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Abstract

Purpose and Objectives of the Work. This scientific article is devoted to creation of an advanced photobioreactor design for
wastewater treatment from biogenic compounds. Research Methods are based on a systematic analysis of theoretical
research, synthesis, anology and comparison. Research Results. As a result, the improved photobioreactor design was
proposed, in which the application of new elements and connections reduces the required area for its placement,
immobilization of microalgae in the working area and, as a result, reducing the working area, the ability to quickly replace
the sleeves of the working area, covered with sediment inside, and, as a result, reduce labor costs and downtime of the
photobioreactor. Discussion. The problem is solved by the fact that the photobioreactor is made in the form of a transparent
flowing rectangular open-topped tank, inside of which are vertically attached to the bottom of the tank by quick-release
fasteners transparent flowing flexible hoses, to which at the bottom by means of non-return valves are connected pipelines
for wastewater and microalgae supply and tubes for carbon dioxide supply and are connected by means of shut-off valves
pipelines for drainage of a mixture of microalgae with residual wastewater, and in the upper hermetic part, where there are
valves for drainage of accumulated gases , while the pipeline for the purified wastewater discharge is connected to a guide
tray purified wastewater supply inside of a flowing rectangular open-topped tank, and at the outlet of the pipeline for drainage
of a mixture of microalgae with residual wastewater is a microalgae separator to separate return and excess biomass.
Conclusion. The proposed construction of photobioreactor can have good perspectives to be use in communal services for
sewage water purification from biogenic compounds.
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1.Introduction biologically active compounds, etc. Special of interest
is the use of microalgae as organisms capable of storing
solar energy through photosynthesis, because the
efficiency of energy conversion microalgae is much
higher than higher plants. Microalgae are a great
biological resource. They are used in various branches
of science and technology [2]. There is increasing

commercial interest in the cultivation of microalgae for

Almost all modern technologies are unnatural and
destructive in contrast to natural processes that are not
harmless to the environment. Growing environmental
problems are increasingly affecting the development of
waste-free technologies. From the point of view of
modern technologies, biological systems are a kind of
record-breakers, because a living cell produces more

substance than any other enterprise. Recently are
rapidly evolving biotechnologies, which uses
photoautotrophs — organisms for the existence of which
is enough only simple substances and energy of
sunlight, in particular microalgae [1].

2. Analysis of the latest research and publications,
problem statement

Microalgae are a wide group of photosynthetic
organisms. They can to develop in difficult agro-

climatic conditions and to produce a number of useful
ones’ products: fats, proteins, carbohydrates, dyes,

the production of biofuels, foods, pharmaceuticals, and
wastewater treatment. Due to microalgae natural
metabolism, they are efficient absorbers of nutrients
and carbon dioxide, while increasing their biomass.
Excessive nutrients must be efficiently removed to
prevent eutrophication [3].

Microalgae have many advantages, such as a high
photosynthetic efficiency, a rapid growth rate, simple
methods for cultivation, and the ability to be cultivated
on sterile land [4, 5].

The biomass of many strains of microalgae can be
used to manufacture many types of products [6]. When
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using this method of wastewater treatment at municipal
treatment plants, excess biomass can be directly
processed into biogas at treatment plants [7-10]. This
can be done in methane tanks together with excess
activated sludge. Biomass can also be processed into
liquid motor biofuels of the third generation, or into
phosphate and nitrate fertilizers [11-14].

There are phototropic, heterotrophic  and
myxotrophic  feeding methods of microalgae.
Phototrophic method is based on obtaining the required
energy by photosinthesis. The source of carbon for
phototrophic organisms is, basically, carbon dioxide.
Heterotrophic method is determined by obtaining
energy by consuming organic matter. Mixotrophic
method is a combination of the two previous methods
[15].

Photoautotrophic microalgae can be grown in open
or closed photobioreactors. Reactors can be operated in
continuous, batch or semi-continuous mode and can be
installed indoors or outdoors.

In the photoautotrophic cultivation of microalgae,
the light source may be provided by the sun or an
artificial light source. Sunlight is free and abundant, and
its use avoids the necessity for investment or electricity
costs. But light intensity in outdoor cultivation varies
with the day/night cycle, changing weather conditions,
and with seasonal changes [16]. The fluctuations in
sunlight can be avoided by the application of artificial
light sources. Artificial light sources are stable and
controllable. The light utilization efficiency and
biomass productivity of algal cells are usually higher
under artificial light sources compared with natural
sunlight. In addition, the use of an artificial light source
allows for more choices in location. However, the
capital investment and operation costs are high and lead
to higher final production costs. In one study [16], it
was calculated that production costs increased by 25.3
$ kg (dry-weight biomass) with the use of an artificial
light source. In addition, the energy balance is negative
with the application of artificial light due to the energy
losses in luminaries and energy fixation.

Open ponds were constructed for growing
microalgae as a food supplement during World War II.
[17]. Natural waters (ponds, lakes, lagoons) and
artificial ponds, or open top vessels, are constructed
outdoors or in green houses and can be used as open

photobioreactors. Typically, open systems are designed
and constructed with very shallow depths to facilitate
efficient light penetration through the growth medium.

Although the open systems are easy to construct
and operate, poor light utilization by the algae cells,
evapo-rative losses, dispersion of CO;to the
atmosphere and large land area requirement adversely
affect their technical and economic feasibility.
Contamination by predators and other fast growing
heterotrophic microorganisms further limit algae
production in open systems to only those organisms that
can grow under extreme conditions. Poor mixing also
can be an issue for open systems resulting in low mass
transfer rates and consequently lower biomass
productivity. Sizes of the commercial ponds vary
depending on land availability and production capacity.
Raceway type ponds usually cover 1000-5000 m?. The
maximum productivity of the open ponds is quite low
at 0.5-0.7 g dry algal biomass/L growth medium [17].

In the paper [18], a design of an open bioreactor for
the cultivation of microalgae was proposed. The main
feature of this design is a cascade type of tank, which
allows you to satisfy parameters such as lightness,
mixing, energy efficiency, and economical. According
to the proposed methodology of efficiency estimation
received that this bioreactor construction is efficient on
85% and offset during the year is positive [18].

There are photobioreactors of varioys design.
Photobioreactors, shaped in the form of open troughs
with a relatively thin layer of water in which algar are
placed. Despite their advantages (the possibility to
create an optimal environment for cultivating, efficient
mixing, automation etc.), they have a number of
disadvantages inherent inwater bodies (for example
adverse weather conditions).

Photobioreactors, shaped in the form of transparent
flasks and tubes filled with cultivatingedium and algae.
Such installations are less sensitive to weather
conditions, but have other disadvantages. Access to the
light required for photosynthesis through transparent
walls is complicated over time due to plague on the
walls, which is formed inside, and the mass of
microalgae near the walls also complicates the passage
of light inside, as the number of microalgae increases
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[19, 20].

Photobioreactors, shaped in the form of large tanks
made out of transparent material. In general, they
usually need artifial ligtining because light doesn’t
penentrate well into the thickness of microalgae, even
when mixing takes place [20].

Photobioreactors, shaped in the form of pyramidical
containers, which are open horizontal troughs with
cultivating medium and algae, located in a pyramidicac
body of transparent material. Given the advantages
inherent in open troughs, these installations are not
significantly affected by adverse weather factors.
However, the dishadvantage of such installations may
be certain technological problems with the saturation of
the environment with carbon dioxide and its efficient
use, as well as problems with ensuring the continuity of
the cultivation process [20].

Closed systems can be categorized according to the
geometrical configuration (i.e. tubular, flat panel,
conical etc.) and orientation of the vessels (horizontal,
vertical or inclined), the systems use for circulating and
illuminating the culture and the gas exchange, the
arrangement of the individual growth units/reactors
(series or parallel) and the materials of construction
(glass, plastic).

The following factors need to be considered during
the reactor design [17]:

a) effective and efficient illumination,

b) proper CO; supply with minimum losses,

c¢) removal of photosynthetically generated oxygen
that may inhibit cell growth,

d) scalability of the reactor design.

Due to the high cost of construction and operation,
the closed systems are mostly used for the production
of high value products.

Some processing parameters such as nutrient supply
can easily be controlled in a closed reactor. Solar
radiation is more difficult to regulate. In dense cultures
large number of cells impede light penetration and
absorption. This phenomenon is known as “self-

shading.”
The Table 1 demonstrates advantages and
disadvantages of opened and closed systems

application.

Table 1
Comparative analysis of opened and closed systems for
biomass productivity

Advantages Disadvantages
Higher biomass Higher capital cost of
productivity in closed closed systems as
systems (40-75 and 250- compared to the open
365 metric tons of dry ones.
algae/hectare-year in open
and closed systems,
respectively).

Flexibility in algae strain
selection for closed
systems.

Closed systems have
longer cultivation period
than the open systems.

Large land requirement for
open ponds.

Difficulty in maintaining
monocultures in open
systems.

Difficulty in controlling
the process parameters
(water evaporation rates,
contamination etc.) in
open systems.

Fouling of the reactor
reducing light availability
to the cells, consequently
lowering biomass
productivity in closed
systems.

Difficulty in controlling
the temperature in closed
systems that are built
outside the moderate
climate zones.

Relatively small
illuminated area to volume
ratio in closed systems as
compared to open ponds.

3. Purpose and objectives of the work

The purpose of this article is to develop a
photobioreactor design for wastewater treatment from
biogenic compounds, in which the application of new
elements and connections reduces the required area for
its placement, immobilization of microalgae in the
working area and, as a result, reducing the working
area, the ability to quickly replace the sleeves of the
working area, covered with sediment inside, and, as a
result, reduce labor costs and downtime of the
photobioreactor.
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4. Methods of research

Research methods are based on a systematic analysis of
theoretical  research,  synthesis, anology and
comparison.

5. Research results

The problem is solved by the fact that the
photobioreactor is made in the form of a transparent
flowing rectangular open-topped tank, inside of which
are vertically attached to the bottom of the tank by
quick-release fasteners transparent flowing flexible
hoses, to which at the bottom by means of non-return
valves are connected pipelines for wastewater and
microalgae supply and tubes for carbon dioxide supply
and are connected by means of shut-off valves pipelines
for drainage of a mixture of microalgae with residual
wastewater, and in the upper hermetic part, where there
are valves for drainage of accumulated gases, while the
pipeline for the purified wastewater discharge is
connected to a guide tray purified wastewater supply
inside of a flowing rectangular open-topped tank, and
at the outlet of the pipeline for drainage of a mixture of
microalgae with residual wastewater is a microalgae
separator to separate return and excess biomass.

The Fig. 1 shows a general diagram of photobioreactor
for wastewater treatment from nutrients, which consists
of a housing 12 made in the form of a transparent
flowing rectangular open-topped tank, through which
flows treated with microalgae wastewater. Inside the
housing 12, transparent flexible sleeves 8 are vertically
attached to the bottom by quick-release fasteners so that
they are completely immersed in the treated wastewater
flowing through the inner tank of the housing. In the
upper parts of the transparent flexible sleeves are fixed
floats 9 to support them in the water in a vertical
position. In the lower parts of the transparent flexible
hoses are installed check valves 15, to which are
connected branches from the sewage supply pipe 10. At
the inlet of the sewage supply pipe 10 in the housing 12
is a pump for pumping sewage 1. Also in the lower parts
of transparent flexible hoses 16 check valves are
installed , to which are connected branches from the
carbon supply pipe 11. At the inlet of the carbon pipe
11 in the housing 12 is a compressor for injecting
carbon dioxide 2 from the carbon dioxide tank 3. In the
bottom of the housing are mounted elements of shut-off
valve 7 , to which are connected branches from
microalgae discharge pipe 14. At the outlet of the

microalgae discharge pipe from the housing 12 is
installed a microalgae separator 17. To the microalgae
separator is connected the pipeline of excess biomass
and the pipeline of return biomass 19, which is
connected to the tank with microalgae 5 and the
injection pump of microalgae 4. In the upper parts of
the transparent flexible sleeves are mounted nipples 6,
to discharge gases that accumulate in the transparent
flexible sleeves. Also connected to the upper parts of
the transparent flexible hoses is a branch from the
purified wastewater discharge pipe 13, to which the
return pipe of the purified wastewater 18 is connected.
In the inlet part of the housing 12 there is a distribution
tray 20 to which the return pipe of the purified
wastewater is connected. the housing 12 houses a
prefabricated tray 21, to which is connected a drainage
tray 22.
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|Fig. 1. Scheme of photobioreactor for wastewater treatment
from biogenic compounds

6. Discussion

The photobioreactor for wastewater treatment works as
follows.

Housing 12 is located in an open area with natural direct
sunlight. The cycle of the photobioreactor is divided
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into three stages: the start stage; the stage of wastewater
treatment; the stage of completion of the cycle.

At the start stage, the housing 12 is filled with clarified
water so that the transparent flexible sleeves 8 attached
to the bottom of the housing with the floats 9 attached
to their upper parts are in a vertical position. The pre-
clarified wastewater to be treated is mixed with
microalgae from a tank 5 pumped by a microalgae
injection pump 4. The mixture is then fed to the
wastewater supply pipe 10 by means of a wastewater
injection pump 1. It is distributed between the branches
from this pipeline. transparent flexible sleeves 8.
Through the check valves 15, the mixture is fed into the
lower parts of the inner tanks of the flexible transparent
sleeves until they are completely filled. After that, the
supply of microalgae from the tank 5 is stopped.

In the treatment step, the wastewater is continuously
fed to the wastewater supply pipe 10 by means of a
wastewater injection pump 1 and enters the lower parts
of the inner tanks of the flexible transparent hoses
through a branch with non-return valves 15. The
wastewater moves from the bottom upwards inside the
transparent flexible hoses and in their upper part is
drained by the pipeline of treated wastewater 13. The
speed of vertical movement of wastewater is selected
so that the microalgae inside the transparent flexible
hoses 8 are in a suspended state, remain inside the
internal tanks and are not carried away with water. At
the same time, carbon dioxide from the tank 3 is fed
into the transparent flexible hoses by means of a
compressor 2 and a pipe 11 through the nipples 16
mounted in their lower parts. Part of the carbon dioxide
dissolves in wastewater and becomes a carbon source
for microalgae metabolism. The other part, which does
not have time to dissolve in water, together with other
gaseous products, is removed through the nipple 6 into
the environment. During the movement of wastewater
in the sleeves, due to the metabolism of microalgae
there is an increase in their biomass and a simultaneous
decrease in the concentration of nutrients in
wastewater. The treated wastewater is collected by pipe
13 and through the guide tray 20 is fed into the inner
tank 12. Due to the many outlets, the distribution tray
20 evenly distributes the flow of treated wastewater
across the width of the housing 12. Wastewater flowing
through the inner tank completely covers transparent
flexible hoses in a vertical position due to floats 9. After
flowing through the inner tank of the housing 12 at its
opposite end, the treated wastewater is collected by the

collecting tray 21 and removed from the
photobioreactor by a drain tray 22. Due to the fact that
flexible hoses with microalgae, cultivated is constantly
immersed in running treated wastewater, increases the
temperature inertia of the photobioreactor and achieves
better temperature stabilization of the cultured
microalgae in the cold season. In the warm season, due
to the scattering of direct sunlight passing through the
treated wastewater, the intensity of illumination of
microalgae by direct sunlight decreases, which
weakens the phenomenon of photoinhibition of
microalgae metabolism.

At the stage of completion of the cycle of wastewater
supply by pump 1 is stopped. The mixture of
microalgae with wastewater through the elements of the
shut-off valve 7 is discharged from the transparent
flexible sleeves and through the drainage pipe of
microalgae 14 is fed into the microalgae separator 17,
where the separation of recirculated biomass from
excess. The recirculated biomass is piped to the
microalgae tank 5, and the excess biomass is discharged
through the excess biomass discharge pipe and is a raw
material for the production of marketable products
(biofuels, biofertilizers, etc.).

After losing the transparency of the flexible sleeves 8 at
the end of the cycle, the inner capacity of the housing
12 is emptied, attached to the bottom of the housing
with quick-release fasteners flexible sleeves are
disconnected and replaced with new or previously
cleaned. Cleaning is performed outside the housing
outside the operating cycle.

7. Conclusions

The proposed construction of photobioreactor can have
good perspectives to be use in communal services for
sewage water purification from biogenic elements. It
also can be used in sewage systems of different
enterprises of different branches of industry, when it is
necessary to purify sewage water.
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Mera i 3aBganHs poOoru. llg HaykoBa cCTaTTs NpPHUCBAYEHA CTBOPEHHIO BIIOCKOHAJIEHOI KOHCTPYKIIil
(oTobiopeakTOpa Ui OYMIICHHS CTIYHHUX BOJ| Biff OiOreHHUX CHoiykK. MeToau MOCJiIKeHHsI 3aCHOBaHI Ha
CUCTEMaTUIHOMY aHaJli3i TEOPETUIHHX JIOCIIIKEHb, CHHTE31, aHAJIOT1] Ta MOpPiBHSHHI. Pe3ybTaTH A0C/iAKeHb.
B pesynbrati Oyno 3amporoOHOBaHO BAOCKOHAJIEHY KOHCTPYKLiIO (oToOiopeakTopa, MpH SKi 3acTOCYyBaHHS
HOBUX €JICMCHTIB Ta 3'€JHaHb 3MCHINYE HEOOXiJHY IUIOILY JUIi HOro po3MillleHHs, iMMoOimi3aril
MIKpOBOJOPOCTEH B po00Uili 30Hi 1, IK pe3yIbTaT, 3MEHIIIEHHS p000Y0i 30HH, 3/IaTHICTh MIBUIKO 3aMiHUTH PyKaBU
po0OYOi 30HHM, MOKPUTI OCAIOM 3 CEPEAMHH, 1, K PE3yJbTaT, 3MEHIIUTH TPYJOBI BUTPATH Ta 4Yac MPOCTOIO
¢otobiopeakTopa. O6ropopenns. IIpodiema BupimyeTbcst THM, MO (HOTOOIOPEAKTOP BHKOHAHWN y BHIJISI
MPO30POi MPOTOYHOTO MPSMOKYTHOI EMHOCTI 3 BIIKPUTHM BEPXOM, BCEPEINHI AKOi BEPTHKAIHLHO PO3TAIIOBaHi,
MPUKPIUICH] JO AHUIIA EMHOCTI IBUAKOPO3EMHUMH KPITUICHHSIMH, TIPO30Pi MPOTOYHI THYUKi pyKaBH, A0 SKHX Y
HWDKHIM 9aCTHHI Yepe3 3BOPOTHI KJIaaH! Mif'€IHaHI TpyOOIpOBOaM MOAadi CTIYHOI BOIU 1 MIKPOBOJOPOCTEH,
TpyOKHM JJIsl TIOAadi BYTJICKKCIIOTO Ta3y Ta IiJ'€HaHI Yyepe3 3amipHy apMarypy TPyOOIpPOBOAH JJIs BiJBEIACHHS
CyMIiIli MIKpOBOAOPOCTEH i3 3AIMIIKOBOIO CTIYHOIO BOJAOIO, a Y BEPXHIA TePMETHYHIN YaCTHHI ITij'€THAHI
TpyOONIPOBOAY JUTA BiBEACHHS OYUIICHOI CTIYHOI BOJH, Y MiCIli IPUEAHAHHS SKAX PO3TANIOBaHI KIAlaHW IS
BUITYCKaHHsI HAKOMTUYyBaHUX T'a3iB, IPH IIbOMY TPYOOIPOBIJI LIS BiIBEACHHS OUMILEHOI CTIYHOT BOJU MTPUETHAHO
JI0 HAMPABISIOYOro JOTKA JUIS MoJadi OYHMIICHOT CTIYHOT BOJIU Y CePEeIUHY MPSIMOTOYHOT MPSIMOKYTHOI EMHOCTI 3
BIIKDUTHM BEPXOM, 3'€IHAHUM 3 HAIMPABIIAIOUUM JIOTKOM IS TOJIa4i OYMIICHUX CTIYHMX BOJ IOCEPEIUHI
MIPOTOYHOTO MPSMOKYTHOTO pe3epByapa 3 BiIKPUTAM BEPXOM, a Ha BUXO/Ii TPyOOIIPOBOLY AJIS BiABEICHHS CyMIIITi
MIKpOBOJOPOCTEH 13 3ATHIITKOBOO CTIYHOIO BOJIOIO PO3TAIIOBAHUMA CEMapaTop MiKPOBOIOPOCTEH ISl PO3IIICHHS
3BOPOTHOI Ta HaJJTUIIKOBOI OioMacu. BucHOBKH. 3anmpornoHoBaHa KOHCTPYKIis (poTobiopeakTopa Moke MaTH
XOPOIIi MEePCTIIeKTHBH JJI1 BUKOPUCTAHHS B KOMYHAIBHUX CITy’k0axX Ui OYHUIIEHHS CTIYHHUX BOJ Bix O10T€HHUX
CJIEMEHTIB.
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Henb m 3apaunm padoThl. DTa Hay4Has CTaThs IMOCBSIIEHA CO3/IaHUIO YCOBEPIIEHCTBOBAHHOM KOHCTPYKIIUHU
(dorobuopeakTopa AJisi OUUCTKH CTOUHBIX BOJ] OT OMOT€HHBIX COoeIMHEHNH. M eToAbI Uccjie0BAHNS OCHOBAHHBIE
Ha CUCTEMATHYECKOM aHAIN3€ TEOPETUYECKHX HCCIIECIOBAHMMN, CUHTE3€, AHAJOTMH M CpAaBHEHUH. Pe3yjbTaThl
ucciaenoBaHuid. B pesynbpTare ObUIO PEIOKEHO YCOBEPIICHCTBOBAHHYIO KOHCTPYKINIO (hOTOOHOpEaKTopa, Ipu
KOTOPOHl NpPHUMEHEHHE HOBBIX 3JIEMEHTOB W COCIMHEHUI yMEHBIIACT HEOOXOAMMYIO IUIOIAAb MAJsl €ro
pa3MenieHns, TMMOOMIM3AINY MUKPOBOOPOCTIEeH B paboueii 30He U, Kak pe3yJIbTaT, yMEeHbIIIEHHE paboden 30HBI,
CIOCOOHOCTH K OBICTPO 3aMEHUTH THIIb3bI paboueii 30HBI, MOKPHITHIE OCAJKOM C CEPEeIMHBI U, KaK Pe3yJbTar,
YMEHBUINTH TPYAOBBIE 3aTpaThl U BpeMs mpocTosi GoToduopeaktopa. Odcyxaenue. [Ipodbnema pemraercs tem,
910 (POTOOHOPEAKTOP BBIITOIHEH B BHJIE TPO3PAYHOMN MPOTOYHON MPSIMOYTOIEHON EMKOCTH C OTKPBITHIM BEPXOM,
BHYTPH KOTOPOM BEPTHKAJbHO PACHOJIOKEHHBIE NPHUKPEIUIEHBl K ITHHILY EMKOCTH OBICTPOpa3beMHBIMU
KpEIUICHNSMHU TPO3padHble MPOTOYHBIE THOKHE PyKaBa, B KOTOPHIX B HIDKHEH YacTH depe3 oOpaTHBIE KIIamaHbl
MOJIKJTFOUEHBI TPYOOTIPOBO/IBI TIOAaYH CTOYHOW BOJIBI U MUKPOBOIOPOCIIEH, TPYOKH JIJIs TOJJa4H YIIIEKHCIIOTO Ta3a
1 TIOJKJIIOYEHBI Yepe3 3aopHyl0 apMaTypy TpyOOmpoBOIbI Ui OTBO/Ia CMECH MUKPOBOJOPOCIIEH C OCTATOYHOMN
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CTOYHON BOJOH, a B BEpXHEW TepMETHYHON YaCTH IOJCOEAWHEHBI TPYOONPOBOABI JUIS OTBOAA OYHIIEHHBIX
CTOYHBIX BOJ, B MECTE MPUCOCIUHECHUS KOTOPHIX PACIIONOXKEHBI KIIAMaHbI 71 BHIIYCKA HAKATLTMBAEMBIX T'a30B,
MIPH 3TOM TPyOOTPOBOJ I OTBOJA OYUIIIEHHON CTOYHOM BOJBI MPUCOEAMHEH K HANPABIIOMINMY JIOTKY IS
MoJa4Yyd OYMIIEHHOW CTOYHOM BOABI BHYTPb MPSMOTOYHOM MPSMOYTOJIBHOW EMKOCTH C OTKPBITHIM BEPXOM,
COCIMHEH C HAMpPaBISIONIUM JIOTKOM [UIsl TOJAQYMd OYMIICHHBIX CTOYHBIX BOJ BO BHYTPb IPOTOYHOM
MPSIMOYTOJIEHOM €MKOCTH C OTKPBITHIM BEPXOM, a Ha BBIXOJIE TPYOOTPOBO/Ia TS OTBOJIA CMECH MUKPOBOIOPOCIIEit
C OCTaTOYHOW CTOYHOW BOJOW PACIMOJOKEH CemapaTop MHKPOBOAOPOCICH Ui paslesieHus oOpaTHOW U
n30BITOUHON Ouomacchl. BeiBoabl. [IpemnoxkenHas KOHCTPYKIHs (pOTOOMOpEaKTOpa MOKET UMETh XOPOIIUE
MEPCIICKTHBBI JJIsi UCIOJb30BAHUS B KOMMYHAIIBHBIX CIIYyK0aX JUIsl OYMCTKH CTOYHBIX BOJ OT OMOTEHHBIX
3JIEMEHTOB.
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