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Abstract. Environmental pollution is a matter
of deep concern, especially after the invasion of
Ukraine by the Russian Federation. The strategic im-
portance of fresh water is widely recognised, but at
the same time, a number of questions arise regarding
the sustainable management of water resources in
any scientific, social or political programme around
the world. The world’s water resources face serious
quantitative and qualitative threats, despite the fact
that environmental legislation is becoming increas-
ingly stringent. This issue is particularly acute in the
context of hostilities. The damaged and destroyed in-
frastructure has led to the degradation of ecosystems
due to the inflow of untreated wastewater containing
a significant amount of pollutants, including phos-
phorus and nitrogen compounds, which cause eutro-
phication of water bodies.

Today, microalgae are a very valuable raw materi-
al, as they are not only involved in the removal of nu-
trients from wastewater in the process of post-treat-
ment, but also a promising biofuel in the context of

the energy crisis. The production of valuable microal-
gae biomass by cultivating them in closed systems -
photobioreactors - is gaining popularity, as open sys-
tems do not always cope with the task due to their
sensitivity to changes in ambient temperature, which
vary significantly in different regions of Ukraine and
the world. There are different designs of photobiore-
actors that have their advantages and disadvantages.
The most important parameters that affect the effi-
ciency of photobioreactors are: type of bioreactor;
bioreactor shape; temperature control; economical
carbon dioxide waste; high-quality simulation of the
growing medium; material; terrain; controlled hy-
drodynamics; and freedom of cultivation.

The combination of biotechnology with innova-
tive approaches to growing microalgae and unicel-
lular organisms opens up new opportunities for sus-
tainable industrial development and environmental
safety in the water and wastewater sector.

Keywords: Photobioreactor, Microalgae, Waste-
water, Nutrients, Cultivation.
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AHoTanis

3a0pyIHEHHS] HABKOJIHUIITHBOIO CEpEeIOBUIIA BU-
KJINKA€ TIHOOKE 3aHEIOKOEHHS, OCOOIMBO IIICIIS
BTOPTHEHHS B YKpaiHy pociiicekoi peneparrii. Ctpa-
TeriuHa Ba)XJIUBICTh MPICHOI BOJIH € 3aTaJIbHOBU3HA-
HOIO, ajieé BOJHOYAC BMHHUKAE HU3KA MUTAHb IIOAO
CTaJIOr0 yIpaBJliHHS BOJAHUMH pecypcaMu B Oyib-
K1/ HAyKOBiH, COIliaTbHIM UM MOJTITHYHIN porpami
B ycbOMY CBiTi. CBITOBI BOJIHI peCypcu CTUKAIOThCS
3 CepHO3HMMU KUIBKICHUMHU Ta SIKICHUMH 3arpos3a-
MU, HE3Ba)KaI0YH Ha T€, 110 TPUPOIOOXOPOHHE 3aK0-
HOJABCTBO CTa€ BCE OLIbII )KOpCTKImUM. OcoOIUBO
rOCTPO IIe MUTAHHS MOCTa€ B yMOBaxX OOMOBUX JIiil.
[NomkomsxeHa Ta 3pyitHOBaHa iHPPACTPYKTYypa MpH-
3BeJia JI0 Jerpajalii eKoCHCTeM 4yepe3 HaJaXOMKeH-
Hs HEOUUIIEHUX CTIYHHMX BOJ, SKi MICTSTh 3HAYHY
KUJIBKICTh 3a0pYyJHIOIOUMX PEYOBHH, 30KpeMa CIO-
ayk pochopy Ta a3oTy, 0 CIPHUYUHSIIOTH €BTPOdi-
Kallilo BOJOWM.

MiKkpoBOIOPOCTi HAa CHOTO/IHI € AY>KE I[IHHOI CH-
POBHHOIO, OCKIJIBKH HE TIJIBKU OepyTh y4acTh Y BHU-
JaJeHH] OI0reHHUX CHOIYK 31 CTIYHHUX BOJ Y TPOIIe-
cax JJOOYHIIEHHS, a i € IepCIEKTUBHUM Oi0MaIHBOM
B YMOBax €HepreTuyHoi Kpu3u. OTpUMaHHS IIHHOI
6ioMacu MIKPOBOAOPOCTEH IIJIAXOM iX KYJIBTUBY-
BaHHS y 3aKPUTUX cUCTeMax — (oTobdiopeakTopax,
HaOyBae Bce O1IbIIOT MOMYISIPHOCTI, aJ1Ke BIAKPUTI
CHCTEMH He 3aBXKIH CIPABIISIOTHCS 3 MOCTABICHOIO
3a/lauero uyepe3 Yy TIUBICTh O 3MiHU TEMIIEpaTypu
HABKOJIMIIIHBOTO CEPENIOBUINA, SIKI y PI3HUX perio-
HaxX YKpaiHM Ta CBITY CYyTT€EBO BiJIpi3HAIOTHCS. [CHY-
I0Th pi3HI KOHCTPYKILii (hoTOOIOpeakTopiB, sKi Ma-
I0Th CBOI IepeBaru ta Heaoaiku. HaltBaxxmuBimumu
napamMeTpaMu, sIKi BIUITMBalOTh Ha €(EKTUBHICTh
(oTtobiopeakTopiB €: TUI OilopeakTopa; OiopeakTop-
Ha (QopMa; KOHTPOJIb TeMIIepaTypH; €KOHOMHI Bij-
XOJIM BYTJIEKUCIIOTO ra3y; sSIKiCHA 1MiTallisl >KUBUIIb-
HOTO CEpEeOBUINA; Marepiall; pesbed MiCHEeBOCTI;
KepoBaHa riipofrHaMika; cB000a BUPOLTyBaHHSI.

TToequannas 010TEXHOJIOrT 3 IHHOBAL[IMHUMU ITi-
XOJIaMH JI0 BUPOIIyBaHHS MiKPOBOJOPOCTEH 1 OTHO-
KJIITUHHUX OPTraHi3MiB BiAKPUBA€E HOBI MOXKJIMBOCTI
JUTSL CTAJIOTO PO3BUTKY MPOMHUCIIOBOCTI Ta 3abe3re-
YEeHHs eKOJIOriuHOi Oe3MeKkHn BOJ0-KaHai3aliiHOro
rOCIHO/IapCTBA.

KurouoBi ciaoBa: ¢otobiopeakTop, MiKpOBOIO-
pocTi, CTiuHI BOAH, OI0r€HEHH] CIIOTYKH, KyJIbTHBY-
BaHHS

Introduction

Environmental pollution is a matter of deep
concern, especially since the invasion of Ukraine by
the Russian Federation. The strategic importance of
fresh water is widely recognised, but at the same time,
anumber of questions arise regarding the sustainable
management of water resources in any scientific,
social or political programme around the world.
The world’s water resources face severe quantitative
and qualitative threats, despite the fact that
environmental legislation is becoming increasingly
stringent. The water environment, as a fundamental
and critical part of the human environment, plays a
key role in the food chain. This issue is particularly
acute in the context of hostilities. The damaged and
destroyed infrastructure has led to the degradation of
ecosystems due to the flow of untreated wastewater,
which contains a significant amount of pollutants,
including phosphorus and nitrogen compounds,
which cause eutrophication of water bodies.

Analysis of Recent Research and Publications

Microalgae are cultivated in open, closed and
so-called hybrid systems. The synergy of biomass
growth efficiency in open natural systems and in
photobioreactors can be achieved by using such
hybrid systems. The two-stage hybrid cultivation
system is an advanced version of algae culture,
where the cell medium is transferred when nutrients
are found to be decreasing. The hybrid system can
operate with small photobioreactors and large ponds
and vice versa [1].

There are various designs of photobioreactors
for cultivation [2-4]. A significant number of them
can be used and are widely used for wastewater
treatment by combining biomass cultivation with
the removal of nutrients from the culture medium.
This reduces the cost of both processes, reduces the
amount of unwanted sludge and reduces the risk of
eutrophication.

The study [5] emphasized the enhancement of
microalgal productivity and quality (e.g., biochemical
composition) using different colored photobioreactors
(PBRs) exposed to ambient conditions. In this study,
a unique approach had been applied to evaluate the
microalgae co-culture (Chlorella vulgaris, Chlorella
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sorokiniana, and Scenedesmus simris002) growth by
exposing the colored transparent photobioreactors
(white, blue, and green) to sunlight using a nutrient-
rich (N, P) anaerobic reactor effluent produced after
the treatment of domestic wastewater. Experimental
results suggested that the white PBR increased the
microalgae productivity by 2.3 to 3.5 times than
blue and green PBRs, respectively. In addition, the
FTIR spectroscopy analysis showed better quality
microalgae (i.e., higher IR spectra) produced in white
PBR compared with that of blue and green PBRs,
respectively. Moreover, the microalgae cultivated
in white PBR also showed high lipid content (38%)
with the dominant biodiesel FAME composition
(C16-C18) of 68.6% [5].

Principles of fluid mechanics, gas-liquid mass
transfer, and irradiance controlled algal growth
are integrated into a method for designing tubular
photobioreactors in which the culture is circulated by
an airlift pump [6]. A 0.2 m3 photobioreactor designed
using the proposed approach was proved in continuous
outdoor culture of the microalga Phaeodactylum
tricornutum. The culture performance was assessed
under various conditions of irradiance, dilution
rates and liquid velocities through the tubular solar
collector. A biomass productivity of 1.90 g 1-1 d-1 (or
32 g m-2 d-1) could be obtained at a dilution rate of
0.04 h-1. Photoinhibition was observed during hours
of peak irradiance; the photosynthetic activity of
the cells recovered a few hours later. Linear liquid
velocities of 0.50 and 0.35 m s-1 in the solar collector
gave similar biomass productivities, but the culture
collapsed at lower velocities [6].

Problem Statement

Methods of additional treatment of nutrients
involve converting them to an insoluble state, followed
by sedimentation and disposal of the sediment. This
requires additional costs. At the same time, demand
for microalgae biomass is constantly growing. It is a
raw material for the production of various commercial
products [7, 8]. Different cultivation methods are used
to produce it. However, they all have in common the
use of biogenic elements.

Combining biomass cultivation with nutrient
removal from the culture medium with wastewater
treatment processes reduces the cost of both

processes, reduces the amount of unwanted sludge
and reduces the risk of eutrophication.

Since microalgae are able to operate both in open
systems (natural water bodies) and in closed systems
(photobioreactors), an innovative approach that
significantly reduces water pollution and improves
water quality, in particular its organoleptic properties,
is the bioremediation of water bodies with microalgae
suspensions, which is based on algalization and
maintaining ecological balance.

There is also an urgent task of finding microalgae
cultures for use in photobioreactors and improving
their efficiency, as well as developing methods
for calculating the technological parameters and
operating modes of the photobioreactors themselves.

The Main Research

Special containers, so-called fermenters or
bioreactors, are used in biotechnology production to
increase biomass. The combination of biotechnology
with innovative approaches to growing microalgae
and unicellular organisms opens up new opportunities
for sustainable industrial development, namely:

1. Growing algae near power plants: This
technology is innovative and efficient, as it uses heat
from power plants to provide the energy needed for
algae growth. This not only increases the efficiency
of production, but also reduces energy consumption
from other sources.

2. Environmental and economic benefits: using
heat from CHP to cover up to 77% of the algae
cultivation needs can reduce energy costs while
also reducing environmental impact. This increases
the sustainability of production, helping to reduce
emissions of carbon dioxide and other pollutants.

3. Development prospects: the development
of bioreactor technologies and optimisation of
microbial cultivation conditions can help to increase
productivity, reduce costs and improve the quality of
the products.

Photobioreactors are important tools for
intensifying the production of biomass and valuable
compounds from microalgae. Due to their advantages,
they can become a key element in the development of
sustainable biotechnological processes, in particular
in the fields of bioenergy, wastewater treatment and
food additives. Photobioreactors are devices designed
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for the cultivation of photosynthetic microorganisms
(microalgae, cyanobacteria) that use light as an
energy source to synthesise organic compounds
from inorganic ones. Closed-type photobioreactors
were created as opposed to open-type ponds. The
advantages of closed photobioreactors are:

Controlled conditions: closed systems allow for
precise control of parameters such as temperature,
pH, light intensity and CO: concentration, which
significantly increases the efficiency of the
photosynthetic process.

Higher product yields: intensive cultivation under
controlled conditions can lead to significantly higher
yields of the target product (biomass, oils, bioactive
compounds) compared to open systems.

Protection  against  contamination:  closed
photobioreactors reduce the risk of contamination
from the outside, as microorganisms are cultivated in
an isolated environment.

Photobioreactors operate in the following modes:
1. Accumulation mode: In this mode, cultivation
takes place during one production cycle. The
microorganisms are grown until the desired biomass
level is reached and then harvested. 2. Accumulation
mode with feeding: In this mode, new substrate
is continuously added to support the growth of
microorganisms, allowing for higher productivity
within asingle cycle. 3. Continuous Cultivation Mode:
This mode allows for the continuous introduction of
new substrate and discharge of finished products,
ensuring a stable production capacity.

In most cases, continuous cultivation of microalgae
is carried out in a turbidostat, a photobioreactor
in which a constant density of the microalgae
suspension is maintained by periodically removing
part of the culture and adding a nutrient solution.
This allows for optimal conditions for microalgae
growth without overloading the system. Bioreactors
are rather complex engineering systems due to their
multimodality and the use of special materials.
Ensuring optimal conditions for microalgae growth
requires constant monitoring and maintenance
of a number of parameters: temperature, pH,
redox potential of the medium, dissolved oxygen
concentration, carbon dioxide and basic nutrients,
liquid flow rate, mixing intensity, and sterilisation
conditions. Modern bioreactors are equipped with
automatic control systems that allow for real-
time monitoring and regulation of temperature,

pH, concentration of dissolved gases and other
parameters.

Any bioreactor is designed to create comfortable
conditions for the life and cultivation of
microorganisms, or rather, to provide them with
breathing, nutrition and excretion of waste products,
a comfortable temperature, etc.

The main part of the bioreactor is the fermenter.
The fermenter is a tank that creates comfortable
conditions for the cultivation of microorganisms,
synthesis of products and accumulation of biomass.
The main material used to make bioreactors is high-
quality steel or titanium, as they are the most resistant
and less susceptible to corrosion, and the inside of
the bioreactor is also polished. Mass transfer and
hydrodynamics are prerequisites for a bioreactor.
Fermenters are equipped with all the necessary parts,
such as stirrers, pumps, air filters for sterilisation and
others, to maintain the required temperature, gas
conditions and proper mass movement in the reactor.
The sampler is also an essential part of bioreactors
for sampling liquid during the biosynthesis
process. Depending on the purpose and specifics
of the bioreactor, additional parts may also be used.
Bioreactor operation is monitored using instruments
that measure the acidity of the medium, temperature,
pressure, gas flow, aeration, etc. The details of the
bioreactor, as well as the control of all its processes,
directly affect the cultivation of microorganisms.

A bioreactor is not just an apparatus, but also
complex physical, chemical, physicochemical and
biological processes that take place to achieve
maximum efficiency of the goal. Bioreactors should
be in an accessible location to ensure easy access
to replace the necessary parts in case of failure. In
addition, the procedure should be as sterile as possible,
and the necessary safety precautions must be taken to
minimise negative effects on the cultivation process.

High-pressure steam is used to clean bioreactors,
as the main contaminants of the reactor are fungi,
bacteria and viruses, protozoa and yeast, which
appear as a result of dust, working solutions or
employees. Bioreactors must meet certain criteria:
absolute tightness, stable volume of culture fluid,
access to all parts of the bioreactor, and sterilisation.

Bioreactors are also divided into types depending
on the volume of fermenters. Before use, the
culture liquid or raw material is stored frozen and
a small number of microorganisms are grown in the
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Table 1

The principle of operation of different types of photobioreactors [9-12]

Type ‘ Action type

Mechanical Mixing of the bioreactor contents is performed by a mixer, but leads to uneven mixing and
death of microorganisms.

Airlift Mixing is done by using the gas phase through the liquid, which leads to undesirable foam
formation.

Gas-vortex Mixing is performed by a quasi-stationary flow with axial countercurrent, which is created
by gas swirling due to changes in pressure and friction force of the air flow on the liquid surface.

Aerobic It occurs due to an active biological process with the supply of oxygen (aeration) and purifies
water from biological substances, solid particles and other impurities.

Anaerobic Based on fermentation, the invention relates to ecological processes of water purification
from small particles and droplets with flocculation and coagulation and can be used to remove
surfactants, fats, oils, petroleum products and other encumbered substances, suspensions and
emulsions.

Membrane It works on the basis of biological purification and membrane separation to purify water from
organic substances, bacteria, viruses, and pesticides.

Cascade It works on the basis of biological treatment of water, organic matter, nitrogen, phosphorus,
and is designed to grow microalgae for use as biofuel.

Mixed Used as both anaerobic and aerobic cultivation to produce biogas and heat simultaneously,
which is trained to heal the microbial cultivation environment.

laboratory to the required volume and maximum
efficiency in the bioreactor.

After that, the microorganisms are placed in a
sterilised bioreactor in comfortable conditions to
eventually produce biomass or nutrients from the
metabolism of microalgae.

The Table 1 below shows how different types of
photobioreactors work.

The efficiency of a photobioreactor also depends
on the following parameters:

1. Type of bioreactor. There are two types: open
and closed. The closed form of the bioreactor is the
most common and is often used in the cultivation of
microalgae.

2. Bioreactor form. Photobioreactors come in
different shapes, which determine the working area
of the photobioreactor. The shape of the bioreactor
(e.g., in the form of pipes or flat) affects the intensity
of lighting, the rate of passage of wastewater through
the photobioreactor and the mode of operation of the
fermenter.

3. Temperature control. Microorganisms should
be cultivated at a temperature that is comfortable for
them, as this directly affects the rate and amount of
biomass and the efficiency of wastewater treatment.

4. Economical carbon dioxide waste. With
sufficient CO, saturation, microalgae are intensively
cultivated, their composition and life cycle changes.
However, many microorganisms require high gas
consumption, so low carbon dioxide inputs compared
to the resulting higher biomass growth will be
effective.

5. High-quality simulation of the culture medium.
The creation of appropriate conditions directly affects
the development and vital activity of microorganisms.
The use of wastewater is a great advantage, as it is rich
in many nutrients that accelerate the development of
microorganisms.

6. Material. The material for creating a bioreactor
is very important, most often glass is used, which
is not a budget option. The disadvantage of such a
bioreactor is its rapid contamination, which means
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Type of bioreactor |
1

Table 2

Comparative analysis of different types of photobioreactors

Advantages
2

Disadvantages
3

Plane-parallel

Large illumination surface area maximises
solar energy utilisation

Gas and mass transfer in microbial or microal-
gal cultivation systems increases with increas-
ing gas mixture feed rate (usually air or COz),
but only up to a certain limit due to solution
saturation, media turbulence and culture stress

Low dissolved oxygen concentration

External light source makes the photobioreac-
tor bulky

The continuous cultivation method has prov-
en to be particularly useful for studying the
physiological characteristics of unicellular
microalgae, cyanobacteria and purple bac-
teria. It allows cell culture to be maintained
in a state of steady growth, which facilitates
the study of their metabolic processes under
controlled conditions

This design is not suitable for a wide range
of microalgae, especially those that tend to
form sediment or create a film on the reactor
walls, which makes it difficult to mix evenly
and maintain a homogeneous environment for
their growth

Simplicity of design makes it easy to in-
crease the volume of cultivation without
significant costs for equipment upgrades

Due to their design, flat-parallel reactors can-
not be effectively sterilised by autoclaving or
flowing steam, which is a critical aspect in the
cultivation of microalgae

Tubular

Exceptionally productive system for highly
efficient cultivation of many microalgae

Insufficient mixing turbulence in the upper
part of the reactor leads to overgrowth of the
walls with microalgae culture, which reduces
access to light and creates problems with gas
exchange

The system operates in continuous mode

Possibility of accumulation of high
concentrations of O, (poison for microalgae)
in the culture medium if the tubes are too long

Large illumination surface area

Reducing the CO, concentration along the tube
can cause the microalgae to lose their carbon
source

Large areas are required because long tubes
are used

A certain fraction of the crop is beyond the
illumination limit due to the spatial separation
of the photosynthesis process inside the
illuminated tube and the gas and mass
exchange in the gas exchanger

Reactors based on
coaxial cylinders

The annular gap allows for the efficient use
of mechanical stirring devices

Scaling up to volumes over 20 litres is not easy
due to the uneven distribution of conditions

Vertical

High mass transfer rate with good mixing

Small surface area for illumination

Compact, easy to operate and relatively
inexpensive

If the elevator system is not used, cell settling
may occur
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expensive maintenance. The efficiency criterion is
the use of cheap and affordable materials, as well as
slow contamination.

7. Terrain. The area for the use of a bioreactor must
meet many requirements, which affects the number
of bioreactors and their versatility. A bioreactor that
does not care about location and terrain has a strong
advantage. Accordingly, a photobioreactor installed
near or in sewage plants will be effective.

8. Controlled hydrodynamics. The -efficiency
criterion is met by a bioreactor in which it is possible
to control the flow of liquid.

9. Freedom of cultivation. Not all bioreactors
are suitable for growing microalgae that can reduce
the level of pollutants in wastewater. For example,
gas-vortex or mechanical, as many microorganisms
have a fragile structure. A photobioreactor is also ef-
fective, as it can cultivate different strains of microal-
gae without harming the microorganisms. The Table
2 below shows the advantages and disadvantages of
different types of photobioreactors.
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