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ABSTRACT. Growing plants with artificial light recently becomes quite relevant. Two specialized lighting systems were created in the Research Laboratory "Lighting
Technology" at the University of Mining and Geology "St. Ivan Rilski” in order to study which part of the spectrum of visible light has the strongest influence on the
growth and development of plants. The first one was set up in 2015 and the second one - in 2019. Cabins dimensions of the second system are suitable for growing
plants to their full life cycle - not only measurement of quantitative indicators and the obtained biomass, but also qualitative indicators such as color, odor, taste and
others. The influence of light with different wavelengths on photosynthesis efficiency was studied with the help of the newly created lighting system. This report
presents some pilot experiments for the selection of plant species that would be suitable as indicators for research in their cultivation under artificial light. Some
guidelines are also mentioned in determining the methods for evaluation of obtained results. More detailed examination in the recent experiments, showed in this
paper, concernes cultivation of tomato plants (Solanum lycopersicum) with the application of newly created lighting system. Research will allow plants to be grown
with artificial light with minimal energy consumption.
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WM3CNEABAHE HA PACTEXA U PA3BUTUETO HA PACTEHMA NPU OTFNEXOAHETO UM HA U3KYCTBEHA CBETIIMHA
CeemnaHa BenuHosa
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PE3IOME. OtrnexpaaHeTo Ha pacTeHusi Npyu U3KycTBeHa CBETNMHA B nocneaHo Bpeme npupobu ocobeHa akTyanHocT. 3a Aa ce ucrneABa KOst YacT OT CnekTbpa Ha
BMAMMATa CBETNMHA BNUsie Hal-CUITHO BbPXY pacTexa 1 pasBUTUETO Ha pacTeHusTa, BeaHbx npe3 2015 u sTopu mbT npes 2019 r. B HWN “OcBeTntenHa TexHuka”
kbM MuHHO-reonoxku yHuepcuteT “CB. ViBaH Punckn” 6sixa cb3gazieHn ABe Cneumanuavpaqi ocBeTuTenHn ypeadu. Paswepute Ha kabuHute Ha BTopaTa ypeaba
ca MopXoAslM 3a OTIMEeXAaHe Ha PacTEHUs U U3CNeSBaHETO Ha MbIHUS UM XM3HEH LIMKBA, KOETO BKMKOYBA OCBEH M3MEPBAHETO Ha KOMMYECTBEHM NokasaTenu 1
nonyyeHata Guomaca, Taka W Ka4yeCTBEHW MoKa3aTenu KaTo LIBST, MMPMC, BKYCOBM kadecTBa 1 Ap. C nmomowjta Ha HOBOCb3[afeHaTa OCBETUTENHa ypeaba e
13cneaBaHo BNWSHUETO Ha CBETNMHA C pa3nuyHa [AbIKMHA Ha BbMHATa BbpXy eekTUBHOCTTAa Ha (hoTocuHTe3aTa. To3u [OKNaj NpefcTaBst HSKOM MUNOTHU
€eKcrepuMeHTH 3a u3bop Ha pacTUTENHU BUAOBE, KOUTO Guxa 6UNM NOAXOLSALLM KaTo MHAMKATOPW 3a M3CNeBaHMS NpW OTFMEXAAHETO UM Ha W3KYCTBEHA CBETMMHA.
CromeHaTi ca CbLUO M HKOW HACOKWU MpW ONpefensHe Ha MeToauTe 3a OLEeHKa Ha nonyyeHuTe pesyntati. B goknaga no-nogpobHo ca pasrnefaHu nocnegHo
NpOBEiEHNTE EKCEPUMEHTU C OTIMEeXAaHe Ha [omaTeHu pacTeHus (Solanum lycopersicum) B HOBOCb3gafeHaTa ocBeTuTenHa ypegba. acnegsavusita we
NO3BONAT Aa CE OTITMIEXAAT PACTEHNS NPU U3KyCTBEHA CBETNIMHA C MUHUMANEH Pa3xop Ha eHeprus.

KntoyoBu gymu: LED, coTocuHTe3a, hOTOCUHTETUYHAKTVBHA paanaums (PAP), oTrnexaaHe Ha pacTeHust Ha U3KyCTBEHa CBETNMHA, CMEKTbP HA CBETNMHATA

Introduction Blue and red rays affect photosynthesis directly and
indirectly. Blue rays (70 kcal / mole) have about 1.5 times more
Cultivation of artificial light plants in recent years has energy than red (40 kcal / mole). According to quantum theory,
gained special popularity. On one hand, it is economically once a photon replaces only one electron of the pigment
advantageous for places with low sunshine during winter time molecule, the blue is losing more unproductive energy. It was
or northemn from 50th parallel. Even in the conditions of our ~ Observed that in normal illumination with the same energy of
country, in the winter months it is economically advantageous blue and red light, photosynthesis is more effective with red
to grow some vegetables with artificial lighting. Plant growing in rays. This can be explained by the fact that, with the same
space is also of interest - for longer stays outside the Earth energy, more red quanta will fall on the leaves and therefore
where, besides supplying oxygen, cosmonauts will need more pigment molecules will be excited.
vegetation as a food and as a recreation area. At a high level of brightness, however, blue rays have the
Critical level of illumination is required for photosynthesis. advantage because they activate protein synthesis and this
Photosynthesis in plants has maximum effect in irradiation with has a stimulating effect on the carboxylating enzymes, while
blue and red light. (For comparison, the human eye has a the red rays - enhance the formation of carbohydrates. The
maximum sensitivity in the yellow-green range, about 555 addition of blue light (about 20%) to the red, significantly
nanometers.) (Figure 1). enhances photosynthesis and can be used in greenhouse
production.
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The efficiency of conversion of light energy into chemical
energy in plants is estimated to be between 3 and 6%. The
actual effectiveness of photosynthesis varies greatly with
changes in the light spectrum, intensity of light, temperature
and carbon dioxide concentration. This part of the solar
radiation spectrum (400-700 nm) is called photosynthetic
active radiation (PAR) (Figure 1). In the process of
photosynthesis, practically only 1-3% of PAR is used.
Typically, PAR is expressed in ymol photons m-2s-1.
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McCree measured three physiological parameters:
quantum yield of photosynthesis, action, and absorptance.
Physiologically, it describes the maximum photosynthetic
efficiency with which light can be converted into chemical
energy at low light (Fig. 1).

It is also possible to calculate the effective spectrum of
photosynthesis based on DIN 5031-10 (Fig. 1).

Due to the rapid development of technologies in the field of
LED technology, specialized luminaires for photosynthesis are
already available from many companies. Examples of emission
spectra of such light sources are shown in Fig. 2

Deep Blue + Hyper Red:
+ Optimized for Photosynthesis

Full Spectrum and tunable:
+ Fine tuning of spectral
distribution for different plants
and different phases of growth

+ Low-cost fixture

Fig. 2. Variants of emission spectra of specialized luminaires for
photosynthesis

Advantages of LEDs in the field of plant cultivation are that
a single-color LED emits light in a narrow spectral band,
resulting in a saturated color. Reproduction of several spectra
with single-color leds is also possible.

Realization

In order to study which part of the spectrum most strongly
influences the photosynthesis in research laboratory "Lighting
Technology" at the University of Mining and Geology "St. Ivan
Rilski ”, in 2015 a specialized lighting system was created. It
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consists of 18 LED luminaires, each of which emits in a narrow
area of the spectrum and the intensity of photosynthetic
radiation of 300 - 500 umol /s.m2 (Velinova, 2015).

The purpose of this system is to study the influence of
individual parts of the light spectrum on the quantitative and
qualitative characteristics of photosynthesis in different plant
species, while monitoring their growth and development.

The following species were selected for study: lettuce
(Lactuca sativa), cloves (Dianthus caryophyllus), tagetes
(Tagetes patula), tomato (Solanum lycopersicum). The
following morphological indicators were studied: plant height;
leaf mass development; number of developed leaves; stem
length; leaf length and width; length and development of the
root system.

Results of these studies are published in (Velinova, 2017a;
2017b; 2018).

In the above-discussed LED lighting system, the volume of
the chambers and respectively the size of the studied plants is
limited to dimensions of about 30x30x40 cm. Therefore, in
2019 in RL "Lighting Technology" was created another
specialized lighting system (Fig. 3).

Fig. 3. Specialized lighting system 2 - 2019 year

It is an improved version and functional continuation of the
one from 2015. It consists of 7 cabins with dimensions
60x60x125 cm, illuminated by LED modules, each emitting in a
narrow area of the visible spectrum (Table 1, Fig.3 and Fig. 5).

Table 1
Chamber o Length on PAR/ Power /
Luminaire wave W
Ne mmol
A/ nm
1. BLUE | 467+-3 | 298 150
2. GREEN 523 +/-3 219 150
3. AMBER 601 +/-2 77 150
4, RED 626 +/-2 237 150
DEEP 150
5. RED 658 +/-2 333
BLUE/ 160
6. RED 447 /650 333
7. WHITE 4337 K 188 180

A specialized LED luminaire designed for photosynthesis is
installed in chamber Ne 6.

In chamber Ne 7 is installed a LED luminaire emitting a
neutral white light - 4337 K, which will be used as a cabin with
control. measurement samples (Fig. 4).
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Fig. 4. Chamber Ne 7 with neutral white LED light.

The dimensions of the cabins are suitable for growing plants
and the study of their full life cycle, which includes not only the
obtained biomass, but also quality indicators such as color,
odor, taste and others. A more detailed description of this
lighting system is given in (Velinova, 2019).

05 0710 760 460 510 56
Cabin Ne7 Daylight

Fig. 5. Emission spectra cameras VS spectrum of daylight

The problems and questions that arise during such
experiments are the following:

- Selection of suitable plant species: The aim is to use those
that have a strong reaction to light as a factor; be suitable both
for indicators and for growing in the conditions of the available
cabins, if possible to be self-pollinating (or at least
monoecious) and last but not least, those that are suitable for
consumption;

- Providing appropriate conditions such as temperature,
humidity, light regime and intensity, CO2, nutrients, pollination
and retention of fruits, protection and control of pathogens and
pests, etc. These parameters are kept constant and are the
same for each cabin.

- Use of appropriate assessment methods at each stage of
plant development: The light spectrum in nm and the PHAR
intensity in umol / s.m2 were measured in each cabin (Table 1)
using a Specbos 1201 spectroradiometer. The evaluation of
growth and development is performed by measuring certain
qualitative and quantitative indicators (plant height, stem
thickness, number of leaves, leaf size, number of stalks or
stems, number of flowers, number of ties, number of fruits
managed to ripen, qualitative evaluation of fruits, etc.); visually
- by assessing the general habitus of the plants and assessing
their health (relative visual assessment).

- Objective interpretation of the results of the experiment:
The results are presented in tables and graphs, and it is still
too early to draw definite conclusions due to insufficient
statistical material and too many factors that influence the
experiments, despite the desire to unify them.

Preliminary experiments carried out in 2019

In 2019, some preliminary (pilot) experiments were
performed in the newly created lighting system. Tomatoes
(Solanum lycopersicum) - variety "Milyana" (Fig. 6) and
strawberries (Fragaria sp.) - self-pollinating variety were used
as experimental species. (Fig. 7).

Fig. 6. Tomato plant from the experiments in 2019.

Feeding of the plants was hydroponic, using nutrient
solutions according to recipes recommended by (Simidchiev
Hr., V. Kanazirska, 2017). Such a feeding method is more
suitable for constant circulation of the solution. Unfortunately,
in our case there was no possibility for this and unicellular
algae stuck to the walls and bottom of the containers, so for
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the next experiments in 2020 the cultivation and feeding of the
plants was in containers with soil-fertilizer mixture and liquid
fertilizers.

e e

Fig. 7. Strawberries fed hydroponically -experiments in 2019.

When growing strawberries in the cabins, it was found that
the conditions there were not suitable for these crops:
insufficient ventilation, relatively high temperatures and the
appearance of mites greatly compromised the strawberrie
plants and the further conduct of the experiment with it. For
future experiments with strawberries, it is necessary to provide
better ventilation, carrying them out during the colder months
of the year and last but not least - good sterilization of the room
and the soil substrate.

On the other hand, tomato plants responded quite well to the
same conditions in the cabins where strawberries were grown,
so experiments with them were continued in 2020, but with a
different variety (Rugby), which was considered more suitable
as an object for research and evaluation.

Experiments carried out in 2020.

As experimental species were used tomatoes (Solanum
lycopersicum) - variety "Rugby" (Fig. 12), onions (Allium) (Fig.
9), lettuce (Lactuca sativa) (Fig. 9), and tagetes (Tagetes
patula) (Fig. 11).

The plants are moved under the lamps at a stage of
development seedlings - after the growth of the first true leaf.
They are selected so that they are relatively the same size. At
certain intervals (two to three weeks) they are measured and
photographed. During each measurement, the temperature
and humidity of the air in the cabins are taken into account (the
average temperature is maintained around 20-25° and the
humidity 55-60%). The light regime in the cabins is 18 hours
light / 6 hours dark, in order to bring the light conditions close
to the natural ones for the plants.

Growing Egyptian onions (Allium cepa var. multiplicans).
Egyptian onions are grown mainly for their leafs similar to
some other species of onions, with the difference that it
withstands low temperatures and can overwinter outdoors.
Instead of flowers, a group of bulbs is formed directly on the
tops of the flowering stems, which weigh, bend the stem and
when in contact with the ground put down roots, thus
multiplying - hence the name "creeping onion".

On 24.01.20 the plants were placed under the lamps in the
cabins - one bucket with 3 bulbs each. The following indicators
were measured: plant height (the aboveground part) in
centimeters; number of leaves; thickness of the stem in its
thickest part in mm.

Results for height and relative visual assessment are
presented in (Fig. 8) and (Fig. 10).

[@03.02.2020 1.
W 17.02.2020 1.

Fig. 8 Egyptian onion - plant height in cm - 03.02 and 17.02.20.

The plants formed edible leaves after about two weeks.
Measurements were made, after which the leaves were cut,
leaving one leaf at a time. After about a month, they grew back
to approximately the previous level. The best growth was
observed in the blue (1), combined RB (6) and white LED (7)
spectrum.
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Fig. 9 Leafy vege-
tables - 19.03.2020

Growing lettuce (Lactuca sativa) - variety "Oak leaf".

On 20.02.20 the plants were placed under the lamps. The
following indicators were measured: height and width
(diameter) of the aboveground part of the salad in cm and
number of leaves. Results for relative visual assessment are
presented in (Fig. 10).
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Fig. 10 Lettuce and leafy vegetables - relative visual assessment
from 1 to 10 on 19.03.2020.
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The salads reached an edible size after about a month. The
most satisfactory results were in the blue (1), red (4 and 5) and
somewhat green (2) spectrum.

Growing tagetes (Tagetes patula) On 17.06.20, 9 buckets
were placed under the lamps in a cabin. (Fig. 11). After a
month they were in the flowering stage. No visible differences
in plant growth and development were observed in the different
light spectra.

Fig. 11 Tagetes photographed on July 17, 2020

Growing tomatoes (Solanum lycopersicum). On 24.01.20
they were placed under the lamps - 4 plants in a cabin, each
planted in a separate container (Fig. 12).
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Fig. 14 Tomatoes - stem height in cm measured on 03.02, 17.02
and 19.03.20.
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Fig. 12 Tomatoes photographed on March 6, 2020

The following indicators were measured: height of the plant
(above-ground part) in cm. (Fig. 14); thickness of the stem in
its thickest part in mm (Fig. 13); number of leaves (with stalks)
(Fig. 16); length of the largest leaf in cm.; number of stalks;
number of flowers (flower buds) (Fig. 13 v Fig. 17); number of
ties (Fig. 13) and number of ripe fruits (Fig. 13). A relative
visual assessment of 1 to 10 was also made (Fig. 15).
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Fig. 15 Tomatoes - Relative visual assessment from 1 to 10 made
on 03.02, 17.02, 22.03 and 25.04.20.
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Fig. 16 Tomatoes - Number of leaves (with stalks) on 03.02, 17.02
and 19.03.20.

803.02.2020+.
m17.02.20207.
019,03.2020

45 1

40

/B

35

30 |
317.02.2020 r.

=19.03.2020 r.

1=467nm 2-523nm 3-601nm 4-626nm 5-658nm 6-

RE  7-white 8- dy\ghl

Fig. 17. Tomatoes - Number of flowers (flower buds) on 17.02 and
on 19.03.20 the graph is for the total number in each cabin

Number of tied fruits. In the case of tomatoes as cross-
pollinated plants, artificial pollination had to be carried out. The
number of tied fruits as of 19.03.20 was the largest in cabins
(1) - blue, (4 and 5) - red and (6) RB spectrum.

Fig. 18 Tomato plant photographed on April 21, 2020

A qualitative evaluation of the ripe fruits was made by tasting
by three evaluators. There was no relationship between the
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taste of the fruit and the spectrum of light under which it was
grown.

Conclusions and guidelines for future work

- The main observations so far are that during the
different stages of plant development a somewhat different
spectrum of light is required. It is recommended to add other
spectra (blue, red and green) to the main white light.

- Growing plants in artificial light in the above lighting
system is more suitable and effective for young plants up to the
seedling stage (for about 1-2 months). Problems arise when
growing adult plants for a long period of time: there is a
depletion and weariness of plant resources after the first
harvest, which slows down and stops later growth.

- It is desirable to carry out the experiments in the
cooler months of the year in order to more easily provide
appropriate temperature and humidity conditions. (the cooling
of the lamps additionally heats the cabins). In this way, the
danger of diseases and pests, which usually occur in warmer
and drier environments, is avoided.

- Objective interpretation of the results of the
experiment and drawing the appropriate conclusions are still a
problem.
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