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ABSTRACT. Microalgae farms offer a promising route for carbon capture owing to the high photosyn-
thetic efficiency of microalgae (10-20%) versus terrestrial plants (1-2%) and to their ability to use
industrial CO, and wastewater nutrients. This study calculates the carbon balance of a hypothetical
100 m? photobioreactor farm in the temperate climate of Central Russia (Kazan), supplied with ther-
mal-power-plant flue gas and treated municipal wastewater. At a productivity of 3.5 g/L per day, photo-
synthetic CO, uptake (642.25 kg/day) exceeds combined emissions (21.7 kg CO,/day), giving a negative
footprint of approximately —226.5 t CO,/year and supporting farm feasibility for carbon sequestration
in a temperate climate. Achieving this productivity, however, requires strains tolerant to flue gas/waste-
water contaminants and pH/temperature fluctuations, making closed photobioreactors a realistic but
demanding route to carbon-negative biomass production in temperate regions.
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1. Introduction

To mitigate climate change, various carbon cap-
ture and storage technologies have emerged, including
geological CO, storage and biological sequestration.
Among biological methods, the use of microalgae—
unicellular green algae and, less commonly, cyano-
bacteria—for carbon capture has attracted particular
attention. The photosynthetic efficiency of microalgae
reaches 10-20%, considerably exceeding that of ter-
restrial plants, including forests (1-2%), which makes
microalgae an attractive object for carbon sequestra-
tion biotechnology (Singh and Ahluwalia, 2013).

Green microalgae (Chlorophyta) inhabit both
marine and freshwater environments. They are charac-
terized by high growth rates and by the ability to cap-
ture CO, from the atmosphere, industrial flue gas, or
dissolved carbonates in aquatic ecosystems (Klinthong
et al.,, 2015). The most extensively studied genera
include Chlorella, Scenedesmus, and Botryococcus, which
are widely investigated for applications in carbon neu-
tralization, biofuel production, and the synthesis of
high-value bioproducts (Wang et al., 2022). In addition

to Chlorophyta, alternative microalgal groups, such as
coccolithophorids, were also explored for CO, bioreme-
diation purposes (Moheimani, 2005). Cyanobacteria,
or blue-green algae, are prokaryotes that nonetheless
contain chlorophyll and are capable of photosynthe-
sis. Like green microalgae, they can rapidly accumu-
late biomass and additionally display high tolerance to
eutrophication and chemical pollution.

Photosynthesis in green microalgae comprises
two phases: a light-dependent phase, in which solar
energy excites chlorophyll molecules and generates
ATP and NADPH, and a light-independent phase (the
Calvin cycle), in which the enzyme ribulose-1,5-bis-
phosphate carboxylase/oxygenase (RuBisCO) fixes CO,
into organic molecules (Masojidek et al., 2013). The
fixed carbon accumulates as carbohydrates, lipids, or
extracellular compounds, which can subsequently be
used for economic purposes. The efficiency of CO, fix-
ation depends on a combination of factors, including
light intensity, temperature, CO, concentration, pH,
and nutrient availability. Optimization of these param-
eters is the subject of an extensive body of process-en-
gineering literature (Bhola et al., 2014; Li et al., 2023).
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To implement carbon sequestration using
microalgae, so-called algae farms are constructed.
The most common designs are open ponds and closed
photobioreactors. Open ponds, widely used owing to
their low cost, are shallow basins equipped with pad-
dle-wheel mixing to maximize light capture and CO,
supply. Their main drawbacks are vulnerability to
contamination and water loss through evaporation.
Closed photobioreactors (PBRs) are more expensive to
construct and operate but avoid these drawbacks and
additionally provide better control over light inten-
sity, temperature, and CO, concentration, resulting in
higher biomass (or other useful product) yields (Bhola
et al., 2014). Photobioreactor designs vary widely,
tubular, flat-plate, and bubble-column configurations
among them, and the choice of design strongly affects
CO, transfer efficiency and overall productivity (Fu et
al., 2019). Currently operating microalgae farms differ
substantially in productivity, products obtained, and
location (Table 1).

Overall, the global distribution of microalgae
farms differs considerably between hot- and temper-
ate-climate regions. Hot-climate areas, including parts
of the USA (e.g., Florida and California), Australia,
India, and Southeast Asia, host a substantial number
of microalgae farms, since these territories provide
sufficient insolation and temperature for algal growth.
Countries such as India and China are actively invest-
ing in large-scale algae cultivation projects, capitalizing
on their warm climate. In temperate-climate regions,
including parts of central Europe (e.g., Germany and
the Netherlands), Japan, and some areas of North
America, the number of microalgae farms is markedly
lower. Lower temperatures and reduced insolation in
these regions necessitate advanced cultivation tech-
nologies, such as closed photobioreactors with main-
tained optimal growth conditions, which often leads
to higher operating costs and can limit wider deploy-
ment. Overall, approximately 60-70% of commercial

microalgae production facilities are located in hot-cli-
mate regions and 30-40% in temperate-climate regions
(Spolaore et al., 2006).

In Russia, research on microalgae species and
properties, as well as on prospects for their industrial cul-
tivation, including carbon sequestration, is conducted
at the K.A. Timiryazev Institute of Plant Physiology of
the Russian Academy of Sciences (Moscow), the A.O.
Kovalevsky Institute of Biology of Southern Seas of the
Russian Academy of Sciences (IBSS RAS, Sevastopol),
Kazan (Volga region) Federal University (Kazan), and
some other research institutes. No information on com-
mercial microalgae farms was identified during the
literature search; however, several experimental pro-
duction facilities were found. IBSS RAS (Sevastopol)
developed and launched a pilot algal-biotechnical mod-
ule for evaluating the productivity of various microal-
gae cultures across different seasons, with the results
intended to inform recommendations for industrial cul-
tivation. The company Biotechros (Moscow) is devel-
oping microalgae cultivation technologies for biofuel
and feed-additive production, aiming to build industri-
al-scale facilities for mass microalgae cultivation. The
Algobiotech project (Penza) focuses on developing and
implementing cultivation technologies for dietary sup-
plements, cosmetics, and animal feed, in cooperation
with research institutions to optimize cultivation and
processing.

A recognized strategy for improving the eco-
nomic and environmental viability of microalgae
farms is the combined use of industrial flue gas as a
CO, source and wastewater as a source of nitrogen and
phosphorus, since this simultaneously addresses two
environmental problems—CO, emissions and waste-
water nutrient loading—within a single technological
process (Ji et al., 2013; Wang et al., 2022). Bio-fixation
of flue gas from thermal power plants by microalgae
was highlighted as a promising route for industrial CO,
mitigation, although it requires consideration of the gas

Table 1. Examples of microalgae farms with different characteristics (Fu et al., 2019; Ramaraj et al., 2014)

Farm name Location Technology CO, productivity Year Additional use
founded
Algenol Biotech |Florida, USA Closed ~60 t CO,/ha/year 2006 Biofuel, nutraceuticals
photobioreactors
RITE Project Japan Open ponds ~1 g CO,/L/day 1990 Hydrogen production, wastewater
treatment
BioSolar Cells | Netherlands Photovoltaically- ~75 t CO,/ha/year 2010 Industrial feedstock, pigments
assisted
photobioreactors
Tsinghua Raceway China Open pond ~30 t CO,/ha/year 1985 Animal feed
Pond
Swedish Sweden Hybrid pond system | ~50 t CO,/ha/year 2021 Biofertilizers, wastewater reuse
consortium
IBSS RAS Sevastopol, Algal-biotechnical | Experimental unit, 2023 Development of recommenda-
Russia module no productivity data tions for industrial microalgae
available cultivation

Note. For the RITE project, productivity is given in volumetric units (g CO,/L/day) because the primary source provides
no data on the area or working volume of the unit; this value is not directly comparable with the areal values (t CO,/ha/year)

reported for the other farms.
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composition and associated contaminants (Singh et al.,
2019). The calculation presented below is based on this
integrated approach.

The aim of this study is to assess the feasibility of
using microalgae farms as an alternative technology for
carbon sequestration under the conditions of the tem-
perate climate zone of Central Russia. In this regard, we
calculated a carbon balance for a representative model
farm and analyzed the operating conditions required
for its practical implementation.

2. Materials and methods

Since no commercial microalgae farms currently
operate under the temperate climate conditions of cen-
tral Russia, a representative engineering calculation
was performed for a hypothetical medium-sized farm,
following an approach typical of techno-economic fea-
sibility assessments of biotechnological installations
(Fu et al., 2019; Abdur Razzak et al., 2024).

The model farm was assumed to use a vertical
tubular photobioreactor housed in a closed, green-
house-type structure—a configuration favored for tem-
perate climates thanks to its superior control of irradi-
ance, temperature, and CO, concentration relative to
open ponds (Bhola et al., 2014; Fu et al., 2019). Typical
tube dimensions were taken as 5 cm in diameter and
2.3 m in height. The useful greenhouse area was set
at 100 m?, of which 40 m? is occupied by walkways
and gaps between tube rows. On the remaining work-
ing area (60 m?), the tubes are arranged in two verti-
cal tiers on racks: the horizontal projection of the tube
bases occupies approximately one-third of the working
area (=21.7 m?), while the other two-thirds remain
clear for light penetration and servicing access. For the
assumed internal diameter, the total number of tubes is
~22,000 (=4.5 L per tube), giving a total culture-lig-
uid volume of approximately 100 m3. A vertical, multi-
tier arrangement allows the required illuminated cul-
ture volume to be accommodated on a limited footprint
without excessively dense in-plane packing of the tubes
(Fu et al., 2019).

Flue gas

CO,

NO

Wastewater

| | |
Algae biomass Biofuel
Bioethanol
Biohydrogen
— — Food products

Animal feed
Fertilizers
Pharmaceuticals

r 1t

The CO, source for the farm was assumed to be
flue gas from a thermal power plant (TPP), mixed with
ambient air, which simultaneously provides warming
of the culture medium to the optimal temperature. Bio-
fixation of TPP flue gas by microalgae is a recognized
strategy for industrial CO, mitigation (Singh et al.,
2019). The flue gas is drawn from the plant’s flue duct
(downstream of the gas-cleaning system) via a slip-
stream off-take and delivered to the farm by a blower
through a pipeline. Taking a slip-stream at the flue-duct
level, rather than at the stack outlet, is a standard prac-
tice in flue-gas bio-fixation (Singh et al., 2019; Li et al.,
2026), which requires no change to the plant’s stack
dispersion scheme. Nutrients were assumed to be sup-
plied by raw municipal wastewater diluted with par-
tially treated wastewater, an approach consistent with
published studies on microalgae cultivation in munic-
ipal and industrial wastewater for combined nutrient
removal and biomass production (Ji et al., 2013; Wang
et al., 2022). As an illustrative siting example, such a
farm could be located in the city of Kazan, between the
heat and power plant TPP-1 and the Vodokanal munic-
ipal wastewater treatment facility, which are situated
close to one another. The general operating principle of
the farm is shown in Fig. 1.

Biomass productivity was taken as 3.5 g/L per
day and specific energy consumption as 207 MJ/m? per
year, based on published data for microalgae cultiva-
tion in photobioreactors (Abdur Razzak et al., 2024).
The adopted value of 3.5 g/L/day is an upper bound
on productivity under optimized conditions. Municipal
wastewater as a source of organic carbon enables mix-
otrophic cultivation, under which biomass productivity
can exceed that of purely photoautotrophic growth by a
factor of two to five (Pang et al., 2019), and achieving
the adopted level requires strain selection and, where
necessary, adaptation (see Discussion). For the present
calculation, biomass was assumed to be used as ani-
mal feed; this assumption does not affect the carbon
balance calculation itself, although alternative biomass
valorization routes are described in the Discussion.

Photobioreactor

Methane

Fig.1. General operating scheme of a microalgae farm using flue gas and wastewater as carbon and nutrient sources.
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The carbon footprint of the farm was calculated
as the difference between CO, captured through pho-
tosynthesis and CO, emitted as a result of energy con-
sumption and water treatment during operation using
the following steps:

(1) Daily biomass production
(g/L day) X reactor liquid volume (L).

(2) Daily carbon fixation = daily biomass pro-
duction X carbon content of dry biomass (taken as
50%, consistent with the typical biochemical compo-
sition of microalgal biomass; Masojidek et al., 2013).

(3) Daily CO, uptake = daily carbon fixation X
44/12 (the stoichiometric mass ratio of CO, to C).

(4) Daily energy-related CO, emissions = (annual
specific energy consumption X useful area / 365) X
emission factor for thermal power generation (taken as
0.25 kg CO,/MJ, a representative average value for fos-
sil-fuel power generation).

(5) Daily water-treatment CO, emissions = daily
volume of supernatant (spent culture liquid) generated
during biomass harvesting and requiring polishing
before discharge x specific emission factor for water
treatment and pumping (taken as 5 kg CO,/m?).

(6) Net daily carbon footprint = daily CO,
uptake — (daily energy-related emissions + daily
water-treatment emissions).

The resulting daily value was extrapolated to an
annual carbon footprint by multiplying by 365 days.

Additionally, to assess the effect of seasonality, a
scenario calculation was performed in which biomass
productivity was set proportional to the mean monthly
insolation for Kazan (=55.8°N; PVGIS/Global Solar
Atlas data), normalized to the summer maximum cor-
responding to the design productivity of 3.5 g/L/day.
Culture heating in the cold season was assumed to be
provided by the waste heat of the flue gas, and artifi-
cial illumination at the design level was not assumed
because of the associated negative energy balance
(Slade and Bauen, 2013). The annual carbon balance
was computed as the sum of daily values over all
months.

productivity

3. Resulits

The daily biomass production of the model
farm is 3.5 g/L per day x 100,000 L = 350 kg/day.
Assuming a carbon content of approximately 50% of
dry biomass, the corresponding daily carbon fixation
is 175 kg C per day. Converting to CO, using the stoi-
chiometric factor 44/12 = 3.67 gives a daily photosyn-
thetic CO, uptake of 175 X 3.67 = 642.25 kg CO,/day,
equivalent to approximately 234.4 t CO,/year.

The total annual energy consumption of the farm
is 207 MJ/m? per year X 100 m? = 20,700 MJ/year,
or 56.71 MJ/day. At an emission factor of 0.25 kg CO,/
MJ for thermal power generation, the corresponding
daily CO, emission from energy consumption is 56.71
x 0.25 = 14.18 kg CO,/day.

The farm requires the polishing of ~1.5 m® of
supernatant (spent culture liquid generated during
daily biomass harvesting) per day, taken as a represen-
tative estimate for a reactor of this volume. The emis-
sion factor below is adopted as a conservative upper
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bound. At a specific emission factor of 5 kg CO,/m?,
the corresponding daily CO, emission from water treat-
ment and pumping is 1.5 X 5 = 7.5 kg CO, per day.

The resulting carbon balance of the model farm
is summarized in Table 2. Total daily CO, emissions
(energy consumption plus water treatment) amount
to 14.18 + 7.5 = 21.68 kg CO,/day, while daily CO,
uptake through photosynthesis is 642.25 kg CO,/day.
The net carbon footprint is therefore 642.25 — 21.68
~ 620.57 kg CO, per day, or approximately —226.5
t CO,/year (a negative value indicating net carbon
sequestration).

Thus, the carbon footprint of the model microal-
gae farm is negative, confirming the principal feasibil-
ity of constructing such a farm for carbon sequestra-
tion under the temperate climate conditions of Central
Russia. It should be noted that the calculation is inten-
tionally simplified: it does not account for the possibility
of converting the harvested biomass into higher-value
products or energy carriers, and it assumes a compar-
atively high (though not maximum) biomass produc-
tivity that is only achievable with efficient microalgae
strains cultivated under near-optimal conditions.

The calculation above corresponds to the design
(optimal) operating conditions. Since insolation and
temperature vary substantially across seasons in the
temperate climate of Central Russia, an additional sea-
sonal scenario calculation of the annual carbon balance
was performed (Table 3). It assumes that culture heat-
ing is provided by flue-gas waste heat and generates
no additional emissions, and that productivity tracks
natural insolation (without artificial illumination at the
design level, since the latter leads to a negative energy
balance (Slade and Bauen, 2013)). Under these assump-
tions, the mean annual productivity decreases, and the
net carbon footprint is approximately —115 t CO,/
year, which is almost half the design value (—226.5 t
CO,/year) but still negative. Thus, seasonality substan-
tially reduces, but does not eliminate, the sequestration
potential of the farm.

4. Discussion

The area-normalized gross CO, uptake of the
model farm (=234.4 t CO,/year from a 100 m? i.e.
0.01 ha, footprint) substantially exceeds the per-hect-
are productivities reported for open-pond and flat

Table 2. Carbon balance of the model microalgae farm

Component Value

Daily biomass production 350 kg/day

642.25 kg CO,/day (=234.4
t CO,/year)

14.18 kg CO,/day

Daily CO, uptake
(photosynthesis)
Daily CO, emissions —
energy consumption

Daily CO, emissions — water
treatment

7.50 kg CO,/day

Total daily CO, emissions 21.68 kg CO,/day

Net daily carbon footprint —620.57 kg CO,/day

Net annual carbon footprint ~ —226.5t CO,/year
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Table 3. Seasonal carbon balance of the model microalgae farm (Kazan).

Period Days [Mean productivity,| Gross CO, uptake, Net footprint, |Annual contribution,
g/L/day kg/day kg/day t/year
Summer (June-August) 92 3.22 591 569 52.4
Spring/autumn (April, May, | 122 2.08 382 361 44.0
September, October)
Winter (November—March) 151 0.81 148 126 19.1
Total (year) 365 — — — =~ —115 (net)

photobioreactor systems listed in Table 1, such as the
Tsinghua raceway pond (=30 t CO,/ha/year), the
Swedish hybrid pond consortium (=50 t CO,/ha/year),
Algenol Biotech (=60 t CO,/ha/year), or BioSolar Cells
(=75t CO,/ha/year). This difference is consistent with
the recognized advantage of vertical tubular photobio-
reactors, which, by packing a large illuminated culture
volume into a small footprint, can achieve markedly
higher volumetric and areal productivity than shallow
open systems (Fu et al., 2019; Abdur Razzak et al.,
2024; Li et al., 2023). At the same time, this compari-
son should be interpreted with caution, since the pro-
ductivity value used in the present calculation corre-
sponds to optimized photobioreactor operation rather
than to data from an operating farm under Russian cli-
matic conditions.

The substantially higher area-normalized value
of the model farm relative to the farms listed in Table 1
is explained mainly by the fact that the Table 1 values
reflect the average operational performance of existing
farms, including downtime, seasonality and non-opti-
mal conditions, whereas the present calculation uses
the peak productivity of an optimized regime and a
vertical, multi-tier arrangement of a large illuminated
culture volume on a small footprint (volumetric rather
than the areal productivity of shallow ponds). The sea-
sonal scenario above (Table 3) provides a more realistic
lower bound.

For context, a comparison with reforestation is
useful: the typical net sequestration of temperate for-
ests is ~2-10 t CO,/ha/year (on average =~3.7 t CO,/
ha/year) (Pan et al.,, 2011). The model farm seques-
ters =~115-226 t CO,/year from a 0.01 ha footprint, i.e.
orders of magnitude more per unit area; however, this
is achieved at the cost of substantial capital, operat-
ing expenditure, and energy use, whereas reforestation
delivers sequestration at almost no operating cost and
provides co-benefit ecosystem services. Algae farms are
therefore most justified where land is scarce and point
sources of CO, and nutrients are available, and should
be regarded as a complement to, rather than a replace-
ment for, reforestation.

The present calculation assumes that the har-
vested biomass is used as animal feed, which simpli-
fies the carbon balance but does not capture the full
potential economic and environmental benefit of the
farm. Cultivation under nitrogen-limiting conditions
can substantially increase intracellular lipid content,
as shown for Parachlorella kessleri TY02 (Gao et al.,
2019) and for the freshwater species Scenedesmus sp.
LX1 grown in secondary wastewater effluent (Xin et
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al., 2010), suggesting that lipid-oriented cultivation
regimes could allow the same farm to produce biodiesel
feedstock in addition to, or instead of, feed biomass.
Microalgae-based purification of biogas (biomethane
upgrading) using chlorophyll-containing microalgae
was also demonstrated (Dyachok et al., 2022), indicat-
ing an additional avenue for combining the proposed
farm with biogas-producing facilities, which are them-
selves a potential source of CO, and heat. Incorporating
such high-value or energy-oriented uses of the biomass
would be expected to improve both the carbon and the
economic balance of the farm relative to the conserva-
tive feed-use scenario discussed here.

It should also be noted that, with real flue gas
and wastewater, the biomass may accumulate heavy
metals (Cu, Zn, Pb, Cd, As, Ni, Hg, etc.) and other con-
taminants, which accumulate predominantly in the
biomass rather than in the culture medium (Napan et
al., 2015; Yang et al., 2025). This may restrict the use
of the biomass in feed and food chains and requires
regular monitoring against feed heavy-metal limits. In
cases of exceeded limits, the biomass is better directed
to non-feed valorization routes—biodiesel production,
biogas upgrading, or (subject to compliance) biofertil-
izer—consistent with the biomass uses discussed above.

Translating the calculated carbon balance into
an operating facility would require overcoming several
practical barriers. Achieving the assumed productivity
on real flue gas and wastewater feedstocks demands
microalgae strains tolerant of SO,, NO_, heavy metals,
and the pH and temperature fluctuations typical of
industrial effluents, a requirement that recent reviews
identify as a persistent bottleneck limiting the transi-
tion of photobioreactor technology from laboratory to
industrial scale (Cheng et al., 2025; Yang et al., 2025).
If natural tolerance is insufficient, adaptive laboratory
evolution offers a route to developing it in candidate
strains (Zhang et al., 2021), and the feasibility of the
resulting approach has recently been demonstrated at
pilot scale, where a microalgal strain selected for tol-
erance to industrial reverse-osmosis concentrate, and
real flue gas sustained stable nutrient removal and CO,
fixation in a 6000-L tubular photobioreactor (Li et al.,
2026). Comparable strain-selection and pilot-scale vali-
dation, for which the IBSS RAS algal-biotechnical mod-
ule in Sevastopol represents the closest existing Russian
analogue, together with an economic assessment of
operating costs under temperate-climate conditions,
would be necessary prerequisites before the model farm
could transit from calculation to practice.
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5. Conclusions

The calculated carbon footprint of the model
microalgae farm—a vertical tubular photobioreac-
tor with a useful area of 100 m?, supplied with ther-
mal-power-plant flue gas and municipal wastewa-
ter—is negative, at approximately —226.5 t CO,/year,
confirming the principal feasibility of using microalgae
farms for carbon sequestration under the temperate cli-
mate conditions of Central Russia. The area-normalized
productivity of the model closed photobioreactor sub-
stantially exceeds the typical per-hectare CO, uptake
reported for open-pond systems, consistent with the
recognized productivity advantage of vertical tubular
photobioreactor designs. Achieving the assumed pro-
ductivity in practice requires the selection, and, where
is necessary, the adaptation of microalgae strains tol-
erant to the contaminants in flue gas (SO,, NO, and
heavy metals) and in wastewater, as well as to asso-
ciated pH and temperature fluctuations. Valorization
of the harvested biomass into higher-value products,
such as lipid-rich biomass for biodiesel or its use in
biogas purification, represents a further avenue for
improving both the carbon and the economic balance
of the proposed technology and should be addressed
in future work, together with pilot-scale validation
analogous to the IBSS RAS algal-biotechnical module.
Additionally, a seasonal scenario calculation for the
conditions of Kazan demonstrates that, under tracking
natural insolation, the mean annual net sequestration
is roughly halved (to = —115 t CO,/year) but remains
negative, confirming the robustness of this conclusion
to seasonality.
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OpuruHanbHan craTbf

OueHKa BO3MOXXHOCTH CO3AAHUA [IMNOLOGY
BOAOPOCAEBbIX (pepm ANA YAABAMBaHUA FRESEIWATER
YIA€KMCAOIO ra3a B KAMMaTH4YeCKMX BIOLOGY

ycnoBuax CpeaHent nonocol Poccum - —

Xne6bosa [I.JI.*, 'anuea I'.I11., CtaneHko E.A.,
INamanxkas I1.10., CenuBaHoBckas C.IO.

Kasanckuii ¢pedepatoHblii yHugepcumem, e. Kazaus, Pecnybtuka Tamapcman, 420008, Poccua

AHHOTAILIUSI. ®epMbl 1O BBIpALIMBAaHUI0 MUKPOBOZOPOCTEN SIBJIAIOTCSA MEPCIEKTHUBHBIM HalpaBJie-
HHUeM JJId yJIaBjMBaHuA yrijiepofa 6jaromaps BBICOKON (GOTOCHMHTeTHYecKol 3P (deKTUBHOCTU MUKPO-
Bostopociieit (10-20 %) mo cpaBHeHUI0 ¢ HazeMHBIMU pacTeHusAMHU (1-2 %), a Takke CIOCOOHOCTU
UCII0JIb30BaTh MPOMBIILIeHHbI CO, U MUTATEJIbHBIE BEIIECTBA U3 CTOYHBIX BOJA. B maHHOM uccieno-
BaHUM PacCYMTaH YTJIEPOAHBIN OajlaHC FMIOTETUYECKON (GOTOOMOpeakTopHOU ¢epMsl miomanso 100
M?, PaCIIOJIOKEHHOH B YCJIOBUAX YMEPEHHOro KinMmara LlenTpasbHoi Poccun (1. KasaHsb), ¢ UCIOJIb30-
BaHNEM JbIMOBBIX I'a30B TEIJI03JIEKTPOCTAHIUY U OYUI[EHHBIX T'OPOJCKUX CTOYHBIX BOA. IIpu npoayk-
TUBHOCTH 3,5 T/ B cyTKH norsomenue CO, B nporecce portocunTesa (642,25 Kr/CyTKu) NpeBbIIIAET
cymMapHsie BhIGpochl (21,7 kr CO,/cyTKu), 4TO 00ecrneynBaeT OTPULIATENIbHBIN YIJIEPOAHBINA CJIEA Ha
yPOBHE NpUOIM3UTENbHO — 226,5 T CO, B ro] ¥ MOATBEPXAAET 11€71eCO00PA3HOCTh IPUMEHEHUA TAKUX
depm AJ1s cekBecTpaluu yriepoda B yCJIOBUAX YMepeHHOro kianMara. OqHaKko JOCTHXKeHe YKa3aHHO!
IIPOAYKTUBHOCTY TpeOyeT MCIOJIb30BaHNA MTaMMOB, YCTOMYMBEIX K 3arpsA3HUTENIAM, COepXalliMCcA B
JABIMOBBIX Ta3aX U CTOYHBIX BOAAX, a TakXe K KojiebaHuaM pH u TemnepaTypshl. B cBsA3u ¢ 3TUM 3aKpbl-
Thle (OTOOMOPEaKTOPHI IPECTABJIAIOT COO0M peasIMCTUYHBIN, HO TEXHUYECKHU CJIOXKHBIN IMYTh K IMPOU3-
BOJCTBY OMOMAacCHI ¢ OTpULIaTeIbHBIM yTJIepOAHBIM 6aaHCOM B YMEpPEeHHBIX IHUPOTaXx.

Kitioueavle csi06a: MUKPOBOIOPOCIM, CEKBECTpals yriaepoa, GoTo6ropeaKkTop, YIJIEPOAHbIHN CJIe], J5IMOBhIE
rashbl, YMEPEHHBIN KJIMMAT

Jiia mutupoBanus: Xinebosa JI.JI., l'anuesa I'.I11., Cranenko E.A., l'anunkas I1.10., CenuBaHoBckas C.JO. OueHka BO3MOXHOCTU
CO3[TaHUsA BOJIOPOCJIEBBIX (PepM AJjIA YJIaBJIMBAHUA YTJIEKHCIIOTO Ta3a B KJIMMaTUYeCcKuX ycjoBusax CpeaHeii mosockl Poccuu //
Limnology and Freshwater Biology. 2026. - No 4. - C. 405-419. DOI: 10.31951/2658-3518-2026-A-4-405

1. Beepenue 3enensle MukpoBomopocyiu (Chlorophyta) obu-

TalOT KaKk B MOPCKHUX, TaK U B IpecHbIX Bojax. OHU
XapaKTepu3yloTcA BBICOKHMH TeMIIaMH pOCTa U CIIO-
coGHocThIO yyiaBmuBaTh CO, U3 aTMOCHEPH], TIPOMBIII-
JIEHHBIX JIBIMOBBIX I'a30B WJIM PacTBOPEHHHIX KapOoHa-
TOB B BOJHBIX okocucTeMax (Klinthong et al., 2015).
Haubosnee mogpoOHO M3yuYeHHBIMH POAAMU ABJIAIOTCA
Chlorella, Scenedesmus 1 Botryococcus, KOTOPBIE IIIPOKO
HcclielyloTcs Ha IIpeAMeT IIpUMeHeHUs B HeliTpainsa-
I[UY yrjlepofda, NPOM3BOJACTBe OMOTOIUIMBA U CHHTEe3e
OMOMPOAYKTOB C BBICOKOM A00ABJIEHHON CTOMMOCTHIO
(Wang et al., 2022). [Tomumo Chlorophyta, nisa neyei
6uopemenuanuu CO, M3yYyaauch W [pyrue TPYIIIbI
MHKPOBOZOpOCJIeli, HalpuMep KOKKOJIUTOMOPUIbI
(Moheimani, 2005). IlmaHoGakTepuu (CUHe-3eJIeHbIE
BOZIOPOCJIN) SABJIAIOTCA IIpOKapHOTaMu, OAHAKO COAep-
XKaT XJI0poPUILT U CIOCOOHHI K GOTOCUHTE3Y; MOJ00HO

CTpemyieHMEe CMSATYUTH TOCJECTBUA W3MeEHe-
HUA KJIMMAaTa CTUMYJIMPOBAJIO pa3paboTKy pasiind-
HBIX TEXHOJIOTUH yJIABJIUBAHUA W XPaHEHUs yrjiepojia
- OT TeoJIornYeckoro 3axopoHenuss CO, mo Guoso-
TUYecKUx NOAXOAOB K cekBecTpanuu. Cpeau OHOJIO-
TAYeCKUX MeTOJIOB 0coboe BHMMAaHME IpUBJIEKAeT
WICTIOJIb30BaHME MHKPOBOAOPOCJIEN (OQHOKIETOYHBIX
3eJIEHBIX BOJIOPOCJIEN U, pexe, IMaHOOaKTepuil) AJiA
yJaBauBaHusa yriepoga. dorocuHTeTndeckasa sdpdex-
TUBHOCTb MUKpOBoOJopocJiei focturaer 10-20 %, 4to
3HAYUTEJIFHO MPEBOCXOAUT AaHAJIOTUYHBIHM MTOKA3aTesTb
Ha3eMHBIX pacTeHui, BKovYas Jeca (1-2%), u nenaer
MHUKPOBOAOPOCJ/IM TPUBJIEKATEJIBHBIM OOBEKTOM [JIs
ObuoTrexHoJsIOrNU CceKkBecTpanuu yriepoga (Singh and
Ahluwalia, 2013).

*ABTOp [U1A nepenucku. Anpec e-mail: khlebova.darya@mail.ru (1.JI. Xsie6oBa)
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3eJIeHBIM MUKPOBOJOPOCJIAM, OHU OBICTPO Hapalu-
BaloT Ouomaccy M, KpoMe TOro, IMpOABJIAIT BHICO-
KyI0 YCTOMYHMBOCTb K 3BTPOQUKAIMA U XUMUYECKOMY
3arpsA3HeHHuIo.

doTocHHTEe3 Yy 3eJeHBIX MHKPOBOAOpOCei
BKJIIOYaeT ABe (a3bl: CBETO3aBUCHMYIO, B XOfe KOTO-
pOIl coJIHeYHas 3Heprus Bo30yxkJaeT MOJIEKyJIbl XJIO-
poduina u obecneunBaet cuHte3 AT® u HAJ[®OH, u
cBeTOHe3aBucUMYyH0 (1ukJ KanpBuHa), B KOTOPOil dep-
MeHT pubyso30-1,5-6uchocdarkapbokcuiaza/okcu-
renasa (RuBisCO) ¢ukcupyer CO, ¢ oGpasoBaHueM
opraHnveckux coenuHeHud (Masojidek et al., 2013).
CBs3aHHBIN yTIJlepo HaKalJIMBaeTCs B BUJe YIJIeBOJOB,
JIMNUJ0B WM BHEKJIETOYHBIX COeJUHEHUI, KOTOphe B
JajibHelIIeM MOTYT OBITh UCIOJIb30BaHbI B XO3ACTBEH-
HBIX Hessx. dpdexrusHocTh Pukcanuu CO, 3aBUCUT
OT coyeTaHUs TaKuxX (PaKTOpOB, KaK HMHTEHCHBHOCTb
OCBellleHUs1, TemIeparypa, KoHuentpauusa CO,, pH u
JOCTYyIHOCTb MNUTATEJbHBIX Bel[eCTB; ONTHMH3aIuU
3TUX IapaMeTpPOB MOCBAIleH OOMKPHEBIN MaccuB paboT
B o6J1acTu mpoleccHo naxeHepuu (Bhola et al., 2014;
Li et al., 2023).

Ja peanusanum cekBecTpallMM yrjepojaa ¢
HCIOJIb30BaHHEM MMKPOBOAOPOCJEN CO3Aal0TCsA Tak
HasblBaeMble BogopocJieBsle (epmbl. HaumbGosiee pac-
IIPOCTPaHEHHBIMU KOHCTPYKIMAMM SABJIAIOTCA OTKPHI-
Thle IIPYABl U 3aKpBIThie (OTOOHOpeakTopsl. OTKPHITEIE
IpyAbl, MIMPOKO IIpuUMeHsAeMble OJjiarofaps HHU3KOH
CTOMMOCTH, TpPeICTaBJIAIT coboil Hersiybokue 6ac-
celiHbl, 000pyIOBaHHBIE KOJIECHBIMM MelllaJIKaMu AJIiA
MaKCHMAaJIbHOTO yJiaBjvuBaHusA cseta u nopaun CO,;
WX OCHOBHBIMH He[OCTaTKaMHU ABJIAIOTCA yA3BHUMOCTD
K 3arpsA3HEeHUI0 U IOTepU BOJBl 3a CYeT HCIapeHUA.
3akpeiThie poTobuopeakTopsl (OBP) mopoxe B cTpou-
TeJIbCTBE U dKCIUIyaTalu{, OJHAKO JIUIIEeHBbl ITepevuc-
JIEHHBIX HeJOCTaTKOB M, KpoMe Toro, o0ecledynBaioT
6oJiee TOYHBII KOHTPOJIb MHTEHCHUBHOCTU OCBelleHUs,
TemrnepaTypsl ¥ KoHueHTpauuu CO,, YTO MPUBOAUT K
MOBBINIEHNIO BbIXOAa OnoMacchl (WIM ApYyrux MoJjies-

HBIX mpoaykToB) (Bhola et al.,, 2014). KoHcTpyKiuu
(doTobHOpeakTOopoB BecbMa pa3HOOOpasHbl — Cpeau
HUX TpyOuaThle, IUIOCKONAaHesIbHble U OapOoTakHbIe
KOJIOHHBIE YCTAaHOBKHY, — IIpU4YeM BBIOOP KOHCTPYKIUU
CyILIIeCTBeHHO BJymAeT Ha 3(G@deKTUBHOCTb MaccoIlepe-
Hoca CO, u obmyro nmpoaykTusHocTh (Fu et al., 2019).
JelicTBylollie B HacTosllee BpeMsA BOAOPOCJEBbIE
(epMbl 3HAUMTEJIBHO pa3jIMvyaloTCA MO IPOAYKTUBHO-
CTH, NIoJIy4aeMo¥ IPOAYKLUK U reorpadruyeckoMy pac-
noJsioxeHuto (Tabsmuna 1).

B 1nesom riob6aspHOe pacnpenesieHHue BOAO-
pocieBbIX (epM CylecTBeHHO pasjudyaeTrca MexAy
peruoHaMmu C XapKuM M yMepeHHBIM KjJIuMaToM. B
palioHax C ’kapKuM KJIMMaTOM — BKJII0Yas OTAeJIbHbIe
mratel CHIA (manpumep, ®daopupa, Kamudopnus),
Acrpanuio, Uaauio u crpansl l0ro-Bocrounoii A3uu
COCpeIOTOYeHO 3HAuYUTeJIbHOe YHCJIO BOAOpOCIIe-
BBIX (pepM, MOCKOJIBKY 3TU TepPUTOPUU 00ecrednBaT
JIOCTaTOYHYI0 MHCOJIALMIO U TeMIlepaTypy [JIS pocTa
BOZOpOCTIel; Takue cTpaHbl, kak WHaua u Kuraii,
aKTHBHO HHBECTHUPYIOT B KpyHNHOMacluTaOHBIE Ipo-
eKTBHl 110 KyJIbTUBUPOBAHUIO BOJOPOCJIEH, HCIOJIb3y:
IIperMyllecTBa CBOero Telioro Kiaumara. B pernonax
C YMepeHHBIM KJIMMAaTOM, BKJIIoYas OTAeJIbHble pail-
oHbl llenTpasnbHoii EBpombl (Hanpumep, I'epmanus,
Hupnepnanas!), AnoHuto, a Takke HEKOTOpPble TEPPUTO-
pun CeBepHOI AMepHKH, KOJIMYECTBO BOJIOPOCJIEBBIX
depm 3ameTHO HuKe. Bosiee HU3KMe TeMIlepaTyphl U
yMeHbllIeHHasA WHCOJIAIMA B 3TUX peruoHax TpeOyioT
IIpUMeHeHUs IepeJJOBBIX TeXHOJIOTMH KyJbTHUBUPOBA-
HUA, TaKUX KaK 3aKpeIThle GOTOOMOpeaKkTophl C MOA-
JlepXaHUeM ONTHUMAaJIbHBIX YCJIOBUH pOCTa, YTO 4acTo
IIPUBOAYT K IOBBILIEHUIO 3KCITyaTallMOHHBIX 3aTpaT
1 MOXeT OrpaHHuYMBaTh 0oJiee MIMPOKOe BHeApeHUe.
B nienom npumepHo 60-70% koMMepuecKux IpeAnpu-
ATAU 1O IPOU3BOJACTBY MHUKPOBOJOPOCJIEH pacoJio-
J)KeHBl B pervoHax ¢ xapkuM kaumaTtoM u 30-40% — B
peruoHax ¢ ymepeHHBIM kiaumaroM (Spolaore et al.,
2006).

Ta6suna 1. ITpuMepsl BOAOPOCIeBHIX pepM ¢ pasauuHbIMU XapakTepuctukamu (Fu et al., 2019; Ramaraj et al., 2014).

HasBanue MecTonoJjioxeHue TexHoJIOTUA IIpou3BOAUTEIBHOCTH T'on JlonoJIHUTEJIbHOE
dbepmsr no CO, OCHOBaHMA HCIIOJIb30BaHUE
Algenol Biotech| ®nopuga, CIIIA 3aKphIThHIE ~60 tonn CO,/ra/rof 2006 buoTonnueo, HyTpULEBTUKU
dorobropeakToph
ITpoekTt RITE Anonusa OTKpHBITHIE NIPY/bL ~1r CO,/n/nenpb 1990 [Ipon3BoCTBO BOAOPOAA,
O4YKCTKA CTOYHBIX BOJ
BioSolar Cells Hupepianast ®oroBosibranyeckut | ~75 TouH CO,/ra/ron 2010 [IpoMbllJIEHHBIE CHIPBE,
noAjAepXruBaeMble MIATMEeHTBHI
dorobropeakToOph
Ipyn Tsinghua Kuraii OTKpBHITHIH NIPY A ~30 Tonn CO,/ra/rof 1985 Kopwm 171 )XMBOTHBIX
Raceway
KoHncopuuywm B IBenusa I'mGpugHas cuctemal ~50 Tonn CO,/ra/rof 2021 BuoynobpeHnus, nepepa-
[iBernuu MIpy/A0B 06OTKa M3 CTOYHBIX BOJ
WuBIOM PAH CeBacTorosib, AnprobuorexHuye- | OKCnepHUMeHTa-JIbHAA 2023 PazpaboTka pekoMeHAa-
Poccus CKHUI MOAYJIb YCTaHOBKA, AAHHEIE O LUH 714 TPOMBIILIEH-
NIPOM3BOANTEIb-HOCTU HOT'O KyJIbTUBMPOBAHUA
OTCyTCTBYIOT MHKPOBOJOPOCJIEN

IIpumeuanmne. [1a npoekta RITE npoaykTuBHOCTE npuBefieHa B 06beMHBIX equHuIax (r CO,/J1/neHs), HOCKOJIbKY I1epBo-
HWCTOYHUK He COAePXKUT JaHHBIX O IJIOMaau U paboyeM o6beMe yCTaHOBKH; 3Ta BeJIMYMHA HalPAMYI0 HeCOIlocTaBuMa C IToma-
HeMU 3HaueHusAMU (T CO,/ra/ron), NpuBeleHHBIMU OJI OCTaJIBbHBIX depM.
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B Poccuu nccriefoBaHuA BUAOB U CBOVICTB MUKPO-
BOJIOPOCJIEl], a Takxe MepCleKTUB UX IPOMBIIIIEHHOIO
KyJIbTUBUPOBaHMUA, B TOM uucjle AJiA Iiejlell ceKBe-
cTpanuu yrjepoja, npoomAarcsa B HWHctutyte dusu-
osornu pacteHuii um. K.A. Tumupszesa Poccuiickoit
akagemuu Hayk (Mocksa), B HHcTUTyTe OuoOsIOrUun
10kHBIX Mopeil M. A.O. Kosanesckoro PAH (MBCC
PAH, Cesacromnosnp), B Kaszanckom (IIpuBosmxckom)
denepanpHOM yHUBepcuteTe (KazaHb), a Takxe B psafe
JApYyTUX Hay4yHO-HCCJIeIOBATEeJIbCKUX yupexaeHuil. B
XoJle MoKMcKa JINTepaTyphl CBeJeHNIl 0 KOMMepUYeCKux
BOJOPOCJIEBBIX (pepMax BBIABJIEHO He ObLJIO; OAHAKO
oOHapyXeHBl HeCKOJIbKO OINBITHO-3KCIIepHUMeHTaIbHBIX
ycrtaHoBok. B UBCC PAH (CeBacromnoJsib) paspaboTaH
U BBefleH B SKCIUIyaTallli0 NMUJIOTHBIN ajbrobnorex-
HUYeCKUH MOAYJIb AJIA OLleHKU NMPOAYKTUBHOCTU pas-
JIMYHBIX KyJbTYp MUKPOBOAOPOCE! B pa3Hble CEe30HBI
rojfa; IoOJIydeHHBle pe3yJbTaThl NpeJHa3HadYeHBl OJiA
BBIPabOTKM peKOMeHAAI1i] 110 IPOMBIINIJIEHHOMY KYJIb-
TuBupoBaHuio. Komnanus «buotexpoc» (Mocksa) pas-
pabaTtbiBaeT TeXHOJIOTUM KYJIbTUBHPOBAaHUA MHKPOBO-
JopocJieli AjiA Ipou3BoicTBa OMOTONJIMBA U KOPMOBBIX
J00aBOK C I1eJIbl0 CO34aHUsA [IPOMBIIIJIEHHBIX O0BbEKTOB
JUI1 MaccoBOI'O BBIpallMBaHUA MHKPOBOIOPOCIIEH.
ITpoekT «AJibro6uorex» (ITeH3a) OpUeHTUPOBAH HA pas-
paboTKy U BHeJpeHHe TeXHOJIOTMH KyJIbTUBHPOBAaHUA
JUU11 TIPOMU3BOJCTBA OMOJIOTMYECKHU aKTHBHBIX A00aBOK,
KOCMeTHYeCKO! NPOAYKIUU U KOPMOB JJiA KUBOTHBIX,
Ipy 3TOM paboTra BeAeTcsA B COTPYAHMUYECTBE C Hayuy-
HO-HCCJIeoBaTeJIbCKUMU WHCTUTYyTaMM [JIA ONTHMHU-
3aI1Hy NPOLecCcoB KyJIbTUBUPOBAaHUA U NlepepaboTKHU.

[Ipu3HaHHBIM NOAXOJOM K IIOBBIIMIEHUIO 3KOHO-
MHYeCKOH U 5K0JIorn4eckoi 3(pdeKTUBHOCTU BOAOPO-
cJieBbIX (epM ABJIAETCA COBMECTHOE MCIIOJIb30BaHMe
IIPOMBINJIEHHBIX ABIMOBBIX T'a30B B KauyecTBe MCTOU-
Huka CO, M CTOYHBIX BOJ — KaK MCTOYHMKA a30Ta U
docdopa, MOCKOJIBKY 3TO NO3BOJIAET OJHOBPEMEHHO
pemiaTh [JBe S5KOJIOTMYeCKHe IIpoOjeMbl —BBIOPOCH
CO, n GMOTeHHYI0 HAarpy3Ky CTOYHBIX BOJ — B pamKax
eJIMHOr0 TexXHoJoruyeckoro mpouecca (Ji et al., 2013;
Wang et al.,, 2022). Buodukcaiys IbIMOBBIX TI'a30B
TeIJIO3JIEKTPOCTAHIUI ¢ TOMOIIBI0 MUKPOBOAOPOCIeH
paccMaTpuBaeTcsA KaK IepCleKTHBHOe HallpaBjieHue
MIPOMBINJIEHHOT'O CHIXXeHUsA BbIOpocoB CO,, XOTA Npu
3TOM TpebyeTcsA yUUTHIBAaTh COCTaB ra3a 1 COMyTCTBYIO-
e npumecu (Singh et al., 2019). IIpuBeeHHbIN HUXE
pacueT OCHOBaH Ha JaHHOM KOMILIEKCHOM IIOAXOZe.

Llenp HacroAmel pabOTHl — OLEHUTb BO3MOX-
HOCTbB MCII0JIb30BaHuA ¢pepM IO BEIpAIIMBAHUIO MUKPO-
BOJOpOCJIell B KauyecTBe aJIbTepHATHUBHON TEeXHOJIO-
TMH CeKBeCcTpalUM yrjepoja B YCJIOBUAX yMepeHHOH
KJIuMaTHuyeckoil 30HBI lleHTpasnbHOil Poccuu. [ia
3TOr0 paccYuTaH yrjaepofHbIl OasaHC AJid MOJieIbHON
depmrl, penpe3eHTaTHBHON AJIA AAHHOIO peruoHa, u
[IpOaHAJIM3UPOBaHbl yCJIOBUA dKCIUIyaTaluy, Heo0Xo-
JUMBIe /I ee IPaKTU4YecKo peasn3aliu.

2. MaTepuanbl U MeTOADI

[TockonBKY B HacTosIlee BpeEMsA B YCIIOBUAX YMe-
peHHoro kyinMata LlentpanbHoil Poccuu He feficTByeT
HU OJHOI KOMMepuecKoi BOAOpOcCeBoil dhepMbl, ObLI
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BBHINIOJIHEH pellpe3eHTaTUBHBIY WHKeHEepHBIH pacueT
JUIA TUNOTeTUYecKoy (epMbl cpegHero pasMepa B
COOTBETCTBUU C NOAXOAO0M, TUIIMYHBIM AJIA TEXHUKO-3-
KOHOMMYECKOH OIleHKH Iiejiecoo0pa3HOCTU OHMOTeXHO-
Jiormveckux ycraHoBok (Fu et al., 2019; Abdur Razzak
et al., 2024).

[lpeanosnarasock, 4To MofesbHasA (epma
HCIIOJIb3yeT BepTUKAJIbHBIN TpyOuaThiii poTobMOpeak-
TOP, pa3MellleHHBINI B 3aKpBITOM COOPYX€HHUU OpaH-
XKeperHOro THIa, — Takas KOHQurypamus npeanoyTu-
TeJIbHa JJI1 yMepeHHoOro kiaumara Osjaromaps Oosiee
3¢eKTUBHOMY KOHTPOJII0 OCBEleHHOCTH, TeMIlepa-
Typbl U KoHLeHTpanuu CO, [0 CpaBHEHMIO C OTKPHI-
teiMu nipygamu (Bhola et al., 2014; Fu et al., 2019).
Tunuunsle pasMepbl TPyO OBLIM NPUHATH PaBHBEIMU
5 cMm B Auamertpe U 2,3 M B BHIcOTy. [losie3Hasa mio-
maap opamxepeu Obuta 3amaHa paBHout 100 M2, u3
KoTOpbIX 40 M? 3aHMMAIOT IPOXOAB M NPOMEXYTKU
Mexay psagamu Tpy6. Ha ocraBmefica paboueil mio-
maau (60 M2) TpyObI pa3MelieHsl B Ba BEPTUKAIbHBIX
spyca Ha cTejulaxax: TOpPU30HTaJIbHAsA NPOeKIyA OCHO-
BaHUI TpyO 3aHMMaeT NpUOJIU3UTEJIbHO OAHY TpeThb
paboueit mwiomaau (= 21,7 M?), a ocTajbHBIE BE TPETU
OCTalOTCA CBOOOAHBIMHU JJIA JOCTyIlA CBeTa U OOCIy-
xkuBaHuA. [Ipu NpUHATOM BHyTpeHHeM JuameTpe Tpyo
obigee unciio Tpyo cocrapiseT okoyio 22 000 (o6beMm
omHOU TpyOBl =4,5 5), 4TO B CyMMe [aeT 00beM
KyJIbTYPaJIbHOW XUAKOCTU HpUOIM3UTETsHO 100 M3,
BepTukaspHOe ApycHOe pasMellleHHe I03BOJIAeT pas-
MecCTUTh TpeOyeMbIll OcBeljaeMblii 06beM KyJIbTyPHl Ha
OTrpaHNYeHHOMH IIomaay 6e3 ype3MepHO IIJIOTHOH yma-
KOBKU TPyO B oAgHOM 1tockoctH (Fu et al., 2019).

HUctounukom CO, s pepmbl mpeanosaraanuch
JBIMOBBIE Ta3bl TertoayiekTpoctaHuy (TOC), cmeman-
Hble ¢ aTMocQepHBIM BO3AYXOM, YTO OAHOBPEMEHHO
obecrieurBaeT IOJOTPeB KyJIbTYpaJIbHOU cpenbl [0
ONTHUMAaJIbHOI TeMIlepaTyphl; 6uodukcalys ObIMOBBIX
rasop TOC c MOMOIIbI0 MUKPOBOAOPOCJIEH ABJAETCA
[IPM3HAHHOU CTpaTerveil IPOMBIIIJIEHHOIO CHMXXeHUA
BbIOpocoB CO, (Singh et al., 2019). [IpiMoOBbIEe rasbl
oT6uparTca u3 razoxona TOC (mocie cucTeMsl ra3oo-
YHCTKU) Yepe3 OaiinacHbIll OTBOA U MofawTcs K dhepme
ra3ofyBKoil mo TpyOoImpoBOAy; OTOOpP YacTu MOTOKA
Ha ypOBHe ra3oxojia, a He U3 yCTbA ABIMOBOM TPYOHI,
ABJIAETCA CTAaHAAPTHBIM NpHeMoM Ipu Ouodukcanuu
JIBIMOBBIX Ta30B (Singh et al., 2019; Li et al., 2026) u He
TpeOyeT U3MeHeHUs BBICOTHOM CXeMBl AbIMOYAajleHUus
TOC. IlocTymieHue NUTaTeJbHBIX BeIlleCTB IMpPeArno-
Jlarajoch 3a cueT HeOYMIeHHBIX I'OPOACKHX CTOYHBIX
BOJ, pa3baBJIeHHBIX YaCTUYHO OYUIIEHHBIMU CTOY-
HBIMU BOJaMU; TaKOH MOAXOJ cOorJjiacyeTcs C OImyOJiu-
KOBaHHBIMHU HCCJIeOBAaHUAMU IO KyJIbTUBHPOBAHUIO
MHKPOBOAOpPOCJIell B TOPOACKUX K IIPOMBIIIJIEHHBIX
CTOYHBIX BOJAX [JIS OAHOBPEMEHHOI0 yJaajaeHus OHno-
TeHHBIX 3JIEMEHTOB U NoJiydeHus 6uomacch (Ji et al.,
2013; Wang et al., 2022). B kauecTBe WJUTIOCTPATUB-
HOro npumMepa pasMellleHUsA Takasd (epma Morjia Obl
OBITH pacrosioxeHa B ropoAe KazaHu, Mexay TeIlsios-
JekTponeHTpanbio TOI[-1 ¥ ropoACKMMM OYHUCTHBEIMU
coopyxeHUAMU «BogokaHas», KOTOpbe HaxoOATCA B
HemocpeACTBEHHOU OJsin3ocTu APYr oT apyra. O6mmuii
IpUHIUI paboTH (pepMel Toka3aH Ha Puc. 1.



Xneboea [.]1. u dp. / Limnology and Freshwater Biology 2026 (4): 405-419

Bodopocnu: ﬂpOﬁﬂeMbI maKCcOHOMUU U 3Kosiocuu,
ucriofib3osaHue 8 MOHUMoOpuUHee u buomexHornoauu

OTxoAALMe rassl

doTobuopeaktop

o,
NO,

CTo4Hble BOAbI

P11
It 1

Bromacca sogopocneit

MertaH
BroTonauso
bnoataHon
BEvosogoposa
MpoAyKTbl NUTaHUsA
Kopma gna
MMBOTHBIX
YaobpeHua
QapmauesTrKa

Puc.1. O6mas npuHIUNaIbHas cxeMa paboTsl BOJOPOCIEBON GhepMBl C HCIOIb30BaHUEM JIBIMOBBIX ['a30B U CTOYHBIX BOJ B

KavyeCTBE€ MCTOYHUKOB yIrjiepoJa U NUTaTeJIbHbIX BEIIECTB.

[TponykTUBHOCTh 1O Ouomacce Obljla MPHUHATA
paBHOM 3,5 r/J1 B CyTKH, a yAeJibHOe 3HepronorpeodJie-
Hue — 207 M/Ix/M? B TOJ] Ha OCHOBaHUU OIyOJIMKOBaH-
HBIX JaHHBIX 110 KYJIbTUBUPOBAHNIO0 MUKPOBOAOPOCIEN
B (¢ortobuopeakropax (Abdur Razzak et al., 2024).
3HaueHue 3,5 r/J/CyT MpeAcCTaBJsAeT cOO0U BEPXHIOI
rpaHuIly NPOAYKTUBHOCTU B ONITUMU3UPOBAHHEBIX YCJIO-
BUSAX, a He M3MEepEeHHYI0 BeJIMYMHY [JIi KOHKPeTHOI'O
mITaMMa; UCIOJIb30BaHUE TOPOACKUX CTOYHBIX BOJ
KaK KMCTOYHHWKA OPraHu4ecKkoro yrjepoja [oImycKaeT
MUKCOTpOdHOe KYJIbTUBHPOBaHME, IIPU KOTOPOM IIPO-
JYKTUBHOCTh OMOMacchl MOXeT B 2-5 pa3 NpeBHILATh
XapaKTepHyl0 [JA 4YUCTO (OTOABTOTPOPHOro pocrta
(Pang et al., 2019), a gOCTHMXeHUE MPUHATOTO YPOBHA
TpebyeT nmoAbopa u, Mpu HEOOXOAUMOCTH, afanTalun
mrTaMma. B HacroseM pacuyeTe IpeAroJiaraaoch, YTo
f6romacca HCIoJIb3yeTcs B KauecTBe KopMa AJIA XKUBOT-
HBIX; JJaHHOe [OoNyllleHWe He BJIMAET Ha caM pacueT
yrjiepofHoro 6ajgaHca, XOTs ajlbTepHaTHUBHEIE CIIOCOOH
nepepaboTKu GroOMacchl paccMaTpUBaIOTCA B pasfeie
«O0cyxeHne».

YrnepomHbiii ciepn GepMbl pacCuUTBIBAJICA Kak
pasHOCTh MeXay KosudyecTBoM CO,, MOTJIONMIEHHOTO B
nporecce GorocuHTesa, U 06bemMoMm CO,, BBRIGPOIIIEH-
HOTO B pe3yJibTaTe 3HEpPronoTrpebJieHUA U OYKCTKU
BO/JIbI B XO/Jle SKCILTIyaTaliy, ¢ NCI0JIb30BaHNEM CJIeTy-
IOIIUX 3TaIoB:

(1) Cyrounas mpoaykuus 61oMaccsl = MPOAYK-
TUBHOCTH (I/J1 B CYTKHU) X OOBEM XHIKOCTHU B PEAK-
Tope (J1).

(2) Cyrounas d¢wukcaius yrjiepoja CyTOY-
HasA NpoAyKIMA OHMoMacchl X cofepkaHue yrjiepofa
B cyxoi 6uomacce (mpuHATO paBHBIM 50 %, YTO COOT-
BETCTBYeT TUIMIMYHOMY OHOXUMHUYECKOMY COCTaBy OHO-
Macchl MUKpoBogopoceii; Masojidek et al., 2013).

(3) Cyrounoe mnornomenue CO, cyTOYHas
¢duxcanua yriepoga X 44/12 (crexmuoMmeTpuueckoe
MmaccoBoe cooTHomenue CO, u C).

(4) Cytounsie BriGpocel CO,, CBA3aHHBIE C SHEP-
ronorpebieHreM = (yhesibHOe rOf0BOe SHepronoTpe-
OseHme X moJie3Has miomans / 365) X koadduiueHT
BEIOPOCOB 1A TEIJIOBOM reHepanuu (IpUHAT paBHBIM
0,25 xr CO,/M/IX, 4TO ABJAETCA pelpe3eHTaTUBHBEIM
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CpeqHUM 3HaueHHeM [UJIA TeHepaly Ha HCKOIlaeMOM
TOILIUBE).

(5) CytouHbie BEIOPOCH CO2 [IPY OUUCTKE BOABI =
CyTOUHBIN1 00beM cynepHaTaHTa (0TpaboOTaHHOH KyJib-
TYpPaJIbHON >XUAKOCTH), oOpasymwilerocsi mnpu cbope
6uoMaccel 1 TpeOylomero JOOYHUCTKU Ieper cOpocoM
X yaeJbHBIN KO3()uieHT BHIOPOCOB AJIA OYHCTKU
BOJIHI U TiepeKauky (MpUHAT paBHBIM 5 kr CO,/M> Kak
KOHCepBaTUBHAas BEPXHAA OIleHKa).

(6) YmcTell CYTOYHBIN YIJIEDOIHBIN cJiel
cyrounoe noryiomenre CO, — (cyTo4Hble BHIOPOCH OT
sHeprornoTpebyieHNs + CyTOYHBIE BEIOPOCH OT OUYHUCTKHU
BOJIBI).

[MTostyueHHOE cyTOYHOE 3HaUYeHNe SKCTPAIoJINpO-
BaJIOCh HA TOIOBOU YIJIEPOAHBIN CJIe[] IIyTeM yMHOXe-
HUA Ha 365 gHen.

JloMOJTHUTESIbHO, U1 OLleHKU BJIMAHUA CE30H-
HOCTHU, OBLJT BBIIIOJIHEH CIL[eHapHBIN pacyeT, B KOTOPOM
IPOAYKTUBHOCTD IO OHoMacce 3aJaBajiach IPOIOPLU-
OHAJIBHO CcpeJHeMeCAYHON MHcoAnuu Ajid r. Kazanu
(=55,8° c.m.; mauuele PVGIS/Global Solar Atlas) c
HOPMUPOBKOI Ha JIETHUI MaKCHUMyM, COOTBETCTBY-
IO MPOEKTHONM NPOAYKTUBHOCTU 3,5 Tr/J/CyT.
[Toorpes KyabTYpHL B XOJIO[HBIN IepHO IPUHUMAJICA
obecrieuriBaeMbIM COPOCHBIM TeIIJIOM JBIMOBBIX T'a30B,
a HCKyCCTBEHHOe J0CBeurBaHue Ha IPOEKTHOM YPOBHe
He IIpefnoJiarajoch BBUAY CBA3aHHOI'O ¢ HUM OTpHUIIa-
TeJIbHOT0 dHepreTuyeckoro 6asanca (Slade and Bauen,
2013). l'omoBoli yryiepofHbI OajaHC pacCUMTHIBAJICA
KakK CyMMa [TOCYTOYHBIX 3HaUeHU 110 BCeM MecsIaM.

3. Pe3yAabTarthbl

CyrouHas MpoAyKuusa Ouomaccel MOJeJIbHOMU
depmu coctaBdAeT 3,5 r/a B cytku X 100 000 1
350 «r B cyTku. IIpu cogepxxanuu yriepoaa IpruMepHO
50% ot cyxoli Oromacchl COOTBETCTBYIOI[AA CyTOUYHAA
¢ukcanus yriepona pasHa 175 kr C B cytku. [lepecuer
B CO, ¢ UCNOJIb30BaHUEM CTEXHOMETPUUYECKOro Ko3d-
unmienta 44/12 3,67 maer cyTtouHoe (HOTOCHH-
TeTudeckoe noryjomeHne CO,, paBHoe 175X 3,67
642,25 kr CO, B CyTKH, YTO COOTBETCTBYET MPUOIIU3U-
TesbHO 234,4 T CO, B rof.
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Obiiee romoBoe »sHepronoTpebseHre ¢GepMbl
cocrasygeT 207 MJIx/m2Brog X 100 m2 = 20700 MIx
B rof, uau 56,71 MJlx B cyTtku. [Ipu xoadpdunuenre
BBIOPOCOB [|JIs TEIJIOBOM TeHepanuu, pasHoM 0,25 kr
CO,/M/Tx, COOTBETCTBYIOIME CYyTOYHbIE BEIGPOCH CO,
OT SHepromnoTpebyieHUs] COCTABJAT 56,71 X 0,25
14,18 kr CO, B cyTKH.

depma TpebyeT MOOYMCTKU mpumMepHo 1,5 m3
cynepHaTaHTa — OTpPabOTaHHON KyJIbTYpPaIbHON XKUM-
KocTH, obpasyloletics Ipyu CyTOYHOM cO0pe GroMaccChl,
— B CyTKU (3HaUeHMe IPUHATO KaK pernpe3eHTaTHBHAaA
OlleHKa JiJIg peakTopa JaHHOTro obobema). Ilpu ynmess-
HOM KO3 duireHTe BHIOPOCOB, paBHOM 5 Kr CO,/M?,
COOTBETCTBYIOIIME CyTOYHBIe BEIOpockl CO, OT OYMCTKU
BOJIbl U IIepeKayku cocTasiAlT 1,5X5 = 7,5 kr CO, B
CYTKU.

PezysnpTupyrouuii yriaepoqHbIi 6agaHc MoAeb-
HOU (epMbl mpencraByieH B Tabmuiue 2. CymMmapHbie
cyTouHsle Beibpochl CO, (OT sHepromoTpebJyieHUs U
OYCTKM BOJBI) cocrtaBisior 14,18 + 7,5 = 21,68 kr
CO, B cyTKH, TOrja Kak cyTtouHoe mnorjomnieHue CO, B
npouecce dorocuHTesa paBHO 642,25 kr CO, B CYyTKHU.
TakuMm o00pa3oM, YMCTHIM YTJIEPDOAHBIN CJIe[l COCTaB-
nsetr 642,25 — 21,68 = 620,57 xr CO, B CyTKU, WU
npubnusurenbHo —226,5 T CO, B roa (oTpuLaTesib-
HOe 3HayeHue YKas3bplBaeT Ha HeTTO-CeKBeCTpaLUIo
yriaepona).

Takum o6Opa3oM, YIJIepOAHBIN cjef CMoje-
JIMPOBaHHOH BOAOpOCJIeBON (epMBl ABJIAETCA OTpU-
LaTeJbHBIM, YTO MOATBepXAaeT IIPUHIUNNATIBHYIO
BO3MOXHOCTb CO3JaHMA Takol ¢epMBl AJA CeKBe-
CTpaluy yrjiepofia B yCJOBUAX yMepeHHOro KjiuMara
LentpanbHoil Poccuu. CreyeT OTMeTUTh, 4TO pacyueT
Hen30eXHO HOCUT YIIPOILIeHHBIN XapaKTep: OH He Y4u-
ThIBaeT BO3MOXHOCTb IlepepabOTKU CcOOpaHHON Ouo-
Macchl B TMPOAYKTH ¢ Oojiee BBICOKOH I0OaBJIEHHOI
CTOMMOCTBIO WJIM B SHEPrOHOCUTEJIM U IpefroJaraer
CpPaBHUTEJIBHO BBICOKYIO (XOTA M He MaKCUMAaJIbHYIO)
MPOAYKTUBHOCTh IO Omomacce, NOCTHXUMYIO JIMIIb
IIpY MCIHO0JIb30BaHUU 3G (PEeKTUBHBIX HITaMMOB MHKPO-
BOJIOPOCJIel], KyJIbTUBUPYEMEIX B YCIJIOBUAX, OJIM3KUX K
ONTHUMAaJIbHBIM.

[lpuBefeHHBIN BBIlIE pacyeT COOTBETCTBYeT
MIPOEKTHBIM (ONTHUMAaJIbHBIM) YCJIOBHAM 3KCIUIyaTa-
nuu. ITockoJibKy B yMepeHHOM KJjumare LleHTpasibHOM
Poccuu nHcoIAIMA U TeMnepaTypa CyIlieCTBeHHO u3Me-
HAIOTCA 10 Ce30HaM, ObLJI BBIIIOJIHEH JONOJIHUATEIbHBIN
Ce30HHBIN CIieHapHBIM pacyeT IOJOBOIO YTJIEpOLHOIO
6asnaHca (Tabauna 3). B HeM mpuUHATO, YTO MOJOrpeB
KyJIbTypHl obeclieurBaeTcsi COPOCHBIM TeIJIOM ABIMO-
BBIX ra30B U He co3faeT AONOJIHUTEJIbHBIX BHIOPOCOB,
a MpOAYKTUBHOCTD cJielyeT 3a eCTeCTBEHHOI HMHCOJIA-
nuei (6e3 MCKyCCTBEHHOI'0 JOCBeYMBAHUA Ha MPOEKT-
HOM ypOBHe, IOCKOJIbKY IOCJefHee BeJeT K OTpHuIia-
TeJbHOMY 3Hepro6asiancy; Slade and Bauen, 2013).
IIpy 3TuX [domyleHWAX CpegHeroJoBas IPOAYKTUB-
HOCTb CHUXaeTCsA, ¥ YMCTHIH YIJIepOJHBIN cjief] COCTaB-
ndet npubsmsuresnbHo —115 1 CO, B rop, T.e. mpu-
MepHO B/IBOEe MeHbllle MPOeKTHOro 3HaveHus (—226,5
T CO,/rom), HO ocTaeTcsa OTpULIATeJIbHBIM. TaKuM
00pa3oM, Ce30HHOCTb CYIeCTBEHHO CHIKaeT, HO He
OTMeEHsAeT CeKBeCTPal[OHHBIN NOoTeHIuaal GepMEL.
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Ta6suna 2. YrieponHsiil 6ajlaHCc MOZEJIbBHON BOIOPO-
cJieBoil GepMel.

INoka3aTesb 3HauyeHHEe

CyTouHas NpoAyKIusa 6MoMacCel 350 kr/cyTKu

642,25 kr CO,/cyTKn
(=234,4 T CO,/rom)

14,18 kr CO,/cyTKHN

Cyrtounoe moryomenue CO,
(dborocuHTE3)

Cyrounsie BoiGpocs! CO,
- 3HepronoTpebJieHne

Cyrounsie BeIOpock CO, -
OYKCTKA BOJBI

7,50 kr CO,/cyTKn

CyMMapHbIe CyTOYHbIe BEIOPOCH
Co,

21,68 xr CO,/cyTku

YHCTHIN CyTOYHBIN YTIepOAHBIN
cien

-620,57 kr CO,/cyTKn

YHCThIl roJI0BOM yIJIepOIHbIHN
cien

=~ -226,5 T CO,/Ton

4. 06cyxpenue

HopMupoBaHHoe mo mjomagu BajoBOe IOrJIo-
menue CO, monenbHON depmon (=234,4 T CO,/Tox ¢
wiomaau 100 m? T.e. 0,01 ra) CyIIecTBEHHO MPEBbI-
I1aeT MmoKasaTesM MPOAYKTUBHOCTU Ha rekrap, 3adpuk-
CUpOBaHHBIE [JI1 CUCTEM C OTKPBITHIMU NpyJaMU U
wiockuMu (¢GoTobMOpeakTopaMu, MepPeurcIeHHbX B
Tabsune 1, Takux Kak IUHXYacKUI NPy € KPYrOBBIM
teyennem (=30 T CO,/ra/ron), rubpugHas Mpymo-
BasA cucreMa MiBejckoro koHcopruyma (=50 T CO,/
ra/ron), Algenol Biotech (=60 T CO,/ra/ron) wunu
BioSolar Cells (=75 1 CO,/ra/ron). JlanHoe pasinuue
corjacyercs ¢ IpPHU3HAHHBIM IPEUMYIeCTBOM BepTU-
KaJbHBIX TpyOuaThiXx (POTOOMOPEaKTOPOB, KOTOpHIE
61arofaps pasMelleHu0 0OJIBIIOr0 OCBElaeMOro o0b-
emMa KyJIbTYphl Ha MaJIo¥ ILJIOa/IU MMO3BOJIAIOT JOCTUYb
3HAUUTEJIbHO OoJiee BBHICOKON 0OBEMHOM U y/ieJbHOMN
(Ha eguHMIlY IUIOMIAIM) MPOAYKTHUBHOCTU IO CpaBHe-
HHIO C MeJKOBOJAHBIMU OTKpPHITHIMU cucTemamu (Fu et
al., 2019; Abdur Razzak et al., 2024; Li et al., 2023).
B TO e BpeMs K JaHHOMY CpaBHEHUIO cJiefyeT OTHO-
CUTBCA C OCTOPOXHOCTBIO, TIOCKOJIBKY 3HaueHUe Mpo-
JYKTUBHOCTH, MCIIOJIb30BAHHOE B HACTOSAIIEM pacueTe,
COOTBETCTBYEeT ONTHUMHU3UPOBAHHOMY pPexXHMy pabOThI
poTtobuopeakTopa, a He JAaHHBIM, MOJIYYEHHBHIM Ha
JelicTBymomiell depMe B POCCHUICKUX KJIMMAaTHYECKUX
yCJIOBUSAX.

CyuiecTBeHHO 0oJiee BBICOKAas HOPMHpOBaHHasA
Ha IUIoIaJb BeJIMUYMHA MOJebHON (epMbl IO CpaBHe-
HUI0 ¢ depmMamu, npuBedeHHbIMU B Tabnure 1, 06b-
sICHAeTCs Npex[e BCcero TeM, YTO 3HaueHus TalJiuilbl
1 oTpaxkaloT cpefHUe 3KCILUIyaTallIOHHBIE TTOKa3aTeIn
JelicTBYIOIIX (epM ¢ y4YeToOM IPOCTOEB, Ce30HHOCTU
1 HeONTUMAJIbHBIX YCJIOBUI, TOT[a KaK B HACTOAIIEM
pacdeTe WCIOJIb30BaHbl MUKOBasA MPOAYKTUBHOCTH
ONTUMU3UPOBAHHOTO peXrMa U BepTUKAJIbHOEe fpyC-
HOe pasMellleHre OOJIBIIOrO OcBeljaeMoro obtbema
KyJbTYypHl Ha MaJjioll Iiomanau (o6beMHas, a He ILIO-
majgHasg NOPOAYKTUBHOCTb MEJIKOBOJHBIX IIPY/IOB).
[TpuBeneHHBIN BHIlIE Ce30HHBIH cileHapuil (Tabauna 3)
J1aeT 0oJiee peaJMICTUYHYI0 HUXKHIOI OLIEHKY.
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Ta6suna 3. Ce30HHBIN yriIepoAHBIN OaiaHC MOJleJIbHOM BofopocieBoit ¢epMsl (1. Kasans).

Ilepuon Yuciio CpenHsasa npoayk- |BasioBoe morsiomenue | YucTsiii cired, | Bkiag B roqoBoit
CYTOK TUBHOCTH, I'/J1/CyT CO, kr/cyT KI/cyT 6aJjiaHC, T/TOX
Jleto (MIOHB—ABTryCT) 92 3,22 591 569 52,4
Becna/oceHsb (anpess, MaH, 122 2,08 382 361 44,0
CeHTSI0pb, OKTAOPH)
3uma (HoAGpb—MapT) 151 0,81 148 126 19,1
HToro 3a rog 365 — — — =~ —115 ("erTO)

JI1A KOHTeKCTa IO0JIe3HO CpaBHEHHE C JIECOBOC-
CTAHOBJIEHWEM: TUNHYHAs HETTO-CEKBECTPAIUs yMe-
PEHHBIX JIECOB COCTaBjAeT MpUOIU3UTeNbHO 2-10 T
CO,/ra/ron (B cpeqnem =3,7 T CO,/ra/ron) (Pan et
al., 2011). MopesnbHas depma cekBecTpupyer =115-
226 T CO,/roxn ¢ maomanu 0,01 ra, yTo Ha NOPAAKU
OoJibllle B TIepecueTe HA 3aHUMAaeMyH0 ILIOMA]Ib;
OITHAKO 3TO JIOCTUTAETCS I[eHOM 3HAYMTEJIbHBIX Kallui-
TaJIBHBIX W DKCILUTyaTAI[MOHHBIX 3aTPaT U SHEPronoTpe-
6JieHUsA, TOr4a Kak JIeCOBOCCTaHOBJIeHHe o0ecrieurBaeT
CEeKBeCTpAI[UI0 MPaKTUYeCKn 0e3 3KCILUTyaTaIl[MOHHBIX
3aTpaT U JaeT COMYTCTBYIOIIUE SKOCUCTEMHBIE YCIYTHU.
ITosTomMy BoOZopocyieBhie (epmbl Haubojiee IeJieco-
0oOpa3HBl TaM, TJe 3eMEeJIbHBI pecypc OrpaHuYeH, a
ToyeyHble MCTOYHUKM CO, M OUOTEHHBIX 3JIEMEHTOB
JOCTYIIHBI, ¥ JOJIKHBI PAaCCMAaTPUBATHCA KAK JIOMOJTHE-
HUe, a He 3aMeHa JIeCOBOCCTaHOBJIEHUIO.

B HacTosimem pacyeTe NpPeANOJaraeTcs, YTO
cobpaHHasA 6roMacca MCI0JIb3yeTcs B KayecTBe KopMa
OJ1A KUBOTHBIX, YTO YMPOIIAET YIJIepOIHbIN 6ajaHc,
HO He OTPaXkaeT MOJIHOTO MOTEHI[AAJIa SKOHOMUYECKOU
U 3KOJIOTMYEeCKOW BBIroAbl (epmel. KynapTHBHpOBaHNE
B YCJIOBUSIX a30THOTO JINMUTHPOBAHUS MOXET CyIIe-
CTBEHHO TIOBBICUTH COJEpXaHWE BHYTPHUKJIIETOY-
HBIX JIMIIMAOB, KaK ObLIO IMOKaszaHo aja Parachlorella
kessleri TY02 (Gao et al., 2019) u A1 IpeCHOBOHOTO
Buaa Scenedesmus sp. LX1, BeIpaIlleHHOTO Ha BTOPUYHO
OYMIIEHHBIX CTOYHBIX Bogax (Xin et al.,, 2010), uro
yKa3bIBaeT Ha BO3MOXHOCTH HCIIOJIb30BAHUS PEXIMOB
KyJIbTUBMPOBAHUS, OPUEHTUPOBAHHBIX HA HAKOILJIEHUE
JIUNWJOB, JJIA OPOM3BOJACTBA CHIPbA A OMOAU3esIA
Ha TON Xe depme ONOJHUTEJBHO K KOPMOBOH OHO-
Macce WM BMecTO Hee. Takke MpPOAEMOHCTPHUPOBAHA
ourictka OGuorasa (amrperis; 6romeraHa) C HCIIOJIb30-
BaHMEM XJIOPOPUIIIICOAEPKAIMMNX MUKPOBOIOPOCIIEH
(Dyachok et al., 2022), 4TO OTKpHIBAE€T JOMOJIHUTEJIb-
HBII IyTh JUIA WHTErpanuu InpejyiaraeMou ¢GpepMbl C
NPeANPUATHAMU 1O MPOU3BOJICTBY Ouorasa, KOTOphie
camu 1o cebe SIBJIAITCSA MOTEHITMATBHBIM UCTOYHUKOM
CO, u rema. BkoueHHe TakMX BapUaHTOB HCIOJIb-
30BaHUA OMOMACCH C BBICOKOH [JOOaBJI€HHON CTOU-
MOCTBIO WIJI DHEPTeTUYeCKOUM HaANpPaBJIEHHOCTHIO, KakK
OXUAAeTCs, YJIYUIIUT KaK YTJIEPOHBINA, TaK M 3KOHO-
Muueckuil 6asmanc GpepMbl 10 CpaBHEHUIO C KOHCepBa-
TUBHBIM CI[eHapHeM HCIIOJIb30BaHMS B KaUeCTBEe KOPMa,
paccMOTpeHHBIM B JaHHOU paboTe.

Crnenyer TakXe yYMTHIBATh, YTO MPU HCIIOJIb30-
BaHWM peaIbHbIX ABIMOBBIX I'a30B U CTOYHBIX BOJ OUO-
Macca MOXXeT HaKalJIMBaTh TsokeJible MeTasutsl (Cu, Zn,
Pb, Cd, As, Ni, Hg u ap.) u Apyrue 3arps3HuTeH, TpU-
YyeM WX HAKOIUIEHVE MPOHCXOAUT IPEUMYIeCTBEHHO
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B Omomacce, a He B KyJbTypajsHOU cpese (Napan
et al., 2015; Yang et al.,, 2025). OTo MOXeT orpaHu-
yiBaTh IpuUMeHeHUe GroMacchl B KOPMOBBIX U IUIIe-
BHIX IIeNIOYKax U TpeOyeT pPeryJisipHOro KOHTPOJIA ee
COOTBETCTBUA HOPMATHBaM II0 COAEpPXaHUI0 TSKEJIBIX
MeTaJlJIOB B KopMax. IIpu npeBbIIeHUNM HOPMATHBOB
6uoMaccy Ifesiecoo0pa3HO HampaBJIATh Ha HEKOPMO-
Bhle IIyTH IepepaboTKU - MPOM3BOACTBO OHMOAM3ers,
6uorasa wiu (IIpyu COOTBETCTBUU TpeOoBaHUAM) OHOY-
Jo0peHus, 4To COrjiacyeTcs ¢ paCCMOTPEHHBIMHU BHIIIE
BapuaHTaMU ee HCI0JIb30BaHUA.

[TepeBo paccuMTaHHOTrO yIjiepoAgHOro GajaHca
B JENCTBYWOIIYI YCTaHOBKY NOTpeOyeT IpeofosIeHUA
HECKOJIBKUX IIpakTh4YecKux OapbepoB. JlocTuxeHue
IPUHATON NPOAYKTHMBHOCTU Ha PpeasIbHBIX [IbIMOBBIX
razax M CTOYHBIX BOJAaX B KauecTBe IUTaTeJIbHOU
cpenibl TpeOyeT MCNOJIb30BaHNsA MTaMMOB MUKPOBOJO-
pocJiei, yctoiunBbX K SO,, NO,, TsXesJIsIM MeTajljiaM,
a Takxe K kosiebanusM pH u TeMiieparypsl, XxapakTep-
HBIM JUJII TPOMBIIIJIEHHBIX CTOKOB, — 3TO TpeboBaHUe
B HeJJaBHUX 0030pax 0003HAUYeHO KaK COXpaHAIIleecs
y3KOe MeCTO, OrpaHNYHBaloIlee Nepexo/] TeXHOJIOIMU
(poToOrOpeakToOpoB OT J1aOOPATOPHOIO K IIPOMBIII-
nenHomy Macmraby (Cheng et al., 2025; Yang et al.,
2025). B ciyvasx, Korja ectecTBEHHas YCTOMYHBOCTD
He[J0OCTaTOYHA, afanTHBHas jabopaTopHas 5BOJIIOLNA
npejJjiaraeT NyTh ee Pa3BUTHUA Y I1epCIEeKTUBHEIX ITaM-
MoB (Zhang et al., 2021), mpu4eM OCYyIIeCTBUMOCTh
TaKoro nojxoja HeAaBHO ObLIa IPOAEMOHCTPHPOBAHA
B MWJIOTHOM MacmTabe, rge ITaMM MHKPOBOJOPOC-
Jiefl, OTOOpPaHHBI IO YCTOMYMBOCTHA K INPOMBIILJIEH-
HOMY KOHILIEHTpaTry o0paTHOro ocMoca U peajlbHBIM
JBIMOBBIM rasam, obecleurBajl CTabWJIbHOE yAajeHue
OGMOTeHHBIX 2JIEMEHTOB M ¢ukcanuio CO, B TpyGuaTOM
dortobuopeakrope oobemom 6000 i1 (Li et al., 2026).
[TpoBeeHre aHaJOTMYHOrO MOAOOpPa WITAMMOB U
NIJIOTHON BajMAaIiy, AJiA KOTOPOW ajabroOMOTEeXHU-
yeckuii Moy UBCC PAH B CeBacTormosie npeacTas-
JieT co00M OJIMKalMMi CyLeCTBYIOMMI POCCUNCKUN
aHaJIor, a TakXe SKOHOMMYeCcKas OIleHKa SKCIIyaTanu-
OHHBIX 3aTpaT B yCJIOBUAX YMEPEHHOr0 KiInMara ABJIf-
I0TCA HEOOXOAVMMBIMM IPEeANOChIKAMU JUIA Mepexoa
OT pacueTa K IPaKTUYecKOol peasm3aliiyd paccMarpu-
BaeMou pepMsl.

5. BoiBOADI

PaccunTaHHBIM YTJIEPOAHBIA CJIe] CMOZEJIN-
POBaHHOU BOJOpOCJIEBON (epMBl — BEpPTUKAJIBHOIO
TpybuaToro ¢GorobropeakTopa MOJIE3HON ILJIOMAbIo
100 M2, paboTarmiero Ha JbIMOBHIX ra3ax TEMJI0dJIeK-
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TPOCTaHLIUM U FOPOACKUX CTOYHBIX BOAAX — ABJIAETCA
OTpUIlaTeJbHEIM M COCTaBjfAeT NpUMepHO —-226,5 T
CO, B rop, 4TO MOATBEPXKIAET NPUHIUNUATIBHYIO BO3-
MOXHOCTb MUCIIOJIb30BaHUA (epM IO BHIpAlIMBaHUIO
MHKpPOBOAOpOCJIel [Jid CceKBecTpaluu yrjepoja B
yCJI0BUAX yMepeHHoro kiumara LlentpanbsHoil Poccun.
HopmupoBaHHasA 1no miomanyd NpOAYKTUBHOCTb CMO-
JIeJIMPOBaHHOIO 3aKpHITOro (poTtobuopeakropa cylle-
CTBEHHO IIpeBHINIaeT TUMMYHOE IeKTapHoe IOorJIolle-
Hue CO,, 3adpuKcrUpoOBaHHOE AJI CUCTEM C OTKPBITHIMU
IIpyAaMu, 4TO corJjiacyeTcs ¢ IpU3HAHHBIM IIpeuMylie-
CTBOM BepTHKAaJIbHBIX TpyOuaThXx (POTOOHMOpEakTopoB
B IPOAYKTUBHOCTU. JlOCTHXXeHUe MPUHATON NPOAYK-
TUBHOCTU Ha NpakTuke TpebyeT nmoabopa, a Ipu Heoo-
XOJMMOCTH — ajanTaldy MTaMMOB MHKPOBOLOPOC-
Jleli, YCTOMYMBBIX K 3arpA3HUATEIAM, COoAepKamuMcsa B
IbpIMOBBIX Tazax (SO,, NO,, TaKesibie MEeTaslIbl) U CTOY-
HBIX BOJIaX, a TaKKe K COMMyTCTBYIOIMM KoJiebaHuaM pH
u Temnepatypshl. IlepepaboTka coOpaHHOI OrOMacchl
B MPOAYKTH C OoJlee BHICOKON 0OaBJIEHHOI CTOMMO-
CTBbI0, TaKHe Kak JunuaoodoraimeHHas O6uomacca AJjid
IIpOM3BOJICTBA OMOAM3esIA WK ee UCNOJIb30BaHUe NpU
OuHCTKe Ouorasa, npefcrabjsAeT coO00H JOMOJIHUTEb-
HOe HalpaBjieHue [Jid yJIy4lleHUs KakK yIJepoJHOro,
TaK ¥ 5KOHOMHYeCKOro 6ajaHca npejjaraeMoi TeXHO-
JIOTMH U JI0JDKHA OBITh paccMOTpeHa B Oy AyIIUX uccie-
JI0BaHUAX, HapsAAy C NHUJIOTHOHN Bajupauudel IO aHa-
Jorum ¢ anprodunorexunuiyeckum mopysem MBCC PAH.
JlonosIHUTesIbHO NPOBEIeHHBIN Ce30HHBIN CLieHapHBIN
pacueT ayia yciaoBuil r. KazaHu nokasbiBaeT, U4TO IpHU
SKCIUTyaTalluy, cJaefyomiell 3a eCTeCTBeHHON MHCOJIA-
1[1el, cpelHeroqoBas HeTTO-CeKBecTpalyA CHUXaeTCA
npuMepHo BABoe (Z10 —115 T CO,/ron), HO coxpa-
HAeT OTpULlaTesIbHBIH 3HAK, YTO MOATBEpXOaeT yCTOH-
YMBOCTH CAEJIAHHOT'O BBIBOJA K yUeTy C€30HHOCTH.
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