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Gas fermentation processes (using CO,, CO, H,, CH,4) have
gained significant research and commercial interest in the last
years due to their potential for carbon capture and sequestration.
The small economic margins of these processes necessitate the
use of large-volume bioreactors. For cost-effective gas delivery,
we advise using pneumatically agitated bioreactors, like bubble
column reactors, compared to traditional stirred-tank reactors.
Although scale-up is conventionally done on an empirical and
rule-of-thumb basis, rational methods are currently available. The
most important one is the knowledge-driven scaling-up approach,
wherein (CFD-based) hydrodynamic and kinetic models of large-
scale bioreactors guide the design of representative lab-scale
experiments. We suggest several future research directions to
enhance the predictive capacity of these models and thereby
accelerate scaling-up gas fermentation processes.
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Introduction

Gas fermentation as a carbon capture and valorization
process has gained significant research and commercial
interest for its potential to reduce greenhouse gas

emissions [1,2]. With rising CO, taxes and limited fossil
resources, commercializing this process becomes in-
creasingly attractive. It is a key enabler for circular
economy by recycling recalcitrant waste streams origi-
nating from the gasification of solid (non-)biogenic ma-
terials, off-gases, biogas, or via dedicated processes such
as water electrolysis. These gases contain mixtures or
purified fractions of CO, CO,, H,, and CHy.

Microbial gas valorization can employ several metabolic
routes [3]. Carboxydotrophic bacteria anaerobically
convert CO, CO,, and/or H, to acetate or other short-
chain organic acids during acidogenesis. These acids
may be further converted to alcohols during solvento-
genesis [4], to recombinant products like acetone and
isobutanol [1], or to more functionalized compounds
using sequential bioprocesses in bioreactor cascades [5].
Next to intensive academic research, companies such as
LanzaTech commercialized anaerobic gas fermentation.

The low-value product spectrum of anaerobic gas fer-
mentations has led to the development of aerobic gas
fermentations with hydrogenotrophic microorganisms
(carboxydotrophic or knallgas-based [CO, + H, + O;]).
These processes offer improved ATP supply but require
challenging safety measures due to the simultaneous use
of H, and O, [6]. The valorization of biogenic waste
streams for single-cell protein (SCP) production is en-
abled, thereby complementing the historic approach of
converting fossil CHy to protein for feed and food. Now,
biomethane is converted to SCP by methanotrophic
bacteria (e.g. by UniBio) or into biohydrogen under
anaerobic or microaerobic conditions [7]. Knallgas-based
fermentations are currently applied for SCP (food and
feed) production at a near-commercial scale (e.g. So-
larFoods (20 m® [8]), NovoNutrients, Aerbio).

To be competitive, the typical low-value large-volume
products of gas fermentations require economies of
scale. High gas-liquid mass transfer rates are required for
highly productive bioreactors. Their ability to obtain
high mass transfer capacitics at lower operational
(OPEX) and capital expenses (CAPEX) favors pneu-
matically agitated bioreactors instead of stirred-tank re-
actors (STRs). Although pneumatic bioreactors have
been used in industry — starting with the ICI SCP
production process from methane [9], and there is ex-
cellent literature from the 1980s on bioprocess scale-up
[10,11], the majority of industrial biotech applications
still focus on stirred-tank bioreactors [12]. In companies,
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2 Gas Fermentation

related decisions might be supported by missing own
hands-on experience. In academia, the stirred tank is the
dominating lab bioreactor, which might direct the scale-
up thinking to related large-scale settings. In con-
sequence, there is a hidden portion of high-value bubble
column know-how that needs to be revisited, upgraded,
and complemented with modern studies. The latter shall
provide essential information about highly resolved
spatial resolution to incorporate the microbial perspec-
tive. We deem this basic knowledge as crucial to prop-
erly design and scale-up pneumatically agitated
bioreactors for implementing a circular bioeconomy.

Here, we will outline our perspective on scaling-up more
reliably, by rationalizing the reactor choice, reviewing
available tools for scale-up, and summarizing available
experimental data and models. Furthermore, future
steps that must be taken in the upcoming years will be
presented.

Bioreactor choice

We identified the reactor design objectives for gas fer-
mentors (T'able 1) to select the best reactor type. The
two most common reactors for acrobic processes at scale
are mechanically agitated bioreactors (STR) and pneu-
matically agitated bioreactors [13,14]. The latter

Table 1

category encompasses bubble column reactors (BCRs)
and internal- and external-loop gas-lift reactors [10], as
used by LanzaTech [15]. These three reactors offer si-
milar characteristics, although loop reactors offer better
mixing and worse mass transfer capacities than the BCR
[16]. For simplicity, we group the pneumatically agitated
bioreactors as BCRs.

Gas fermentors should provide high mass transfer rates at
the lowest possible costs. The cost of gaseous substrates
requires high single-pass conversion rates (>90% [17]),
and thus high gas-liquid mass transfer rates
(>250 mmol L' h™' [15]). The low-value product spec-
trum of gas fermentations leaves little economic margin.
Consequently, companies cannot afford bioreactors with
high CAPEX and OPEX, which are related to size, power
input, and maintenance costs, respectively [14].

The obvious choice is to employ BCRs for industrial-
scale gas fermentation. From our comparison in Table 1,
BCRs offer superior mass transfer rates at low power
input and costs while offering decent performance in
other categories. Humbird et al. [14] support our ob-
servations and calculated that for aerobic bioprocesses,
the cost of oxygen transfer is significantly lower in BCRs
than in STRs, even for coalescent broths.

Comparison of bubble column reactors and stirred-tank reactors for industrial-scale gas fermentation, based on reactor design ob-

jectives.

Design objective

Importance Reasoning

BCR

STR

High mass High Costly gaseous substrates require

transfer rates high conversion

Low power High High power consumption

consumption increases operational costs

Low operational High Tiny economic margin

costs

Fast mixing Moderate Gaseous substrates mix better
than liquid-phase substrates

Low infection risk Moderate Low pH and low-energy
substrates, but long-term
cultivation and GMO use

Low viscosity Moderate Low cell densities barely influence
viscosity

No concentration Moderate Smaller concentration gradient

fluctuations than liquid-phase substrates

Low shear stress Low Bacteria are not that sensitive to
high shear-zones

High heat transfer Low Little heat production in gas

rates

fermentations compared to
aerobic fermentations

High mass transfer rates in non-
coalescent broths; k;a = 0.157 s’

Only depends on gas compression;
P/V =275 W m™®

Low OPEX due to low power
requirement and maintenance cost

Decent, but better at higher gas
flow rates; t,, = 180 s
Decreased infection risk

Not to be used for high-viscous
broths

Short, but frequent, concentration
fluctuations [20,21]

Lower, effect of bubble burst is
unknown

Low power input requires less
cooling; cooling via external loop

High mass transfer rates in non-
coalescent broths at high stirrer
speed; k,a = 0.154 s7°
Depends on stirring and gas
compression; P/V = 4145 W m~
Higher OPEX related to power
consumption and reactor
maintenance [14]

High stirring speed required for
shorter mixing time; t,, = 116 s
Higher risk due to rotating shaft,
seals and bearings [10]

3

Can handle high viscous broths [13]

Longer starvation times, potentially
leading to physiological

changes [21]

High shear zones close to shaft and
impellers [10]

Increased cooling required due to
high power input

Typical conditions for both types for gas fermentation were assumed (gas flow rate of 2.8 cm s™", height (25 m), diameter (5 m), 3 Rushton impellers
(2.5 m) with gassed power number (1.5), ungassed power number (5), stirrer speed (100 rpm), 37°C, atmospheric pressure, non-coalescent broth).
Correlations for k;a, t,, and P/V were used according to [11,18,19]. k_a in non-coalescent broth in BCR was assumed four times higher than in

coalescent broth as in Ref. [15].
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Challenges for scale-up

Gradients in large-scale bioreactors

T'ypical operational challenges in bioprocesses at scale
are related to diluted feedstocks, diluted products, slow
reactions [22], and low biomass concentrations. The
large reactor size typically leads to gradients (e.g. in pH
or substrate concentration) when transport of a substance
is slower than its uptake [23,24] and consequentially to
decreased performance (e.g. biomass yield and pro-
ductivity). Generally, gradients in gas-based fermenta-
tions are smaller than in sugar-based fermentations (c.f.
[25,26]) due to the more uniform distribution of bubbles
in the tank, while liquid (or solid) substrates are nor-
mally added at a single point [23].

The gradients may induce stress on cells, as they fre-
quently experience changing environmental conditions.
Cell physiology alters, transcriptome and proteome are
influenced, finally leading to population heterogeneity
[27]. This affects cell growth and increases maintenance
requirements, which in turn influences product forma-
tion yield [23]. As the effects are strain-specific, reliable
data on short- and long-term responses of the relevant
microorganisms are required but still missing [28].

In gas fermentations, the low gas solubility and gas
conversion enhance the occurrence of gradients.
Interestingly, limited substrate access might be bene-
ficial as high CO concentrations can inhibit cell growth
and the gradients may enhance ethanol production [25].

Approaches for scaling

Scaling-up is still largely guided by empirical guidelines,
rules, and dimensional analysis [29]. A common scaling
strategy is to keep one important parameter constant, for
example, geometrical ratios, mass transfer coefficient
(#7.4), mixing time (7,,), volumetric power input (P/V) or,
for BCRs, gas holdup, fluid dynamics, and bubble
characteristics [24]. Such scale-up criteria are rooted in
the physical analysis of the reactor and neglect the mi-
crobial perspective.

For BCRs, it is generally accepted that scales are com-
parable in terms of gas holdup when three criteria
are met:

7) a diameter exceeding 0.15 m, 77) sparger orifices above
1-2 mm, and 7z) an aspect ratio above 5 [30]. This
simplifies scaling up BCRs from the hydrodynamic
perspective. However, it is unknown whether these
criteria still hold for gas fermentation broths.

To account for the microbial perspective, insights into
the large-scale processes are required @ priori. In

Dos and don’ts for scaling-up gas fermentations Puiman et al. 3

essence, this is the basis of the knowledge-driven scale-
down approach (Figure 1) that mimics large-scale con-
ditions at the laboratory scale [27] to understand the
metabolic response to substrate gradients. As the inter-
actions between operational conditions and microbial
physiology are diverse, highly complex, and non-linear
[31], modeling became essential to identify the bior-
eactor performance and the microorganisms’ experience.

Tools for scale-up

Model-based scaling of gas fermentation processes
The available tools for bioprocess modeling are diverse
due to the complex and strongly interconnected trans-
port phenomena [32]. Both hydrodynamic and metabolic
models have been developed with varying levels of
complexity (Figure 2, Table 2).

Hydrodynamic models range from zero-dimensional
(ideally mixed), over one-dimensional (gradients along
one spatial coordinate) [33] to complex three-dimen-
sional (3D) models [20,25,28]. The use of simple ap-
proaches allows for the combination of more complex
metabolic models, which is restricted in high-dimen-
sional hydrodynamic models.

Complex computational fluid dynamics (CFD) models
with greater spatial resolution (e.g. [25]) allow for de-
tailed predictions on the velocity and pressure fields,
concentration gradients, and mixing and mass transfer
phenomena. For gas fermenters, typically Euler-Euler
models are employed that can capture the large gas hold-
up and high bubble numbers. Bubble coalescence and
break-up may be simulated with population balance
modeling. Via Lagrangian particles, one- or two-way
coupling with metabolic models is possible, depending
on the available computational resources.

The main limitations of CFD are related to high licen-
sing and computational costs, the need for skilled per-
sonnel, and the model development and computation
time. To overcome the latter, compartment models
(CMs) were developed (e.g. [34]), wherein the reactor
space is simplified into a network of ideally mixed
compartments [35]. CFD results are used for compart-
ment construction, either manually or automatically [35]
or via unsupervised clustering algorithms [36]. The
strong simplification of the system and hydrodynamics in
CMs limits its accuracy but makes faster predictions
possible. The high license fees and personnel costs for
specialized CFD engineers for both CFD and CMs limit
their use by small companies and start-ups. Never-
theless, we believe that CFD is key to scaling up bior-
eactors.

www.sciencedirect.com
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4 Gas Fermentation
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Conceptual representation of a knowledge-driven scale-up approach.

The metabolic submodels can generally be divided into
constraint-based and dynamic models. The first class
assumes a steady state inside cells, providing flux dis-
tributions by (dynamic) flux balance analysis. The latter
incorporates kinetic information including detailed me-
chanisms and regulations to investigate the dynamic
system changes. This results in enhanced predictive and
extrapolation power but requires large datasets to ensure
parameter identifiability. To combine metabolic models
with hydrodynamics, simple model structures are favor-
able to reduce the computational burden. Simpler
models can be developed by lumping reactions and
metabolites into pools while containing regulatory me-
chanisms [37]. In 3D models, Lagrangian particles,
which represent flow-following cells, can be tracked to
obtain cellular experiences within the bioreactor. This
approach is known as lifeline analysis [38].

The importance of validation

To ensure the reliability and accuracy of the integrated
models, thorough validation with experimental data is
essential. Increased interest in gas fermentation in the
last years has led to more experimental investigations
at a lab scale. Growth on different substrates [42], novel

analytical methods [48], important mechanisms in me-
tabolism [42,49,50], and the genome of the associated
microorganisms [51] was examined.

For commercial-scale processes, almost no experimental
data are available due to confidentiality inside companies
and insufficient access to industrial reactors for research
endeavors [23], making validation extremely difficult.
Evidence of model validity can be obtained from pilot-
scale data [15], experimental evidence in other/similar
setups [28], experimental studies done in aerobic bubble
columns (e.g. [52]), and patents. Experimental observa-
tions like bubble size distributions, £;«-values, and mixing
times would be a huge advantage, but performing these
measurements at scale is not straightforward. Several va-
lues for mixing times might be observed depending on the
tracer addition location [53], while multiple probes and
sample ports (which are missing) are necessary for mea-
suring gradients [23]. Flow-following sensors gained at-
tention for the validation of lifeline analysis (e.g. [54]) but
cannot measure horizontal positions, while high gas hold-
ups influence the axial position of the probe [55]. For the
validation of the bubble size distribution, image analysis
methods can be used [56].

Current Opinion in Biotechnology 2025, 93:103294
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Figure 2
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Overview of hydrodynamic and metabolic models of different complexity. Hydrodynamic models are distinguished into zero-dimensional (0D), one-
dimensional (1D), and three-dimensional (3D) models. The latter consist of compartment models (CM) and computational fluid dynamics (CFD)
models. These are one- or two-way coupled with kinetic or constraint-based metabolic models.

Several scale-down devices have been developed that
mimic large-scale conditions at a lab scale. These in-
clude single vessel systems with special sampling de-
vices, oscillatory feed profiles [57], inserted plates
separating the tank into multiple compartments (Single
multi-compartment bioreactor) [58], or combinations of
multiple reactors (e.g. STR-STR, STR-plug flow re-
actor) [57]. A conceptual scale-down design for gas fer-
mentation was recently presented [20]. Experimental

essential for making realistic designs of scale-down de-
vices, which enable further research on process and
strain optimization with the end goal of successful and
risk-reduced commercialization in mind.

Research directions

In gas fermentation, successful collaboration between
biochemical engineers and microbiologists is imperative
for experimental design and result interpretation. To

insights into commercial-scale processes are, however, alleviate the considerable number of modeling
Table 2
Overview of some models of syngas fermentation in literature.
Model/reference Hydrodynamics Metabolic model Strain
MetaCLAU [39] oD steady-state, genome-scale model (GSM) C. autoethanogenum
iCLAU789 [40] oD steady-state, GSM C. ljungdahlii
iHN637 [41] oD steady-state, GSM C. ljungdahlii
Hermann et al. [42] oD steady-state, central metabolism model C. ljungdahlii
Ruggiero et al. [43] oD dynamic kinetic model C. autoethanogenum
Almeida Benalcazar 0D /1D dynamic, thermodynamics-based black-box model + 9 C. ljungdahlii / C.
et al. [44] compartments (dispersion), steady-state autoethanogenum
Chen et al. [33] 1D GSM with multiphase transport equations C. ljungdahlii
de Medeiros et al. [45] 1D axial dispersion model + dynamic multi-response model C. ljungdahlii
Li et al. [46] 1D hydrodynamics (pseudo steady state) + GSM + multiphase C. autoethanogenum

convection-dispersion equations

Puiman et al. [25] 3D, CFD dynamic, 12-pool model [47] C. autoethanogenum
Puiman et al. [20] 3D, CFD dynamic C. autoethanogenum
Siebler et al. [28] 3D, CFD dynamic, minimum stoichiometry model C. autoethanogenum
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6 Gas Fermentation

assumptions, advances in hydrodynamic and Kkinetic
models are necessary, requiring experimental datasets to
be available.

The presence of biomass, products, salts, and surfactants
significantly affects hydrodynamics and mass transfer
rates (via bubble coalescence) in fermentation broths
[59], for example, at high surfactant concentrations, an
increased drag coefficient is needed to capture gas pro-
files well [60]. Only if bubble dynamics can be accu-
rately described, their impact on mass transfer and
mixing — crucial parameters in BCRs — may be well
calculated. Studies with the final broth composition are
necessary to identify mass transfer performance and
guide the development of coalescence and break-up
models [61].

Kinetic models to predict biomass-specific gas uptake
rates are required for successful bioreactor design.
However, public information on dynamic and steady-
state kinetics of gas-fermenting bacteria is too limited,
and the reliability of the developed models is modest
[48,62] due to uncertainties in mass transfer rates and
dissolved gas concentrations. Innovative methods should
be designed to study kinetic parameters without prior
knowledge of 4,4 or dissolved gas concentrations [48].

Mechanistic understanding of product inhibition —
which may be substantial [63] — enables whole-process
optimization as increased titers decrease productivity
but improve separation efficiency [64]. Similarly, me-
chanistic models that relate acetic acid concentrations to
increased A'TP requirements for cellular maintenance
[65] are unavailable.

Scale-down studies that resemble the industrial gra-
dients with gas excess and shortage are required, as
distinct and recurrent metabolic stalls or electron over-
supply influence microbial metabolism [25,28]. These
‘feast or famine’ studies may reveal how concentration
variations affect growth yield and whether translational
changes occur that influence maintenance metabo-
lism [66].

Additionally, coupling genome-scale metabolic models
with bioreactor models is required to study how opera-
tional choices and extracellular conditions influence
metabolism and product spectrum. High gas conversion
rates challenge the ideal-mixing assumption and the
estimation of gas solubility, while hydrophobic products
increase £7« and mass transfer rates. Such nonlinearities
necessitate careful interpretation of the impact of in-
dividual variables at the reactor level.

To further investigate gas fermentation processes, sev-
eral analytical tools are lacking [62]. Recent advances in

online measurement of dissolved gas concentrations
(CO, H;) are promising [67,68]. Meanwhile, rapid-sam-
pling techniques in microfluidics might be interesting
options to study short-term concentration fluctuations of
dissolved gases on the cellular level [69]. Measuring
ferredoxin concentration, which is expected to play an
important role in the response to cyclic electron excess
and shortage [25], is still extremely difficult [62].

Despite knowledge-driven scaling strategies, pilot-scale
studies are still required. Piloting reveals how important
variables like gas hold-up and #; scale in fermentation
broths, and can be used to validate hydrodynamic and
mass transfer models [15]. Pilot and mobile gas fer-
mentation laboratories [70] identify how real-life process
variations (e.g. impurities in the inlet gases) affect pro-
duct quality during long-term cultivation.

Outlook

Gas fermentation is a core platform for future bio- and
Greentech technologies, covering various processes like
protein production via aerobic carboxydothropic fer-
mentation, knallgas fermentation, and bioreactor cas-
cades. It enables the production of high-value chemicals
via synthetic co-cultures, either suspended or via bio-
films. H,-coupled carboxydothropy may enhance the
sustainability of CO fermentations, allowing storage of
intermittent energy supplies. These approaches extend
gas fermentation’s potential beyond the current CO-
based application and may lead to closed recycling loops
for persistent compounds. Gas fermentation should not
serve as an airy excuse for the continuing exploitation of
replaceable fossil resources that may be recycled only
partly. A truly circular economy should be targeted
based on sustainable resources.

We notice a lack of courage in the industry to shift to
pneumatically agitated bioreactors, despite their proven
reliability. This is reflected in the absence of BCRs in
commercial pilot and demonstration plants. Interestingly,
companies that have decided to apply large-scale BCRs
once continue to use the technology for novel applications.
The high capital costs and small economic margins limit
the commercialization of gas fermentation processes.
However, CO, taxation may shift the playing field.

Bioreactor scale-up can be accelerated using the recently
developed knowledge-driven scale-up approach. CFD
models help predict mass transfer rates and concentra-
tion gradients and enable scale-down studies. Kinetic
metabolic models provide information about how mi-
croorganisms react to concentration gradients. Research
is needed to limit the number of assumptions in these
models, increase process understanding, and enable
commercialization.

Current Opinion in Biotechnology 2025, 93:103294

www.sciencedirect.com



CRediT authorship contribution statement
Lars Puiman: Conceptualization, Writing — original draft,
Writing — review & editing. Carolin Bokelmann:
Conceptualization, Writing — original draft, Writing —
review & editing. Séan D Simpson: Writing — review &
editing. Alfred M Spormann: Writing — review &
editing. Ralf Takors: Conceptualization, Supervision,
Writing — review & editing.

Data Availability

No data were used for the research described in the ar-
ticle.

Declaration of Competing Interest

The authors declare the following financial interests/
personal relationships which may be considered as po-
tential competing interests: Séan Simpson is co-founder
and shareholder of LanzaTech. The other authors de-
clare that they have no known competing financial in-
terests or personal relationships that could have
appeared to influence the work reported in this paper.

Declaration of Generative Al and Al-assisted
technologies in the writing process

During the preparation of this work the author(s) used
ChatGPT to improve language and readability. After
using this tool/service, the author(s) reviewed and edited
the content as needed and take(s) full responsibility for
the content of the published article.

Acknowledgements

This paper is the result of discussions at the 2024 Gas Fermentation
Conference at Heron Island, Australia. The authors thank the organizers for
making this conference a success. This research was partly funded by grants
from the German Federal Ministry of Education and Research as part of
Bioeconomy International [031B1127]. Figures were created with
BioRender.com.

References and recommended reading
Papers of particular interest, published within the period of review, have
been highlighted as:

o of special interest
oo Of outstanding interest

1. Teixeira LV, Moutinho LF, Romao-Dumaresq AS: Gas
fermentation of C1 feedstocks: commercialization status and
future prospects. Biofpr 2018, 12:1103-1117, https://doi.org/10.
1002/bbb.1912

2. Kopke M, Simpson SD: Pollution to products: recycling of
‘above ground’ carbon by gas fermentation. Curr Opin
Biotechnol 2020, 65:180-189, https://doi.org/10.1016/j.copbio.
2020.02.017.

Provides a good overview of the commercial status of gas fermentation
technology, its advantages compared to chemical conversions, and the
possible products that might be derived in gas fermentations.

3. Takors R, Kopf M, Mampel J, Bluemke W, Blombach B, Eikmanns
B, Bengelsdorf FR, Weuster-Botz D, Diirre P: Using gas mixtures
of CO, CO, and H, as microbial substrates: the do’s and don’ts
of successful technology transfer from laboratory to
production scale. Micro Biotechnol 2018, 11:606-625, https://doi.
org/10.1111/1751-7915.13270

Dos and don’ts for scaling-up gas fermentations Puiman et al. 7

4. Fernandez-Naveira A, Veiga MC, Kennes C: H-B-E (hexanol-
butanol-ethanol) fermentation for the production of higher
alcohols from syngas/waste gas. J Chem Technol Biotechnol
2017, 92:712-731, https://doi.org/10.1002/jctb.5194

5. Kiefer D, Merkel M, Lilge L, Henkel M, Hausmann R: From acetate
to bio-based products: underexploited potential for industrial
biotechnology. Trends Biotechnol 2021, 39:397-411, https://doi.
org/10.1016/j.tibtech.2020.09.004

6. Siebert D, Eikmanns BJ, Blombach B: Exploiting aerobic
carboxydotrophic bacteria for industrial biotechnology. In One-
Carbon Feedstocks For Sustainable Bioproduction. Edited by Zeng
AP, Claassens NJ. 180 Springer International Publishing;
2021:1-32.

7. Jo SY, Rhie MN, Jung SM, Sohn YJ, Yeon YJ, Kim M-S, Park C,
Lee J, Park SJ, Na J-G: Hydrogen production from methane by
methylomonas sp. DH-1 under micro-aerobic conditions.
Biotechnol Bioprocess Eng 2020, 25:71-77, https://doi.org/10.
1007/s12257-019-0256-6

8. Solar Foods: Factory 01; 2025 (https://solarfoods.com/factory-01/)
[Accessed 06 Feburary 2025].

9. Senior PJ, Windass J: The ICI single cell protein process.
Biotechnol Lett 1980, 2:205-210, https://doi.org/10.1007/
BF01209434

10. Chisti MY, Moo-Young M: Airlift reactors: characteristics,
applications and design considerations. Chem Eng Commun
1987, 60:195-242, https://doi.org/10.1080/00986448708912017

11. Heijnen JJ, Van’t Riet K: Mass transfer, mixing and heat transfer
phenomena in low viscosity bubble column reactors. Chem Eng
J 1984, 28:B21-B42, https://doi.org/10.1016/0300-9467(84)
85025-X

12. Yang C, Mao Z-S: Chapter 3 - Multiphase stirred reactors. In
Numerical Simulation of Multiphase Reactors with Continuous
Liquid Phase. Edited by Yang C, Mao Z-S. Elsevier Ltd;
2014:75-151.

13. Crater J, Galleher C, Lievense J: Consultancy on large-scale
submerged aerobic cultivation process design — final technical
report: February 1, 2016 — June 30, 2016. Tech. rep., National
Renewable Energy Laboratory (NREL), Golden, CO (United States);
2017. (https://www.nrel.gov/docs/fy170sti/67963.pdf).

14. Humbird D, Davis R, McMillan JD: Aeration costs in stirred-tank

*¢ and bubble column bioreactors. Biochem Eng J 2017,
127:161-166, https://doi.org/10.1016/j.bej.2017.08.006.

This work provides an extensive economical and technical comparison

between stirred-tank and pneumatically agitated bioreactors for gas

delivery, laying the foundation for knowledge-based selection of a sui-

table bioreactor type.

15. Puiman L, Abrahamson B, van der Lans RG, Haringa C, Noorman
HJ, Picioreanu C: Alleviating mass transfer limitations in
industrial external-loop syngas-to-ethanol fermentation. Chem
Eng Sci 2022, 259:117770, https://doi.org/10.1016/j.ces.2022.
117770

16. Bokelmann C, Bromley J, Takors R: Pros and cons of airlift and
bubble column bioreactors: how internals improve
performance. Biochem Eng J 2025, 213:109539, https://doi.org/
10.1016/j.bej.2024.109539

17. Fackler N, Heijstra BD, Rasor BJ, Brown H, Martin J, Ni Z, Shebek
KM, Rosin RR, Simpson SD, Tyo KE, Giannone RJ, Hettich RL,
Tschaplinski TJ, Leang C, Brown SD, Jewett MC, Kopke M:
Stepping on the gas to a circular economy: accelerating
development of carbon-negative chemical production from gas
fermentation. Ann Rev Chem Biomol Eng 2021, 12:439-470,
https://doi.org/10.1146/annurev-chembioeng-120120-021122

18. van’t Riet K: Review of measuring methods and results in
nonviscous gas-liquid mass transfer in stirred vessels. Ind Eng
Chem Process Des Dev 1979, 18:357-364, https://doi.org/10.1021/
i260071a001

19. van’t Riet K, van der Lans RG: Mixing in bioreactor vessels. In:
Comprehensive Biotechnology. Edited by Moo-Young M. 2 Elsevier
B.V; 2011:63-80.

www.sciencedirect.com

Current Opinion in Biotechnology 2025, 93:103294


https://doi.org/10.1002/bbb.1912
https://doi.org/10.1002/bbb.1912
https://doi.org/10.1016/j.copbio.2020.02.017
https://doi.org/10.1016/j.copbio.2020.02.017
https://doi.org/10.1111/1751-7915.13270
https://doi.org/10.1111/1751-7915.13270
https://doi.org/10.1002/jctb.5194
https://doi.org/10.1016/j.tibtech.2020.09.004
https://doi.org/10.1016/j.tibtech.2020.09.004
http://refhub.elsevier.com/S0958-1669(25)00038-2/sbref6
http://refhub.elsevier.com/S0958-1669(25)00038-2/sbref6
http://refhub.elsevier.com/S0958-1669(25)00038-2/sbref6
http://refhub.elsevier.com/S0958-1669(25)00038-2/sbref6
http://refhub.elsevier.com/S0958-1669(25)00038-2/sbref6
https://doi.org/10.1007/s12257-019-0256-6
https://doi.org/10.1007/s12257-019-0256-6
https://solarfoods.com/factory-01/
https://doi.org/10.1007/BF01209434
https://doi.org/10.1007/BF01209434
https://doi.org/10.1080/00986448708912017
https://doi.org/10.1016/0300-9467(84)85025-X
https://doi.org/10.1016/0300-9467(84)85025-X
http://refhub.elsevier.com/S0958-1669(25)00038-2/sbref11
http://refhub.elsevier.com/S0958-1669(25)00038-2/sbref11
http://refhub.elsevier.com/S0958-1669(25)00038-2/sbref11
http://refhub.elsevier.com/S0958-1669(25)00038-2/sbref11
https://www.nrel.gov/docs/fy17osti/67963.pdf
https://doi.org/10.1016/j.bej.2017.08.006
https://doi.org/10.1016/j.ces.2022.117770
https://doi.org/10.1016/j.ces.2022.117770
https://doi.org/10.1016/j.bej.2024.109539
https://doi.org/10.1016/j.bej.2024.109539
https://doi.org/10.1146/annurev-chembioeng-120120-021122
https://doi.org/10.1021/i260071a001
https://doi.org/10.1021/i260071a001
http://refhub.elsevier.com/S0958-1669(25)00038-2/sbref17
http://refhub.elsevier.com/S0958-1669(25)00038-2/sbref17
http://refhub.elsevier.com/S0958-1669(25)00038-2/sbref17

8 Gas Fermentation

20.

21.

22.

23.

Puiman L, Almeida Benalcazar E, Picioreanu C, Noorman HJ,
Haringa C: Downscaling industrial-scale syngas fermentation to
simulate frequent and irregular dissolved gas concentration
shocks. Bioengineering 2023, 10:1-22, https://doi.org/10.3390/
bioengineering10050518

Nadal-Rey G, Kavanagh JM, Cassells B, Cornelissen S, Fletcher
DF, Gernaey KV, McClure DD: Modelling of industrial-scale
bioreactors using the particle lifeline approach. Biochem Eng J
2023, 198:108989, https://doi.org/10.1016/].be}.2023.108989

Philp J: Bioeconomy and net-zero carbon: lessons from Trends
in Biotechnology, volume 1, issue 1. Trends Biotechnol 2023,
41:307-322, hitps://doi.org/10.1016/j.tibtech.2022.09.016

Nadal-Rey G, McClure DD, Kavanagh JM, Cornelissen S, Fletcher
DF, Gernaey KV: Understanding gradients in industrial
bioreactors. Biotechnol Adv 2021, 46:107660, https://doi.org/10.
1016/j.biotechadv.2020.107660.

This work outstandingly reviews the literature on gradients in industrial
biotechnology. They highlight when gradients might be expected, review
model and experimental studies and their results, together with the
available literature on scale-down experiments.

24.

25.

Sweere AP, Luyben KCA, Kossen NW: Regime analysis and
scale-down: tools to investigate the performance of
bioreactors. Enzyme Microb Technol 1987, 9:386-398, https://doi.
org/10.1016/0141-0229(87)90133-5

Puiman L, Almeida Benalcazar E, Picioreanu C, Noorman HJ,
Haringa C: High-resolution computation predicts that low
dissolved CO concentrations and CO gradients promote
ethanol production at industrial-scale gas fermentation.
Biochem Eng J 2024, 207:109330, https://doi.org/10.1016/].bej.
2024.109330.

This is the first demonstration of a full two-way coupled model including
a hydrodynamic and a dynamic kinetic model in industrial-scale gas
fermentation. The authors extensively study how hydrodynamic-meta-

bolic interactions influence the product spectrum of C. auto-
ethanogenum, giving new insights into the dynamic effects of substrate
gradients.

26. Haringa C, Deshmukh AT, Mudde RF, Noorman HJ: Euler-

27.

28.

29.

30.

31.

32.

33.

Lagrange analysis towards representative down-scaling of a 22
m3 aerobic S. cerevisiae fermentation. Chem Eng Sci 2017,
170:653-669, https://doi.org/10.1016/j.ces.2017.01.014

Wang G, Haringa C, Noorman H, Chu J, Zhuang Y: Developing a
computational framework to advance bioprocess scale-up.
Trends Biotechnol 2020, 38:846-856, https://doi.org/10.1016/j.
tibtech.2020.01.009

Siebler F, Lapin A, Hermann M, Takors R: The impact of CO
gradients on C. ljungdahlii in a 125m3 bubble column: mass
transfer, circulation time and lifeline analysis. Chem Eng Sci
2019, 207:410-423, https://doi.org/10.1016/j.ces.2019.06.018

Kantarci N, Borak F, Ulgen KO: Review — bubble column
reactors. Process Biochem 2005, 40:2263-2283, https://doi.org/
10.1016/j.procbio.2004.10.004

Wilkinson PM, Spek AP, van Dierendonck LL: Design parameters
estimation for scale-up of high-pressure bubble columns.
AIChE J 1992, 38:544-554, https://doi.org/10.1002/AIC.690380408

Puiman L: From bioreactors to bubbles to bacteria: on multi-scale
interactions in gas fermentation. Ph.D. Thesis, TU Delft, Delft; 2024.

Ngu VKS: Multiscale modelling of gas-liquid bioreactors: Biological
Methanation Application. Ph.D. Thesis, INSA de Toulouse,
Toulouse; 2022.

Chen J, Gomez JA, Hoffner K, Barton Pl, Henson MA: Metabolic
modeling of synthesis gas fermentation in bubble column
reactors. Biotechnol Biofuels 2015, 8:1-12, https://doi.org/10.
1186/s13068-015-0272-5

. Haringa C, Tang W, Noorman HJ: Stochastic parcel tracking in

an Euler-Lagrange compartment model for fast simulation of
fermentation processes. Biotechnol Bioeng 2022,
119:1849-1860, https://doi.org/10.1002/bit.28094.

This is the first demonstration of a CM coupled with a dynamic-meta-
bolic model. Simulation duration is decreased from weeks to minutes,
opening the door for simulation times closer to cultivation durations.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Tajsoleiman T, Spann R, Bach C, Gernaey KV, Huusom JK, Kriihne
U: A CFD based automatic method for compartment model
development. Comput Chem Eng 2019, 123:236-245, https://doi.
org/10.1016/j.compchemeng.2018.12.015

Puig I. Laborda V, Puiman L, Groves T, Haringa C, Nielsen LK:
Unsupervised learning bioreactor regimes. Comput Chem Eng
2025, 194:108891, https://doi.org/10.1016/j.compchemeng.2024.
108891

Tang W, Deshmukh AT, Haringa C, Wang G, van Gulik W, van
Winden W, Reuss M, Heijnen JJ, Xia J, Chu J, Noorman HJ: A 9-
pool metabolic structured kinetic model describing days to
seconds dynamics of growth and product formation by
Penicillium chrysogenum. Biotechnol Bioeng 2017,
114:1733-1743, https://doi.org/10.1002/bit.26294

Lapin A, Muller D, Reuss M: Dynamic behavior of microbial
populations in stirred bioreactors simulated with Euler-
Lagrange methods: traveling along the lifelines of single cells.
Ind Eng Chem Res 2004, 43:4647-4656, https://doi.org/10.1021/
ie030786k

Norman RO, Milla T, Schatschneider S, Henstra AM, Breitkopf R,
Pander B, Annan FJ, Piatek P, Hartman HB, Poolman MG, Fell DA,
Winzer K, Minton NP, Hodgman C: Genome-scale model of C.
autoethanogenum reveals optimal bioprocess conditions for
high-value chemical production from carbon monoxide. Eng
Biol 2019, 3:32-40, https://doi.org/10.1049/enb.2018.5003

Marcellin E, Behrendorff JB, Nagaraju S, Detissera S, Segovia S,
Palfreyman RW, Daniell J, Licona-Cassani C, Quek LE, Speight R,
Hodson MP, Simpson SD, Mitchell WP, Képk M, Nielsen LK: Low
carbon fuels and commodity chemicals from waste gases -
systematic approach to understand energy metabolism in a
model acetogen. Green Chem 2016, 18:3020-3028, https://doi.
org/10.1088/1757-899X/1143/1/012014

Nagarajan H, Sahin M, Nogales J, Latif H, Lovley DR, Ebrahim A,
Zengler K: Characterizing acetogenic metabolism using a
genome-scale metabolic reconstruction of Clostridium
ljungdahlii. Microb Cell Fact 2013, 12:118, https://doi.org/10.1186/
1475-2859-12-118

Hermann M, Teleki A, Weitz S, Niess A, Freund A, Bengelsdorf FR,
Takors R: Electron availability in CO,, CO and H2 mixtures
constrains flux distribution, energy management and product
formation in Clostridium ljungdahlii. Microb Biotechnol 2020,
13:1831-1846, https://doi.org/10.1111/1751-7915.13625

Ruggiero G, Lanzillo F, Raganati F, Russo M, Salatino P,
Marzocchella A: Bioreactor modelling for syngas fermentation:
kinetic characterization. Food Bioprod Process 2022, 134:1-18,
https://doi.org/10.1016/j.fbp.2022.04.002

Benalcazar AE, Noorman H, Maciel Filho R, Posada JA: Modeling
ethanol production through gas fermentation: a
biothermodynamics and mass transfer-based hybrid model for
microbial growth in a large-scale bubble column bioreactor.
Biotechnol Biofuels 2020, 13:1-19, https://doi.org/10.1186/s13068-
020-01695-y

de Medeiros EM, Noorman H, Maciel Filho R, Posada JA:
Production of ethanol fuel via syngas fermentation:
optimization of economic performance and energy efficiency.
Chem Eng Sci 2020, 5:100056, https://doi.org/10.1016/j.cesx.
2020.100056

Li X, Griffin D, Li X, Henson MA: Incorporating hydrodynamics
into spatiotemporal metabolic models of bubble column gas
fermentation. Biotechnol Bioeng 2019, 116:28-40, https://doi.org/
10.1002/bit.26848

Almeida Benalcazar E: Modeling the anaerobic fermentation of
CO, H2 and CO, mixtures at large and micro-scales, Ph.D.
thesis Delft University of Technology; 2023.

Allaart MT, Korkontzelos C, Sousa DZ, Kleerebezem R: A novel
experimental method to determine substrate uptake kinetics of
gaseous substrates applied to the carbon monoxide-
fermenting Clostridium autoethanogenum. Biotechnol Bioeng
2024, 121:1325-1335, https://doi.org/10.1002/bit.28652

Mahamkali V, Valgepea K, de Souza Pinto Lemgruber R, Plan M,
Tappel R, Kopke M, Simpson SD, Nielsen LK, Marcellin E: Redox

Current Opinion in Biotechnology 2025, 93:103294

www.sciencedirect.com


https://doi.org/10.3390/bioengineering10050518
https://doi.org/10.3390/bioengineering10050518
https://doi.org/10.1016/j.bej.2023.108989
https://doi.org/10.1016/j.tibtech.2022.09.016
https://doi.org/10.1016/j.biotechadv.2020.107660
https://doi.org/10.1016/j.biotechadv.2020.107660
https://doi.org/10.1016/0141-0229(87)90133-5
https://doi.org/10.1016/0141-0229(87)90133-5
https://doi.org/10.1016/j.bej.2024.109330
https://doi.org/10.1016/j.bej.2024.109330
https://doi.org/10.1016/j.ces.2017.01.014
https://doi.org/10.1016/j.tibtech.2020.01.009
https://doi.org/10.1016/j.tibtech.2020.01.009
https://doi.org/10.1016/j.ces.2019.06.018
https://doi.org/10.1016/j.procbio.2004.10.004
https://doi.org/10.1016/j.procbio.2004.10.004
https://doi.org/10.1002/AIC.690380408
https://doi.org/10.1186/s13068-015-0272-5
https://doi.org/10.1186/s13068-015-0272-5
https://doi.org/10.1002/bit.28094
https://doi.org/10.1016/j.compchemeng.2018.12.015
https://doi.org/10.1016/j.compchemeng.2018.12.015
https://doi.org/10.1016/j.compchemeng.2024.108891
https://doi.org/10.1016/j.compchemeng.2024.108891
https://doi.org/10.1002/bit.26294
https://doi.org/10.1021/ie030786k
https://doi.org/10.1021/ie030786k
https://doi.org/10.1049/enb.2018.5003
https://doi.org/10.1088/1757-899X/1143/1/012014
https://doi.org/10.1088/1757-899X/1143/1/012014
https://doi.org/10.1186/1475-2859-12-118
https://doi.org/10.1186/1475-2859-12-118
https://doi.org/10.1111/1751-7915.13625
https://doi.org/10.1016/j.fbp.2022.04.002
https://doi.org/10.1186/s13068-020-01695-y
https://doi.org/10.1186/s13068-020-01695-y
https://doi.org/10.1016/j.cesx.2020.100056
https://doi.org/10.1016/j.cesx.2020.100056
https://doi.org/10.1002/bit.26848
https://doi.org/10.1002/bit.26848
http://refhub.elsevier.com/S0958-1669(25)00038-2/sbref43
http://refhub.elsevier.com/S0958-1669(25)00038-2/sbref43
http://refhub.elsevier.com/S0958-1669(25)00038-2/sbref43
https://doi.org/10.1002/bit.28652

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

controls metabolic robustness in the gas-fermenting acetogen
Clostridium autoethanogenum. Proc Natl Acad Sci USA 2020,
117:13168-13175, https://doi.org/10.1073/pnas.1919531117

Diender M, Dykstra JC, Parera Olm I, Kengen SWM, Stams AJM,
Sousa DZ: The role of ethanol oxidation during
carboxydotrophic growth of Clostridium autoethanogenum.
Microb Biotechnol 2023, 16:2082-2093, https://doi.org/10.1111/
1751-7915.14338

Molitor B, Marcellin E, Angenent LT: Overcoming the energetic
limitations of syngas fermentation. Curr Opin Chem Biol 2017,
41:84-92, https://doi.org/10.1016/j.cbpa.2017.10.003

Ertekin E, Kavanagh JM, Fletcher DF, McClure DD: Validation
studies to assist in the development of scale and system
independent CFD models for industrial bubble columns. Chem
Eng Res Des 2021, 171:1-12, https://doi.org/10.1016/j.cherd.2021.
04.023

McClure DD, Aboudha N, Kavanagh JM, Fletcher DF, Barton GW:
Mixing in bubble column reactors: experimental study and CFD
modeling. Chem Eng J 2015, 264:291-301, https://doi.org/10.
1016/j.cej.2014.11.090

Bisgaard J, Muldbak M, Cornelissen S, Tajsoleiman T, Huusom JK,
Rasmussen T, Gernaey KV: Flow-following sensor devices: a tool
for bridging data and model predictions in large-scale
fermentations. Comput Struct Biotechnol J 2020, 18:2908-2919,
https://doi.org/10.1016/j.csbj.2020.10.004

Haringa C, Tajsoleiman T, van Winden WA, Dong D, Gladue RM,
Wu L, Rasmussen T, Noorman HJ: Flow-following sensor
technology, a route to validated CFD models. Biochem Eng J
2025, 215:109623, https://doi.org/10.1016/j.be}.2024.109623

Alberini F, Nerini F, Mandolini N, Maluta F, Paglianti A, Di Pasquale
N, Montante G: On the reliability of image analysis for bubble
size distribution measurements in electrolyte solutions in
stirred reactors. Chem Eng J Adv 2024, 20:100658, https://doi.
org/10.1016/j.ceja.2024.100658

Neubauer P, Junne S: Scale-down simulators for metabolic
analysis of large-scale bioprocesses. Curr Opin Biotechnol 2010,
21:114-121, https://doi.org/10.1016/j.copbio.2010.02.001

Gaugler L, Mast Y, Fitschen J, Hofmann S, Schliter M, Takors R:
Scaling-down biopharmaceutical production processes via a
single multi-compartment bioreactor (SMCB). Eng Life Sci 2022,
23:€2100161, https://doi.org/10.1002/elsc.202100161

Volger R, Puiman L, Haringa C: Bubbles and broth: a review on
the impact of broth composition on bubble column bioreactor
hydrodynamics. Biochem Eng J 2024, 201:109124, https://doi.
org/10.1016/j.bej.2023.109124.

Extensively reviews the current literature regarding the impact of broth
components such as salts, surfactants, organic products, and biomass
on hydrodynamics and mass transfer in BCR. This topic is especially
valuable due to the strong effects and missing experimental data.

60.

McClure DD, Norris H, Kavanagh JM, Fletcher DF, Barton GW:
Towards a CFD model of bubble columns containing significant

Dos and don’ts for scaling-up gas fermentations Puiman et al. 9

61.

surfactant levels. Chem Eng Sci 2015, 127:189-201, https://doi.
org/10.1016/j.ces.2015.01.025

Mast Y, Takors R: Novel experimental data-driven bubble
breakage model for universal application in Euler-Lagrange
multiphase frameworks. Chem Eng Sci 2024, 284:119509,
https://doi.org/10.1016/j.ces.2023.119509

. Heffernan JK, Mahamkali V, Valgepea K, Marcellin E, Nielsen LK:

Analytical tools for unravelling the metabolism of gas-
fermenting Clostridia. Curr Opin Biotechnol 2022, 75:102700,
https://doi.org/10.1016/j.copbio.2022.102700.

Excellently highlights the available analytics and modeling tools for
measuring and predicting fluxes and concentrations in the metabolism
of acetogens.

63.

64.

65.

66.

Straathof AJJ: Modelling of end-product inhibition in
fermentation. Biochem Eng J 2023, 191:108796, https://doi.org/
10.1016/j.bej.2022.108796

Jankovéc T, Straathof AJ, Kiss AA: A perspective on downstream
processing performance for recovery of bioalcohols. J Chem
Technol Biotechnol 2024, 99:1933-1940, https://doi.org/10.1002/
jctb.7690

Valgepea K, de Souza Pinto Lemgruber R, Meaghan K, Palfreyman
RW, Abdalla T, Heijstra BD, Behrendorff JB, Tappel R, K'opke M,
Simpson SD, Nielsen LK, Marcellin E: Maintenance of ATP
homeostasis triggers metabolic shifts in gas-fermenting
acetogens. Cell Syst 2017, 4:505-515, https://doi.org/10.1016/j.
cels.2017.04.008

Minden S, Aniolek M, Noorman H, Takors R: Performing in spite of
starvation: how Saccharomyces cerevisiae maintains robust
growth when facing famine zones in industrial bioreactors.
Microb Biotechnol 2023, 16:148-168, https://doi.org/10.1111/
1751-7915.14188

. Mann M, Miebach K, Biichs J: Online measurement of dissolved

carbon monoxide concentrations reveals critical operating
conditions in gas fermentation experiments. Biotechnol Bioeng
2021, 118:253-264, https://doi.org/10.1002/bit.27567.

The authors demonstrate a novel measuring method for dissolved gas
concentrations. Broader application of this method is highly relevant for
understanding both lab and industrial-scale gas fermentations.

68.

69.

70.

Janesch E, Retamal Marin RR, Lemoine A, OelBner W, Zosel J,
Mertig M, Neubauer P, Junne S: Membrane-free dissolved
hydrogen monitoring in anaerobic digestion. Chem Eng J 2024,
12:112103, https://doi.org/10.1016/j.jece.2024.112103

Blébaum L, Torello Pianale L, Olsson L, Griinberger A: Quantifying
microbial robustness in dynamic environments using
microfluidic single-cell cultivation. Microb Cell Fact 2024,
23:1-20, https://doi.org/10.1186/s12934-024-02318-z

Acuna P, Rebecchi S, Vlaeminck E, Quataert K, Frilund C,
Laatikainen-luntama J, Hiltunen |, Winter KD, Soetaert WK:
Demonstrating pilot-scale gas fermentation for acetate
production from biomass-derived syngas streams.
Fermentation 2024, 10:285, https://doi.org/10.3390/
fermentation10060285

www.sciencedirect.com

Current Opinion in Biotechnology 2025, 93:103294


https://doi.org/10.1073/pnas.1919531117
https://doi.org/10.1111/1751-7915.14338
https://doi.org/10.1111/1751-7915.14338
https://doi.org/10.1016/j.cbpa.2017.10.003
https://doi.org/10.1016/j.cherd.2021.04.023
https://doi.org/10.1016/j.cherd.2021.04.023
https://doi.org/10.1016/j.cej.2014.11.090
https://doi.org/10.1016/j.cej.2014.11.090
https://doi.org/10.1016/j.csbj.2020.10.004
https://doi.org/10.1016/j.bej.2024.109623
https://doi.org/10.1016/j.ceja.2024.100658
https://doi.org/10.1016/j.ceja.2024.100658
https://doi.org/10.1016/j.copbio.2010.02.001
https://doi.org/10.1002/elsc.202100161
https://doi.org/10.1016/j.bej.2023.109124
https://doi.org/10.1016/j.bej.2023.109124
https://doi.org/10.1016/j.ces.2015.01.025
https://doi.org/10.1016/j.ces.2015.01.025
https://doi.org/10.1016/j.ces.2023.119509
https://doi.org/10.1016/j.copbio.2022.102700
https://doi.org/10.1016/j.bej.2022.108796
https://doi.org/10.1016/j.bej.2022.108796
https://doi.org/10.1002/jctb.7690
https://doi.org/10.1002/jctb.7690
https://doi.org/10.1016/j.cels.2017.04.008
https://doi.org/10.1016/j.cels.2017.04.008
https://doi.org/10.1111/1751-7915.14188
https://doi.org/10.1111/1751-7915.14188
https://doi.org/10.1002/bit.27567
https://doi.org/10.1016/j.jece.2024.112103
https://doi.org/10.1186/s12934-024-02318-z
https://doi.org/10.3390/fermentation10060285
https://doi.org/10.3390/fermentation10060285

	Dos and don’ts for scaling up gas fermentations
	Introduction
	Bioreactor choice
	Challenges for scale-up
	Gradients in large-scale bioreactors
	Approaches for scaling

	Tools for scale-up
	Model-based scaling of gas fermentation processes
	The importance of validation

	Research directions
	Outlook
	CRediT authorship contribution statement
	Data Availability
	Declaration of Competing Interest
	mk:H1_14
	Acknowledgements
	References and recommended reading




