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waste, composting, In modern economic conditions, waste management and food security are important areas of sustainable development. Cur-
factors of aerobic rently, there are many technologies for organic waste recycling. One common method of processing is aerobic fermentation.
fermentation, rational ~ Food waste is difficult to process due to its physicochemical and organoleptic characteristics, unstable composition, high
regimes moisture, and various pH values. This significantly limits the choice of processing technologies. One way to improve efficiency

is by combining different types of waste. This article analyzes the process of aerobic fermentation of mixed organic waste, and
determines the parameters influencing the fermentation process (optimal temperature, presence of oxygen, and microorgan-
isms). The key factors (moisture, acidity, carbon, and nitrogen ratio) influencing the production of a high-quality secondary
product with high added value are defined, and the optimal ranges of these factors and methods for improving the conditions
for starting the fermentation process of food waste in combination with other organic waste are determined. The scientific
research has been conducted since the 1996 study to the present, with particular emphasis on the period 2012-2024. The main
results of the study are confirmation that the optimal values of the initial criteria for food waste differ from the acceptable
values of other organic waste. The key task in the preparation of organic mass is to determine the optimal ranges of factors
and the content of various types of waste depending on the final goal and the choice of secondary product. The key task in
preparing organic matter is to determine the optimal ranges of factors and the content of various types of waste depending on
the final goal and the choice of secondary product. Information on the optimal indicators of the resulting product is provided.
In addition, fermentation patterns and quality requirements for the final product, as well as six basic principles of this process,
are found based on the analysis of factors.
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KJIIOYEBBIE CJIOBA: AHHOTALI A

nuwessie 0mxoobl, B coBpeMeHHBIX SKOHOMUUYECKUX YCIOBUSX BasKHBIM HAlpaBJIeHVEM YCTOMUMBOTO Pa3BUTHUS SIBJIIETCS YIIPaBIEHME OTXO-
KOMNOCMUpoBaHue, nmaMu 1 obecriedeHne MpomoBOIbCTBEHHOM 6e30MmacHOCTH. B HacTosIIee BpeMsi CyIeCTBYeT MHOKECTBO TEXHOJIOT U repe-
akmopst aspobHoli PaboTKM OpraHMYecKmx 0TX0m0B. OJHMM M3 pacIIpOCTPAaHEHHBIX METOIOB MepepaboTKY IBIsIeTcs aspobHas hepmeHTAaIMs.
epmenmayuu, [nieBbie OTXOMbI SIBJSIIOTCST CJIOXKHBIM [JIsI TepepaboTKy MaTepyuasoM 13-3a CBOMX (HU3UKO-XMMUYECKUX U OPTaHOJeNTH-
payuoHanvHole YeCKUX XapaKTePUCTUK, HECTAOMIBHOTIO COCTaBa, BHICOKO BIAYKHOCTH M Pa3IMYHbIX 3HaYeHut pH. DTo cylecTBeHHO orpa-
pexcuMmbl HUUYMBAET BBIGOP TEXHOIOTU IepepaboTku. OMHUM 13 CITIOCO60B MOBbIIIeHNS 3((HEKTUBHOCTH SIB/ISETCSI KOMOVHUPOBaHME

pasIMYHbIX BUJOB OTXOLOB. B aHHOII cTaThe MPOaHAIM3MPOBAH IMpoliecc a3po6HOI pepMeHTaLMy CMENIaHHbIX OpraHu-
YeCKMX OTXOJOB M OIpe[eseHbl MapaMeTphbl, BAKUSIONINE Ha Tpoliecc depMeHTaluu (ONTUMalbHasl TeMIepaTypa, Haau-
Yyye KUCI0POJa ¥ MUKPOOPTaHN3MOB). BbIsIBIIeHbI K/lloUeBble (PaKTOPBI (BIaKHOCTh, KUCJIIOTHOCTD, COOTHOILIEHME YT/Iepoa
¥ a30Ta), BIAMSIOINME Ha MOyueH)e BbICOKOKAaUeCTBEHHOTO BTOPUMYHOTO MPOAYKTa C BHICOKOI 106aBI€HHOI CTOMMOCTbIO,
YCTaHOBJIEHBI ONTUMAaJ/IbHbIE AMATIA30HbI 3TUX (DAKTOPOB U METOAbI YIYUIIeHUs YCJIOBUIL 3aITycKa rpoiiecca hpepMeHTaUK
MMIIEBbIX OTXO0B B COUETAHMM C IPYTMMM OpTaHM4YeCKMMM oTxogaMmu. HayuyHoe ucciemoBaHyue poBoaunoch ¢ 1996 roga
10 HaCTOsIee BpeMs, C 0CO6bIM aKiieHTOM Ha mepuog, 2012-2024 rr. OCHOBHBIMM Pe3y/IbTaTaMU UCCIeIOBAHMS SIBJISTIOTCS
TOATBEPKIeHME TOTO, YTO ONTMMAalIbHble 3HaUEeHMs] VICXOLHBIX KPUTepUeB IJIs1 MUILEBbIX OTXOLOB OTIMYAIOTCS OT AOMY-
CTUMBIX 3HAUEeHUJ NPYrUMX OpPraHM4ecKyux OTXOAO0B. KitoueBoii 3aaueil Ipy MOATOTOBKE OPraHMYeCKOl MacChl SIBJISIETCSI
orpeiesieHe ONTYMAa/IbHBIX JUAIa30HOB (DaKTOPOB U COAEPKaHMUS Pa3IMUHbBIX BUOB OTXOJOB B 3aBUCUMOCTHU OT KOHEUHO
1LIeIM ¥ BbIGOpa BTOPMYHOTO MpoaykTa. KimroueBoii 3amaveii Mpy MOArOTOBKE OPraHMUeCKOrO BEleCcTBa SIBJISETCS OTpefie-
JIEHMEe ONITUMAaJIbHBIX I1AaTNa30HOB (DAKTOPOB U COMEPXKAHMS PA3IMUHBIX BUIOB OTXO/IOB B 3aBUCUMOCTY OT KOHEUHOI! 11e/n
¥ BbIGOpA BTOPMYHOTO npoaykTa. [IpuBeneHa nudopmanusi 06 ONTUMAIbHBIX TOKA3aTesIX [T0Jy4aeMoro mpoaykra. Kpome
TOTO, Ha OCHOBE aHa/M3a (pakKTOPOB BbISIBJIEHbI 3aKOHOMEPHOCTHU (hepMEHTAIM U TPeGOBaHUS K KAUECTBY KOHEUHOTO MPO-
IIYKTa, a TaKKe eCTb OCHOBHBIX IPUMHLIUIIOB 3TOTO IpolLiecca.
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1. Introduction

The concept of sustainable development is a model of economic prog-
ress that focuses on reducing, reusing, and recycling resources to mini-
mize waste generation. In the context of global environmental challenges
such as climate change and depletion of natural resources, this concept is
of particular importance for the food industry.

Recycling organic waste, including food waste, helps reduce green-
house gas emissions resulting from the decomposition of organic ma-
terials in the landfills. In addition, recycling can become an additional
source of raw materials to produce biogas, compost, and other valuable
products, which helps reduce dependence on fossil resources and sup-
ports economic sustainability [1,2].

According to the World Health Organization (WHO), improper waste
management can lead to serious environmental and health problems,
including soil and water pollution, as well as the spread of infectious
diseases. In the context of global warming and climate change, effective
waste management becomes even more relevant [3]. A key aspect of sus-
tainable development is the transformation of waste into new products or
goods with increased added value, as well as their use as raw materials for
other processes. Recycling food and organic waste is an important step
in this direction. This leads to a reduction in waste disposal volumes and
contributes to the formation of new business models based on the prin-
ciples of closed production cycles [4].

The circular economy involves a transition from a linear model of con-
sumption to a more sustainable system in which resources are reused and
recycled. If we draw an analogy with the life cycle assessment of food
products, then most often we observe a linear cycle called “Cradle-to-
Grave” (C2G). In this case, organic products end up in landfills, and this
approach is an ineffective concept in today's sustainable development
realities [5,6]. The correct solution is the “Cradle-to-Cradle” approach
(C20), in this case, the waste is returned to the production cycle which
includes the recycling process, which allows the waste to be reused [7,8].

With the increasing volume of organic waste generated by human ac-
tivities, especially in urban and rural areas, there is a need for effective
methods of recycling it. In this context, aerobic fermentation is a key ele-
ment to ensure the circularity of production processes and maximize re-
source efficiency. In recent years, there has been a growing interest in de-
veloping new technologies and methods for intensifying the processes of
aerobic decomposition of organic waste. Research shows that the use of
modern approaches to managing the processes of organic waste utiliza-
tion can significantly improve their efficiency. Numerous researches have
established that in conditions of a complex natural climate, characterized
by a long winter period, relatively low ambient temperatures, and high
humidity, one of the most effective technologies for the bioconversion
of organic waste is aerobic fermentation, carried out in closed installa-
tions [9—-12]. Aerobic fermentation is a complex process characterized by
dynamic changes caused by the interaction of various factors. The advan-
tages of this technology are low energy intensity of the process, low capi-
tal and operating costs, the relative simplicity of the technology, higher
quality characteristics of the final product, and relatively short process-
ing times [13]. The resulting product (compost) has high added value and
can be used as feed additives and bedding for animals or as the fertilizers
for crop production, which provides a beneficial effect on the develop-
ment of agriculture and reduces the load onto the environment [14].

The physicochemical and organoleptic characteristics of food waste
significantly limit the choice of technologies for their processing. One
option for increasing efficiency is the combinatorial selection of various
types of waste. The combination of more than one raw material can pro-
vide a good opportunity to extract the benefits of each component and
optimize the entire procedure. This method is applicable in terms of re-
ducing the burden on the environment and economic efficiency [15]. The
purpose of this article is to summarize the available data on the physical
and chemical processes occurring in organic material, to analyze the fac-
tors of aerobic solid-phase fermentation of food waste, to determine their
rational values and combinations allowing them to reduce processing
time and the emission of nutrients into the environment while retaining
or improving the quality of the final product.

2. Materials and methods

The object of research is the industry of processing organic waste by
the method of aerobic fermentation, narrowing to food waste. Theoreti-
cal, fundamental, and applied research on specialized and related topics,
which became the basis for systematized (generalized) data, were ana-
lyzed as research materials.

The search for sources was carried out using scientific databases Web
of Science, Scopus, and Google Scholar and scientific electronic libraries
CyberLeninka, eLIBRARY, as well as open Internet sources.

Data collection was carried out in Russian and English using the key-
words: «KOMIIOCTHpOoBaHue» (“‘composting”), «mepepaboTka MUIEBBIX
orxozmoB» (“food waste processing”), «aapo6Hast hepmeHTauus» (“aero-
bic fermentation”), «mpomoBosnbcTBeHHas 6e3omacHocTh» (“food safety”).

Theoretical methods such as analysis, synthesis, induction, deduc-
tion, comparative analysis, and systematization were used as research
methods.

3. Main factors influencing the process of aerobic fermentation

In food systems, including agriculture, aerobic fermentation is a bio-
chemical process of decomposing complex organic substances into sim-
pler components using microorganisms and protein catalysts (enzymes)
with a change in the physicochemical composition of the final product,
which has certain humic properties and which is free from pathogenic
microflora. The selected technology requires oxygen to start [16,17]. Op-
timization of this process allows to increase its efficiency, reduce process-
ing time, and improve the quality of the final product (compost).

Although aerobic fermentation is a process that can occur naturally,
it requires monitoring and control of several factors to ensure efficient
processing. The ability to vary controllable factors distinguishes aerobic
fermentation from long-term holding and active/passive composting.
The advantage of this technology is that it imitates the natural habitat
of most microorganisms, requires less energy for disinfection, and is less
susceptible to bacterial contamination, which allows the use of solid
agro-industrial waste as secondary material resources without increasing
the moisture content of the final product. All these features lead to lower
capital and operating costs, as well as reduced waste processing time and
increased efficiency.

Depending on the purpose of the study, aerobic fermentation factors
can be divided into process factors (temperature, O, content, etc.) and
material factors (moisture, pH, C/N ratio, etc.), and they can also be con-
sidered as controlled, manageable, and optimizable factors.

3.1. Temperature

The temperature reached by the fermented material during the pro-
cess of self-heating due to the activity of mesophilic and thermophilic
microflora is the main indicator of the successful progress of the process.
With an optimal ratio of factors, it is possible to increase the reaction rate
and reduce the loss of nutrients in the final mixture. The main condition
for the process of aerobic fermentation of organic waste is the passage
through several main temperature phases, in which different communi-
ties of microorganisms predominate (Figure 1).

During the “active” stage of decomposition, two main phases occur —
mesophilic and thermophilic ones, where microorganisms decompose
available organic material and their population increases, thus releasing
heat that accumulates inside the mass. The mesophilic phase begins al-
most immediately, and the temperature in the mass gradually increases
to the mesophilic range (from 40 °C to 55 °C). This period is marked by ac-
celerated metabolism in microorganisms, with intensive decomposition
of organic matter, the release of carbon dioxide and heat, and an increase
in the level of available nitrogen, all of which promote the growth of the
microbial population [19].

Next, the thermophilic phase comes. It is characterized by an increase
of temperature up to 70 °C with duration of 5 to 25 days or more. Under
such temperature and time conditions, complex organic compounds (for
example, cellulose and lignin) undergo intensive decomposition, patho-
genic microorganisms are destroyed at high temperatures, and the vol-
ume of the initial raw material is significantly reduced [20,21].

After completion of the active stage, the cooling process begins. The
decomposition of the remaining organic matter continues, and the diver-
sity of the microbial population increases, which contributes to a more
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Figure 1. Dynamics of the aerobic fermentation process [18]

PucyHok 1. IluHaMuKa npouecca a3pooHoii pepmenTtarum [18]
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complete decomposition of the remains; humic substances are formed,

which improves the quality of the final product. Mesophilic microorgan-

isms begin to dominate again at a comfortable temperature for them

(from 40°C to 55 °C) [22,23].

The final stage is maturation and stabilization with relatively low mi-
crobial activity and temperature, compared to the previous stages. This
indicates the completion of biochemical processes, stable organic com-
pounds are also formed, and the characteristic smell of finished compost
appears [24]. The entire process of decomposition of organic matter oc-
curs with the emission of carbon (in the form of CO,) and nitrogen (in the
form of NH;) into the atmosphere in varying volumes [25].

The process of recycling food waste by aerobic fermentation may be-
come less efficient due to the long-term prevalence of the same tempera-
ture regime:

0 at temperatures below 30°C, microbial metabolism slows down,
resulting in longer fermentation times and a decrease in the
overall efficiency of the process. The development of pathogenic
microorganisms and weed seeds is also possible, which can negatively
affect the quality of the compost;

O if temperatures above 60°C persist for a long time, the activity of
most mesophilic microorganisms decreases and protein denaturation
begins, which can also slow down the decomposition process.
Although thermophilic bacteria continue to function, too high a
temperature can negatively affect their activity and lead to a decrease
in the biodiversity of the microbial population.

The ability to control and manage temperature is a prerequisite for
controlled aerobic fermentation:

O installation of thermometers or temperature sensors allows for real-
time temperature monitoring;

O regulation of air flow helps to maintain the optimum temperature
through heat exchange and prevention of overheating, in addition,
in the biooxidation phase it is necessary to provide microorganisms
with a sufficient amount of oxygen, and in the maturation phase it is
necessary to remove excessive heat by evaporating moisture from the
processed material;

0 regular mixing of the processed mass using specialized equipment
promotes uniform heat distribution and prevents the formation of
“anaerobic loci”;

0 to protect from the external environment and changing weather
conditions, insulating materials or special structures are used for the
aerobic fermentation process.

3.2. Microorganisms

The entire process of aerobic fermentation is regulated by microbial
activity aimed at ensuring the decomposition of complex organic com-
pounds and their transformation into simpler substances. Microorgan-
isms actively synthesize specific enzymes that decompose organic sub-
strates into water and carbon dioxide. This leads to a decrease in the
volume of waste and the formation of humus — an important component
of finished high-quality compost. Aerobic microorganisms help destroy
pathogenic bacteria and helminth eggs due to the heat released during
the fermentation process. The temperature can reach 60-70°C, which
ensures sterilization of the material and increases the safety of the fi-
nal product (finished compost). As a result of the activity of microorgan-
isms, compost is enriched with macro- and microelements (N, P, K), which
makes it a valuable fertilizer for agriculture.

To speed up and regulate the process, it is important to control micro-
organisms at various stages. The microbial community structure is criti-
cal for determining the maturity of the organic matter as it will change
and evolve during the fermentation process. Chemical and biological
changes during composting of various organic wastes indicate a change
in the microbial population depending on the temperature reached dur-
ing composting [26—-28].

During the mesophilic phase (at temperatures of 40-55 °C) fungi pre-
dominate (Penicillium citrinum, Rhizopus nigricans, Aspergillus flavus, As-
pergillus niger) [20] and acid-forming bacteria (Lactobacillus spp. and Ace-
tobacter spp.), and also Amycolicicoccus subflavus, Bacillus subtilis, Bacillus
polymyxa, Mycobacterium xenopi, Mycobacterium thermoresistibil [20].

At the active stage of the thermophilic phase (up to a temperature
of 70°C), Talaromyces thermophilus, Talaromyces sp., Thermomyces sp.
(fungi), Kyrpidia tusciae, Mahella australiensis, Solibacillus silvestris, Ther-
momonospora curvata (bacteria) are of great importance [21]. When the
temperature decreases, the microorganisms are again replaced by meso-
philic ones and completely disappear at the final stage of maturation and
stabilization.

Aerobic bacteria are the main participants in the process of aerobic
fermentation. They use oxygen for respiration and decomposition of or-

ganic matter. Microorganisms feed on dead organic matter and promote
its decomposition, secreting enzymes that break down complex mol-
ecules into simpler ones, which facilitates further absorption of products
by other microorganisms (for example, saprophytic bacteria). Another
part of microorganisms (for example, azotobacters) plays an important
role in the nitrogen cycle, fixing atmospheric nitrogen and converting it
into forms accessible to plants and thus helping improve the structure of
compost, increasing its nutritional value.

Fungi are also involved in the process of decomposition of organic
matter. They are able to decompose cellulose and lignin, which makes
them indispensable for the processing of organic residues. Fungal myce-
lia form a network that promotes the aggregation of compost particles,
improving its structure and aeration.

Finally, after the aerobic fermentation is over due to the action of the
above specified microorganisms, organic waste is converted into mature
organic mass, which can then be used as a fertilizer or as a substrate for
feed additives or as animal bedding — a useful secondary organic product.

3.3. Moisture
Paying attention to the substrate moisture as one of the factors of

the fermentation process, it was found that with an optimal ratio of fac-

tors the moisture decreases during the thermophilic phase when the
temperature begins to increase during the fermentation of organic waste

[29]. This factor directly determines the activity of microorganisms, the

rate of decomposition of organic materials, and the quality of the finished

compost.

When there is a lack of moisture (below 50%), the metabolic activity
of microorganisms slows down. This leads to a decrease in the rate of de-
composition of organic materials, an increase in fermentation time, and
a deterioration in the quality of the compost. In conditions of insufficient
moisture, the risk of developing anaerobic processes also increases, which
can cause the accumulation of unpleasant odors and toxic substances.

When the moisture level, on the contrary, is excessive (more than 65%),
negative consequences are possible, such as “flooding” of the fermented
mass and lack of oxygen. This leads to the transition of the process to
the anaerobic mode, which reduces the efficiency of decomposition and
worsens the sanitary characteristics of the final product. Anaerobic con-
ditions contribute to the formation of methane and other volatile organic
compounds, which negatively impact the environment.

Various methods can be used to ensure optimal moisture levels during
aerobic fermentation:

O adjusting the composition of the source material by mixing
components with different moisture contents (e. g. sawdust, coal,
green-cut fodder, kitchen waste, etc.) allows achieving the optimal
moisture level;

O watering the fermented mass to maintain the required level of
moisture. However, excessive watering should be avoided, as this can
lead to overwatering;

0 Regular mixing of the compost mass to ensure even distribution of
moisture and prevent the formation of ”dry” or wet” zones.

When measuring the parameters, authors most often determine only
the initial moisture content in organic waste [30,31]. At the initial stage,
some authors measure the moisture content of each type of waste in the
organic mass of the waste. For example, in [32] mixed organic waste was
processed in a reactor with a fan and a grinder using aerobic fermentation
technology. The initial moisture content of certain types of mixed waste
was in the ranges from 7-15% (garden waste) and 8-11% (rice husks) to
70-80% (food waste). Measuring the moisture content of individual types
of mixed waste makes it difficult to analyze the fermentation process and
identify new patterns in the influence of moisture on the production of
new products with high added value.

However, several recent research [33,34] note the importance of the
total initial moisture content of organic waste and the final moisture con-
tent of the resulting product. The initial moisture content varies from
7-15% for certain types (e. g. rice husks and sawdust). On average, the
overall values are 50-55%. The highest moisture content is 83.6%, which
is reduced by adding coal to food waste, the share of coal in the total mass
is 10-15%) [35].

Effective moisture management through monitoring and regulation of
fermentation conditions can significantly improve the recycling results of
organic waste and ensure sustainable production of high-quality compost.

3.4 Acidity/pH level

For most aerobic microorganisms, the optimal pH level is in the range
of 5.5-8.0. Within this interval, the maximum activity of bacteria and
fungi is achieved, which contributes to the effective decomposition of or-
ganic matter.
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When the acidity value does not reach the optimal range (pH below
5.5), the activity of many beneficial microorganisms is suppressed. This
leads to a slowdown in the decomposition process and a decrease in the
overall efficiency of fermentation. Low acidity promotes the development
of pathogenic bacteria, which negatively affects the sanitary characteris-
tics of the final product.

Under circumstances where acidity values are higher than permissible
level (pH is more than 8.0), a decrease in the activity of aerobic bacteria
and fungi is observed. High alkalinity leads to protein denaturation and
inhibition of metabolic processes, which negatively affects the decompo-
sition of organic matter.

In aerobic fermentation of food waste, aerobic microorganisms devel-
op differently depending on the pH level. For example, mesophilic bacte-
ria generally grow better under neutral conditions (pH around 7), while
some thermophilic species may be more tolerant to pH fluctuations.

Unlike the moisture factor, the pH level is mainly determined at the
beginning and end of the fermentation process [36]. For example, in
2019, food waste (vegetables, fruit peels, coffee grounds, eggshells, and
tea leaves) with fillers to increase porosity and reduce moisture (chopped
wheat straw, sawdust, rice bran, corn stalks) was analyzed. The technol-
ogy chosen was aerobic fermentation with a rotating container. In the
research. the pH level was shown to increase from 1.1 to 8.5 [37]. How-
ever, in some cases, the initial determination of the indicator is made for
individual types of waste, which are then combined. For example, when
processed by aerobic fermentation with a stirrer and a fan, food waste
(rice, noodles, vegetables, meat, and seafood) had an acidity pH of 3.8-
6.5; garden waste (raked leaves and mown grass) — had 5.8-6.6; and rice
husks with an acidity of 7.1 — had 7.3. After maturing the mixed waste,
the acidity of the product was pH 3.8-8.9 [38].

To optimize the process of aerobic fermentation and stabilize the level
of porosity and pH acidity, fillers are added to food waste. For example,
dry sawdust and MgO and K,HPO, are added to food waste (bread, rice,
cabbage, and boiled pork) [29], in another study, the same author adds
lime to the above-mentioned mass [30].

Thus, the initial pH level varies from 2 to 7, generally the lowest value
being for food waste (as a separate type during subsequent mixing) and
the highest being for food waste with fillers (for example, lime, sawdust,
biochar, etc.) [34]. The average value is for mixed waste (e. g. food to-
gether with garden waste) [39,40]. At the end of the fermentation process,
the pH value is fixed at 4-9.

In addition to stirring the fermentation mixture and monitoring the
pH level, other methods are possible to regulate this factor:

O in case of deviation from the optimal pH level, “correctors” are used
(sulfuric or citric acid is added to increase acidity, and lime or dolomite
flour is added to decrease it);

O to adjust the acidity of the mass, various components with different
pH values are mixed (for example, adding green plant residues reduces
the pH level due to the release of organic acids).

3.5. C/N ratio

It is impossible to identify any single factor characterizing the effi-
ciency of biothermal processes, but many researchers agree that one of
the key parameters is the carbon-to-nitrogen ratio (C/N). This factor
plays an important role in creating a high-quality secondary product
with high added value since the basis of the aerobic fermentation process
is biological decomposition, and with the correct ratio, microorganisms
actively decompose organic matter and synthesize humus [26-28,41,42].
When analyzing scientific sources, it was revealed that the authors pay
the greatest attention to this factor [44]. Of particular importance are the
proportions of C and N in materials assigned for aerobic fermentation. C
is the main source of energy and an elemental component for microor-
ganisms, and N is necessary for the growth of microbes, and the synthesis
of amino acids, proteins, and nucleic acids. The C/N ratio during com-
posting affects the rate of decomposition. Higher values slow down the
rate of decomposition, while lower values increase N losses.

When the carbon to nitrogen (C/N) ratio is too high (e. g. above 35),
microorganisms are starved of available nitrogen, which can lead to a
condition known as “nitrogen starvation”. Under these conditions, the
decomposition of organic matter slows down and some nitrogen is lost
as gases such as ammonia (NHz) and nitrous oxide (N2O). This negatively
affects the efficiency of waste disposal and degrades the sanitary proper-
ties of the finished compost.

On the other hand, if the ratio is too low (e. g. below 15), there is exces-
sive loss of nitrogen into the atmosphere, which reduces the nutritional
properties of the final product and increases the emission of unwanted
gases into the environment. Also, high ammonia content causes unpleas-
ant odors [45].

In the case of the C/N ratio factor, the authors measure this indicator
less frequently for individual components of organic waste. An example
is research on the processing of organic waste by the method of aerobic
fermentation with a mixer and a fan of food waste (C/N — 8.85) together
with garden waste (C/N — 52.4) and a filler in the form of rice husk (C/N —
34.2). The final product has a C/N ratio of 14.5-19.6 which is confirmed
by several experimental studies [32].

To achieve the desired C/N ratio, it is recommended to mix materials
with a high carbon content (such as straw, sawdust, or wood chips) with ni-
trogen-containing components (manure or sewage sludge). If the C/N ratio
is higher than the acceptable one, urea or superphosphate is added to in-
crease the content of available nitrogen. This method helps to prevent "ni-
trogen starvation" of microorganisms and accelerates the decomposition
process. Atmospheric nitrogen fixation is possible by adding an inoculum
(a specific microbial population) to prevent a lack of available nitrogen.

3.6. Initial characteristics of aerobic fermentation factors

Each of the identified factors plays a critical role in determining the
rate of decomposition of organic materials and the quality of the final
product.

Maintaining optimal conditions for certain parameters accelerates the
decomposition process and improves the nutritional properties of the
compost. For example, the correct C/N ratio ensures active reproduction
of microorganisms, and control over the pH and moisture levels prevents
the development of pathogenic organisms and improves the sanitary
characteristics of compost.

The method of solid-phase aerobic fermentation is one of the most
promising approaches to processing food waste, especially in the condi-
tions of the northwestern region. The main task in the preparation of
organic matter is to determine the optimal ranges of factors and compo-
sition of waste types, depending on the final goal (Table 1). This allows
obtaining a secondary product with high added value, which makes the
process more economically advantageous.

It has been found that the processing of food waste by aerobic fermen-
tation cannot be carried out without mixing with other organic waste or
without adding a filler. These manipulations play an important role in op-
timizing the value of the main factors of the fermentation process — the
C/N ratio, moisture, and pH. In addition, food waste types also has different
values of the factors among themselves. This shows the main difference
between food waste and other organic matter, which must be considered
when approving the optimal ranges for each type of initial mass.

Table 1. Initial characteristics of aerobic fermentation factors
of mixed organic waste
Ta6nuua 1. HauanbHele xapakTepucTuky pakTopoB aspo6Hoit hepmeHTAIMN
CMEUIaHHBIX OPraHNM4YeCcKux OTX040B

Desiona- Measu- Acceptable Optimal
Factor t g: rement value of organic value of Source
units waste [27] food waste
Moisture AW % 40-75 50-55 [29-35]
Acidity pH — 5,5-9 4,5-6 [36-40]
C/N ratio C/N — 20-40 25-35 [44,45]

It was found that when the moisture content of organic waste is
high, it is necessary to add biochar, rice husks, or sawdust. In addition
to improving moisture content, it also increases the porosity of the
organic matter, which has a positive effect on the fermentation pro-
cess. The porous structure improves aeration, providing the necessary
oxygen access for microorganisms, which is critical for maintaining the
aerobic process.

At low pH values, it is recommended to add lime, potassium phos-
phate (K2HPO4), or sodium acetate (NaAc). These additives help neutral-
ize acidity and create more favorable conditions for the life of beneficial
microorganisms. Carbon to nitrogen (C/N) ratios can be adjusted by add-
ing organic waste of a different composition, which simultaneously helps
control the moisture content of the mass.

3.7. Assessment of the quality of the resulting product

Assessing the quality of the resulting compost substrate is an impor-
tant stage in the process of its production, as it determines its suitabil-
ity for use in the agro-industrial sector and agriculture. The quality of
compost affects its nutritional properties, environmental safety, and the
health of the fertilized plants.

The main requirement for the safe use of the resulting product is a
high degree of stability and maturity. This is manifested in a relative-
ly constant content of organic matter, the absence of phytotoxic com-
pounds, and pathogenic microflora. Substrate maturity is assessed by its
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potential for plant growth, whereas stability is related to the level of mi-
crobial activity. These two terms are often used interchangeably because
phytotoxic compounds are produced by microorganisms under unstable
substrate conditions [46,47].

Substrate maturity indicators are based on various properties: physi-
cal, chemical, and biological, including microbial activity (Table 2). Phys-
ical characteristics such as color, odor, and temperature provide a gen-
eral idea of the stage of decomposition achieved but provide insufficient
information on the degree of maturation [48]. Mature compost should
have a uniform, loose texture, dark color (brown to black), and an earthy
odor. The presence of large particles or foreign materials may indicate
insufficient decomposition. A dense or lumpy structure may indicate in-
sufficient aeration during the fermentation process. Unpleasant odors
(ammonia or rot) indicate problems with aerobic activity or the presence
of pathogens.

Table 2. Indicators of mature compost
Tab6nuiia 2. [IokasaTesu 3peIoro KOMIIOCTa

Unit

Indicator of measurement Value Source
Organic matter content % >30 [31-34]
C/N ratio - 10-15:1 [37,38]
pH — 6-8 [44,45]
Pathogenic microflora pes/cm’ <1 [20,21]
Availability of plant seeds — are missed [46,47]
Ammonia smell - are missed [48]

Compost should contain essential microelements such as iron, copper,
and zinc in concentrations that are safe for plants. Heavy metals and toxic
substances should be kept to a minimum to avoid negative impacts on plants
and the ecosystem. The study of the chemical composition, in particular
the C/N ratio in the solid fraction and liquid extract, the content of water-
soluble carbon, the ratio of water-soluble carbon to water-soluble nitrogen,
the presence of volatile organic acids, and the determination of the stage
of nitrification and denitrification processes is possible only in analytical
laboratories [26-28,41]. The finished secondary product must be free of
pathogenic microorganisms and weed seeds. For this purpose, it is impor-
tant to control the temperature regime during the composting process, as

high temperatures contribute to the destruction of pathogens. The main
indicator of the biological maturity of a substrate is its microbiological sta-
bility: the amount of microbial biomass and its metabolic activity, as well
as the concentration of easily biodegradable compounds [26-28,41-43].

To check the quality of the final product (compost), laboratory tests
are carried out to determine the content of essential nutrients (nitrogen,
phosphorus, potassium) and microelements (iron, copper, zinc). This
chemical analysis allows establishing the benefits of application of the
product into the soil. The presence of heavy metals (lead, cadmium, mer-
cury) and toxic compounds (e. g. pesticides) is determined using toxico-
logical analysis to assess the safety of the compost mixture and its impact
on the environment.

Microbiological analysis is carried out to detect the presence of patho-
genic microorganisms (e. g. E. coli, Salmonella) and weed seeds to confirm
the sanitary safety of the compost.

4. Conclusions
Optimization of aerobic fermentation of organic waste is an important

task that has high significance for sustainable waste management. This

article reviewed key factors affecting the aerobic fermentation process,
such as temperature, humidity, pH, carbon-nitrogen ratio (C/N), and the
role of microorganisms.

This process is an important step towards efficient resource manage-
ment and reduced environmental impact. Using high-quality compost
helps increase agricultural productivity and improve soil health.

In addition, based on the analysis of the factors and patterns of fer-
mentation and the requirements for the quality of the final product, six
basic principles of this process are defined:

1. Determining the purpose of the product with a clear understanding of
what the final product will be used for.

2. Selection of technology considering the natural, climatic, and sanitary
conditions of the region.

3. Optimization of the initial raw materials through the selection of their
physicochemical characteristics, such as the adjusting its carbon-to-
nitrogen ratio, pH level, moisture, and porosity.

4. Monitoring fermentation processes such as regular checking up of
temperature, humidity, oxygen content, and gas emissions.

5. Control of the fermentation process by stimulating the processes with
aeration and stirring.

6. Quality control by analyzing the final product for nutrient content and
the absence of pathogenic microflora.
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