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Abstract. The aim of the study was to establish the theoretical and applied foundations for optimising
biofiltration in closed-loop aquaculture water systems, taking into account environmental requirements,
technological innovations and the stability of biofilter operation. The study was conducted within a
theoretical and applied framework, utilising scientific analysis, biochemical generalisation, comparative
technological analysis, ecological generalisation and the systematisation of current data on biological
water treatment. It was established that biofiltration ensured the conversion of ammonium nitrogen,
nitrites, and nitrates through the sequential action of bacterial and archaeal communities, and that
its stability was determined by temperature, pH, alkalinity, dissolved oxygen, salinity, organic load and
the condition of the biofilm. Six main groups of aquatic pollutants, nine biofilter control parameters,
seven biofiltration process options, six environmental effects and six innovative areas for optimisation
were systematised. A review of the literature showed that the choice of biofilter type should depend
on the nitrogen load, salinity, the need for CO, degassing, the level of automation and the complexity
of operation. Reactors with a moving biofilm bed are suitable for intensive recirculating aquaculture
systems (RAS), denitrification modules are suitable for controlling nitrate accumulation, and combined
treatment is suitable for comprehensive water quality management. Design improvements, sensor
monitoring, automated control and predictive models enhance the manageability of the nitrogen cycle
and reduce the risk of toxic compound accumulation. It has been demonstrated that biofiltration helps
to reduce the need for water exchange, limit contaminated effluent, minimise the risk of eutrophication
and improve the efficiency of aquatic bioresource utilisation. The practical significance of the results lies
in the fact that these results can be used by engineers at aquaculture enterprises, environmentalists,
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designers of closed-loop aquatic systems and specialists at fish farms to select the type of biofilter, set
up water quality monitoring and reduce the environmental impact of production

Keywords: alkalinity; dissolved oxygen; nitrates; denitrification modules; toxic compounds

Introduction

Closed-loop aquaculture systems are currently
regarded as the technological basis for the in-
tensive rearing of aquatic organisms under con-
ditions of restricted water intake, reduced dis-
charge volumes and improved control over the
production environment. In such systems, water
quality is maintained not by a one-off renewal of
the water volume, but by continuous circulation
through mechanical, biological and physicochem-
ical treatment units. Biofiltration plays a central
role in this process, as it ensures the conversion
of toxic forms of nitrogen formed as a result of
the release of metabolic products, the decom-
position of feed residues and the accumulation
of organic matter. The relevance of research into
biofiltration stems from the fact that closed ag-
uaculture systems operate at high stocking den-
sities, with intensive feeding rates and limited
water exchange. Under such conditions, ammoni-
um nitrogen and nitrites rapidly affect the phys-
iological state of fish, shrimps, and other farmed
organisms, whilst the accumulation of nitrates
places a long-term nitrogen load on the system.
Therefore, the stability of the biofilter depends on
the activity of colonies of nitrifying and denitri-
fying microorganisms, temperature, pH, alkalinity,
dissolved oxygen, salinity and the operating con-
ditions of the biofilm.

In the literature, biofiltration in recirculat-
ing aquaculture systems (RAS) is primarily re-
garded as a controlled microbiological process
of nitrogen compound transformation. In the
work by P.P. Preena et al. (2021), the role of am-
monium-oxidising, nitrite-oxidising and denitri-
fying microorganisms in maintaining the nitro-
gen balance in a RAS was systematised; it was
shown that the system’s efficiency depended not
only on nitrification but also on the subsequent

control of nitrates through denitrification pro-
cesses. The temperature adaptation of microbial
communities was examined in detail in the study
by A. Neissi et al. (2022), which assessed the re-
moval of ammonium and nitrite under low-tem-
perature conditions. At 9°C, enriched microbial
communities increased ammonium removal by
288% and nitrite removal by 181% compared
with conventional biofilter communities, indicat-
ing the importance of pre-adapted microbiota for
cold-water aquaculture systems. The technologi-
cal aspects of biological treatment are discussed
in detail in a review by A. Shitu et al. (2022) on
moving-bed bioreactors. In this study, moving bed
biofilm reactor (MBBR) technology was character-
ised as a solution for nitrification, simultaneous
nitrification-denitrification and combined nitro-
gen removal, with the stability of such reactors
being linked to salinity, organic loading, start-up
duration and the operating regime of the biofilm.

The microbiological complexity of RAS ex-
tends beyond individual groups of nitrifiers,
as confirmed by the analysis by S. Moschos et
al. (2022). Based on next-generation sequencing
studies, it has been shown that water, biofilm, bi-
ofilters and sludge form distinct prokaryotic nich-
es, and the functional role encompasses not only
nitrogen transformation but also the decomposi-
tion of organic matter and the maintenance of the
system’s microbial balance. The choice of filter
medium has a direct impact on the start-up of the
biofilter, as established by A. Nedzarek et al. (2022)
in a rainbow trout rearing system. Following an
initial increase in NH,*-N to 0.728-1.29 mg N/dm3
and NO,-N to 0.982-5.198 mg N/dms3, the concen-
trations of both parameters decreased to below
0.1 mg N/dm3, and the removal efficiency of am-
monium and nitrite nitrogen exceeded 90%. The
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complex of factors determining the operation of a
recirculating system is summarised in the review
by H. Li et al. (2023). This paper emphasises that
temperature, dissolved oxygen, pH, salinity, stock-
ing density, feeding, lighting and disinfection do
not act in isolation, but rather have a combined
effect on water quality, the accumulation of nitro-
gen compounds and the stability of the biofilter.

A separate area of current research concerns
the management of biofilm between production
cycles. S. Al Dakdouki et al. (2025) demonstrated
that standard purification without proper control
of the biofilter medium does not eliminate the mi-
crobiological ‘'memory’ of the tank and preserves
inter-tank heterogeneity, whereas the specialised
T1 protocol ensured the equalisation of the initial
microbial composition whilst preserving func-
tionally significant communities. The manage-
ment of microbial communities and water quality
in RAS is elaborated upon in the study by Z. Lu et
al. (2024), in which the RAS was considered as a
tool for stabilising the aquatic environment dur-
ing the larval rearing of Scylla paramamosain. The
authors’ findings confirm that the effectiveness of
RAS depends not only on the technical organisa-
tion of water circulation, but also on the system’s
ability to maintain a balanced microbial struc-
ture and control key water quality parameters.
The practical effectiveness of MBBR in marine
aquaculture was confirmed in a study by J. Sun et
al. (2026), carried out on a compact Penaeus van-
namei rearing system. During the first 6 hours of
operation, the MBBR achieved an NH,*-N removal
rate of 0.513 mg-L'*-h'%, reducing its concentration
from 1.99 £0.04 to 0.66 = 0.03 mg/l, which cor-
responded to a 66.8% removal rate, whereas the
sand filter removed 56.3% of suspended solids,
and the foam separator reduced chemical ox-
ygen demand by 58.3%. The latest insights into
the spatiotemporal dynamics of microbial com-
munities in RAS are presented in the paper by
C. Hu et al. (2026). It was found that denitrifica-
tion,anammox and nitrification together account-
ed for 45.2% of the functional genes of the ni-
trogen cycle, whilst the shift from r-strategists to

K-strategists was associated with salinity, total
dissolved solids, electrical conductivity, temper-
ature, redox potential, pH and dissolved oxygen.

A synthesis of the cited sources demonstrat-
ed that biofiltration in closed aquatic systems
is a complex microbiological and technological
system. The main scientific findings focused on
four interrelated areas: the selection of microbial
communities, the control of the physicochemical
parameters of the water, the choice of biofilter de-
sign, and the management of the biofilm during
start-up, operation and disinfection. At the same
time, the literature has not sufficiently integrated
the theoretical mechanisms of processing marine
aquaculture waste products with practical solu-
tions for making aquaculture more environmen-
tally friendly, reducing discharges and improving
the efficiency of water bioresource utilisation.

The aim of the study was to provide a the-
oretical justification and applied analysis of ap-
proaches to optimising biofiltration in closed-
loop aquaculture systems, taking into account
environmental performance, technological in-
novations and the conditions for the stable op-
eration of the biofilter. To achieve this aim, the
following objectives were set: to elucidate the
mechanisms of biofiltration-mediated transfor-
mation of waste products from marine aquacul-
ture in closed aquatic systems, in particular the
role of bacterial colonies in nitrification, deni-
trification, and the stabilisation of the nitrogen
cycle. To determine the physicochemical param-
eters that ensure the stable operation of the bi-
ofilter, in particular temperature, pH, alkalinity,
dissolved oxygen, salinity, and the concentra-
tions of ammonium, nitrite, and nitrate nitrogen.
To characterise practical approaches to the im-
plementation of biofiltration and technological
innovations that reduce the environmental im-
pact of aquaculture and improve the efficiency of
aquatic bioresource utilisation.

Materials and Methods
The study was conducted within a theoretical and
applied framework, as its aim was to systematise
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current scientific approaches to optimising biofil-
tration in closed-loop aquaculture systems. The
object of analysis was biofiltration processes in
RASs, whilst the subject was the microbiological,
technological and ecological factors determining
the stability of biofilters, the efficiency of nitro-
gen compound conversion and the reduction of
aquaculture’s impact on the aquatic environment.

The methodological procedure for the study
involved several consecutive stages: searching
for relevant sources, the preliminary selection,
content analysis, grouping into thematic blocks
and the subsequent systematisation of the re-
sults. The search for publications was carried out
in scientific databases and search engines such
as Google Scholar, Scopus, Web of Science, Sci-
enceDirect, SpringerLink, MDPI, Frontiers, and on
the official resources of the Food and Agriculture
Organisation. The search utilised keywords and
combinations thereof in Ukrainian and English:
“biofiltration”, “closed water systems”, “recirculat-
ing aquaculture systems”, “aquaculture”, “nitrifi-
cation”, “denitrification”, “nitrogen cycle”, “biofilm”,
“water quality”, “recirculating aquaculture system”,
“RAS”, “biofiltration”, “biofilter”, “nitrification”, “de-
nitrification”, “nitrogen removal’, “biofilm”, “water
quality monitoring”, “loT sensors in aquaculture”,
“moving bed biofilm reactor”, “MBBR”.

The main time frame for the selection of
sources was 2020-2026, which allowed taking
into account the current state of development
of biofiltration technologies in RAS. Individual
works published prior to 2020 were included only
where these works were of methodological or
conceptual significance for explaining the basic
mechanisms of biofiltration, nitrification, deni-
trification or the ecological role of RASs. A total
of 32 sources were analysed, including peer-re-
viewed scientific articles, review papers, experi-
mental studies, analytical materials and relevant
documents from international organisations.

The inclusion criteria for the sources were:
a direct link to biofiltration or RASs; the avail-
ability of data on the transformation of nitro-
gen compounds, biofilter stability, microbial
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communities, biofilter design types, water quality
control parameters or the environmental effects
of RAS; scientific relevance and practical applica-
bility for analysing the sustainable development
of aquaculture. Sources that dealt with aquacul-
ture in general but did not contain information
on biofiltration processes, closed-loop water sys-
tems, water quality control or the environmental
impacts of RAS operation were excluded from the
analysis. Publications lacking clear scientific rea-
soning, duplicates, popular materials without ref-
erences to research data and sources, and those
whose content did not correspond to the aim of
the study were also excluded. The study’s source
base comprised peer-reviewed scientific articles,
review papers and specialist analytical materials
directly relating to biofiltration in RASs. The gen-
eral environmental and technological context of
RAS development was determined on the basis of
materials from the Food and Agriculture Organi-
zation (2024a; 2024b) on the sustainable devel-
opment of aquaculture. The biochemical aspects
of nitrogen compound transformation and water
quality control were examined using studies ana-
lysing TAN, NH,*, NH;, NO,-, NO,, pH, alkalinity, sa-
linity and dissolved oxygen in closed aquaculture
systems (Jafari et al., 2024; Sarosh et al., 2024).
The microbiological section was compiled based
on studies focusing on the role of biofilm, nitri-
fying microorganisms, Nitrospira and comam-
mox in biofilter stability (Costigan et al., 2024;
Godzieba et al., 2025). Technological options for
biofiltration were systematised based on stud-
ies on modern types of biofilters and combined
treatment schemes in RAS (Gupta et al., 2024;
Hashmi et al., 2025). Innovative approaches to
optimisation were summarised based on sources
addressing sensor monitoring, automated con-
trol and the use of predictive models in closed
water systems (Fan et al., 2024; Flores-Ilwasaki et
al., 2025; Malandrakis et al., 2025).

Theoretical analysis, biochemical generali-
sation, microbiological generalisation, a systems
approach, comparative technological analysis,
ecological generalisation and technological
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systematisation were applied to review the sourc-
es.Theoretical analysis was used to determine the
role of biofiltration in the functioning of closed
aquaculture water systems. Biochemical general-
isation was applied to explain the transformation
of major nitrogen compounds in the biofilter, in
particular the conversion of ammonium nitro-
gen to nitrite and nitrate, as well as to account
for the dependence of the toxicity of non-ionised
ammonia on pH, temperature and salinity. The mi-
crobiological analysis focused on characterising
the role of ammonium-oxidising bacteria, ammo-
nium-oxidising archaea, Nitrospira, comammox
microorganisms and other biofilm components in
the stability of the biofilter.

A systematic approach made it possible to
consider the biofilter not as an isolated technical
element, but as part of a unified water treatment
circuit, interacting with mechanical filtration, aer-
ation, oxygenation, CO, degassing, pH regulation,
alkalinity control and feed load management. A
comparative technological analysis was applied
to examine the main types of biofiltration tech-
nologies: moving-bed biofilm reactors, trickling
biofilters, submerged and fixed biofilters, sand
biofilters, denitrification modules and combined
treatment systems. The comparison criteria were
the operating principle, type of filter medium,
capacity for nitrification or denitrification, resist-
ance to changes in organic and hydraulic load,
operational complexity, and suitability for marine,
brackish-water or freshwater RAS.

The analytical categories of the study were
formed through repeated content coding of the
sources. In the first stage, recurring indicators,
processes and technological solutions related
to biofiltration were identified from the sources.
In the second stage, these were grouped accord-
ing to the functional purpose. As a result, five
main categorical blocks were formed: groups
of aquatic pollutants; parameters for moni-
toring biofilter stability; types of biofiltration
technologies; environmental effects of biofiltra-
tion; and innovative approaches to optimising
closed aquatic systems. The groups of pollutants

included ammonium nitrogen, nitrite, nitrate, dis-
solved organic matter, suspended solids and CO,.
The control parameters included temperature,
pH, alkalinity, dissolved oxygen, salinity, TAN, ni-
trite, nitrate and suspended solids. The biofiltra-
tion process options were grouped according to
the design principle and function within the wa-
ter treatment system. The environmental effects
were determined by the impact of biofiltration
on water abstraction, discharges, eutrophication,
biosafety, feed utilisation and the management
of operational risks. Innovative approaches were
categorised according to the expected impact on
biofilter stability, nitrogen cycle control and re-
duction of environmental impact.

Separately, current approaches to the use
of digital monitoring, sensor networks, auto-
mated dosing and predictive models in RAS
were summarised. In this study, predictive mod-
els were neither developed nor tested experi-
mentally; the models were considered solely as
one of the current technological approaches to
optimising biofiltration, based on an analysis of
scientific publications.

The study did not involve conducting labo-
ratory experiments, field trials of a specific recir-
culation system, or independent measurements
of TAN, NO,-, NO;-, pH, temperature, salinity, alka-
linity or dissolved oxygen; nor did it involve sta-
tistical modelling or testing the effectiveness of
digital models. The results were derived through
the synthesis, comparison, and systematisation of
contemporary scientific and analytical sources,
which enabled the role of biofiltration to be iden-
tified as a fundamental technological prerequisite
for the environmentally oriented development of
intensive aquaculture in closed aquatic systems.

Results and Discussion
Biofiltration in closed-loop aquaculture systems
is a central component in maintaining stable wa-
ter quality, as it is the biological transformation
of dissolved metabolic products that ensures the
continuous reuse of the aquatic environment. In
recirculating systems, water is not completely
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discharged after passing through tanks or reser-
voirs containing aquatic organisms, but is returned
to the process circuit following mechanical, bi-
ological and, where necessary, physicochemical
treatment. This organisation of the water cycle re-
duces the need for a constant intake of fresh water
and limits the volume of contaminated effluent,
which is of direct importance for the environmen-
tal safety of intensive aquaculture (Food and Ag-
riculture Organization, 2024a; Gupta et al., 2024).

Within the structure of a closed water sys-
tem, the biofilter serves to convert toxic nitrogen
compounds formed as a result of the metabolic
activity of marine cultures, the decomposition
of feed residues and organic particles. The most
important metabolic product is ammonium nitro-
gen, which in an aquatic environment consists of
the sum of the ionised form NH,* and non-ionised
ammonia NH,. It is precisely non-ionised ammo-
nia that is the most toxic form for fish, crusta-
ceans, and other farmed organisms. The ratio be-
tween NH,* and NH; depends on pH, temperature
and salinity; therefore, controlling these param-
eters is not merely auxiliary but a fundamental
requirement for the stable operation of a biofilter
(Jafari et al., 2024; Sarosh et al., 2024).

The main process of biofiltration is nitrifica-
tion. It occurs in two consecutive stages. In the first
stage, ammonium nitrogen is oxidised to nitrite
by ammonium-oxidising bacteria and archaea. In
the second stage, nitrite is converted to nitrate by
nitrite-oxidising microorganisms. Nitrate is a less
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toxic form of nitrogen; however, in closed systems
it accumulates gradually, so long-term operation
of the system requires combining nitrification
with water exchange, denitrification, plant or al-
gal modules, as well as other nitrogen removal
technologies (Gupta et al., 2024; Dai et al., 2026).
This finding is supported by data from N.Ramli et
al.(2020), who demonstrated the feasibility of in-
tegrating algal reactors into recirculating systems
for the uptake of inorganic nitrogen. In the stud-
ies the authors analysed, the maximum nitrogen
removal rate achieved by an algal reactor reached
1.4 g N m2day?, although the practical effective-
ness of this approach depended on light intensi-
ty, hydraulic retention time, system configuration
and reactor area.

The microbial communities in biofilters are
not limited to the classic groups of nitrifiers. In
marine and brackish water recirculation systems,
ammonium-oxidising archaea, Nitrospira and
comammox full nitrifiers play an important role,
being capable of ensuring the complete con-
version of ammonium to nitrate within a single
microbial taxon (Yang et al., 2024; Costigan et
al., 2024; Godzieba et al., 2025). This refines the
understanding of the biofilter as a complex mi-
crobial ecosystem, in which treatment efficiency
depends not only on the loading area or flow rate,
but also on the maturity of the biofilm, the ratio of
autotrophic to heterotrophic microorganisms, the
stability of the substrate load, and the absence of
abrupt changes in the environment (Table 1).

Table 1. Main metabolic products of marine cultures and biofiltration mechanisms
for the transformation

Component
of the aquatic
environment

Source of entry
into the system

Main risk to aquaculture

Biofiltration
or related control mechanism

Ammonium
nitrogen (TAN)

Excretion via gills, feed
decomposition, faeces

Toxic effects of NH,, respiratory
and metabolic disorders

Oxidation of ammonium to
nitrite by ammonium-oxidising
bacteria and archaea

Intermediate product

Impaired oxygen transport,

Oxidation of nitrite to nitrate

Nitrite NO, of nitrification nitrite poisoning by nitrite-oxidising bacteria
Nitrate NO.- End product Accumulation during low water | Denitrification, water exchange,
3 of nitrification exchange, risk of chronic exposure plant or algal modules
Dissolved Feed residues, slime, | Growth of heterotrophic bacteria, Mechanical filtration,

organic matter | metabolic products

oxygen depletion

biofiltration, control
of feed loading
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Table 1. Continued

Component
of the aquatic
environment

Source of entry
into the system

Main risk to aquaculture

Biofiltration
or related control mechanism

Suspended | Faeces, feed residues, Biofilter clogging, increased Drum filters, clarifiers, flotation
solids biofilm fragments bacterial load tanks, regular sludge removal
Carbon Resglrra:noigrgys/ gﬂgatlc Decrease in pH, impact on the Degassing, aeration, alkalinity
dioxide CO, 9 buffer system control

microorganisms

Source: compiled by the author based on L. Jafari et al. (2024), S. Sarosh et al. (2024), E. Costigan et al. (2024),

X. Yang et al. (2024), M. Godzieba et al. (2025)

This classification shows that the metabol-
ic by-products of marine aquaculture pose not
isolated but interrelated risks to a closed aquatic
system. Ammonium nitrogen, nitrite, and nitrate
form a sequential chain of nitrogen loading;
therefore, the effectiveness of biofiltration de-
pends not only on the oxidation of ammonium,
but also on the subsequent control of nitrite and
the accumulation of nitrates. At the same time, or-
ganic matter, suspended solids and CO, affect the
operation of the biofilter indirectly: these factors
alter the oxygen regime, pH, the condition of the
biofilm and the balance of microbial communi-
ties. Consequently, the biofilter in an RAS should
be regarded not as a separate unit for nitrogen
removal, but as part of a comprehensive water
quality management system, where biological
treatment must be combined with mechanical fil-
tration, degassing, aeration and feed load control.

The findings indicate that the biofilter cannot
be considered in isolation from other elements
of the system. Its stability depends on the prior
removal of solid particles, oxygen saturation of
the water, regulation of pH and alkalinity, CO, re-
moval, and the uniformity of the hydraulic load. If
mechanical filtration is insufficient, organic par-
ticles enter the biofilter, stimulating the growth
of heterotrophic microflora and reducing the
proportion of nitrifying microorganisms. As a re-
sult, the rate of ammonium and nitrite oxidation
decreases, and the system loses its ability to re-
spond rapidly to changes in the feed load (Liu et
al.,2024; Fernandes et al., 2026).

The stability of a biofilter is determined
by a combination of physical, chemical and

microbiological factors. Temperature directly
affects the metabolic rate of fish and microor-
ganisms, as well as the toxicity of ammonia. As
the temperature rises, the activity of biological
processes generally increases; however, the
proportion of non-ionised NH; also increases
at the same time. As the temperature decreas-
es, nitrification slows down, creating a risk of
ammonium nitrogen accumulation following an
increase in feed load or the biomass of aquatic
organisms (Sarosh et al.,2024). pH is the second
key parameter, as it determines the activity of
nitrifying bacteria. Nitrification is accompanied
by the consumption of alkalinity and a gradual
decrease in pH. In closed systems, this means
that the biofilter simultaneously purifies the
water and alters its buffer state. Without reg-
ular monitoring of alkalinity, the system enters
a state in which the microbiological oxidation
of nitrogen becomes less stable. Research by
L.Jafari et al. (2024), conducted using data from
brackish-water systems with Atlantic salmon,
confirmed that the stability of the biofilter de-
pends not only on TAN and nitrite concentra-
tions, but also on the interrelationship between
alkalinity, CO, levels, pH and the carbonate
equilibrium of the water.

Dissolved oxygen meets the energy re-
quirements of nitrifying microorganisms and
aquatic organisms. Nitrification is an aerobic
process; therefore, oxygen deficiency reduces
the rate of ammonium and nitrite conversion. In
systems with high stocking densities, competi-
tion for oxygen arises between fish, the bacte-
rial biofilm and heterotrophic microorganisms

Scientific Reports of the National University of Life and Environmental Sciences of Ukraine. 2026. Vol. 22, No. 4



that degrade organic matter. Consequently, ox-
ygen levels must be monitored not only in the
rearing tanks but also directly within the bio-
filter zone. Salinity is of particular importance
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for marine and brackish-water systems. Sudden
changes in salinity affect the osmotic state of
aquatic organisms and the structure of the bio-
filter’s microbial community (Table 2).
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Table 2. Parameters for monitoring biofilter stability in closed aquaculture systems

Parameter Functional significance Consequence of deviation | Technical control method
Regulates the metabolism L . Temperature sensors,
Temperature of aquatic organisms Ct}?}r;?:alg erélt,(mcetl(t)l)c()iréi;ate, heat exchangers,
and microorganisms 8 y automatic control
H Determines the activity of nitrifiers | Disruption of nitrification, | Buffering, alkalinity control,
P and the proportion of NH, changes in nitrogen toxicity dosing of correctors
Alkalinit Maintains carbonate equilibrium pH drop, Addition of carbonate
y and pH stability unstable biofilter operation |  buffers, regular analysis
Dissolved S . Accumulation Aeration, oxygenation,
oxygen Ensures aerobic nitrification of ammonium and nitrite hydraulic control
Affects the osmotic state Changes in the activity of Gradual adaptation of the
Salinit of aquatic organisms and nitrifying microorganisms, | system, control of electrical
y the structure of the biofilter's disruption of biofilm conductivity, monitoring
microbial community stability of salinity
) . Risk of toxic effects Biofiltration, optimisation
TAN Reflects the primary nitrogen load from ammonia of feeding, biomass control
Enhancement of the second
Nitrite Indicates incomplete nitrification Nitrite poisoning phase of nitrification,
oxygen control
. . Denitrification, water
. Indicates the accumulation - L
Nitrate i ; Chronic nitrogen load exchange, integrated
of the end product of nitrification biomodules
Suspended Affect the biofilm and bacterial Clogging of media, growth | Mechanical filters, clarifiers,
solids load of heterotrophs flotation units

Source: created by the author based on H. Li et al. (2023), L. Jafari et al. (2024), S. Sarosh et al. (2024),

E. Costigan et al. (2024)

This summary demonstrates that biofiltration
is not a standalone technical unit, but a process
that requires a constant balance between load,
oxygen conditions, the water’s buffering capacity
and the structure of the microbial community. In
practical terms, this means that an increase in bi-
omass or feeding rate must be accompanied by a
review of the biofilter’s nitrification capacity. If the
biofilter does not have sufficient surface area for
biofilm formation or operates under conditions of
unstable pH, an increase in production intensity
will not be accompanied by a corresponding im-
provement in water treatment quality.

The practical implementation of biofiltration
in closed aquaculture systems is based on select-
ing the type of biofilter in accordance with the
species of aquatic organisms, stocking density,

feeding regime, salinity, temperature, permissi-
ble water exchange rate and the desired level of
automation. In modern RAS systems, submerged
biofilters, trickle biofilters, moving-bed reactors,
fixed-bed reactors, sand biofilters, membrane bi-
oreactors and combined treatment schemes are
used (Gupta et al., 2024; Hashmi et al., 2025).
Moving-bed biofilm reactors are widely used due
to the combination of a large specific surface
area of the carrier, constant contact between the
biofilm and the water, and the ability to main-
tain the carriers in a suspended state through
aeration or hydraulic mixing. In such systems,
the biofilm forms on the surface of plastic or
mineral carriers, whilst turbulence limits exces-
sive fouling and ensures oxygen access to active
zones. Innovative modifications to moving-bed
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biofilters are aimed at improving nitrogen remov-
al efficiency, stabilising the microbial composi-
tion and reducing energy consumption (Zhou et
al.,2024; Zhang et al., 2026).

Drip biofilters facilitate contact between wa-
ter, air, and the biofilm on the surface of the me-
dia. The functional advantage lies in the simul-
taneous oxidation of nitrogen compounds and
partial degassing of CO,. However, such systems
are susceptible to clogging, uneven water distri-
bution and the accumulation of organic particles.
Submerged fixed biofilters have a simpler design
but require control of the hydraulic regime and
periodic maintenance, as excessive accumulation

of biomass reduces the permeability of the media.
In systems with high packing density, biofiltration
is combined with mechanical removal of solid
particles. This is of fundamental importance, as
suspended solids not only impair water quality
but also alter the microbiological profile of the
biofilter. The accumulation of organic particles
increases the proportion of heterotrophic micro-
flora, which competes with nitrifiers for oxygen
and space within the biofilm (Liu et al., 2024;
Fernandes et al., 2026). Consequently, an effective
biofiltration system requires preliminary mechan-
ical treatment, sludge removal and control of the
feed coefficient (Table 3).

Table 3. Process options for biofiltration in closed aquatic systems

Type . . . Limitations or conditions
of biofilter Basic operating principle Advantage for RAS for stability
Moving-bed Biofilm forms High surface area, good Requires stable aeration

biofilm reactor

on moving carriers

aeration, adaptability to load

and control of carrier loss

Water passes through the

Combination of nitrification

Susceptible to clogging

a stationary bed

Drip biofilter media in contact with air and degassing and uneven water distribution
Submerged | The biofilm-coated media | Simple design, stable contact Risk of excess biomass
biofilter is fully submerged in water with water accumulation
Fixed bed Water flows through High biofilm density Requires control

of hydraulic resistance

Biofilm forms

Sand biofilter on granular material

Combination of fine filtration
and biological activity

Risk of silting up,
need for backwashing

Anaerobic conversion

Denitrification of nitrate to gaseous

Reduction in NO,
accumulation

Requires control of the carbon

biofilter nitrogen within the system source and anaerobic conditions
Combined Combination of several Flexibility for different types More complex operation and
biofilter types of treatment of aquacultures higher monitoring requirements

Source: compiled by the author based on W. Liu et al. (2024), S. Gupta et al. (2024), X. Zhou et al. (2024),
Z. Hashmi et al. (2025), B. Zhang et al. (2026), P. Fernandes et al. (2026)

A comparison of biofiltration process options
shows that the choice of biofilter type should de-
pend on the production load, the type of aquat-
ic organisms, salinity, feeding regime, available
space, degassing requirements and the accept-
able level of operational complexity. Moving-bed
biofilm reactors are suitable for intensive systems
with high or variable nitrogen loads, as the mov-
ing carriers provide a large contact area between
the biofilm and the water, as well as a stable sup-
ply of oxygen. Trickling biofilters are suitable for
use where, in addition to nitrification, additional
aeration and partial CO, removal are required,

although the efficiency depends on uniform wa-
ter distribution and the prevention of clogging.
Submerged and fixed biofilters may be suitable
for systems with a stable hydraulic regime, but
require control of excess biomass accumulation.
Sand biofilters are appropriate when biological
treatment needs to be combined with fine me-
chanical filtration; however, the operation re-
quires regular backwashing. Denitrification biofil-
ters are of particular importance in systems with
low water exchange rates and a risk of NO;- ac-
cumulation, whilst combined treatment schemes
are best suited to intensive RAS systems, where it
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is necessary to simultaneously control suspend-
ed solids, nitrogen compounds, CO,, pH, alkalinity
and the overall environmental load.

The practical efficiency of biofiltration de-
pends on the maturation of the biofilm. A new
biofilter does not provide full nitrification ca-
pacity immediately after start-up, as colonies of
nitrifying microorganisms form gradually. The
start-up period is characterised by fluctuations in
TAN and nitrite levels; therefore, in industrial sys-
tems, pre-colonised media, bacterial inoculants, a
gradual increase in biomass and controlled feed-
ing are employed. Studies on rapid nitrification
start-up show that the long-term performance of
a biofilter is linked to the controlled development
of the microbial community and the limitation of
excessive organic loading (Liu et al., 2024). For
marine aquaculture, the adaptation of the bio-
filter to salinity is of particular importance. In
brackish-water RAS systems, particularly in post-
smolt salmon farming systems, the biofilter must
operate under conditions where salinity and car-
bonate equilibrium alter the activity of nitrifiers.
In such systems, it is important to maintain not
only regulatory concentrations of TAN and nitrite,
but also a stable relationship between alkalinity,
CO,, pH and degassing (Jafari et al., 2024).

The ecological significance of biofiltration
lies in the fact that it shifts intensive aquaculture
from a model of continuous water intake and dis-
charge to a model of controlled internal water cir-
culation. Under such conditions, major pollutants
do not enter natural water bodies directly, but pass
through a system of local transformation, remov-
al or accumulation, followed by controlled man-
agement. This reduces the risk of eutrophication,
local organic pollution, the spread of pathogens
and uncontrolled impacts on coastal or inland
aquatic ecosystems (Food and Agriculture Organi-
zation, 2024a; Hashmi et al., 2025). This conclusion
is supported by the findings of E. Villar-Navarro et
al. (2021), who investigated the potential use of
six species of marine microalgae and a natural
bloom to process nutrients from simulated wa-
ter in a RAS. The study utilised 18-litre bubbled
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photobioreactors operating in batch and semi-con-
tinuous modes; Isochrysis galbana demonstrated
the highest biomass productivity on aquaculture
effluent, whilst Tetraselmis chuii proved most
effective for the treatment of marine effluent.

Biofiltration also improves the efficiency of
bioresource utilisation. In closed systems, water
losses are reduced, rearing conditions are stabi-
lised, and control over temperature, oxygen and
nitrogen compounds is enhanced. This creates
the conditions for more predictable growth of
aquatic organisms, a reduction in stress factors
and a more efficient use of feed. As feed residues
are one of the sources of organic and nitrogen
loading, optimising feeding directly affects the
load on the biofilter and the ecological profile
of the system.

At the same time, biofiltration does not au-
tomatically eliminate all environmental risks.
The accumulation of nitrate, concentrated sludge,
spent filter media and biomass requires separate
management. A synthesis of the analysed sources
showed that the environmental performance of
RAS depends not only on reducing water intake
and discharges, but also on the stability of bio-
filtration, control of nitrate accumulation, sludge
treatment, energy consumption and the technical
complexity of operation. This is consistent with
the findings of N. Ahmed & G. Turchini (2021),
who considered RASs as a technological solution
for reducing the direct impact of production on
aquatic ecosystems and for adapting aquaculture
to climate risks. However, a comparison with this
study clarifies that the environmental advantage
of closed-loop systems is not automatic, as ener-
gy consumption, greenhouse gas emissions and
the high cost of complex engineering solutions
remain factors limiting the scaling up of such sys-
tems in aquaculture practice. Therefore, the envi-
ronmental performance of RAS depends on the
entire technological chain, which encompasses
mechanical removal of solids, biological nitrogen
transformation, CO, control, pH stabilisation, par-
tial or complete nitrate removal, sludge treatment
and energy-efficient water circulation (Table 4).
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Table 4. Environmental effects of biofiltration in RASs

Area of environmental impact

Outcome of biofiltration

Conditions for achieving the result

Reduction in water intake

Water is reused multiple times
after treatment

Stable operation of the mechanical
and biological circuits

Reduction in discharges

Pollutants are converted or
removed within the system

Monitoring of TAN, NO,, NO;,
organic matter and sludge

Reduction of eutrophication

Less nitrogen and organic matter
enter natural water bodies

Denitrification
or controlled water exchange

Biosafety

Reduced contact with external
sources of pathogens

Closed water circuit, disinfection,
biofilm control

Efficient use of feed

Reduced organic load on the water

Optimisation of feeding and
control of the feed conversion ratio

Control of production risks

Water parameters are maintained
within a controlled range

Sensors, automation,
and alarm notifications

Source: created by the author based on Food and Agriculture Organization (2024a; 2024b), S. Gupta et al. (2024),

Z. Hashmi et al. (2025), E. Malandrakis et al. (2025)

Thus, biofiltration not only purifies water but
also forms the ecological basis for sustainable
aquaculture. Its effectiveness is demonstrated by
the reduction of resource losses, the minimisation
of impact on water bodies and the improvement
of production process control. This is of particular
importance for industrial systems, as the growth in
globalaquaculture productionis accompanied byin-
creasing demands for environmental responsibility,
traceability, and the safety of aquatic food products
(Food and Agriculture Organization, 2024a; 2024b).

Current innovations in the field of biofiltra-
tion are aimed at improving the controllability of
microbiological processes, the accuracy of mon-
itoring and the energy efficiency of closed sys-
tems. Three areas are of particular significance:
improvements to biofilter design, the develop-
ment of digital water quality monitoring and the
application of predictive models for nitrogen cycle
management. The first area encompasses the use
of media with a high specific surface area, mov-
ing-bed biofilm reactors, compact bioreactors, and
combined nitrification and denitrification systems.
Such solutions increase the contact area between
microorganisms and water, improve oxygen access
and allow the system to adapt to variable loads.
In marine RAS systems, nitrate control is becom-
ing increasingly important, as nitrification does
not result in the complete removal of nitrogen,
but merely converts more toxic forms into less
toxic ones. Denitrification reactors, solid-phase

denitrification and integrated systems combining
aerobic and anaerobic processes therefore hold
great promise (Xu et al, 2025; Dai et al., 2026).

The second area relates to the digital mon-
itoring of water parameters. The Internet of
Things, automated sensor networks and cloud-
based platforms make it possible to monitor tem-
perature, pH, dissolved oxygen, electrical conduc-
tivity, turbidity, ammonium, nitrite, and nitrate in
near real time. This changes the logic of biofil-
ter management: instead of periodic laboratory
monitoring, a continuous monitoring system for
high-risk parameters is established. According to
a review by M. Flores-Iwasaki et al. (2025), sensor
systems are increasingly being used to monitor
the physicochemical parameters of water in RAS,
biofloc systems and aquaponics. This primarily
involves monitoring temperature, pH, dissolved
oxygen, electrical conductivity, turbidity, and con-
centrations of nitrogen compounds. E. Maland-
rakis et al. (2025) regard digital monitoring as a
tool for more precise management of the aquatic
environment, as it enables not only the recording
of the system’s current state but also a timely re-
sponse to deviations that may affect the stability
of biofiltration. Consequently, sensor networks
should be regarded as one of the key tools for
proactive water quality management in closed
aquaculture systems.

The third area covers the use of predictive
models. For closed systems, predicting nitrate
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accumulation is particularly important, as this
parameter changes gradually and depends on
feed loading, nitrification rate, water exchange,
denitrification, and the biomass of aquatic
organisms. Machine learning models, in particular
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hybrid neural networks, demonstrate the ability
to predict nitrate concentrations based on a set
of water quality parameters (Fan et al., 2024). This
provides the basis for a transition from reactive to
proactive management of biofiltration (Table 5).

Table 5. Innovations for optimising biofiltration in closed water systems

Area . i Expected technological . .
of innovation Solution description outcome Environmental impact
Moving biofilm | Carriers with active biofilm are Improved nitrification Reduced accumulation
reactors in constant motion stability of toxic nitrogen compounds
Denitrification Anaerobic conversion Control of long-term Reduction of nitrogen load
modules of nitrate to N, accumulation of NO, in effluents
Continuous monitoring . Prevention of emergency
ni’?vcz(rjlz s of pH, oxygen, temperature, E:fr Ign%er;eaﬁ}éc;n discharges and losses
and nitrogen compounds of biological resources
Automated | Regulation of buffers, oxygen, Stabilisation of pH, Reduced risk of disruption
dosing and water exchange alkalinity and oxygen to biological treatment
Predictive Forecasting of TAN, NO, and | Preventive management | Optimisation of resources and
models NO, based on monitoring data of the biofilter reduction of environmental risks
Combined Con;)ti)cl)rrgélic;r;“oi;gﬁc]:if:%?lcal, Comprehensive water Reducing multifactorial
treatment and physical treatment quality management environmental impacts

Source: created by the author based on S. Gupta et al. (2024), X. Fan et al. (2024), X. Zhou et al. (2024),
Z. Hashmi et al. (2025), M. Flores-lwasaki et al. (2025), E. Malandrakis et al. (2025), P. Xu et al. (2025), H. Dai et

al. (2026), B. Zhang et al. (2026)

Innovative developments in biofiltration also
involve more precise control of the biofilm. A ma-
ture biofilm not only performs a nitrification func-
tion but also plays a stabilising role in the system’s
microbial environment. Research by J.N. Azizah et
al.(2026) shows that the type of biofilter substrate
influences microbial dynamics, TAN and nitrite
concentrations, and the overall stability of water
quality in RAS. This confirms that biofilm man-
agement should be viewed not merely as biofilter
maintenance, but as a prerequisite for maintaining
the microbiological equilibrium of a closed system.

For the sustainable development of aquacul-
ture, the optimisation of biofiltration must com-
bine technological efficiency with environmental
soundness. The most functionally complete mod-
el is one in which the biofilter is integrated with
mechanical treatment, degassing, oxygenation,
denitrification, digital monitoring and feed load
management. Such a model makes it possible to
maintain water quality within a controlled range,
reduce the need for water exchange, limit the

generation of polluted effluent and improve the
efficiency of bioresource utilisation. A summary of
the results shows that biofiltration in closed aquat-
ic systems is a multi-stage process encompassing
the microbiological transformation of nitrogen
compounds, the physicochemical stabilisation of
water, the technological integration of treatment
modules and the digital control of environmental
parameters.The most stable operation of a biofilter
is achieved when temperature, pH, alkalinity, oxy-
gen, salinity,organic load and the concentrations of
TAN, NO,” and NO;- are controlled. In aquaculture
practice, this means that biofiltration is not merely
a supplementary element, but a fundamental tech-
nological prerequisite for the environmentally sus-
tainable development of intensive farming of ma-
rine and freshwater organisms in closed systems.

Conclusions
This study, based on a theoretical and applied
design, substantiated the role of biofiltration
as a fundamental technological mechanism for
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maintaining water quality in closed aquaculture
systems. A synthesis of the analysed sources
showed that biofiltration ensures the sequential
transformation of ammonium nitrogen, nitrites,
and nitrates with the participation of bacte-
rial and archaeal communities. The stability
of this process is regarded as the result of the
combined control of temperature, pH, alkalini-
ty, dissolved oxygen, salinity, organic load and
concentrations of nitrogen compounds. This
provided grounds for treating the biofilter not
as an isolated technical element, but as a com-
ponent of a unified treatment circuit linked to
mechanical treatment, degassing, oxygen sup-
ply, pH regulation and feed load management.
Within the scope of the study, six main groups
of aquatic pollutants, nine biofilter control pa-
rameters, seven biofiltration process options, six
environmental effects and six innovative areas

predictive models for the accumulation of nitro-
gen compounds. These are considered as areas
that can improve the controllability of biofil-
tration, reduce the risk of accumulation of toxic
forms of nitrogen, contribute to a reduction in
water abstraction, limit discharges, lower the risk
of eutrophication and promote a more rational
use of aquatic bioresources. The limitations of
the study stem from its theoretical and applied
nature, as no in-house laboratory or field trials
of biofilters were conducted. Further research
should focus on an empirical comparison of dif-
ferent types of biofilters for specific marine and
freshwater aquaculture species, the assessment
of the energy efficiency of such systems, and the
development of digital models for early warning
of nitrogen balance disturbances.
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Kravchenko

Ontumisauifa 6iodinbTpauii y 3aMKHYTUX BOAHUX CUCTEMAX
AJIA CTaANnoro po3BUTKY aKBaKyJ/IbTYPU: €KONOriYHi acneKTu
Ta TeXHONOriYHi iHHOBaLil

Aptem KpaBueHKo

AcnipaHT

[HINpOBCbKUI LepXKaBHUM TEXHIYHWUI YHiBEpCUTET
51918, Byn. lHinpob6yaiscbka, 2, M. KamaHCbke, YkpaiHa
https://orcid.org/0009-0004-7848-6239

AHoTauis. MeTa pocnifkeHHs nongrana B OOrPYHTYBAHHI TEOPETMYHMX | MPUKNAAHUX 3acaj,
onTMMi3auii 6iodinbTpauii y 3aMKHYTUX BOLHUX CMCTEMAaxX akBaKy/lbTypu 3 YpaxyBaHHAM €KONMOTiYHUX
BMMOT, TEXHOMOTYHMX iHHOBALiM i cTabinbHOCTI dyHKUioHyBaHHS GiodinbTpa. HocnigkeHHs 6yno
BMKOHAHO B MeXax TeOpeTUKO-MPUKIALHOrO AM3alHY i3 3aCTOCYBAaHHAM HAyKOBOro aHanisy,
6i0XiMiYHOro y3arasbHEeHHS, NOPIiBHANBbHO-TEXHONIONYHOMO 3iCTABIEHHS, €KOMOTMYHOro y3araabHeHHs
Ta CMCTeMaTM3auii CyvyacHMX JaHux npo HionoriyHe ouuweHHs BOAM. byno BCTaHOBMEHO, LWO
6iodinbTpaLis 3abe3neyyBana NnepeTBOPEHHS aMOHIAHOIO @30Ty, HITPUTIB i HITpaTiB Yepe3 NoCNifOBHY
Aito 6akTepianbHWUX Ta apXerMHWUX YrpynoBaHb, a ii CTabiNbHiCTb BU3Ha4Yanacs TeMnepaTyporo, BOAHEBUM
MOKA3HUKOM, JIYXHICTIO, PO3YMHEHUM KMUCHEM, COJIOHICTH, OPraHiYHMM HABAHTAXEHHAM | CTaHOM
6ionnisku. Byno cucTtemMaT30BaHO WiCTb OCHOBHMX rpyn 3abpyAHIOBaYiB BOLHOIO CepefoBULLA, AEB'ATb
napameTpiB KOHTponto 6iodinbTpa, CiM TeXHOMOriYHMX BapiaHTiB BiodinbTpauii, WicTb eKoNoriyHmx
edeKTiB i WiCTb iIHHOBALIMHMX HanNpsMiB ONTUMI3aLii. Y3aranbHeHHS mXepen nokasano, wo Bubip
™Mny 6iodinbTpa Ma€ 3anexatu BiA a30THOrO HAaBAHTAXEHHS, CONOHOCTI, noTpebu B perasauii CO,,
piBHS aBTOMaTM3auii Ta CKNAAHOCTI ekcnnyaTauii. Peaktopu 3 pyxomMuM wapom 6ionniBKM AOLINbHI
ANns iHTeHCUBHMX recirculating aquaculture system (RAS), aeHiTpudikauiini Moayni — NS KOHTPONtO
HaKOMWYEHHs HITpaTiB, 3 KOMDOIHOBAHE OYMLLEHHS — [ANS KOMMIEKCHOrO YNpaBAiHHS SKiCTHO BOAM.
KOHCTPYKLifiHi YAOCKOHANEHHS, CEHCOPHUI KOHTPO/b, aBTOMaTU30BaHE PeryoBaHHS Ta MPOrHOCTUYHI
MoAeni MiABWLLYIOTb KEpPOBAHICTb a30THOMO UMKAY W 3MEHLWYKTb PU3MK HAKOMUYEHHS TOKCUYHUX
cnonyk. O6rpyHTOBaHO, WO 6GiodinbTpauia cnpuse 3HWXEHHIO NoTpebu y BOA00OMiHI, 0OMeXeHHH
33a6pyAHEHMX CKMAIB, 3MEHLLEHHIO pU3KNKY eBTpodikauii Ta NigBULLEHHIO e(DEKTUBHOCTI BUKOPUCTAHHS
BOoAHMX BiopecypciB. MNpakTMyHa 3HaUMMICTb pe3ynbTaTiB NONSAra€ B TOMY, WO iX MOXYTb BUKOPUCTATH
iHXeHepu aKBaKyNbTypHWUX NiANPUEMCTB, €KONOMM, MPOEKTYBANbHUKM 3aMKHYTUX BOLHUX CUCTEM i
daxiBui puObHMLBKMX rocnofapcTe Ansg Bubopy Tvny 6iodinbTpa, HaNaWTYBaHHS MOHITOPUHIY SAKOCTI
BOJM Ta 3HUXKEHHS €KONONYHOr0 HaBAHTAXEHHS BUPOOHMLTBA
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