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1. Introduction

Climate change constitutes one of the most formidable challenges to global food security in the twenty-first century. Rising
global temperatures, increasing frequency of extreme weather events, shifting precipitation patterns, and expanding ranges of
pests and pathogens collectively threaten agricultural productivity across all world regions [, The Intergovernmental Panel on
Climate Change projects that without substantial adaptation and mitigation, climate change could reduce crop yields by 2-6%
per decade while demand for food continues to grow, potentially exposing hundreds of millions to hunger and malnutrition 21,
These impacts are superimposed on an already stressed food system responsible for approximately 34% of global greenhouse
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gas emissions and exerting unprecedented pressure on land,
water, and biodiversity resources 1.

Within this context, fermentation technologies are
undergoing a fundamental transformation from their
traditional role in food preservation to sophisticated
bioprocessing platforms capable of addressing climate
resilience and sustainability imperatives. Traditional
fermentation, developed over millennia through empirical
observation, provided effective means of extending shelf life
and enhancing nutritional value but remained largely
dependent on agricultural raw materials subject to the same
climate vulnerabilities as the broader food system . The
emergence of controlled fermentation systems incorporating
instrumental monitoring and feedback control represented an
important advance, enabling consistent product quality and
improved process efficiency [,

Precision fermentation—the most recent and transformative
evolution—employs engineered microbial platforms as
cellular factories for the targeted production of specific
functional ingredients, including proteins, lipids, vitamins,
and enzymes . By decoupling food production from
weather-dependent agriculture, precision fermentation offers
fundamental climate resilience advantages: production can
continue regardless of drought, flood, or temperature
extremes; land use requirements are dramatically reduced;
and water consumption can be optimized through
recirculating systems U1, Furthermore, the integration of
digital technologies including artificial intelligence, real-time
sensors, and predictive modeling enables continuous process
optimization that maximizes resource efficiency while
minimizing waste.

This review examines controlled and precision fermentation
systems through the lens of climate resilience and
sustainability. The scope encompasses the technological
foundations of these systems—including microbial
engineering, bioreactor design, and digital optimization—
their applications in climate-resilient food production,
sustainability assessment across environmental dimensions,
and the economic, regulatory, and social factors governing
industrial  implementation. By synthesizing current
knowledge and identifying future research directions, this
paper aims to illuminate how precision fermentation can
contribute to food systems capable of withstanding climate
disruptions while reducing environmental footprints.

2. Fundamentals of Controlled and Precision
Fermentation

2.1. Microbial Engineering and Strain Selection

The foundation of precision fermentation lies in the
development of microbial strains optimized for efficient
conversion of substrates into target products under controlled
conditions. Advances in genetic engineering, synthetic
biology, and systems biology have expanded the repertoire of
microorganisms available for food applications and enhanced
their productive capabilities [€,

Saccharomyces  cerevisiae, the most extensively
characterized and industrially employed yeast species, serves
as a versatile platform for precision fermentation due to its
genetic tractability, rapid growth, and Generally Recognized
as Safe (GRAS) status. Engineered strains of S.
cerevisiae have been developed for production of
recombinant proteins including bovine milk proteins
(caseins, [B-lactoglobulin), hen egg white proteins
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(ovalbumin), and plant-derived proteins (hemoglobin, soy
leghemoglobin) I, The metabolic flexibility of yeast enables
utilization of diverse carbon sources including glucose,
sucrose, and glycerol, facilitating integration with various
feedstock streams.

Komagataella phaffii (formerly Pichia pastoris) has emerged
as a preferred expression system for high-yield production of
recombinant proteins due to its strong, tightly regulated
promoters, capacity for post-translational modifications, and
ability to achieve extremely high cell densities in
fermentation @9, This methylotrophic yeast has been
employed for commercial production of food enzymes, milk
proteins, and other functional ingredients, with product titers
exceeding 20 g/L achievable through process optimization.
Filamentous fungi, including Trichoderma
reesei, Aspergillus niger, and Aspergillus oryzae, offer
advantages for production of secreted proteins due to their
natural capacity for high-level protein secretion and
established industrial use in enzyme production 3. These
organisms are particularly suited for production of food
enzymes and functional proteins requiring specific
glycosylation patterns. Strain engineering through classical
mutagenesis and modern genome editing has progressively
improved production yields, with some enzymes produced at
titers exceeding 100 g/L.

Lactic acid bacteria, including Lactococcus lactis and
various Lactobacillus species, provide GRAS expression
platforms particularly suited for production of food-grade
enzymes, antimicrobial peptides, and metabolites. Their
relatively simple metabolism and limited secretory capacity
constrain applications compared to yeast and fungal systems,
but their food-grade status and acid tolerance make them
valuable for specific applications [*21,

Mixed microbial consortia, rationally designed or adapted
from traditional fermentations, offer emergent functionalities
unattainable by single species. Complementary metabolic
activities—for example, combining hydrolytic fungi that
break down complex substrates with lactic acid bacteria that
produce antimicrobial compounds—enable consolidated
bioprocessing wherein substrate degradation and product
formation occur in a single unit operation 3. Such
approaches are particularly relevant for climate-resilient
systems utilizing variable or low-quality feedstocks.

2.2. Bioreactor Design and Process Control

The physical environment in which microorganisms are
cultivated critically influences process performance, product
quality, and resource efficiency. Modern bioreactor design
incorporates sophisticated features enabling precise control
of critical process parameters while maintaining aseptic
conditions essential for pure culture fermentation (41,
Stirred-tank  bioreactors  remain  the  predominant
configuration for industrial fermentation, offering excellent
mixing and mass transfer characteristics. Advanced designs
incorporate multiple impellers, baffles, and sparging systems
optimized for oxygen transfer while minimizing shear
damage to sensitive microorganisms. Instrumentation for
monitoring and control typically includes probes for
temperature, pH, dissolved oxygen, and foam detection, with
additional sensors for off-gas analysis (CO:, Oz) providing
real-time metabolic information [*°1,

Single-use bioreactors, constructed from pre-sterilized plastic
materials, have gained substantial adoption for precision
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fermentation applications, particularly for high-value
products and flexible manufacturing scenarios. These
systems eliminate cleaning and sterilization requirements
between batches, reducing water and energy consumption
while minimizing contamination risks. Although currently
limited to smaller scales (<2000 L) compared to stainless
steel systems (up to 500,000 L), single-use technologies
continue to advance [61,

Automated parameter control systems maintain fermentation
conditions within narrowly defined ranges optimal for
product formation. Proportional-integral-derivative (PID)
control loops adjust heating/cooling, acid/base addition, and
agitation/aeration in response to sensor inputs, maintaining
stability despite metabolic changes during fermentation.
Advanced control strategies, including model predictive
control and fuzzy logic systems, enable optimization of
multiple interacting parameters simultaneously 171,
Fed-batch operation, wherein nutrients are continuously or
intermittently added throughout fermentation, enables high
cell densities and product titers by avoiding substrate
inhibition and extending productive phases. Precise feeding
strategies, informed by online monitoring of substrate
concentrations and metabolic activity, maximize conversion
efficiency while minimizing waste. Continuous fermentation,
although more complex to implement, offers potential for
sustained productivity and consistent product quality 1€,

2.3. Digital Monitoring and Al-Based Optimization

The integration of digital technologies with fermentation
systems has enabled unprecedented levels of process
understanding, control, and optimization. Real-time
monitoring through advanced sensors, combined with data
analytics and artificial intelligence, transforms fermentation
from an empirically optimized process to a predictively
controlled operation [,

Real-time biosensors provide continuous measurement of
critical process variables beyond traditional physical
parameters. Near-infrared and Raman spectroscopy enable
non-invasive monitoring of substrate consumption,
metabolite production, and biomass concentration. Electronic
noses and mass spectrometry analyze volatile compounds,
providing insights into metabolic activity and product
quality. Capacitance probes measure viable biomass
concentration, distinguishing living cells from dead biomass
and debris 2,

Soft  sensors—mathematical models that estimate
unmeasured variables from available measurements—extend
monitoring capabilities to parameters difficult or impossible
to measure directly. These models, trained on historical
process data, can predict product titer, metabolic state, and

impending  process deviations, enabling proactive
interventions before quality is compromised [?1,
Machine  learning  algorithms  analyze  complex,

multidimensional fermentation datasets to identify patterns
and relationships that elude conventional analysis.
Supervised learning approaches predict optimal fermentation
conditions based on historical performance, while
unsupervised learning identifies process states and
trajectories without prior labeling. Reinforcement learning
enables dynamic optimization of feeding strategies and
parameter setpoints in response to real-time conditions 22,

Digital twins—comprehensive computational models that
simulate fermentation processes in real-time—represent the
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frontier of fermentation digitalization. These models
integrate mechanistic understanding of microbial physiology
with data-driven components, enabling prediction of process
outcomes under various scenarios, optimization of operating
conditions, and rapid troubleshooting of deviations. When
coupled with automated control systems, digital twins enable
closed-loop optimization wherein the process continuously
self-adjusts toward optimal performance 231,

3. Climate-Resilient Applications in Food Production
3.1. Fermented Alternative Proteins

The production of alternative proteins through precision
fermentation offers substantial climate resilience advantages
by decoupling protein supply from weather-dependent
agriculture and land-use requirements. Animal agriculture is
particularly wvulnerable to climate disruptions—drought
reduces forage availability, heat stress decreases productivity
and increases mortality, and extreme weather events disrupt
supply chains 24, Precision-fermented proteins, produced in
controlled facilities regardless of external conditions, provide
supply stability that complements agricultural production.
Recombinant milk proteins produced through precision
fermentation enable formulation of animal-free dairy
products with authentic functional and sensory properties.
Companies including Perfect Day, Formo, and Imagindairy
have developed yeast strains producing PB-lactoglobulin,
caseins, and other milk proteins, which are combined with
plant-based fats and carbohydrates to produce cheeses,
yogurts, and ice creams 1, Life cycle assessments indicate
that such products reduce greenhouse gas emissions by 65-
85%, land use by 90-95%, and water consumption by 60-75%
compared to conventional dairy production, while
eliminating dependence on dairy herds vulnerable to climate
impacts (261,

Precision-fermented egg proteins  address  similar
vulnerabilities in  poultry production. Recombinant
ovalbumin, produced in Komagataella phaffii, provides the
functional properties of egg white for food applications
without requiring layer flocks. The EVERY Company has
commercialized such proteins for use in baked goods,
mayonnaise, and other applications, with environmental
footprint reductions comparable to those achieved for dairy
proteins 271,

Heme proteins, including soy leghemoglobin produced
through precision fermentation, provide the flavor and aroma
characteristics associated with meat in plant-based products.
Impossible Foods' use of genetically engineered yeast
producing soy leghemoglobin demonstrates the potential of
precision fermentation to deliver functional ingredients that
enhance consumer acceptance of sustainable protein
alternatives 281,

3.2. Functional and Fortified Foods

Climate change threatens nutritional quality as well as food
quantity, with elevated atmospheric CO:. concentrations
reducing protein and micronutrient content of staple crops.
Precision fermentation offers mechanisms for producing
functional ingredients that can fortify foods to maintain
nutritional adequacy despite declining crop quality 24,
Vitamin and micronutrient production through precision
fermentation provides stable, weather-independent sources of
essential nutrients. Fermentation-based production of vitamin
B12, riboflavin, and other B vitamins is well-established,
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while emerging processes target vitamins D and K,
carotenoids, and other bioactive compounds B%. These
fermentation-derived nutrients can fortify staple foods,
addressing micronutrient deficiencies that may worsen as
climate impacts reduce dietary diversity.

Bioactive peptides with antihypertensive, antioxidant, and
immunomodulatory activities can be produced through
controlled fermentation of protein substrates or through
precision fermentation using engineered strains. Such
ingredients enable development of functional foods targeting
climate-exacerbated health conditions, including
cardiovascular  disease, inflammation, and immune
dysfunction 31,

Long-chain omega-3 fatty acids, typically sourced from fish
oil, can be produced through fermentation of
engineered Yarrowia lipolyticaand other  oleaginous
microorganisms. This approach avoids pressure on marine
ecosystems vulnerable to climate change while providing a
stable supply of these essential nutrients independent of
fishery conditions 12,

3.3. Low-Input and Resource-Efficient Fermentation
Systems

Climate resilience requires not only technological
sophistication but also adaptability to resource constraints
that may intensify under climate stress. Low-input
fermentation systems, optimized for minimal water and
energy consumption and capable of utilizing variable
feedstocks, extend the applicability of fermentation
technologies to resource-limited settings [,

Water-efficient  fermentation  systems address the
vulnerability of food processing to water scarcity.
Recirculating bioreactor designs, coupled with water
treatment and reuse, can reduce net water consumption by 80-
90% compared to conventional systems. For solid-state
fermentation, water consumption is inherently low (0.5-1
L/kg substrate), making these systems particularly suitable
for water-stressed regions 4],

Energy optimization through heat integration, efficient motor
systems, and process intensification reduces both operating
costs and carbon footprints. Anaerobic fermentation
processes, which avoid energy-intensive aeration, offer
particular advantages where energy supplies are constrained
or carbon emissions must be minimized 1,

Feedstock flexibility enables fermentation systems to adapt
to variable agricultural outputs under climate stress. Precision
fermentation processes capable of utilizing diverse carbon
sources—including  glucose, sucrose, glycerol, and
hydrolyzed agricultural residues—can switch between
feedstocks based on availability and price, maintaining
production despite disruptions to any single supply chain 61,

3.4. Integration with Circular Bioeconomy Models

The integration of precision fermentation within circular
bioeconomy frameworks enhances both climate resilience
and sustainability by reducing dependence on virgin
resources and minimizing waste. Waste-to-value approaches
convert agricultural and food processing residues into
fermentation feedstocks, creating value from materials that
would otherwise represent disposal challenges 71,
Lignocellulosic biomass, including agricultural residues
(straws, stovers, husks) and forestry by-products, represents
an abundant and underutilized carbon source for
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fermentation. Pretreatment and enzymatic hydrolysis release
fermentable sugars that can support microbial growth and
product formation. While technical and economic challenges
remain, progress in biorefinery technologies continues to
expand the feasibility of lignocellulosic feedstocks %81,
Glycerol, a by-product of biodiesel production, serves as an
excellent carbon source for many fermentation organisms,
including Komagataella phaffii and
certain Saccharomyces strains. Utilization of crude glycerol
without extensive purification improves the economics of
both biodiesel and fermentation while diverting waste from
disposal [,

Food processing wastes—including fruit pomaces, vegetable
trimmings, whey, and spent grains—provide localized
feedstock sources that reduce transportation requirements
and support distributed production models. The variability of
these materials requires robust fermentation organisms and
adaptive process control, capabilities increasingly available
through precision fermentation platforms (9],

4. Sustainability Assessment and Environmental Impact
4.1. Energy Efficiency and Carbon Footprint Reduction
Quantitative assessment of energy consumption and
greenhouse gas emissions is essential for demonstrating the
climate benefits of precision fermentation relative to
conventional food production. Life cycle assessment (LCA)
provides standardized methodology for comparing
environmental performance across production systems 411,
Comparative LCAs of precision-fermented dairy proteins
versus  conventional milk  production  consistently
demonstrate substantial emission reductions. A typical
precision fermentation facility producing recombinant -
lactoglobulin achieves emissions of 2-5 kg CO:e per kg
protein, compared to 15-25 kg CO:e for conventional milk
protein and 40-60 kg CO.e for beef protein 2. The
magnitude of benefit depends on factors including facility
scale, energy source, feedstock type, and allocation
methodology.

Energy source critically influences carbon footprint, with
facilities powered by renewable electricity achieving
substantially lower emissions than those relying on fossil
fuels. Location decisions that prioritize access to renewable
energy, combined with corporate renewable energy
procurement, enable further emission reductions 31,

Process intensification through continuous operation,
improved strain productivity, and efficient downstream
processing reduces energy consumption per unit product.
Heat integration recovering waste heat for feedstock
pretreatment or facility heating improves overall energy
efficiency 441,

4.2. Water Use Optimization

Water consumption in fermentation systems varies widely
depending on process design, with significant opportunities
for optimization through recirculation and efficient
technologies. Precision fermentation typically requires 2-10
L water per kg product for processing, substantially less than
the 500-1000 L per kg protein required for conventional beef
production 41,

Water recirculation systems, incorporating treatment steps
appropriate to water quality requirements, can reduce net
consumption by 80-90%. Reverse osmaosis, ultrafiltration,
and UV treatment enable water reuse while maintaining the
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quality required for fermentation media preparation and
equipment cleaning (61,

Solid-state fermentation offers inherent water efficiency
advantages, with consumption typically 0.5-1 L per kg
substrate, compared to 5-10 L per kg for submerged
fermentation. For applications compatible with solid-state
platforms, this water efficiency represents a significant
climate resilience advantage in water-stressed regions 7],

4.3. Waste Valorization and Closed-Loop Systems

The circular economy principle of waste as resource applies
throughout precision fermentation value chains. Spent
microbial biomass, rich in protein and other nutrients, can be
valorized as animal feed, fertilizer, or substrate for additional
bioprocessing rather than discarded.

Anaerobic digestion of fermentation effluents captures
remaining organic content as biogas, providing renewable
energy that can offset facility energy requirements. The
digestate, containing nutrients, can be applied as fertilizer,
closing nutrient loops and reducing dependence on synthetic
fertilizers.

Water recovery from fermentation effluents through
membrane filtration enables reuse while concentrating
valuable by-products. This approach reduces both water
consumption and waste discharge, addressing two
environmental burdens simultaneously.

4.4. Life Cycle Assessment Perspectives

Comprehensive LCA of precision fermentation systems must
consider the full product life cycle, from raw material
acquisition through production, distribution, use, and end-of-
life. System boundaries must be carefully defined to ensure
fair comparison with conventional products and to avoid
burden shifting.

Attributional LCA, which allocates environmental impacts to
specific products based on physical or economic
relationships, provides insights into the current performance
of precision fermentation systems. Consequential LCA,
which considers market-mediated effects of production
changes, captures broader system-level implications
including displacement of conventional products and indirect
land-use change.

Functional unit selection significantly influences LCA
outcomes, with comparisons based on protein content,
nutritional value, or culinary function yielding different
results. Harmonization of functional units across studies is
essential for meaningful comparison and meta-analysis.
Uncertainty analysis, addressing variability in process
performance, input composition, and modeling assumptions,
provides confidence intervals for LCA results and identifies
parameters with greatest influence on environmental
outcomes. Sensitivity analysis guides research priorities
toward parameters with largest potential for improvement.

5. Industrial, Economic, and Policy Considerations

5.1. Techno-Economic Feasibility

The economic viability of precision fermentation depends on
the balance between production costs and product value, with
scale, yield, and feedstock cost as critical determinants.
Techno-economic analysis provides systematic frameworks
for evaluating process economics and identifying cost
drivers.

Capital costs for precision fermentation facilities are
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substantial, ranging from $100-500 million for commercial-
scale plants depending on capacity and complexity.
Equipment costs include bioreactors (typically 40-50% of
capital), downstream processing equipment (30-40%), and
supporting utilities and infrastructure (20-30%).

Operating costs are dominated by feedstock (30-60%),
depending on carbon source cost and conversion efficiency.
Glucose from corn or sugarcane, the most common
feedstock, typically accounts for $0.30-0.50 per kg of
product. Labor, energy, and depreciation constitute
remaining major cost categories.

Product titer—the concentration of target product in
fermentation broth—critically influences economics through
its effect on downstream processing costs. Titers of 50-100
g/L, achievable for some products, enable efficient recovery,
while lower titers increase the proportion of total cost
attributable to purification.

Economies of scale drive cost reduction, with per-unit capital
costs decreasing approximately 30% for each doubling of
facility scale. However, market demand and investment risk
must be balanced against scale benefits, with modular or
phased approaches enabling managed growth.

5.2. Regulatory Frameworks

Regulatory pathways for precision fermentation products
vary substantially across jurisdictions, influencing innovation
timelines, market access, and consumer acceptance.
Navigational strategies must account for product
categorization, safety assessment requirements, and labeling
rules.

In the United States, the Food and Drug Administration
(FDA) and Department of Agriculture (USDA) share
jurisdiction over fermentation-derived foods. The Generally
Recognized as Safe (GRAS) notification process provides a
pathway for ingredients produced by genetically modified
microorganisms, requiring demonstration of safety through
scientific procedures or history of use.

In the European Union, precision fermentation products fall
under the Novel Food Regulation, requiring pre-market
authorization following comprehensive safety assessment by
the European Food Safety Authority. The regulatory status of
the production organism—whether considered a genetically
modified organism for food use—affects the approval
pathway.

In Asia, regulatory frameworks are evolving rapidly, with
Singapore emerging as a leader through its novel food
regulatory framework that has approved several precision
fermentation products. China, Japan, and South Korea are
developing pathways that balance innovation support with
consumer protection.

Labeling of precision fermentation products presents
particular challenges, especially for products positioned as
alternatives to animal-derived counterparts. Debate continues
regarding use of terms such as "milk," "cheese," or "meat" for
products produced through fermentation, with some
jurisdictions restricting such terminology to products of
agricultural origin.

5.3. Food Safety and Quality Assurance

Ensuring the safety of precision fermentation products
requires comprehensive hazard identification, risk
assessment, and control measures throughout production.
The long history of safe use of fermentation organisms and
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their products provides a foundation, but novel aspects
require specific attention.

Production organism safety must be established through
characterization of the host strain, genetic modifications, and
potential for toxin production or pathogenicity. Qualified
Presumption of Safety (QPS) status in Europe or GRAS
status in the US facilitates regulatory acceptance.
Process-related  hazards include contamination by
adventitious microorganisms, accumulation of process-
related impurities, and formation of potentially harmful by-
products. Validation of sterilization procedures, aseptic
operation, and cleaning protocols ensures process integrity.
Product characterization must demonstrate identity, purity,
and absence of unintended components. Analytical methods
including mass spectrometry, chromatography, and
immunoassays provide detailed compositional profiles
supporting safety assessment.

Allergenicity assessment addresses the potential for novel
proteins to trigger allergic responses. Sequence homology
comparisons with known allergens, pepsin resistance testing,
and immunoassays provide data for risk assessment.

5.4. Market Adoption and Consumer Perception

The commercial success of precision fermentation products
depends on consumer acceptance as well as technical and
regulatory feasibility. Understanding factors influencing
consumer attitudes enables effective product development
and communication strategies.

Consumer awareness of precision fermentation remains
limited, with many consumers unfamiliar with the technology
and its applications. Educational efforts explaining the
process, benefits, and safety in accessible terms support
informed acceptance.

Perceived naturalness influences acceptance, with some
consumers viewing fermentation-derived products as more
natural than those produced through other biotechnological
approaches. Framing precision fermentation as an extension
of traditional fermentation rather than as genetic modification
may enhance acceptance.

Environmental benefits resonate with sustainability-oriented
consumers, particularly when communicated with credible
data and certification. Carbon footprint labeling and third-
party verification of sustainability claims build trust and
support premium positioning.

Taste and functionality remain paramount, with consumers
unwilling to compromise sensory quality for sustainability
benefits. Rigorous product development ensuring that
precision fermentation products match or exceed
conventional counterparts in culinary performance is
essential for market success.

6. Challenges and Future Perspectives

Scale-up limitations represent a persistent challenge in
translating laboratory precision fermentation processes to
commercial production. Phenomena observed at small
scale—including mass transfer limitations, shear sensitivity,
and microbial physiology—often manifest differently in
large-scale systems, requiring empirical validation and
iterative optimization. Computational fluid dynamics and
scale-down reactors provide tools for understanding and
mitigating scale-up challenges, but the complexity of
biological systems ensures that scale-up remains as much art
as science.
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Standardization and reproducibility across the diversity of
precision fermentation applications present both technical
and commercial challenges. The absence of standardized
methods for characterizing production organisms, monitoring
fermentation processes, and assessing product quality
complicates comparison across studies and impedes
technology transfer. Development of consensus standards,
supported by international collaboration among researchers,
industry, and regulatory bodies, would accelerate innovation
and facilitate market access.

The digital divide in agri-food systems—the gap between
those with access to digital technologies and those without—
threatens to concentrate the benefits of precision fermentation
in developed regions while excluding smallholders and
developing countries. Strategies for appropriate technology
transfer, capacity building, and inclusive innovation are
needed to ensure equitable distribution of climate resilience
benefits.

Integration with broader food system transformation requires
coordination across value chains, from feedstock production
through manufacturing to distribution and consumption.
Systemic approaches recognizing the interconnectedness of
food system components—and the potential for both
synergies and trade-offs—are essential for maximizing
climate resilience benefits.

Emerging research and innovation pathways include:
development of microbial strains with enhanced productivity
and substrate flexibility; optimization of mixed consortia for
consolidated bioprocessing; integration of fermentation with
precision agriculture and supply chain digitalization; and
systematic assessment of climate resilience through scenario
analysis and stress testing. The convergence of fermentation
biotechnology with digital technologies, renewable energy
systems, and circular economy principles positions the sector
for continued innovation and expansion.

7. Conclusion

Controlled and precision fermentation systems have emerged
as transformative technologies for climate-resilient and
sustainable food production. This review has examined the
technological foundations of these systems, their applications
in  climate-resilient food production, sustainability
assessment across environmental dimensions, and the
economic, regulatory, and social factors governing industrial
implementation.

The technological evolution from traditional to controlled to
precision fermentation has been enabled by advances in
microbial engineering, bioreactor design, and digital
optimization. Engineered microbial strains,
including Saccharomyces cerevisiae, Komagataella phaffii,
and filamentous fungi, serve as versatile platforms for
producing recombinant proteins, functional ingredients, and
bioactive compounds. Smart bioreactors incorporating
automated parameter control, real-time sensors, and Al-based
optimization enable consistent, efficient production
decoupled from weather-dependent agriculture.
Climate-resilient applications span fermented alternative
proteins that reduce dependence on wvulnerable animal
agriculture, functional and fortified foods addressing climate-
exacerbated nutritional challenges, low-input systems
adapted to resource constraints, and integration with circular
bioeconomy models that valorize waste streams.
Sustainability assessment through life cycle analysis
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demonstrates substantial environmental benefits, including
reduced greenhouse gas emissions, land use, and water

consumption compared to conventional production.

Techno-economic feasibility, regulatory frameworks, food
acceptance critically
influence industrial implementation. Continued progress in
strain development, process optimization, and scale-up will
further improve economic viability, while harmonized
regulatory pathways and transparent communication support

safety assurance, and

consumer

market adoption.
Strategic future

research directions
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include enhanced

microbial capabilities, standardized methods and metrics,

inclusive technology transfer, and systemic integration with
broader food system transformation. By advancing these
frontiers, controlled and precision fermentation systems will
contribute to food systems capable of withstanding climate
disruptions while nourishing growing populations within
planetary boundaries.

Table 1: Key Microorganisms Used in Controlled and Precision Fermentation Systems

Microorganism

Application Area

Functional Output

Climate Resilience
Contribution

Industrial Status

Saccharomyces
cerevisiae (engineered)

Recombinant dairy proteins
(caseins, B-lactoglobulin), egg
proteins (ovalbumin), heme
proteins (soy leghemoglobin)

Milk and egg white
functionality for animal-
free products; meat-like

flavor compounds

Decouples protein
production from weather-
dependent livestock; 85-

95% land use reduction

Commercial: Perfect Day,
EVERY Company,
Impossible Foods

Komagataella
phaffii (formerly Pichia
pastoris)

High-yield recombinant protein
production; food enzymes;
milk proteins; sweet proteins

Secreted proteins at titers
>20 g/L; complex protein
folding capability

Enables efficient
production with minimal
resource inputs; GRAS
status facilitates approval

Commercial: Various

enzyme manufacturers;

emerging food protein
producers

Trichoderma reesei

Industrial enzyme production
(cellulases, hemicellulases);
recombinant proteins

High-level secretion of
hydrolytic enzymes;
protein titers >100 g/L

achievable

Enables lignocellulosic
biomass conversion to
fermentation feedstocks;
waste valorization

Commercial: Major
enzyme companies
(Novozymes, DuPont)

Aspergillus niger

Organic acids (citric acid);
enzymes; recombinant proteins

Citric acid (>100 g/L);
diverse enzyme activities

Efficient conversion of
diverse substrates;
established industrial
infrastructure

Commercial: Citric acid
production; enzyme
manufacturing

Aspergillus oryzae

Food enzymes; recombinant
proteins; traditional
fermentation (koji)

Proteases, amylases for
food processing; secreted

proteins

Compatible with solid-
state fermentation (low
water); GRAS status

Commercial: Enzyme
production; food
ingredient manufacturing

Lactococcus
lactis (engineered)

Food-grade enzymes;
antimicrobial peptides (nisin);
metabolites

Nisin (food preservative);
heterologous protein

production

GRAS status facilitates
food applications; acid
tolerance

Commercial: Nisin
production; emerging
platform

Escherichia
coli (engineered)

Specialty proteins; enzymes;
metabolites (limited food
applications due to endotoxin
concerns)

High-yield protein
production; well-
characterized genetics

Efficient production
platform; not directly
food-grade but used for
processing aids

Commercial: Enzymes
(processing aids); non-
food applications

Yarrowia
lipolytica (engineered)

Lipid-based products; omega-3
fatty acids; organic acids;
proteins

Long-chain fatty acids;
citric acid; recombinant

proteins

Enables sustainable
omega-3 production;
marine resource
conservation

Pilot/commercial: Omega-
3 production (e.g., Acies
Bio)

Bacillus
subtilis (engineered)

Enzymes (proteases,
amylases); vitamins
(riboflavin); metabolites

High-level secretion;
GRAS status for some

strains

Efficient protein
secretion; established
industrial use

Commercial: Enzyme
production; vitamin B2

Mixed microbial consortia

Consolidated bioprocessing;
complex substrate conversion;

traditional fermented foods

Complementary metabolic
activities; enhanced

functionality

Enables direct use of
complex residues; low-
input processing

Emerging; traditional
systems; designed
consortia in development

Table 2: Comparison of Conventional vs Controlled vs Precision Fermentation Systems

Parameter Conventlonal Controlled Fermentation Precision Fermentation Sustainability Impact
Fermentation
Minimal; relies on Instrumented monitoring . Reduced variability;
. . Fully automated with Al . L
Process empirical knowledge, with feedback control (PID TR L consistent quality;
. ) optimization; digital twins; o
Control back-slopping, or loops); automated parameter L minimized resource
! . . predictive control
spontaneous inoculation adjustment waste
. . Real-time biosensors (NIR, Early deviation
.- Sensory evaluation (taste, Online sensors (pH, . ) S
Monitoring . ) . ) Raman); soft sensors; detection; optimized
. smell, visual); occasional temperature, DO); off-gas . - i
Capability H measurement analvsis: periodic samplin metabolomics; multi- resource use; reduced
P ysis: p pling parametric data integration failed batches
Natural selection: Genetic engineering Improved yields;
Strain L - Classical mutagenesis; (CRISPRY); synthetic biology; reduced substrate
adaptation; strain selection N . - ST oo
Development - - screening; targeted selection | metabolic modeling; directed consumption; novel
from wild populations - ) e
evolution functionalities
Substrate Limited to traditional Some flexibility; optimized High flexibility; engineered Enables waste
Flexibility substrates (milk, for specific substrates strains utilize diverse carbon valorization; reduces
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vegetables, grains)

sources including residues

competition with food
crops

Product Titer

Low to moderate (1-20
g/L depending on product)

Moderate (10-50 g/L)

High (50-150+ g/L
achievable for some
products)

Reduced downstream
processing; lower energy
per unit product

Water
Consumption

Variable; traditional SSF
low (0.5-1 L/kg),
traditional SmF high

Optimized but still
significant (3-8 L/kg)

Minimized through

recirculation; SSF platforms;

water-efficient designs

Critical for water-
stressed regions; reduces
operational costs

Energy
Efficiency

Low (traditional,
unoptimized)

Moderate (optimized but not

minimal)

High through heat
integration; continuous

operation; renewable energy

integration

Reduced carbon
footprint; lower
operating costs

Waste
Generation

Significant; untreated
effluents common

Managed but substantial

wastewater

Minimized through circular

design; by-product

valorization; closed loops

Reduced environmental
burden; regulatory
compliance

Scalability

Well-established for
traditional products;

limited for novel
applications

Well-established; standard
bioreactor platforms

Demonstrated at commercial

scale for some products;
continued scale-up
development

Enables industrial
impact; drives cost
reduction

Regulatory
Pathway

GRAS/ traditional food
status; simplified

established pathways

Generally GRAS;

Novel food pathways; GMO
considerations; case-by-case

approval

Affects time-to-market;
influences investment
decisions

Capital
Investment

Low to moderate
(traditional equipment)

(instrumented bioreactors)

Moderate to high

High (specialized facilities;

downstream processing;
quality systems)

Barrier to entry;
economies of scale
critical

Climate
Resilience

Dependent on agricultural
raw materials subject to

climate impacts

Partially decoupled,; still
dependent on consistent

substrate supply

Highly decoupled; controlled

environment; feedstock

flexible; weather-independent

Fundamental advantage
for climate adaptation

Table 3: Digital and Al-Based Tools in Precision Fermentation for Sustainable Food Production

Technology

Function

Monitoring Capability

Advantages

Implementation
Challenges

Near-Infrared
(NIR)
Spectroscopy

Non-invasive monitoring of

substrate consumption,
metabolite production,
biomass concentration

Real-time measurement of
glucose, ethanol, organic
acids, protein, biomass

No sample preparation;
multiparameter from
single probe; in situ

measurement

Calibration complexity;
interference from
bubbles/solids; initial
investment

Raman
Spectroscopy

Molecular fingerprinting;
metabolite identification;
structural information

Real-time monitoring of
multiple metabolites;
protein conformation;
substrate conversion

High specificity; water
interference minimal;
suitable for aqueous

systems

Weak signal; fluorescence
interference; expensive
instrumentation

Capacitance
Probes

Viable biomass
measurement

Distinguishes living cells
from dead biomass and
debris; real-time viable

cell concentration

Critical for physiology-
based control;
differentiates viable/non-
viable

Requires calibration;
signal affected by media
composition

Electronic Nose
(Gas Sensors)

Volatile organic compound

analysis

Headspace analysis of
aroma compounds;
metabolic activity
indicators; contamination
detection

Early warning of process
deviations; product
quality assessment

Sensor drift; calibration
stability; limited
compound identification

Off-Gas Analysis
(Mass
Spectrometry)

CO: and O2 measurement;

respiratory quotient
calculation

Real-time metabolic
activity; carbon balance;
oxygen uptake rate

Gold standard for
metabolic monitoring;
non-invasive; well-
established

Equipment cost;
maintenance requirements

Soft Sensors

Mathematical estimation of
unmeasured variables from

available measurements

Predicts product titer,
metabolic state,
impending deviations
from historical data

Extends monitoring
without additional

hardware; enables

predictive control

Model development
requires extensive data;
validation critical

Machine Learning
(Supervised)

Predictive modeling;
parameter optimization

Learns from historical
data to predict optimal
conditions; identifies key
variables

Handles complex, non-
linear relationships;
improves with more data

Requires large, high-
quality datasets; "black
box™ concerns

Machine Learning
(Unsupervised)

Pattern recognition; process

state identification

Identifies process states

and trajectories without

prior labeling; anomaly
detection

Reveals hidden patterns;
suitable for exploratory
analysis

Interpretation requires
domain expertise

Reinforcement
Learning

Dynamic optimization of

feeding strategies and
parameter setpoints

Continuously adjusts
process in response to
real-time conditions

Adaptive optimization;
handles complex,

interacting variables

Training requirements;
safety constraints;
validation needs
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Comprehensive
computational models

Integration of mechanistic
and data-driven models;

Enables "what-if"
analysis; closed-loop

Complex model
development; validation

Digital Twins . - o . S I ) ]
simulating fermentation in scenario simulation; optimization; rapid requirements;
real-time predictive control troubleshooting computational demands
Distributed monitoring Temperature, pressure, Compr_ehe.n_swe fac.'“ty Data integration
loT Sensor gt . .l o overview; integration . .
across multiple bioreactors | flow, humidity monitoring - o challenges; cybersecurity
Networks - - with facility
and facility systems throughout facility concerns
management
. — Immutable record of . .
Supply chain traceability; - o Transparency; consumer Implementation
. - fermentation conditions, . L
Blockchain quality assurance trust; regulatory complexity; industry

documentation

raw material sources,
quality tests

compliance

adoption required

Cloud-Based Data

Centralized data storage
and analysis; remote

Access to process data
from multiple locations;

Enables distributed
expertise; facilitates

Data security; internet

Platforms monitoring collaborative analysis multi-site optimization dependency
Table 4: Environmental Performance Indicators of Climate-Resilient Fermentation Systems
Indicator Measurement Approach Sustainability Benefit Limitations Policy Relevance

Greenhouse Gas
Emissions (kg
CO2¢e/kg product)

Life cycle assessment (ISO
14040/44); direct
measurement; emission
factors

Quantifies climate change
mitigation potential;
enables comparison with
conventional products

System boundary
choices affect results;
allocation methodology
impacts

Carbon pricing;
emissions reporting;
climate commitments

Carbon Footprint
Reduction (%)

Comparative LCA: precision
fermentation vs conventional
alternative

Demonstrates climate

benefit for marketing;

supports carbon credit
eligibility

Baseline selection
critical; temporal
aspects (immediate vs
long-term)

Green procurement;
carbon labeling;
investment decisions

Land Use (m#/kg

Direct land occupation for
facilities; indirect for

Quantifies decoupling from
agriculture; biodiversity

Spatial variability;
quality of land

Land-use planning;
biodiversity policy;

protein) feedstock production; land- conservation potential (marginal vs agricultural transition
use change impacts P agricultural) matters 9
Water Water balance; direct Identifies water efficiency; Water source quality; Water pricing; drought
Consumption measurement; process critical for water-stressed regional water scarcity preparedness; circular
(L/kg product) simulation regions context economy policy
Water quality Water reuse
Water Use Ratio of water recycled to Measures circularity; requirements for reuse; regulations; industrial
Efficiency (%) total water used operational cost reduction treatment energy trade- '

offs

water permits

Energy Intensity
(MJ/kg product)

Direct energy measurement;
energy balance; process
simulation

Identifies efficiency
opportunities; cost driver
analysis

Energy quality
(renewable vs fossil)
matters; temporal
aspects

Energy efficiency
standards; renewable
energy incentives

Renewable Energy
Fraction (%)

Renewable energy
procurement; on-site
generation; grid mix

Demonstrates alignment
with climate goals; reduces
carbon footprint

Additionality; temporal
matching of supply and
demand

Renewable portfolio
standards; green
certifications

Waste Generation
(kg waste/kg
product)

Mass balance; direct
measurement; waste
characterization

Quantifies circularity;
disposal cost driver

Waste toxicity/hazard
matters; treatment
requirements

Waste regulations;
landfill restrictions;
circular economy
targets

Waste Valorization
Rate (%)

Fraction of waste streams
converted to valuable
products

Measures circular economy
integration; revenue from
by-products

Market development for
by-products; quality
requirements

Circular economy
policy; extended
producer responsibility

Nutrient Recovery
Efficiency (%)

Nutrient content in recovered
products vs feedstock

Quantifies nutrient cycling;
fertilizer replacement value

Contaminant
accumulation;
regulatory limits for
land application

Nutrient pollution
regulations; fertilizer
policy

Product Yield (g
product/g
substrate)

Mass balance; process
monitoring

Measures conversion
efficiency; cost driver

Substrate quality affects
yield; different
substrates not
comparable

Resource efficiency
policy; food security
considerations

Water Footprint
(1SO 14046)

Comprehensive water impact
assessment including
scarcity and degradation

Holistic water impact
evaluation

Data-intensive;
regionalization required

Water stewardship;
corporate water
reporting

Cumulative Energy
Demand (MJ-eq)

LCA-based energy
accounting across life cycle

Identifies energy hotspots;
efficiency benchmarking

Energy quality
weighting choices

Energy efficiency
policy; industrial
decarbonization

Ecotoxicity
Potential

LCA-based impact
assessment (USEtox, etc.)

Quantifies potential
ecosystem impacts

Model uncertainty;
chemical coverage
limitations

Chemical regulations;
environmental quality
standards
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Table 5: Challenges and Future Innovation Pathways in Precision Fermentation Systems

Challenge

Technical Barrier

Proposed Solution

Research Gap

Implementation
Potential

Strain Productivity
(Low titers)

Metabolic burden of
heterologous expression;
pathway bottlenecks;
product toxicity

Metabolic engineering

(CRISPR, synthetic biology);

adaptive laboratory
evolution; pathway
optimization

Understanding of host-
metabolite interactions;
stress tolerance
mechanisms

High; demonstrated
progress; continued
incremental
improvement

Feedstock Cost and
Availability

Glucose price volatility;
competition with
food/feed; sustainability
concerns

Lignocellulosic biomass

utilization; C1 feedstocks

(methanol, CO2); waste
streams

Cost-effective
lignocellulose
pretreatment; robust
organisms for mixed
substrates

Medium; technical
progress but economic
viability challenging

Scale-up Reliability

Heat/mass transfer
limitations at scale;
heterogeneity; shear

sensitivity

Computational fluid

dynamics modeling; scale-
down simulators; modular

scale-up

Predictive models
linking small-scale to
large-scale performance

Medium; empirical
approaches remain
necessary

Downstream
Processing Costs

Low product
concentration in broth;
multiple purification steps

In situ product removal;
continuous processing;
affinity purification

Novel separation
technologies; integration
with fermentation

Medium; depends on
product value and titer

Water Consumption

High water use in
submerged fermentation;
water quality
requirements

Water recirculation; solid-

state fermentation

alternatives; drought-tolerant

organisms

Water reuse standards;
long-term effects of
recirculation

High; immediate cost
savings; regulatory
pressure

Energy Intensity

Sterilization, agitation,
aeration, downstream
processing energy

Process intensification;
continuous operation;

renewable energy integration

Low-energy
sterilization; energy-
efficient separations

High; renewable energy
cost declines help

demands
Novel food approval Early regulatory . S
Regulatory timelines; GMO engagement; harmonized International regulatory Medium; varies by

Uncertainty

restrictions; labeling
requirements

standards; scientific safety

data

alignment; post-market
monitoring

jurisdiction; case-by-
case

Consumer
Acceptance

"GMO" perception;
unfamiliarity with
technology; naturalness
concerns

Transparent communication;

familiar framing

(fermentation extension);

sensory excellence

Consumer attitude
dynamics; effective
messaging strategies

High; successful
precedents exist;
education matters

Capital Investment
Requirements

High facility costs; long
payback periods

Modular facilities; contract

manufacturing; public-
private partnerships

Novel financing models;
cost-reducing
innovations

Medium; investor
interest growing; risk
perception decreasing

Feedstock
Flexibility

Organism specialization
for specific carbon
sources

Broad-substrate-range

engineering; mixed substrate

utilization

Metabolic regulation
under mixed substrate
conditions

Medium; enables
adaptation to variable

supply

Contamination Risk

Pure culture requirements;

Improved sterilization;

Phage ecology;

High; established

contamination-resistant
strains

large-scale aseptic
operation

robust organisms (low pH,
high temp); phage resistance

practices; continuous
improvement

Digital Integration
Complexity

Standardized data formats;

Data integration; model Al interpretability; Medium; technology

validation; cybersecurity

open-source platforms;
validated digital twins

model transferability

progressing rapidly

Skilled Workforce
Shortage

Interdisciplinary expertise
required (microbiology,
engineering, data science)

Specialized training

programs; cross-disciplinary

collaboration

Effective training
methodologies;
curriculum development

Medium; educational
institutions responding

Intellectual
Property Landscape

Patent thickets; freedom-
to-operate concerns

Open innovation; patent

pools; strategic licensing

Patent landscape
analysis; alternative IP

Medium; strategic
management required

models
Infrastructure : i
Requirements Cold chain; reliable _Ap_proprlate tech.nology_, Co_nte>ft specific Low to medium;
- . - . distributed models; capacity solutions; technology L
(Developing power; technical expertise g - development priority
! building transfer mechanisms
Countries)
Systemic Competition for land; Integrated biorefinery Regional economic S
: . - o ? R Medium; policy and
Integration with feedstock sourcing; rural models; agricultural residue modeling; social impact - ’
- o IS planning required
Agriculture economic impacts utilization; rural employment assessment
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