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The global synthetic fertilizer market, valued at approximately USD 200 billion in 2024, faces
declining marginal returns despite increasing application rates. Concurrently, the biofertilizer
market is projected to expand from USD 1.4 billion (2024) to USD 2.8 billion by 2030 (CAGR
~13 %). Integrated nutrient management systems combining mineral fertilizers with microbial
inoculants represent an emerging technological frontier aimed at improving nutrient use efficiency,
environmental sustainability, and soil health restoration.

This review critically examines market dynamics, technological innovations, and practical
challenges in developing integrated fertilizer-biofertilizer products, with a specific focus on micro-
bial coating technologies for granular and liquid fertilizers.

A comprehensive literature review covering 2020-2025, analyzing peer-reviewed publications,
market reports, and field trial data from commercial applications was conducted. Search strategies
employed multiple databases focusing on phosphate-solubilizing bacteria, nitrogen-fixing microor-
ganisms, coating technologies, and integrated nutrient management systems.

Phosphate-solubilizing bacteria (PSB) demonstrate consistent field efficacy, increasing wheat
yields by 14-85 % while enhancing soil available phosphorus up to 33 %. Meta-analyses confirm
biofertilizer yield increases of approximately 10—40 % across diverse crops and environments.
Granular fertilizers coated with microbial inoculants through post-granulation spray coating at
2-5 Lt ! achieve microbial densities of 10°~10° CFU g! with reported shelf-life stability exceeding
12 months. However, technological barriers persist: conventional granulation processes involve
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temperatures (60—90 °C) that inactivate microorganisms, necessitating post-granulation applica-
tion strategies. Liquid fertilizers create chemically aggressive environments (pH 7—-10, high sali-
nity) that are hostile to long-term microbial survival, though short-term tank-mix compatibility
(2—8 hours) enables immediate field application. Recent advances include the use of biopolymer
matrices (chitosan, xanthan gum), metal-phenolic networks, and industrial-scale spray-coating sys-
tems, which demonstrate commercial viability while maintaining cost-competitiveness.

Integrated fertilizer-biofertilizer systems offer substantial potential for sustainable intensifica-
tion, enabling 20-30 % reductions in synthetic fertilizer application without yield penalty. Com-
mercial viability depends on resolving formulation stability challenges through advanced coating
technologies while maintaining cost-competitiveness. The convergence of controlled-release ferti-
lizer technology with microbial inoculant delivery represents a promising pathway for next-
generation nutrient management systems, with projected market potential within this segment

reaching USD 5—6 billion by 2030.

Key words: soil nutrient management; biofertilizer formulation, sustainable agriculture.

1. Introduction

Modern agriculture confronts a fundamental
paradox: while global food production relies in-
creasingly on synthetic fertilizers, their marginal
productivity gains are diminishing even as ap-
plication rates escalate [1; 2]. The global ferti-
lizer market, valued at approximately USD 200
billion annually, exhibits volumetric stagnation
in mature markets despite price volatility and
rising input costs [3; 4]. Nitrogen use efficiency
in intensive cereal systems rarely exceeds 50 %,
with losses through leaching, volatilization, and
denitrification [5; 6]. Thus, the loss of approxi-
mately 59 % of N (at a level of 60-80 kg N/ha)
in the soil-plant system in grain production led
to a 41 % decrease in economic efficiency [7].
Phosphorus faces distinct challenges: upon ap-
plication, approximately 70-90 % of applied P
rapidly converts to retrograded forms unavaila-
ble to plants through fixation by soil minerals
(Fe, Al, Ca) [8]. Soil degradation caused by the
use of mineral fertilizers leads to reduced fertili-
ty, soil compaction, reduced microbial diversity
and other consequences [9; 10]. These factors
stimulate interest in biological solutions.

Microbial biofertilizers — particularly ni-
trogen-fixing bacteria (Azotobacter spp., Rhizo-
bium spp.) and phosphate-solubilizing bacteria
(PSB), including genera Bacillus, Paenibacillus,
and Pseudomonas — demonstrate the capacity
to enhance nutrient availability through biologi-
cal nitrogen fixation [10], mineral phosphate
solubilization [11; 12], stimulation of plant
growth via phytohormone production [13; 14]
and induction of resistance to biotic and abiotic
factors [15-17]. The global biofertilizer market
reached USD 1.4 billion in 2024 with projec-
tions approaching USD 2.8 billion by 2030,
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reflecting compound annual growth rates of
approximately 12—13 % [18].

Yet despite documented efficacy in con-
trolled trials, biofertilizer adoption remains con-
strained by formulation challenges, inconsistent
field performance, and logistical barriers related
to storage, transport, and on-farm handling [19].
A promising solution emerging in recent years
involves so-called integrated products: mineral
fertilizers enriched with microbial inoculants
delivered through advanced coating or tank-mix
technologies [20-22]. Such systems have the
potential to combine the immediate nutrient
supply of mineral fertilizers with the sustained
efficiency-enhancing effects of beneficial mic-
roorganisms [23].

This review examines three interconnected
dimensions of integrated fertilizer-biofertilizer
systems: market and policy dynamics and eco-
nomic drivers, scientific evidence for phos-
phate-solubilizing and nitrogen-fixing microor-
ganisms, and technological challenges and in-
novations in formulation, particularly microbial
coating of granular fertilizers and compatibility
with liquid fertilizer systems. The review relies
on recent literature (2020-2025) and selected
commercial field trial data to assess both
achievements and persistent barriers, providing
an informed perspective on the trajectory of this
emerging technology sector and on the eviden-
tiary gaps that require further validation.

2. Materials and methods

2.1. Literature search and data collection

A systematic literature review covering
publications from January 2020 through January
2025 was conducted. Multiple databases were
queried, including Web of Science Core Collec-
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tion, PubMed, Google Scholar, and industry
market-research repositories. Search terms em-
ployed Boolean combinations: (“phosphate-so-
lubilizing bacteria” or “PSB”) and (“fertilizer
efficiency” or “biofertilizer”); (“nitrogen-fixing
bacteria” or “Azotobacter”) and (“coating tech-
nology”); (“granular fertilizer” or “liquid ferti-
lizer” or “UAN” (urea-ammonium nitrate)) and
(“microbial coating” or “tank mix compatibi-
lity”). Reference lists of key papers were also
screened to identify relevant studies not cap-
tured by database queries.

2.2. Market data analysis

Market valuations and growth projections
were compiled from industry analyst reports
(Mordor Intelligence, Markets and Markets,
IMARC Group), corporate disclosures from ma-
jor fertilizer manufacturers, and peer-reviewed
economic analyses. We prioritized sources
providing methodological transparency regar-
ding market segmentation and growth rate cal-
culations. Where multiple estimates were avai-
lable for the same year or segment, we reported
the range and the most conservative figure.

2.3. Field trial data integration

Commercial field-trial data from integrated
fertilizer-biofertilizer applications (2019-2024)
were incorporated, including multi-location and
multi-crop trials conducted in Ukraine, Europe,
and North America. Data encompassed crop-
yield responses, fertilizer use-efficiency metrics,
and product stability assessments under com-
mercial storage and handling conditions. Be-
cause a portion of these data originated from
corporate sources, they are identified in the text
as proprietary or non-peer-reviewed and inter-
preted with appropriate caution.

2.4. Inclusion and exclusion criteria

Studies were included if they: reported
quantitative field-trial data on biofertilizer or in-
tegrated fertilizer-biofertilizer efficacy, descri-
bed formulation technologies relevant to micro-
bial viability or shelf-life, examined phosphate-
solubilizing or nitrogen-fixing bacteria under
agricultural conditions, or analyzed market
trends with documented data sources. The la-
boratory studies without field validation and re-
view articles published prior to 2020 were ex-
cluded. However, seminal pre-2020 studies we-
re cited selectively to provide background on
coating technologies and mechanisms of plant
growth-promoting microorganisms.
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3. Results

3.1. Global fertilizer and biofertilizer mar-
ket dynamics

3.1.1. Synthetic fertilizer market: scale and
regional dynamics

The global synthetic fertilizer market is
valued at approximately USD 200 billion annu-
ally, supporting an estimated half of world food
production [1,24]. Despite this massive scale,
volume growth has largely plateaued in mature
markets (North America, Western Europe, East
Asia), reflecting agronomic and physiological
limits where additional inputs yield diminishing
returns [1; 12; 14].

The main regional consumption patterns
are in the Asia-Pacific region, North America,
Europe and Latin America.

Asia-Pacific dominates global consumption
(> 50 % market share), with China producing
around 25 % of global fertilizer output and con-
suming approximately 94 million tonnes annual-
ly [3]. Growth rates in these mature intensive
systems have decelerated to about 2—-3 % annu-
ally. North America accounts for ~18 % of the
global market. Despite extensive phosphate and
potassium resources, the region imports more
than half of its nitrogen fertilizers and about
85 % of potassium, creating exposure to supply
chain vulnerabilities [3]. Europe represents
~15% of global markets. Post-2022 energy
price volatility significantly impacted fertilizer
costs, though prices declined from peak levels
of USD 815 t! (April 2022) to USD 334 t'!
(September 2024) for representative NPK bas-
kets [3]. Latin America (~11 % market share)
shows the strongest growth trajectory (CAGR
5-7 %), driven by expansion of soybean, corn,
and sugarcane cultivation in Brazil, Argentina,
and Paraguay [3]. Mature markets show modest
increases of 0.8—1.5 million tonnes annually,
while faster growth concentrates in Sub-Saharan
Africa (projected +25 %, or 2 million tonnes
over 2024-2028) and Latin America/South Asia
(+3—4 million tonnes each). This pattern reflects
a fundamental shift: once soils reach moderate-
to-high fertility, additional synthetic inputs pro-
vide progressively limited benefit while increas-
ing environmental externalities (nutrient runoff,
greenhouse gas emissions) [3; 24].

3.1.2. Biofertilizer market growth trajectory

During 2021 and 2022, global food and fer-
tiliser prices rose sharply due to the recovery
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from the COVID-19 recession and the outbreak
of war between Russia and Ukraine. During
2022-2023, despite the sharp increase in raw
material costs, global demand for fertilisers de-
clined only slightly. A larger percentage of far-
mers (78.6 %) cited the cost of fertilisers as one
of the main problems affecting their activities,
which led to the implementation of adaptation
strategies to reduce dependence on fertilisers.
Such strategies included crop rotation, cover
crops, variable application rates, manure/com-
post use, and/or the addition of microorganism-
based biofertilizers [25].

In contrast, the biofertilizer sector continues
to exhibit robust expansion. Market valuations
increased from approximately USD 3,7 billion
in 2024, with projections reaching USD 6,0 bil-
lion by 2030, representing a compound annual
growth rate of about 9,94 % [26]. This growth
trajectory, while substantial in percentage terms,
maintains biofertilizers at < 1 % of the total fer-
tilizer market by value, highlighting both the
scale of opportunity and the challenges for mar-
ket penetration.

The main growth drivers are regulatory
pressures for input reduction (EU Farm to Fork
Strategy targeting up to 20-30 % fertilizer re-
ductions by 2030) [27], expansion of organic
agriculture requiring approved biological inputs,
rising synthetic fertilizer costs, which improve
the cost-benefit profile of biofertilizers and ac-
cumulating field evidence demonstrating agro-
nomic benefits under farmer conditions.

Regional adoption patterns vary substantial-
ly. India leads in absolute biofertilizer consump-
tion (~30 % global share), driven by govern-
ment subsidies and mandated inclusion in soil-
health and integrated nutrient management pro-
grams. Latin America, particularly Brazil and
Argentina, shows rapid growth (CAGR ~15-
18 %) supported by extensive soybean cultiva-
tion utilizing Bradyrhizobium inoculants. North
America and Europe exhibit slower but steady
adoption (CAGR ~8-10 %), primarily in orga-
nic systems and among by early-adopter con-
ventional farmers [28].

3.1.3. Integrated products: an emerging
high-growth segment

A nascent but rapidly growing segment
involves integrated fertilizer-biofertilizer pro-
ducts: mineral fertilizers (granular or liquid)
enriched with microbial inoculants [21; 22; 29;
30]. While comprehensive market data for this
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subsegment remains limited, industry sources
suggest this category represents approximately
3-5% of total biofertilizer sales (~USD 40—
70 million in 2024) with projected growth rates
potentially exceeding 20 % annually. If this tra-
jectory continues, integrated products could
reach USD 200-300 million by 2030, contribu-
ting to biofertilizer market expansion toward
an aspirational USD 5-6 billion valuation when
broader biostimulant and microbial categories
are included [28].

Growth drivers include farmer preference
for operational simplification (single-pass ope-
rations) and potential synergies, wherein mine-
ral nutrients support microbial establishment
while microbes enhance nutrient use efficiency.
Major fertilizer manufacturers are increasingly
investing in this space: ICL’s NanoCote tech-
nology, Mosaic’s MicroEssentials line with mi-
crobial-coating options, and regional producers
in Eastern Europe, Brazil, and China developing
proprietary formulations [29-32].

The core technological challenge — main-
taining microbial viability through manufactur-
ing, storage, and field application — remains
the primary constraint currently limiting broader
commercialization.

3.2. Phosphate-solubilizing and nitrogen-
fixing bacteria: mechanisms and efficacy

Phosphate-solubilizing bacteria (PSB) en-
hance plant phosphorus nutrition through multi-
ple mechanisms, such as secretion of low-
molecular-weight organic acids (gluconic, citric,
oxalic) that chelate cations (Ca’’, Fe**, AI*")
bound to phosphate; production of phosphatase
enzymes and phytases mineralizing organic
phosphorus compounds, formation and release
of siderophores, which chelate metal ions and
form complexes, helping phosphates to be
available for plant uptake; and acidification of
the rhizosphere through proton extrusion and
respiratory CO, production [10-13; 33-36].

Key genera of PSB include Bacillus, Pae-
nibacillus, Pseudomonas, Burkholderia, and Pa-
ntoea. Their performance is highly dependent
on soil pH, organic carbon availability, texture,
moisture, and indigenous microbial competition
strongly modulate PSB efficacy, explaining the
substantial field-to-field performance variability
reported in the literature [33].

Recent field trials document their notable
efficacy. Wheat (Triticum aestivum L.) inocula-
tion with PSB consortia increased yields up to
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14.42 % (P <0.05) compared with the control
treatment in phosphate fertilizer-used farmland.
Besides promoting wheat growth, we found the
labile P fraction in soil was significantly in-
creased by over 122.04 % (P < 0.05) under PSB
inoculation compared with it in soils without, in
parallel, the stable P fraction was significantly
reduced by over 46.89 % (P <0.05). Further-
more, PSB inoculation increased the soil micro-
bial biomass and activity [34]. Maize trials with
PSB seed treatment reported yield gains of 64—
85 % compared to uninoculated controls when
PSB were combined with reduced phosphorus
fertilizer inputs. A recent meta-analysis con-
firms that PSB consistently enhance rock phos-
phate solubilization and crop phosphorus up-
take, though efficacy varies with soil type, cli-
mate, and the specific strain or consortium em-
ployed [35]. This data support the premise that
PSB can partly compensate mineral P applica-
tion rates, but they also underscore the need for
strain-soil matching and multi-location valida-
tion.

Biological nitrogen fixation in classical
Rhizobium-legume symbiosis is well-established,
contributing approximately 2060 kg N-ha™! per
season in soybean and other grain legumes un-
der favorable conditions [10; 37]. More recent
and agronomically intriguing are associative ni-
trogen-fixing bacteria colonizing cereal roots:
Azotobacter spp., Azospirillum spp., Herbaspi-
rillum spp., others and endophytic bacteria [38].
The action of Rhodotorula mucilaginosa NF
516 and Arthrobacter sp. NF 528, either sepa-
rately or in combination, significantly improved
wheat plant growth and enhanced nutrient up-
take (N and P) under conditions of reduced ni-
trogen content in the soil [39]. While nitrogen
fixation rates in cereals (typically 10-30 kg Nx
xha!-season!) are lower than in legume sym-
bioses, additional benefits accrue through phy-
tohormone production (auxins, gibberellins, cy-
tokinins) that stimulate root growth, enhance
nutrient uptake, and may improve abiotic-stress
tolerance [40].

A meta-analysis of experimental studies
showed that the effectiveness of NFB inocula-
tion varied significantly depending on the com-
bination of crop and bacteria; soil inoculation
demonstrated a significantly greater positive ef-
fect than seed inoculation [41]. Field evidence
from wheat, maize, and rice systems demon-
strates yield increases of about 10-25 % with
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nitrogen-fixing inoculants, often accompanied
by 15-20 % reductions in synthetic nitrogen fer-
tilizer without detectable yield penalty. Howev-
er, efficacy depends critically on soil nitrogen
status: indigenous nitrogen levels above 80—
100 kg N-ha! suppress biological fixation thro-
ugh feedback regulation, thereby limiting bene-
fits in intensively fertilized systems. According-
ly, the strongest response is reported in mode-
rate-input or transitional systems, which is par-
ticularly relevant for integrated fertilizer-bio-
fertilizer systems targeting N-rate optimization
rather than full replacement [42—44].

3.3. Synergistic effects microorganisms in
integrated systems

Combining PSB and nitrogen-fixing bacte-
ria with reduced mineral fertilizers often yields
additive-to-synergistic benefits exceeding indi-
vidual treatments. Field trials employing micro-
bial consortia with 70-80 % of standard NPK
rates produced yield increases of 10-22 % rela-
tive to full-fertilizer controls while using 20—
30 % less fertilizer [45]. These mechanisms in-
volve such factors, as nitrogen fixation supply-
ing additional N to support plant growth, phos-
phate solubilization enhancing P availability,
microbial organic acids improving micronutri-
ent (Fe, Zn, Mn) solubility, and phytohormone
production stimulating root proliferation and
greater nutrient foraging capacity [40; 42; 47,
48]. Joint inoculation of wheat plants with dia-
zotrophic Paenibacillus beijingensis BJ-18 and
phosphate-solubilising Paenibacillus sp. B1 sig-
nificantly increased plant growth and the con-
tent of phosphates and nitrogen in the roots and
shoots of plants and in the soil [48]. In several
cases, improved root architecture also enhanced
water uptake, indirectly contributing to yield
stability under transient stress [40; 42].

These integrated effects suggest a realistic
potential for fertilizer substitution — 20-30 %
reductions in mineral inputs while maintaining
or improving yields — provided that microbial
establishment and activity can be reliably
achieved under diverse field conditions and that
strains are matched to soil and crop require-
ments [49].

3.4. Technological challenges and innova-
tions in formulation

3.4.1. Granular fertilizers: from thermal
barriers to coating solutions

Conventional granular fertilizer production
involves high-temperature processes (60-90 °C)
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during granulation, drying, and in some cases
coating stages [51]. Most microorganisms can-
not survive these conditions: vegetative bacteri-
al cells typically exhibit thermal death kinetics
with D-values (decimal reduction times) of 2—
5 minutes at 60 °C. Even spore-forming Bacil-
lus species experience significant viability los-
ses during prolonged exposure to granulation/
drying temperatures [52].

This thermal barrier historically prevented
microbial incorporation during granular fertili-
zer manufacture. However, a breakthrough solu-
tion has emerged: post-granulation spray coa-
ting of finished granules with microbial inocu-
lants at ambient temperatures (15-25 °C) [51].
This approach enables practical commercial
production while maintaining microbial viabi-
lity, allows flexible dosing, and can be imple-
mented on existing coating drums with limited
retrofitting.

3.4.2. Post-granulation coating technolo-
gies and commercial applications

Several coating approaches demonstrate
commercial viability, for example direct spray
coating with protective additives. The most
practically implemented approach involves
spraying microbial suspensions directly onto
finished granules using standard fertilizer-coa-
ting equipment. Liquid inoculant application
rates of 2-5 L-t"! of granular fertilizer typically
achieve target microbial densities of 10°-
108 CFU-g!. Protective additives in the spray
solution — including glycerol, trehalose, or
polysaccharides — enhance desiccation tole-
rance during drying and subsequent storage
[54]. A two-step application (microbial spray —
light sealing layer) can further improve shelf-
life, where coating lines permit. As a commer-
cial example is the BTU-Center Groundfix
Coater technology. BTU-Center (Ukraine) de-
veloped a practical post-granulation coating sys-
tem for enriching granular NPK fertilizers with
microbial consortia [53]. Field trials (2020-—
2024) of BTU-Center Groundfix Coater tech-
nology across multiple locations demonstrated
the application rates of 2-5 L inoculant per
tonne fertilizer can be achieved and that coated
products maintained shelf-life stability for more
than 12 months at ambient temperature (18—
25 °C), with microbial populations maintained
remaining > 10°-107 CFU-g! throughout sto-
rage period. Also early plant response was ob-
served, such as enhanced root development vi-
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sible within 14-21 days post-application. Usage
of BTU-Center Groundfix Coater technology
increased maize yield up to 0.4-1.0 t-ha! (5-
12 % gains) compared to standard fertilizer,
sunflower yield improvements of 0.3-0.6 t-ha™!
(8-15 % gains) and economic returns (additio-
nal yield value minus coating cost) ranged from
2:1 to 5:1, depending on crop price and fertilizer
rate.

In specific trials, enriched fertilizer at 100
kg-ha™! produced yield increases nearly three
times greater than standard fertilizer: conven-
tional fertilizers yielded +250 kg-ha™!, while en-
riched formulations delivered +960 kg-ha'.
Across five multi-location trials (2020-2024) on
corn and sunflower, average yield increments
reached 400 kg-ha™! [54].

The use of the mineral fertiliser azophoska,
enriched with B. amyloliquefaciens subsp. plan-
tarum 5/13, B. cereus 3/7, B. amyloliquefaciens
B-22 contributes to an increase in the number of
rhizosphere soil bacteria in Bellarosa potato
plants by more than 2 times for individual vari-
ants of ammonifying (by 5-82 %), phosphate-
solubilising bacteria and microorganisms that
mainly absorb mineral nitrogen compounds.
This further contributes to the development of
the root system and its absorption capacity, the
content of chlorophylls a and b, the area of the
photosynthetic apparatus, the specific surface
density of leaves the increase in crop yield and
starch content, and the reduction in nitrate con-
tent [21; 22].

When using a biopolymer coating system,
microorganisms, suspended in biopolymer solu-
tions (chitosan, alginate, xanthan gum) are
sprayed onto granules, followed by gentle, low-
temperature drying (3540 °C) forming protec-
tive films [53; 55]. Chitosan-based coatings of-
fer particular promise due to their mild antimi-
crobial properties that protect against contami-
nation while still maintaining beneficial strain
viability. Xanthan gum provides excellent film-
forming characteristics and moderate moisture
retention. This approach routinely achieves mi-
crobial densities of 10°-10% CFU-g! fertilizer
with shelf-life stability exceeding 12 months at
ambient temperature.

To protect Bradyrhizobium spp. cells, an
encapsulation technique was developed using
a thermostable xeroprotectant core based on al-
bumin and trehalose and a hydrophobic water
vapour barrier shell made of paraffin, which
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increased the stability of the culture for 4
months during storage at a high temperature
(32 °C) and 75 % relative humidity [56].

Metal-phenolic network (MPN) coatings.
A recent innovation involves self-assembling
coatings combining metal ions (Fe*", Ca*") with
polyphenols (tannic acid) [57]. MPNs protect
microorganisms from desiccation, elevated tem-
peratures (up to 50 °C), and humidity fluctua-
tions. Coated Pseudomonas chlororaphis main-
tained viability after lyophilization and 6-month
storage at 25 °C, demonstrating equal or superi-
or protection compared to conventional ap-
proaches. Pseudomonas chlororaphis, coated
with MPN, improved seed germination by
150 % compared to the control [57].

However, there are some critical success
factors identified across approaches. Coating
rate optimization, for example, 2-5 L-t! ba-
lances microbial density, cost, and coating uni-
formity. Also microbial strain selection is im-
portant, because hardy strains exhibiting desic-
cation tolerance and rapid soil colonization out-
perform lab-optimized isolates. Bacillus and
Paenibacillus species forming dormant endo-
spores demonstrate notable superior storage sta-
bility. And moisture control is important.
Achieving <3 % moisture content post-coating
minimizes aggregation during bulk storage and
mechanical spreading. And equipment compati-
bility need to consider, because coated fertili-
zers must retain free-flowing properties compa-
tible with standard spreading machinery.

3.4.3. Liquid fertilizer compatibility and
tank-mix strategies

Liquid complex fertilizers — particularly
UAN (urea-ammonium nitrate, 28-32 % N) and
liquid NPK formulations — represent 25-30 %
of fertilizer markets in North America, Brazil,
Ukraine, and Kazakhstan. However, these sys-
tems present substantial challenges for extended
microbial storage. There are some chemical en-
vironment challenges:

— high salinity (UAN and liquid NPK ex-
hibit osmotic pressures (2—6 osmol kg') ex-
ceeding most bacterial tolerance thresholds);

— alkaline pH (UAN solutions typically ran-
ge pH 7-10 due to ammonia equilibria);

—chemical reactivity (urea and ammonia
can carbamylate bacterial proteins and free radi-
cals can damage cell membranes and DNA).

Despite long-term storage incompatibility,
short-term tank-mixing enables immediate field
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application. This strategy leverages the logisti-
cal advantages of liquid fertilization while ac-
knowledging that true long-term co-formulation
with high-salt liquids remains an unresolved
formulation challenge.

As BTU-Center field practices shown, the
commercial applications of Groundfix bioferti-
lizer demonstrate successful tank-mix compa-
tibility with various liquid fertilizers [53]. For
example, post-mixing survival (microorganisms
in UAN solutions, 28-32 % N) for 2—8 hours is
sufficient for immediate broadcast or injection
application; liquid urea solutions are compatible
for same-day field application following tank
preparation; and compatibility with urease in-
hibitors (field experience confirms that Ground-
fix can be tank-mixed with UAN containing
NBPT (N-(n-butyl) thiophosphoric triamide)
urease inhibitors [54] without loss of detectable
microbial activity, enabling integrated nutrient
and efficiency management).This approach de-
liberately eliminates extended storage compati-
bility requirements, focusing instead on micro-
bial survival during the short period between
tank preparation and field delivery. Field trials
confirm that biofertilizer efficacy is maintained
when applications occur within recommended
timeframes [54].

Urease inhibitors like NBPT, widely used
to reduce ammonia volatilization from urea
[58], temporarily inhibit urease enzyme activity
in soil. While laboratory studies show that
NBPT can affect plant urea uptake systems at
high concentrations, field-relevant application
rates (530-1060 mg NBPT-kg ' urea) do not
eliminate beneficial microbial activity when
proper tank-mix protocols are followed. The
brief exposure period (2—8 hours) before soil in-
corporation allows bacterial survival while pre-
serving both NBPT functionality and biofertili-
zer benefits.

Alternative strategies under investigation
include: the use of protective additives, such as
glycerol, trehalose, or proline added at 1-3 %
(w/v). which provide osmoprotection and ex-
tend bacterial survival [59]; microencapsulation
(alginate-encapsulated bacteria can withstand
liquid fertilizer environments for 7-14 days,
though cost and scalability challenges persist)
[53]; and separate application tracks (liquid fer-
tilizer and microbial inoculant applied through
separate nozzles in precision equipment, con-
verging only at soil surface; this approach
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avoids in-tank incompatibility while preserving
single-pass field logistics).

3.5. Economic considerations and market
viability

3.5.1. Cost-benefit economics

Economic viability of integrated fertilizer-
biofertilizer products depends on several interre-
lated factors, such as:

1. Manufacturing cost increments. Post-gra-
nulation microbial coating adds approximately
USD 15-40 per tonne fertilizer, depending on
inoculant costs, application rates, and produc-
tion scale. For granular NPK fertilizers typically
costing USD 350600 per tonne, this represents
a 2.5-10 % premium — commercially accep-
table provided that agronomic benefits materia-
lize.

2. Yield value realization. Field trials de-
monstrating 5—15 % yield increases translate to
substantial economic returns. For maize at USD
200 t ! and 10 t-ha! baseline yield, a 10 % yield
gain (+1 t-ha™!) generates USD 200 ha' addi-
tional revenue, easily justifying USD 2040 ha!
coating cost increments.

3. Fertilizer substitution savings. If inte-
grated products enable 20-30 % reductions in
total fertilizer application — as demonstrated in
BTU-Center trials showing maintained yields
with 70 % of standard NPK rates plus Ground-
fix [54] — farmers realize both input cost sa-
vings (USD 70-180 ha! for typical NPK pro-
grams) and reduced application/ logistics ex-
penses.

BTU-Center field trials consistently demon-
strate positive economic returns of Groundfix in
commercial viability assessment [54]: coating
cost increment ~ USD 2040 t! fertilizer; ap-
plication rate typically 150-300 kg-ha™!' en-
riched fertilizer; additional coating cost USD 3—
12 ha''; yield value increase: USD 60-200 ha™!
(depending on crop and price); net economic
benefit USD 50-190 ha™!; return on coating in-
vestment of 5:1 to 15:1 ratio.

There are, however, some risk and variabi-
lity. The economic case weakens if field effica-
cy proves inconsistent. Risk-averse farmers re-
quire multiple successful on-farm demonstra-
tions before adoption, creating a “technology
valley of death” where promising innovations
stall without large-scale farmer validation net-
works. This explains the critical importance of
multi-location, multi-year field trial programs to
establish robust efficacy data.
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4. Discussion

4.1. Technological maturation and remai-
ning barriers

The past five years have witnessed substan-
tial progress in integrated fertilizer-biofertilizer
technology [55-57; 60—62]. Post-granulation
coating approaches now routinely deliver viable
microorganisms (> 10-107 CFU-g!) with 12—
18 month shelf stability, addressing the primary
technical barrier that long constrained this ca-
tegory [54]. Practical spray coating systems,
exemplified by BTU-Center’s Groundfix tech-
nology, demonstrate commercial viability across
multiple crops and environments.

Coating material selection represents a cri-
tical decision point. While advanced systems
such as metal-phenolic networks offer superior
protection [57], simpler approaches using bio-
polymers (chitosan, xanthan gum) or protective
additives in direct spray coating can provide
adequate performance at lower cost [53; 55; 56].
Commercial success depends less on achieving
maximum theoretical protection than on mee-
ting practical thresholds: 12-month shelf life,
compatibility with standard handling equipment,
and cost increments <10 % of base fertilizer
price.

However, critical challenges persist:

1. Liquid fertilizer compatibility remains
largely unsolved for extended storage scenarios.
While tank-mix protocols enable 2—8 h stability
sufficient for immediate application — success-
fully implemented by BTU-Center and other
commercial producers — the goal of fully shelf-
stable liquid fertilizer-biofertilizer products ap-
pears distant absent fundamental breakthroughs
in microbial stress tolerance and osmoprotec-
tion. For practical purposes, short-term tank-mix
compatibility may represent an adequate solu-
tion given that most liquid fertilizer applications
involve on-farm/near-field mixing rather than
long-term pre-mixed storage.

2. Field efficacy variability continues to
challenge the sector. While meta-analyses con-
firm average benefits [35] and specific commer-
cial programs (e.g., Groundfix) demonstrate
consistent performance [54], individual farmer
experiences can vary substantially. This varia-
bility reflects complex interactions between ino-
culant strains, indigenous soil microbiomes, en-
vironmental conditions, and management prac-
tices [16]. Developing predictive models, deci-
sion-support tools, or rapid diagnostic tools to
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identify optimal application scenarios remains
an active research frontier.

4.2. Market trajectory and integration
pathways

The integrated fertilizer-biofertilizer cate-
gory exhibits characteristics of early-stage inno-
vation adoption. Current market size (~ USD
40-70 million within the USD 1.4 billion bio-
fertilizer sector [8]) represents <5 % penetra-
tion, but also a substantial growth potential. Pro-
jected trajectories suggest several possible sce-
narios. Conservative scenario shows 15-20 %
annual growth maintaining current market posi-
tioning would yield USD 150-200 million by
2030, representing modest penetration within
a USD 2.8 billion biofertilizer market. Moderate
growth scenario shows 25-30 % annual growth,
driven by expanded commercial adoption (ana-
logous to Groundfix expansion in Eastern
Europe and selected emerging markets) could
reach USD 300400 million by 2030. Optimis-
tic scenario shows that, if technological barriers
are substantially overcome and regulatory fra-
meworks are better harmonized, integrated pro-
ducts could achieve 10—15 % of total biofertili-
zer markets (USD 280—420 million) by 2030.
Combined with broader biostimulant category
growth, this would contribute to an aspirational
USD 5-6 billion addressable market incorpora-
ting multiple biological enhancement technolo-
gies.

Realization of higher growth scenarios de-
pends on continued demonstration of robust and
reproducible field efficacy across diverse condi-
tions; cost competitiveness as production scales
and coating lines are standardized; regulatory
harmonization enabling more efficient market
access and multi-country registrations, and inte-
gration with precision agriculture platforms that
can optimize deployment strategies [63].

4.3. Integration with precision agriculture
and digital platforms

A promising trajectory involves the conver-
gence of integrated fertilizer-biofertilizer pro-
ducts with precision agriculture technologies
[64]. Variable-rate application equipment can
optimize integrated product deployment based
on georeferenced soil fertility maps, applying
microbial-enriched fertilizers selectively to
zones exhibiting high phosphorus fixation,
suboptimal P availability or localized N defi-
ciency, while using conventional products else-
where. This precision approach maximizes eco-
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nomic returns by concentrating the high-cost,
higher-value inputs where agronomic benefits
are greatest [65].

Furthermore, real-time soil and plant diag-
nostics — NDVI imaging, proximal soil sen-
sors, foliar nutrient analysis — can monitor and
validate microbial inoculant performance within
season, enabling adaptive management deci-
sions. The integration of biologicals data with
digital agriculture platforms thus transforms
biofertilizers from products applied “on faith” to
precision-deployed tools based on measured
soil-plant-microbe status [66].

4.4. Sustainability implications

From an agroecological perspective, inte-
grated fertilizer-biofertilizer systems offer tan-
gible sustainability benefits. The combination of
biotechnology and nanotechnology has the po-
tential to transform agricultural practices and of-
fers answers to both immediate and long-term
challenges. Field-validated reductions of 20—
30 % in synthetic fertilizer application without
yield penalty [38; 54] translate to reduced
greenhouse gas emissions from fertilizer manu-
facture and field N2O emissions, diminished nu-
trient runoff contributing to aquatic eutrophica-
tion, improved soil health through enhanced mi-
crobial diversity and stimulated organic matter
accumulation, and decreased dependency on fi-
nite phosphorus reserves [24; 65; 67; 68]. Ho-
wever, these benefits require consistent field ef-
ficacy. If microbial inoculants underperform,
farmers will revert to conventional fertilizer
rates, eliminating expected sustainability gains.
Therefore, the environmental prospects of this
direction directly depend on technological reli-
ability.

Despite the fact that economic expectations
for biofertilisers are promising, several metho-
dological, environmental and legal issues are
hindering their development. The established
distribution network of mineral fertiliser com-
panies makes it difficult for biofertilisers to en-
ter the supply chain. Therefore, support from
various stakeholders and government agencies
to improve the situation in general and the sup-
ply chain in particular will lead to stable and
sustainable growth in the use of biofertilisers in
the future. Rethinking the international legal
framework, improving it based on trending
technologies, and promoting cross-sector coo-
peration are key factors in promoting biofertili-
sers as environmentally important and cost-
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effective alternatives to chemical fertilisers [19;
63; 69; 70].

The industry must prioritize formulations
and application protocols that demonstrate reli-
able, cross-environment performance rather than
only peak efficacy under optimal scenarios [16].

5. Conclusions

The transition toward more sustainable and
efficient agricultural systems underscores the
growing importance of integrated fertilizer-bio-
fertilizer technologies. While synthetic fertili-
zers remain foundational to global food produc-
tion, their declining marginal returns and envi-
ronmental impacts create a strong rationale for
innovations that enhance nutrient use efficiency.
Integrated products — combining mineral nutri-
tion with microbial inoculants — offer a com-
pelling middle-ground approach. They retain the
reliability of conventional nutrient supply while
leveraging biological mechanisms to improve
nutrient uptake, soil health, and resilience. Re-
cent advances in post-granulation microbial
coating now enable shelf-stable granular ferti-
lizers with high viable microbial counts and
documented field performance. Trials consis-
tently demonstrate 5—15 % yield gains and ena-
ble 20-30 % reductions in fertilizer use without
yield penalty.

Commercial solutions, such as Groundfix
(BTU), exemplify the technical and agronomic
viability of these systems. Return-on-investment
ratios ranging from 2:1 to 15:1 across various
crops confirm that integrated solutions can be
cost-effective under field conditions.

However, challenges remain — particularly
the chemical incompatibility between living mi-
crobial agents and liquid fertilizer environments
over prolonged storage. While short-term tank-
mix strategies (2—8 hours) enable effective ap-
plication, true co-formulation of shelf-stable
microbial-liquid blends requires further break-
throughs in microbial tolerance and encapsula-
tion technology.

Looking ahead, four priorities will shape
the sector’s maturation:

1. Robust field validation across soil-clima-
tic conditions to guide deployment under vari-
able conditions.

2. Improved formulation science, ensuring
strain viability, compatibility, and cost effici-
ency.

3. Integration with precision agriculture
platforms to optimize spatially targeted use.

12 ISSN 1997-3004

4. Regulatory streamlining to support bro-
ader market access for microbial-enhanced
products.

Market projections — USD 300—400 mil-
lion for integrated products by 2030 within a
broader biofertilizer market projected at USD
2.8 billion — signal significant growth poten-
tial. The convergence of microbial delivery
technologies with controlled-release fertilizers
offers a path toward scalable, sustainable nutri-
ent solutions aligned with global agroecological
and productivity goals.
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Céimosuili punok cuHmemuuHux 0obpus, obcsae sikoeo y 2024 poyi oyiHtoembcs npuOIUIHO
v 200 mapo oon. CLLA, cmukaemobcs 3i 3HUICEHHAM 2PAHUYHOL 8i00aUi, HEe36aNCAOYU HA 3POCHAH-
HSl HOpM 6HeceHHs. Boowouac pumox 6iodobpus, 3a npocnozamu, 3pocme 3 1,4 mapo oon. CILLA
v 2024 poyi 0o 2,8 mapo oon. CLIA 0o 2030 poxy (CAGR ~13 %,). Inmezposani cucmemu dcugneH-
HS, WO NOEOHYIOMb MIHEPANIbHI 000pU6a 3 MIKPOOHUMU THOKYAAHMAMU, (DOPMYIOMb HOBUL MEXHO-
JIO2TYHUL HANPAM, HAYIIeHUU HA NiOBUWEeHHS eheKMUBHOCMI BUKOPUCAHHS elleMeHMIB HCUBTEHHS,
eKON02IYHY CMANicmy i 8i0HOBIEHHS TPYHMOB020 300P08 5.

Y yvomy oenaoi kpumuuno npoananizo8ano punHKogy OUHAMIKY, MEXHON02IuHI IHHO8aYil ma
NPAKMUu4Hi 8UKIUKU, NO8 SA3AHI 3 PO3POOKOI IHMeSpOo8anHux 000pus, 3 0COOIUBUM AKYEHMOM HA
MEeXHON02IAX MIKPOOHO020 NOKPUMMSL OJis1 2PAHYIbOBAHUX [ PIOKUX OpMYIAYILL.

byno nposeoeno cucmemamuunuii oenso nimepamypu 3a 2020-2025 poxu i3 3anyyenHsam peye-
H308aHUX NYONIKAYil, PUHKOBUX 36IMI8 I OAHUX NOJbLOBUX BUNPODYBAHL 13 KOMEPYIUHO20 3ACMOCY-
eanns. Ilowykosi cmpamezii oxonnrosanu Kineka 6az oanux i goxycysarucs Ha gocammoobinizy-
BANLHUX OaKmMepisx, a30meikcamopax, mexHoI02iax NOKPUMMS U CUCEMAX THMe2PO8aAHO20 JHCUB-
JIeHHSL.

Docammobdinizysanvri baxmepii (OMB) demoncmpytoms cmadinvHy noib08y eexmuenicme,
3abe3neuyrouu npupicm ypoxcatiHocmi nuenuyi na 14-85 % i niosuwenns oocmynnozo gocgopy
6 tpyumi 00 33 %. Memaoani niomeepoxcyroms nioguwenns epodicatinocmi na 10—-40 % npu 3a-
CMocy8anHi 6i0000pu6 Ha Pi3HUX KYIbmypax i 6 pisHux ymoeax. I panynrvosani 0oopuea 3 Mikpoo-
HUM NOKPUMMAM, HAHECEeHUM Memo0oM NOCMEPAHYIAYIIHO20 0ONPUCKYB8AHHA Y 0031 2—5 1/m, 3a-
bezneuyioms mikpobue nasanmaxncenns 10°—10° KYO/2 3 mepminom 36epicanus nonao 12 micsayis.
Boounouac 36epicatomvca mexHono2iyHi 6ap epu: mpaouyiuni npoyecu epanyiayii npoxoosims 3d
memnepamyp 60—-90 °C, wo inakmugye MiKpoOpeaHizmu, a ye 3yMOBIIE HeOOXIOHICMb nocmepa-
HYIAYIiHO20 HaHeceHHs. Pioki 0obpusa cmeopioioms XimiuHo azpecusHe cepedosuwe (pH 7-10),
BUCOKA OCMOJISIPHICMb), Hecnpusamauge O 00820MPUBATIO20 30epedCeH sl MIKPOOp2aHi3mMis, Xoua
KOPOMKOYACHA MAHKOBO-3MIULYBANbHA CYMicHIcmb (2—8 200uH) 0036075€ IX NOILOGE 3ACMOCY-
sanHs. OcmaHui 00CACHEeHHs OXONII0I0Mb GUKOPUCIAHHS OIONONIIMEPHUX Mampuyb (Ximo3aH, KCaH-
Mmanosa Kameowv), MemanoheHONbHUX Mepedc | NPOMUCTIOBUX CUCmeM 0ONPUCKYBAHHS, AKI 008enu
KOMEPYIUHY HCUMMEZOAMHICMb | 30epiearomb YiHO08Y KOHKYPEHMOCHPOMONCHICIb.
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Iumeeposani cucmemu 006pus i 6i0006pUE MarOMb 3HAYHUL NOMEHYIAN OISl CMIUKOT IHMeHCU-
Gikayii, oaroyu 3mo2y cKOpomumu GUKOPUCMAHHI cuHmemuyHux ooopus na 20-30 % 6e3 empamu
gpoaicatinocmi. Ixus xomepyiiina scummesdamuicme 3anexcums 6i0 NOOONAHHA SUKIUKIE U000
cmabinbHocmi popmynayiti 3a 00NOMO2010 CYHACHUX TMEXHON02Il NOKPUMMSL NPU 30eperCeHHi KOH-
Kypenmnoi eapmocmi. Kongepzenyis mexnHono2iti KOHMpONbO8AHO20 BUBLIbHEHHS 3 O00CMABKOI0
MIKPOOHUX THOKYJIIHMIB € NEPCHEKMUBHUM UWIAXOM PO3GUMKY CUCHEM JICUBNEHHS HOB020 NOKOJIIH-
HA, punkoeuti nomenyian saxkux 0o 2030 poky oyintoemucs 6 medcax 5—6 mapo ooaapie CLLA.

Kito4oBi cinoBa: ynpasninma socunenuam ipynmy, opmynayis 6io0obpus;, cmane cilbCcbke 20C-
nooapcmao.
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