plants. In addition, LEDs can be easily controlled
by intelligent lighting programs for plant photosyn-
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thesis by changing the ratio of radiation of different
wavelengths [5].

Large-scale introduction of modern HPS grow
lights into greenhouse industry in Russia began in
the 2000s, stimulating a rapid increase in the scale
of growing plants under electrical lighting. The
main reasons for this are as follows: a relatively low
cost due to long-established large-scale serial pro-
duction, primarily for street lighting, as well as for
greenhouses [6, 7]. HPS lights, unlike LEDs, are
“hot” light sources, which emit a sufficient amount
of heat for winter greenhouses that have insufficient
thermal insulation [8—10]. These qualities of HPS
lamps are their temporary advantage over LEDs:
over time, they will be overcome by the increasing
serial production of LEDs and, thus, the natural fall
in their cost, as well as by the development of more
modern greenhouse designs with better thermal in-
sulation. Of special significance among the param-
eters of the compared light sources are their ener-
gy consumption and photobiological efficiency. The
energy efficiency of light sources strongly depends
on their radiant efficiency. Such efficiency for sodi-
um lamps reaches (34-36) %, while for LEDs this
value can reach 70 % [11]. In addition, the possi-
bility of changing the spectrum and irradiance of
LEDs programmatically during the growing season
can create conditions for additional energy savings.
Thus, it can be assumed that in the long term, the
cost of plant products grown using LED irradiation
may be significantly lower than that of the products
grown under HPS radiation. Therefore, it would be
interesting to estimate the energy consumption of
HPS and LED irradiators at given irradiation levels
in order to determine the energy costs per unit of ed-
ible produce.

To understand the reasons for the differences in
the photobiological efficiencies of the radiation of
the study light sources, which underlie the differenc-
es in the resulting yields, it seems important to con-
duct a comparative assessment of the efficiencies of
the HPS and modern LED irradiators with adjust-
able spectral and energy characteristics. The general
conclusion is that the energy efficiency coefficient,
together with the photobiological efficiency of the
light sources under study, underlies the formation
of the cost price of the plant products. Such stud-
ies should be started using strictly controlled major
environmental parameters (temperature, humidity,
mineral nutrition, etc.). Under such conditions, the
only varied factor should be the light regime char-
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acteristic of a given radiation source. Such studies
should be carried out strictly under electrical light
in order to exclude the distorting role of daylight
illumination on the spectral efficiency of the light
source [12]. The study should be performed with the
crop, which growth and development will show the
fullest potential of LED light sources in terms of the
dynamics of changes in spectral and energy char-
acteristics, taking into account individual stages of
plant growth and development.

The present study is devoted to a comparative
assessment of the results of photobiological re-
search on growing tomatoes under electrical grow
lights using currently common irradiators with HPS
(control) and modern LED irradiators, in which the
LEDs are capable of changing the power and spec-
tral composition of the radiation according to a pro-
gram specified by the user. Comparison of such ir-
radiators in photobiological experiments makes it
possible, on the one hand, to estimate their energy
consumption per unit of produce, and on the other
hand, to identify differences in the rate and direc-
tion of plant yield formation due to the possibility
of prompt regulation of the spectral composition of
the radiation from LED irradiators.

2. METHODS

A comparative analysis of the photobiological
efficiency of radiation from high-pressure sodi-
um lamps DNaT-600, widely used at present in the
greenhouse industry, and experimental LED irradi-
ators with the adjustable spectrum and intensity of
luminous flux was carried out. Each of the experi-
mental LED irradiators (manufactured by OOO EK
Enerkom, Moscow) included four types of diodes
with the following characteristics: white light with
a correlated colour temperature (CCT) of 6500 K;
blue light with a maximum emission at the wave-
length 450 nm, red light with a maximum emission
at the wavelength 660 nm; far red irradiator with a
maximum emission at the 730 nm wavelength. The
maximum power consumption of the LED irradia-
tors was about 630 W. The choice of LEDs and their
power was based on the spectral and energy char-
acteristics of LED irradiators that had previously
shown fairly good efficiency in growing tomatoes
of this variety under electrical grow lights [13]. The
irradiator power source was equipped with a wire-
less control unit, which allowed changing the power
of each power source channel. Data were transmit-
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ted to the control unit via Bluetooth (2.4 GHz) from
a tablet (mobile device). Thus, the design of the ex-
perimental LED irradiator ensured remote control
of the intensity of each channel for setting the re-
quired spectral composition and irradiance level of
the luminous flux.

At the vegetative growth phase of tomatoes, the
radiation spectrum, presented in Table 1 Spectrum
2, was used for all plants (36 plants) in the treat-
ment. After the start of mass flowering, 38 days,
Table 2, half of the plants in the planted area (18
plants) were irradiated with a radiation spectrum
with a sharply decreased proportion of blue rays and
an increased proportion of red rays, Table 1, Spec-
trum 3, and the remaining 18 plants were left un-
der the radiation of Spectrum 2. At the last growth
stage, characterized by the beginning of mass ripen-
ing of vegetables (76 days), 3 plants from Spectrum
3 were transferred to radiation in the range of (600—
700) nm, Table 1, Spectrum 4, and the remaining 15
plants were left under Spectrum 3.

Thus, on the 80th day of vegetation, four spectral
modes were used in the treatment:

— A stationary spectral mode using Spectrum 2;

— A variable spectral mode using Spectrum 2 and
then Spectrum 3;

— A variable spectral mode using consecutively
Spectra 2, 3, and 4.

In the first two spectral variants, the plants were
harvested at the age of 80 days, and in the last spec-
tral variant, the plants were left for post-harvest
supplementary lighting without changing the irra-
diance and other environmental parameters for 4
days. Data on the biochemical composition of fruits
for all spectral variants are presented in Table 3.
The spectral energy distribution of the light sources
was measured using an AvaSpec-ULS2048-USB2
spectrometer (Avantes, Netherlands). The irradia-
tors were mounted on height-adjustable suspensions
to create a uniform light field.

The DNaT-600 lamps were used as a control
light source with constant spectral and energy char-
acteristics, Table 1, Spectrum 1. These lamps were
located at a fixed height from the trays and provided
a uniform light field.

The irradiance in the PAR region at the level of
the upper leaves for both types of irradiators was
(425 £ 15) pmol/(m?-sec) and was monitored by a
Li-250A irradiance meter with a Q-35016 quantum
sensor (Li-COR, U.S.). During the growing peri-
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od of plants, the irradiance level was corrected ev-
ery 3—4 days.

The energy consumption was recorded directly
by taking readings from the meters, one of which
recorded the energy consumed by the LED irradia-
tors and the other — by the DNaT-600 lamps. In the
first case, a fixed irradiance value at the level of the
upper leaves (425 + 15) umol/(m?-s) during plant
growth was achieved by dimming the LEDs and af-
fected directly the readings of the electricity me-
ter. For DNaT-600 lamps, the reduction in luminous
flux that was required to compensate for the reduc-
tion in the distance between the irradiator and the
level of the upper leaves, which occurred during
plant growth, was achieved by using a neutral fil-
ter — a mesh layer between the irradiator and the
plant. Five such layers were installed during the ex-
periment, and each layer had a transmission coef-
ficient of 0.89+0.02. Correction factors were used
to correct the value of the final energy consump-
tion on DNaT-600 lamps. Thus, a correct compari-
son was made between the energy consumptions by
the two types of irradiators. When calculating ener-
gy consumption, the productivity of fresh tomatoes
per unit area (kg/m?) where fruits were formed at
the given irradiance equal to 425 pmol/m? was tak-
en into account. Energy costs when using Spectrum
4 for 4 days were not taken into account, since this
spectral variant was used only to assess the effect of
red rays on changes in the biochemical parameters
of tomato fruits, while productivity did not actual-
ly change due to additional lighting, Table 2. There-
fore, the total irradiated area was combined to cal-
culate the average energy costs in the treatment. In
the control (DNaT-600) and the totality of treat-
ments, the irradiated areas were 9 m? each. By tak-
ing into account the irradiated areas in the control
and treatments, we managed to correlate correctly
the energy costs recorded by the metering devices
with the output of tomato products.

The experiments were carried out in a sealed,
temperature-controlled growth chamber at the In-
stitute of Biophysics, FRC KSC SB RAS. Toma-
to plants (Solanum lycopersicum L.) of the Katya
F1 variety were selected for the study, because this
variety is an early-ripening, determinate crop. Be-
fore planting, tomato seeds were germinated in Pe-
tri dishes. They were sowed in identical plastic pots
(0.9 L each), 1 plant per pot. The rooting substrate
was moistened peat, pH 5.5-6.5, 600 g per pot [13].
Tomato plants formed single-stemmed communities
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with four flower inflorescences with a total height
of up to 80 cm. Sowing density was 4 plants per
m?. In each the control variant with DNaT-600 and
the treatment with LED irradiators, 36 plants were
used.

The air temperature during plant irradiation was
25 £ 1 °C during the photoperiod and 17 £ 1 °C at
night. The photoperiod lasted 16 hours. Humidi-
ty was maintained at (50-60) %. The nutrient solu-
tion was Knop’s solution supplemented with iron
citrate and a complex of microelements, which was
replaced weekly. The plants were watered during
the day by flooding the root layer. Until the plants
reached 20 days of age, watering was carried out ev-
ery 3 hours to avoid drying out of the roots, and then
every 6 hours. The growing period of the plants was
80 days from the moment of germination. During
the growth of the plants, side shoots and old leaves
were periodically removed to form single-stem to-
mato plants.

During the cultivation process, tomato plants
were evaluated based on the dynamics of growth
processes, the duration of the vegetative phase, the
onset of mass flowering and fruiting, the tempera-
ture of the leaf apparatus and fruits, and the char-
acteristics of the formation of the fruit yield. When
harvesting ripe tomatoes, the nitrate content was
determined using the GOST 34570-2019 methods
[14]; the sugar content was determined using the
permanganate method according to GOST 8756.13—
87 [15]; and vitamin C was determined using a cap-
illary electrophoresis system on a Kapel-105M de-
vice using the M 04-86-2016 method [16]. The
errors in the biochemical analyses included in Ta-
ble 3 are given taking into account the accuracy of
the devices used in the analyses, 5 %.

Statistical analysis of the results was performed
by conventional methods using the standard Mi-
crosoft Excel software package. The significance
of differences in means was determined using Stu-
dent’s t-test for a significance level of p<0.05.

3. RESULTS AND DISCUSSION

Analysis of the tomato plant growth processes is
shown graphically in Fig. 1.

The graphs suggest that the intensity of growth
processes in tomato plants grown under DNaT-600
irradiance was higher. Under LED irradiators, the
transition to radiation with a lower proportion of
blue rays led to an acceleration of the rate of in-
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Table 1. Spectral Parameters of Light Sources Used to Grow Tomato Fruits (cv. Katya F1)

. The outward appearance of
Proportions of the PP
g o tomato plants in the mass
=53 blue (b), green (g), o .
£ 2 fruiting period (at the age
S E Spectrum red (»), and far .
S = Yocrra f of 80 days) when cultivated
2 = red (fr) regions in " c
7 .o in the rays of a given
PAR*, % .
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. 40000
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1 .é b-5,g-58,
£ 200001 r—34,fr-3
10000
1] 7 T ™ T
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*Calculated as the proportions of the sub-integral areas of intensity in the wavelength ranges: b: (400-500) nm, g:
(500-600) nm, r: (600—700) nm, fr: (700-750) nm.
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Table 2. Major Growth, Development, and Yield Parameters of Tomato Plants Grown under DNaT-600
Lamps and Experimental LED Irradiators

. A A Tomato fruit yield, kg/m?
Il:rad}atlon sp'ectra Beginning Mass Beginning Beginning
in different light of . o of mass P "
No. . : flowering, | of fruiting, — Total fresh roportion
treatments according | flowering, davs davs ripening, otal tres of red
to Table 1 days ¥ ¥ days weight fruits, %
1. LED (Spectrum 2) 32-34 3840 3840 76-78 51+0.9 823+5.6
- ]
g, | LED (variable¥spec- | 5, 5, 38-40 38-40 76-78 | 55+08 | 832+6.0
trum 2 3)
- i
3. | LED (variable® spec- | ) 5, 38-40 38-40 76-78 5.120.7 86+ 5.8
trum?2 34
4, | DNaT-600 (Spec- 20-22 35-37 35-37 76-78 | 7.1+05 | 882+3.4
trum 1)

*Reasons for and conditions of changing the irradiation spectrum are described in Methods

crease in the linear dimensions of plants, which de-
creased the difference in this parameter with the
control, where DNaT-600 lamps were used. In gen-
eral, the length of the stems became similar in all
treatments by day 60 of the growing season, as
plants had stopped growing by that time. Somewhat
earlier, by day 50 of the growing season, the height
of the plants became similar under the weight of rip-
ening fruits.

Due to the presence of a dimming function in
LED irradiators, it became possible to change dy-
namically the spectral composition of the radiation
and estimate the effect of changing the radiation
spectrum on the size and quality of the yield [13].

Analysis of Table 2 shows that before the flow-
ering period, the growth and development of plants
under DNaT-600 lamps occurred at a faster rate than
under LED irradiators. However, by the beginning
of mass fruiting, plants in the treatments and the
control were developing at rather similar rates, and
during the period of mass fruiting, those differenc-
es disappeared entirely. However, the reserve for the

advancement of growth and organ-forming process-
es (in particular, flowering and fruiting) for toma-
toes under DNaT-600 lamps, which was preserved
mainly in the first half of the growing period, cre-
ated conditions for earlier and faster formation of
fruits, which led to the formation of larger sizes than
in the treatment. As a result, the ultimate yield in the
control was higher than under the LED irradiators.
Table 3 demonstrates that a consistent increase
in the proportion of red rays in the PAR flux of LED
irradiators contributed to an increase in the sugar
content in tomato fruits, while the vitamin C con-
tent remained virtually unchanged, and the nitrate
content remained within the MAC in all treatments.
According to the literature data, which will be
discussed below, DNaT-600 lamps showed high-
er photobiological efficiency than LED irradiators,
which had different emission spectra in the visible
region. Some data obtained by growing tomatoes
under radiation of different spectral PAR composi-
tion suggest that the irradiation mode with a suffi-
ciently high proportion of green rays is very effec-

60 - 70 -
c 5] % 80 1 g R Flg‘. 1. Dynamlcs of
s | E5o the increase in stem
£40 2 2 length (@) and plant
g 1 £ 40 - . .
s Eriieaat B ] o
£ 30 —G—LED (Spectrum 2 £, OGSk height () in tomgto
g 1 —o—LED (Spectum3) = cv. Katya F1 culti-
@ 20 4 g 1 —0—LED (Spectrum 3) ..
e DNaT-600 & 20 vated under radiation
s ] “—DNaT-600
o 104 10 4 from DNaT-600 lamps
- = o and experimental LED
0 10 20 30 40 50 80 70 o 10 2 30 4 s 6 70 jrradiators
a) Plant age (d) b) Plant age (d)
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Table 3. Biochemical Characteristics of Tomato Fruits under DNaT-600 Lamps and Experimental LED
Irradiators with Relative Measurement Error =5 %

Biochemical composition
Spectrum of the light
source according Nitrates,
to Table 1 mg/kg Total sugar, %,. Reducing sugars, % Vitamin C, %
MAC
DNaT-600 (Spec- 80
trum 1) 300 6.961 3.902 0.0433
LED 110
(Spectrum 2) 300 4.962 3.048 0.0483
LED 88
(Spectrum 3) 300 7.236 3.800 0.0487
LED 100
(Spectrum 4) 300 7.664 3.822 0.0437

tive for tomatoes [17]. The study [18] noted high
efficiency of the yellow-orange spectral region in
PAR for tomato biomass accumulation. Unfortu-
nately, those experiments were not completed until
the final yield was produced, and only hypotheses
can be made about the effects of different regions
of the spectrum on the productivity of the econom-
ically useful products. Summarizing these facts,
it can be assumed that for the LED irradiator, the
most promising option will be the distribution of
the spectrum in the visible region with a small pro-
portion of blue rays and increased proportions of
yellow-green and orange-red rays. The visible spec-
trum of radiation from the DNaT-600 lamp rath-
er roughly resembled such an energy distribution,
while the spectrum of radiation from the LED irra-
diator used in the experiments clearly contained an
insufficient proportion of yellow-green rays.

The main reason for the low yield in the treat-
ment is most likely associated with fundamental dif-
ferences in the emission spectra of the near infrared
radiation of LED irradiators compared to DNaT-600
lamps. Table 1 shows, in particular, that in the
820 nm region there is a distinct peak in the spec-
trum of the DNaT-600 lamp.

There are no clear ideas yet about the physio-
logical significance of radiation at wavelengths lon-
ger than 750 nm for the formation of plant yields.
However, the overwhelming (more than an order of
magnitude) dominance of the 820 nm peak for the
DNaT-600 lamp compared with the LED irradia-
tors suggests its possible influence on the differenc-
es in tomato yields between the treatments and con-
trol. These assumptions are in good agreement with
the data reported in [19]. Comparison of the pho-
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tobiological efficiency of LED irradiators with dif-
ferent PAR spectra and HPS lights showed that the
fruit yield parameters under HPS lamps were higher
than the corresponding parameters under the LED
irradiators. However, adding near infrared radiation
to the visible PAR radiation of LED irradiators re-
sulted in an increase in the tomato yield, which ex-
ceeded the yield produced under HPS lamps. The
authors of that study also noted that the addition of
near infrared radiation in this region of the spec-
trum to the LED irradiator considerably accelerated
the flowering process and, hence, reduced the time
before the onset of the fruiting process. Unfortu-
nately, the results of the cited work are significant-
ly devalued by the effect of whitefly on the studied
plants, which could considerably distort the results
obtained; yet, the probability of a positive effect of
additional infrared radiation in the radiation of the
LED irradiator on increasing the tomato yield re-
mains. Differences in infrared radiation from dif-
ferent light sources, like ones in the current study,
can also affect the temperature of leaves, fruits,
and shoot tips, flowering time, and plant develop-
ment [20]. In our study, the temperature of tomato
fruits was measured under sodium lamps and LED
irradiators. The measurements showed that the av-
erage temperature under the DNaT-600 lamps was
26.7 °C, which was about 2 °C higher than under
the LED irradiators. According to the above data
and our results, this may also be one of the reasons
for the difference in the tomato yields in the tested
light options.

Although a number of researchers report that the
photobiological efficiency of sodium lamps is high-
er than that of modern LED irradiators, the results
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Table 4. Energy Consumption for Producing Tomatoes Using DNaT-600 Lamps
and Experimental LED Irradiators

. Energy consumption, Fruit yield per area under Cost per fruit from the working area,
Light source kW-h light, kg kW-h/kg
DNaT-600 3710.9 63.9 58.1
LED 1905.6 45.2 42.2

of scientific research show that if all factors asso-
ciated with the operation of these light sources in
greenhouses are taken into account, LED irradia-
tors turn out to be more economical, and therefore,
the cost of plant products grown under LED irradia-
tors is, at least, commensurate. As noted above, en-
ergy savings when using LED irradiators compared
to sodium lamps can reach 70 % or more accord-
ing to various data. For the conditions of our experi-
ments, these estimates are given in Table 4.

The total energy consumption of the LED lamps
during the experiment was 1905.6 kW-h. For
DNaT-600 lamps, this value according to the me-
ter was 5948.7 kW-h. The correction of the latter
value for the useful flow, taking into account the in-
stallation of neutral light filters, was 3710.9 kW-h,
Table 4. The present study showed that over the
plant growing period, almost twofold energy sav-
ings were achieved by using the LED irradiators
compared to the control. At the same time, the yield
of tomato fruits in terms of the illuminated area was
63.9 kg, which, according to Table 4, exceeded sim-
ilar values in the treatments by an average of 1.4
times. Taking into account the consumed electrici-
ty, the cost of the produced fruits in the experiment
was 42.2 kW +h and in the control — 58.1 kW-h per
one kg of tomatoes.

The calculated cost of production for the con-
sumed electric energy turned out to be lower for
LED irradiators by approximately 38 %. In the lit-
erature, such estimates include a range of other as-
sociated costs, such as heating greenhouses, and the
difference in the cost of production can be reduced
to 10 % [7]. However, it makes sense to repeat that
the cost of LEDs themselves continues to decrease
as their production by the lighting industry is steadi-
ly growing. The service life of modern LEDs is also
increasing, their spectral and energy characteristics
are improving, and other LED parameters are be-
ing upgraded, which results in the reduction of the
cost of plant products when LEDs are used in green-
house industry. Therefore, the data in Table 4 can be
considered as preliminary, which can be refined tak-

ing into account specific conditions associated with
the costs of obtaining plant products.

Finally, the present study shows promising ways
to improve the efficiency of using LEDs as electri-
cal grow lights and the possibilities of increasing
their photobiological efficiency compared with so-
dium lamps. Thus, it is necessary to consider the
possibility of increasing the efficiency of LEDs by
improving the radiation in the infrared region of the
spectrum as a priority, as was discussed above. An-
other factor that can enhance the photobiological ef-
ficiency of modern dimming LEDs is the possibili-
ty of wider manipulation of the radiation spectrum
in the entire PAR region. In particular, the last re-
mark concerns the green region of the spectrum, as
green (along with yellow-orange) rays, as noted by
a number of researchers [9, 18], can be useful, in
particular, for tomatoes at certain growing stages.
At present, it is extremely important to solve the is-
sue of the optimal intensity and spectrum of radia-
tion required by the most popular crops to optimize
the quality and yield of their products. LEDs are the
most promising light sources for fulfilling this ob-
jective [4, 21]. Based on the above, the develop-
ment of research in these areas should be considered
promising for continuing to improve the photobio-
logical efficiency of LED irradiators as an alterna-
tive to HPS and other possible light sources.

CONCLUSIONS

1. Average tomato yields per irradiated areas
were higher under the radiation from DNaT-600
lamps by approximately 41 % than under LED ir-
radiators. At the same time, in terms of energy con-
sumption, the efficiency of LED irradiators was
higher by approximately 38 %.

2. The reason for the higher efficiency of the
DNaT-600 lamps compared to LED irradiators
for tomato productivity is most likely associated
with additional radiation in the infrared region of
the spectrum with a maximum at the wavelength
820 nm. Additional amplification of the radiation
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of LED irradiators in the green-yellow region of the
spectrum may also enhance its photobiological effi-
ciency for tomatoes.

3. Further research on improving the efficiency
of dimmable LED irradiators for tomatoes based on
the obtained results should be aimed at improving
their radiation in the infrared region of the spectrum
and, as an additional factor, creating a full spectrum
by increasing the proportion of green rays. This will
provide opportunities for designing a light device
with the spectrum and radiation that can be regulat-
ed in wide ranges according to physiologically jus-
tified requirements.
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ABSTRACT

Based on long-term experimental studies and
analysis of the specific features of the current-
voltage characteristics of quantum well light emit-
ting diodes (LEDs), based on wide-bandgap semi-
conductors, it has been found that modern quantum
well LEDs have an inherent limitation on their op-
erating current density, determined by existing de-
sign and technological parameters. This limitation
is associated with the formation of a built-in electric
field within the quantum well region, caused by the
injection of excess charge from the incoming charge
carriers. When such a built-in electric field forms
in the quantum well region the efficiency decreases
inversely with the potential difference between the
outermost quantum wells, that is, inversely with the
increasing current density.

Thus, a multiple quantum well structure can be
modelled as a multi-plate parallel-plate capacitor,
where the stored charge is proportional to the charge
of the injected excess carriers or depends exponen-
tially on the voltage that lowers the potential barrier
of the space charge region. As a result, once a cer-
tain current density threshold is exceeded, the ex-
ternal voltage across the LED structure increases
sharply.

The current density, at which the excess volt-
age U, appears, is approximately the same for all

quantum well LEDs with existing design and fabri-
cation parameters. This threshold can be described
by the expression Jyp=(2kTee,)/(g°tL), where TL
is the product of the carrier lifetime in the quan-
tum wells and the distance between the outermost
wells. This value typically falls within the range of
(1-10) A/em?.

Keywords: light emitting diodes, quantum
wells, current-voltage characteristics, quantum ef-
ficiency, efficiency

1. INTRODUCTION

The advent of light emitting diodes (LEDs) with
gallium nitride quantum wells (QWs) nearly thirty
years ago [1, 2], characterized by high quantum ef-
ficiency, brought about revolutionary changes in the
development and application of lighting technolo-
gies. Today, there is virtually no area of technology
that does not employ these highly efficient LEDs.

Further improvement in their efficiency is driven
by two main approaches: refinement of design and
fabrication parameters, and optimization of electri-
cal and thermal operating conditions.

In terms of design improvements, the perfor-
mance has nearly reached its theoretical limits. For
instance, Cree Corporation reported achieving a lu-
minous efficacy of 276 Im/W [3] for white LEDs
with the 4401 K colour temperature at the current of
350 mA under laboratory conditions. These results
were obtained using SC3 technology and the latest
advancements in crystal and phosphor architecture.
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However, research continues to pursue higher in-
ternal and external quantum efficiencies at elevated
current densities by reducing the concentration of
non-radiative centres and suppressing Auger recom-
bination, which significantly lowers quantum effi-
ciency as the current increases.

The Russian Science Foundation has reported
collaborative efforts by scientists from the Institute
of Computational Mathematics and Mathematical
Geophysics of the Siberian Branch of the Russian
Academy of Sciences and colleagues from Germa-
ny to substantially enhance the efficiency of QW-
based LEDs by improving the crystalline structure
of the quantum well regions and reducing non-radi-
ative recombination losses [4—6].

In addition, work is ongoing to reduce contact
resistance, which, according to many researchers,
contributes to decreased efficiency at current den-
sities exceeding 10 A/cm?2. Notably, contact resis-
tances as low as 1 Ohm have been achieved [7],
yet the deviation of the current-voltage characteris-
tic (CVC) from the exponential behaviour beyond
this current density corresponds to an equivalent se-
ries resistance of (20—30) Ohms [8] for LEDs with
a chip area of 1x1073 cm? and approximately ten
times lower for chips with an area of 1x1072 cm?.
This resistance level has remained largely un-
changed over the years despite continued techno-
logical advancements.

This raises the questions: what causes the electri-
cal losses associated with the rise in forward voltage
at current densities above 10 A/cm? and what ap-
proaches might mitigate these losses to enable high-
er current operation in LEDs?

The objective of this work is to identify the fun-
damental factors that limit the electrical operating
regimes of quantum well LEDs.

2. MODELLING OF ELECTROPHYSICAL
PROCESSES IN THE QUANTUM WELL
REGION

The external quantum efficiency and overall ef-
ficiency are the most important quantitative charac-
teristics of LEDs. The external quantum efficiency
is defined as the ratio of the total number of photons
emitted into the external environment (integrated
over all frequencies and angles) to the number of
charge carriers passing through the p-n junction per
unit time:

2Lt (1)
qa 1Ilq

Tece = 1/

where £ is the light extraction coefficient that ac-
counts for the reduction in the number of photons
escaping into the external environment due to inter-
nal absorption and reflection, @ is the number of
photons, generated in the LED active region via ra-
diative recombination.

The overall efficiency is defined as the ratio of
the total optical power emitted to the consumed
electrical power:

B [hv-@(w)d(hv)

B~ IU,+U)
where P; is the optical power, Py is the electrical
power, U, is the voltage that reduces the potential
barrier of the p-n junction, and U; is the voltage that
arises in the diode structure in addition to that re-
quired to overcome the barrier potential. As will be
shown below, U; may not originate from resistive
effects, but rather from an electric field created by
excess charges in the quantum wells embedded in
the space charge region (SCR). Therefore, it is de-
noted not as a product of current and resistance, but
specifically as U.,.

The power radiated into the external environ-
ment is ¢ times less. Accordingly, the ratio of exter-
nal efficiency to external quantum efficiency is ex-
pressed as:

nPE 5o (2)

o [ - ®(hv)d (hv)
CqWU,+U)  [e(myd()

e

L 3)
qU, +U)
where Av,, is the effective photon energy, averaged
over the emission spectrum.

This relation implies that the efficiency of the
LED begins to degrade with the onset and growth
of U,.

Moreover, analysis of current-voltage charac-
teristics (CVC) in the current density region above
10 A/cm? shows that U; under rated operating con-
ditions may amount to 10 % or more of Uj,.

Thus, it can be concluded that deviation of the
CVC from the exponential current-voltage relation-
ship significantly limits the efficiency of the electri-
cal power supplied to the LED.

In the vast majority of studies on CVC be-
haviour, the emergence of U, is attributed to the ex-
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Table 1. Design and Technological Parameters of the LED Structure Model Based on A/GaN/InGaN/GaN

u-10°% em | p2-10%,em | pe10% em | gg10% em | 4se10° cm | H-107, em c]::.’s c]::;l.’s CISI;z
5.85 7.05 8.25 9.45 10.65 3.5 2.10" 2-1017 10°

ternal resistance of the contact pads and the quasi-
neutral volume of the crystal [9, 10], with this
resistance considered temperature-dependent. How-
ever, analysis of efforts to reduce the contact resis-
tance of external terminals shows that a resistance
value of approximately 1 Ohm has been achieved
[11], which is virtually independent of current mag-
nitude. Therefore, the ratio U,/ should reach a con-
stant value at low forward currents and remain near-
ly constant across the entire current range.

Nevertheless, for all quantum well LEDs based
on GaN and AlInGaP, the U/I ratio at low currents,
approaching zero, is also near zero. As the current
density increases to several tens of A/cm?, the ra-
tio U/J initially grows from zero, reaches a maxi-
mum of (0.015-0.030) Q-cm?, and then gradually
decreases [12]. This maximum depends on the crys-
tal area, but not on the area of the contact pad. For
a crystal area of 1x107® cm? this ratio reaches (15—
30) Q at its peak, whereas for a crystal with an area
of 1x1072 cm? the ratio U;/I equals to 1.5-3 Q what
is comparable to the contact pad resistance.

These findings indicate that U; does not result
from a voltage drop across an external resistor due
to current flow. Instead, it arises from the spatial
separation of injected charge carriers and excess
charges in the quantum well layers.

This mechanism can be illustrated using a model
structure with five quantum wells. The energy band
diagram of this structure at a forward bias volt-
age U, (lowering the barrier potential) is shown in
Fig. 1.

Table 1 presents the design and technological pa-
rameters of the model structure.

In this table, u is the coordinate of the centre
of the quantum well, with the index indicating its
number. The wells are numbered from the metal-
lurgical boundary of the p-n junction, i.e., practi-
cally from the heavily doped n-region. H represents
the QW width, while N, and N; are the concentra-
tions of acceptors and donors in the p- and n-re-
gions, respectively. In our case, the quantum wells
are located within the SCR of the p-region, since the
SCR width at zero bias voltage for this structure is
W (0) = 3.4x1073. As shown in ref. [13], to ensure

efficient recombination within the QWs, they must
be placed in the first half of the SCR under zero bias
conditions.

At relatively low current densities (up to 1
A/cm?) in a QW LED structure, the current is pri-
marily generated due to the recombination of charge
carriers within the quantum wells via the Sah —
Noyce — Shockley (SNS) recombination mecha-
nism [14] with a significant distinction: recombi-
nation occurs not through localized centres, but
between the energy bands of the QW semiconduc-
tor. In reference [13], an expression was obtained
for the current — voltage characteristic (CVC) val-
id in the regime before deviation from the expo-
nential dependence, i.e., up to current densities of
(0.1-1) A/cm?:

—p, +qU
J = qoV,N,H -exp (%) x

N
x Y E, U) 4, exp(M), )
po kT

where the first term describes the sum of recom-
bination currents in the QWs, and the second term
corresponds to the diffusion component of the total
current. Here J, is the saturation current due to the
diffusion mechanism, ¢ is the elementary charge,
o is the carrier capture cross-section, Vr is the ther-
mal velocity of carriers, k7 is the thermal potential,
U, is the voltage that reduces the potential barrier
for electrons and holes, and ¢, is the built-in poten-
tial of the p-n junction. The pre-exponential factor
implicitly includes the recombination centre con-
centration, N, = 1 cm™3, corresponding to the first
quantum well in the summation.

In the Eq. (4)
E,(U,)=

r-exp {( _(pk]:'Tqu )

+exp {( _(ﬂk]:'Tqu )

w, } _1
W, WU,y .

“Fi T
U, WU,
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where W(U,) is the width of the SCR at the potential barrier voltage U,.

2 > 2 :
The factors He M ~|and|1- He + He - | define the proportionality between the edge
WU, WU, WU, WU,

potentials of electrons and holes in the QWs and the built-in potential minus U,, assuming a parabolic po-
tential distribution.

This model significantly differs from the classical SNS CVC model due to the inclusion of the coordi-
nates («) and widths (H) of the QWs, as well as the interband recombination mechanism occurring within
QWs placed inside the SCR.

This operation mode holds up to current densities of (0.1-1) A/cm?. At higher current densities, the ap-
plied forward voltage exceeds U, by a value denoted as U,, the origin of which is discussed below.

During injection, QWs acquire a charge of excess carriers:

_ 2 2
N exp ( @, +qU, ) Hy M, _|texp Do |
kT w,) wuU,) kT
0, =qV;SH ; , (6)
- 2
—N,exp ( ¢k+quj 1— M, n My = |texp P
kT wu,) wuU,) kT
where 7 is the carrier lifetime, S is the area of the p-n junction, ¢, and ¢, are the potential depths of the QW

for holes and electrons, respectively, and the subscript g denotes the QW number.
The absolute values of the potentials of the QW edges are calculated using the equations

0. =|1- 2ﬂg n ‘ug2 [@k_quJ 0 = 2lug _ lugz [¢k_qu)‘ (7)
v wu,) WU,y kT “ o \wu,) WU, kT
_ 2 2
In the Eq. (6), goV, N, exp ( P +qU, ) 1- Hy + He = | ¢ 1s the thermal flux of the electron
kT WU, WU,

2

- 2
charge to the QW numbered g, and qoV.N,Texp {( %I:Tq U, ){ W(’L(l/% ) — - gj )2 }} is the thermal flux of
b b

the hole charge to the QW numbered g.

The factors SH - exp(i’;ﬁ j and SH -exp (%) normalize the charges of electrons and holes in the QW

with the volume SH and the energy depth ¢,,, and ¢,,,.

Thus, a structure with quantum wells can be modelled as a flat capacitor consisting of several plates
carrying unequal charges both, in magnitude and sign, depending on the voltage drop across the potential
barrier.

It is evident that the first QW is always negatively charged, while the last one is positively charged. With
typical values of barrier width between QWs [21], the excess carrier concentrations in the inner QWs are
an order of magnitude lower than in the outermost ones.

An internal electric field arises between the QWs, opposing the SCR field. As a result, an additional volt-
age U, is induced, which has the same polarity as the applied bias voltage.

Taking this into account and with an acceptable approximation that does not affect the conclusions, the
system of multiple charged QWs can be represented as a two-plate capacitor, in which the plates correspond
to the outermost quantum wells.

The charge of the first quantum well, neglecting the insignificant excess hole concentration, is given by:

_ 2/41 _ :u12 _¢k+qu ﬂ 8
QﬂwTNaTSHeXp{W(U.J) W(Ubf}( KT )}exp ( ) ®
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Similarly, the charge of the last quantum well (numbered N), ignoring the excess electron concentra-

tion, is:
2 —
O\ = q0V N, rSH exp 2y M > ( ¢k+qu) exp Do ), )
wu,) WU, kT kT

Accordingly, the excess electron and hole concentrations in the QWs are defined as:

2 —
An= 0V, N,Texp 2t M > ( ¢k+qU"J exp(&} (10)
ww, WU,) kT kT
2u 7S (—(/) +qU ) Pox
A — VN N _ N k b PN . 11
peo amxp{mm W(Ubf} v )Pk v

The calculated values of the excess charge carrier concentrations in the outermost QWs, based on
equations (10) and (11) and accounting for the injection of electrons and holes into the QWs at the
barrier-lowering voltage U,, are equal to n = 1.4x10'3 cm™3 electrons in the first quantum well, holes p =
2.5%10° cm3 in the fifth quantum well at U, = 1.0 V and n = 1.8x10!7 cm~3 and holes p = 8.1x10'8 cm3,
respectively, at U, = 2.0 V. As mentioned above, in internal quantum wells, the charge is more than an or-
der of magnitude smaller, therefore, it can be ignored with some approximation.

The electric field strength between the first and last QWs is equal in magnitude to E, = > 9 ik and that
&€,
between the last and the first QWs is Ey = &
2¢e€,S

The excess voltage U; arising in the SCR between the first and last QWs, aligned in polarity with the ex-
ternal forward bias voltage U,, is given by:

Ui = (El +EN)(IUN —/ll) =

2 f—
Naexpﬁl_ o, ¢k+qubﬂexp(<"ﬂj+

2¢¢€,S 2 - '
0 +NdeXPH 2 }( ¢k+quHexp(&) (12)

wUw) wU)* kT kT

If the total external forward bias is denoted as U, it consists of the barrier-lowering voltage U, and the
additional internal voltage U; generated between the QWs:

U=U,+U.. (13)
Then, taking into account the expression for the forward current obtained in reference [13], the equa-

tion describing the current — voltage characteristic of the structure with quantum wells can be presented as
a system:

_ N _
J:Jr-I-Jd :qGVTNdH'eXP(M)ZEW(Ub)‘FJO exp( Dy +qu )’
kT g=1 kT

2 pa—
N, epol— 2y LM 2}( ¢ +qU, ﬂexp(wﬂ)+
qoV.TSH (uy — 14,) wWw) wU) kT kT

2e€,S 2 _
0 +Ndexp ZM _ M . ( Dy +‘]Ub) exp(&)
wu) W) kT kT
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Fig. 1. Energy band diagram of a model structure with
quantum wells under forward bias voltage U,: the num-
bers denote the quantum well indices; black dots represent
electrons; white dots represent holes; the quantum wells are
located within the space charge region of the lightly doped
part of the p-n junction

where J, and J; are the recombination and diffusion
components of the total current, respectively.

The modelled current — voltage characteris-
tic based on the parameter values from Table 1 is
shown in Fig. 2. At forward biases corresponding
to the exponential portion of the CVC (Fig. 2, mode
1), the current increases nearly exponentially, with a
slope in semilogarithmic coordinates approximate-
ly twice smaller than that of an ideal diode. This
behaviour continues until the excess charge con-
centration in the outermost QWs becomes compa-
rable to the concentration of fixed ionized impu-
rity centres in the SCR. At that point, the electric
field due to the QW charge becomes comparable in
magnitude to the field U, compensated by the space
charge, significantly altering the electrostatics of the
quantum well region.

At a certain value of the electric field between
quantum wells, the potential barrier separating them
becomes equalized, allowing the injected charge
carriers to diffuse freely within the quantum well re-
gion, Fig. 3, (), corresponding to mode 2 in Fig. 2.

A further increase in current leads to a rise in the
excess carrier concentration in the quantum wells
and, consequently, to an increase in the total for-
ward bias voltage due to the growing electric field
between the wells, expressed as U=U,+EppL. Ex-
perimental data indicate that in a sufficiently wide
range of current variations, the excess voltage U, in-
creases almost proportionally to the forward cur-
rent, i.e., proportionally to the concentration of ex-
cess free charge carriers in the quantum wells.

Thus, for the presented mode at U; = 1.2, mode 3
in Fig. 2, the electric field strength between the first
and fifth quantum wells Epy is 3x103 V/ecm. How-

ever, the Epp vector is directed opposite to the po-
tential barrier field and acts as an accelerating (drift)
field for the injected charge carriers. The energy dia-
gram for this mode is shown in Fig. 3, (¢). Here, the
charge carriers injected from the n- and p-regions
are accelerated by the resulting drift field and heat-
ed. Calculations indicate that they can acquire an
energy AE of 0.165 eV, which is sufficient to cause a
noticeable probability of atomic displacement from
lattice sites [8, 16]. This mode is referred to as the
subthreshold atomic displacement mode [16], since
the atomic displacement energy in GaN, E;= 12 eV,
is much greater than AE, and the displacement prob-
ability is given by p = exp[— E/2(kT+2AE/3)].

The onset of U, and the deviation of the CVC
from an exponential dependence can be taken to oc-
cur when U; > kT/q. This value of U,, according
to Eq. (12), corresponds to the current density

0= 2T here (L= gy - ). (15)
gLl

This equation shows that the current density,
at which the CVC deviates from the exponential
dependence, given typical design and technolog-
ical parameters for LED structures [15], is near-
ly constant and on the order of a few amperes per
square centimetres for LEDs operating in the vis-
ible spectrum. Only the product zL in the denom-
inator varies slightly, since according to the ABC
model ¢ = 1/(A+Bn+Cn?), i.e., it is practically de-
termined by the same excess carrier concentration,
while L = W (0)/2 is determined by the doping lev-

J, Alem?
10°

0! F

L 3 vy ¢

Fig. 2. Modelled current — voltage characteristic of the
AlGaN/InGaN/GaN semiconductor structure with five
quantum wells, taking into account excess injection
charge in the quantum wells: 1) low current density mode;
2) mode of the beginning of deviation from the exponential
dependence; 3) strong drift field mode between
quantum wells
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el in the quantum well region, typically (5x1010—1x EE
x1017) cm™3 [13]. e

I NN NN P | a

When an electric field arises between the quan-
tum wells, the narrowing of the SCR in the QW
structure significantly slows down as the external
bias voltage U increases. Ultimately, in such struc-
tures, the SCR width is limited by the distance be-
tween the outermost quantum wells. However, ex-
perimental results show that this limit cannot be
reached due to the high electric field strengths be-
tween QWs, which lead to electrical breakdown.
In this mode, the increase in current mainly results
from a slight reduction in the potentials ¢, and ¢,
Fig. 3, (¢), while the significant increase in the bias
voltage is due to the growth of U,.

A characteristic feature of the U/I ratio is its in-
crease from zero to a certain maximum, followed
by a gradual decrease. To explain this, consider the
current expressions in Eq. (14). Before the electric
field arises, the current is described by the first term
in Eq. (14), where the capture cross-section can be
assumed constant and close to unity. Upon reaching
mode 3, where the electric field between the QWs
becomes accelerating for the injected carriers, they
gain enough energy to traverse over the QW bar-
riers. Consequently, the probability of carrier cap-
ture in the QWs decreases, equivalent to a reduction
in the capture cross-section. As a result, the growth
of U; slows down, and the diffusion component of
the current increases due to the drift of injected car-
riers into the quasi-neutral regions. This explains
the decrease in the U;/I ratio as the forward current
increases.

If we denote Uy, as the voltage, at which a drift
electric field arises between the quantum wells for
the injected carriers, mode 2, in Fig. 3, (b), then the
dependence of the capture cross-section on the volt-
age U, can be modelled hypothetically as:

1
, (16)
q(Ub - Ubo)j
kT

O =
1+exp(

where Uy, is the voltage at which the drift field aris-
es between the outermost QWs and depends on the
QW depth.

From the above, it follows that, for typical pa-
rameters of LED structures with quantum wells,
the formation of a drift field in the QW region and
the emergence of voltage U; occur within near-
ly the same current density range of (1-10 A/cm?),

Mctal]ufgical frontier 5 ¢ :
AT 6

Fig. 3. Technological structure of the model with quantum
wells: quantum wells are shown as shaded stripes — @; en-
ergy band diagram corresponding to mode 2 in Fig. 2 — b;
energy band diagram corresponding to mode 3 in Fig. 2 — ¢

corresponding to a specific electric power JU of
(2-35) W/cm? at external bias voltages of (2—
3.5) V. At higher bias voltages, the proportion of
voltage U, increases sharply, leading to a rapid de-
crease in efficiency, i.e., an increase in electrical
losses.

3. DEPENDENCE OF EFFICIENCY
ON INJECTION MODE

Having established the nature of the voltage U,,
we analyse the dependence of the LED efficien-
cy with quantum wells on the current density. For
this purpose, the ABC recombination model [17] is
employed.

Having established the nature of voltage U;, we
reveal the dependence of efficiency of a LED with
quantum wells on the current density. For this pur-
pose, we use the ABC model of recombination [17].

The current through the LED according to this
model is calculated by the equation:

1=gSY H, (A +BYn +C¥n’), (17)

where ¢ is the elementary charge, S and H are the
area and width of the quantum wells, n is the ex-
cess concentration of charge carriers in the quan-
tum well numbered g; 4, B, C are the ABC model
coefficients.

The flux of photons generated in quantum wells
is calculated using the equation
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Fig. 4. Dependence of the external quantum yield — a and
efficiency — b on the current density; the dependencies are
normalized by their maximum value

@, =SS H,-BY,n,

where B ni is the radiative component of the re-
combination rate.

From Egs. (17) and (18), the external quantum
efficiency, depending on the injection level into the
quantum wells, can be expressed as:

532 nz
Meqe = 2 3
Aan +ang +C2ng
The LED efficiency, considering the ABC re-

combination model and equation (19), is described
by:

(18)

(19)

g d(vd(v)
- I(U,+U)
1

=K——n=KpBn,
1ru /o, ! hn

_ LD _
qU,+U)) I/q

nPE
(20)

where K=hv,/qU, is a coefficient close to uni-

ty, and f = is the efficiency reduction

1+U, /U,
coefficient.

Eq. (20) indicates that at the maximum achiev-
able external quantum efficiency, the efficiency of
electric power utilization in powering the LED de-
pends on losses caused by the voltage U;. As men-
tioned above, U, is largely determined by the design
and technological parameters, as well as the elec-
trophysical properties of LED structures with quan-
tum wells.

Figs. 4 and 5 present the dependences of the ex-
ternal quantum yield and efficiency of the model
structure, as well as the efficiency reduction factor

current density

on the current density through the LED for the val-
ues of the ABC model coefficients of A =2x10° s,
B=5x1010g"1lem3, C=8x102slem®, E=0.5, K=
1.

The presented graphs show that significant elec-
trical power losses of up to 30 % occur already at
a current density of 35 A/cm?, which corresponds
to the specified operating mode with a specific pow-
er of 105 W/cm? at a forward voltage of 3.0 V. For
a crystal with an area of 1x1 mm? this corresponds
to a specified power of 1 W with electrical pow-
er losses, amounting to 0.3 W. At a current of 1 A,
the losses can reach up to 50 %, i.e., 1.75 W. These
losses are unavoidable and are dissipated as heat in
the crystal, caused by electrophysical processes in
structures with quantum wells.

Another detrimental effect of the drift electric
field appearing in the mode where the current —
voltage characteristic deviates from the exponential
behaviour — is the formation of non-radiative cen-
tres in the form of point defects due to interactions
between hot charge carriers and the atoms of the
crystal lattice. This results in gradual degradation
of the emission, i.e., an irreversible reduction in the
external quantum efficiency [18].

CONCLUSION

The use of electrical operating modes with ele-
vated current densities (J > (1-10) A/cm?) in quan-
tum well LEDs is limited by objective factors re-
lated to electrophysical processes, specifically, the
formation of a built-in drift electric field within
the space-charge region (SCR) where the quantum
wells are located. Starting at a current density of ap-
proximately 1 A/cm?, the LED efficiency decreas-

1
1+U,/U,”
where U; is proportional to the current density and

es proportionally to the coefficient £ =
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corresponds to the potential difference between the
outermost quantum wells. This potential differ-
ence arises due to excess charge from the injected
carriers.

The deviation of the current — voltage charac-
teristic from exponential behaviour leads to con-
ditions that accelerate the degradation of luminous
flux over time. This is a result of the formation of an
internal electric field with an intensity on the order
of 10° V/cm within the quantum well region. Such
a strong field gives rise to hot electrons, which in
turn displace atoms from their lattice sites, forming
non-radiative recombination centres.
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