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Industrial biotechnology has a potential to tackle harmful CO, emissions and turn CO, into a valuable com-
modity. However, a major technical obstacle in gas fermentations is the limited gas mass transfer rate. Increasing
system pressure is a way to increase the driving force for mass transfer. This review presents critical aspects of
gas fermentation at elevated pressure, with a specific focus on results obtained at 5-10 bar. While a solid
foundation for high pressure fermentations has already been laid in the past, mainly to enhance oxygen transfer
rates, it can be concluded that fermentations at moderately elevated pressures using gases such as CO,, CH,4, CO,

Ha, O, are still underexplored. Microbial growth rates and product formation can be improved at higher pres-
sures, but in general, titers and productivities need to be increased to allow a further industrialization. Hence,
more systematic investigations and techno-economic assessments are required.

1. Introduction

Carbon emissions hit a record high of 11.3 * 0.9 GtC in 2017 (Le
Quéré et al., 2018). The most straightforward strategy to abate climate
change is simply to burn less fossil fuels. CCS (carbon capture and
storage) and CCU (carbon capture and utilization) constitute a second
strategy in the effort to allow a sustainable low carbon future. Cur-
rently, a negligible amount of the emitted carbon is captured or uti-
lized. Efforts are underway to develop these technologies to reach the
goals set forward in the Paris Agreement [which is ratified up to date by
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185 parties (https://unfccc.int/process/the-paris-agreement/status-of-
ratification, Accessed on 19/04/2019)]. CCS offers a long-term geolo-
gical sequestration while CCU has the potential to transform CO into a
variety of end products. Even though these technologies are still sur-
rounded by uncertainties related to energy cost, type of (low-carbon)
energy source (Winterbone and Turan, 2015) and effectiveness of CCU
in mitigating climate change compared to CCS (Mac Dowell et al.,
2017), CCU has the potential to create attractive business cases for
production of fuels, chemicals and plastics. To illustrate this, Lanzatech
is producing ethanol on a commercial scale in Caofeidian (Hebei
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Nomenclature
a, Interfacial area between gas and liquid [m?.m ™3]
ALR Air lift reactor
CiL Actual dissolved gas concentration in the liquid
[mol.m ™3]
L Saturation concentration of the dissolved gas [mol.m ™3]
glz,(; Oxygen concentration in inlet fermentor [mol. m ]
oG Oxygen concentration in outlet fermentor [mol. m ™3]
CCS Carbon capture and storage
CCU Carbon capture and utilization
D; Diffusion coefficient for compound i in water [m2s™ 14
Day Second Damkohler number or ratio of the chemical reac-

tion rate to the mass transfer rate [-]

EROI Energy return on investment
GtC Gigatonne carbon
GTR Gas transfer rate [mol.m ~3.s71]

GUR Gas uptake rate [mol.m™ Ss71]

; Henry’s law constant of compound i [mol.m ~3.Pa™!]
FIREF

; Henry’s law constant of compound I at reference tem-

perature TREF [mol.m 3. Pa™!]

ICI Imperial Chemical Industries Limited

ISPR In situ product recovery

KL Overall mass transfer coefficient based on liquid con-
centrations [m.s ]

Kpa Volumetric mass transfer coefficient [s ']

LOC Limiting oxygen concentration

NRTL Nationally Recognized Testing Laboratory

OSHA  Occupational Safety and Health Administration (agency of
the united states department of labor)

OTR Oxygen transfer rate [mol.m ™ 3.s71]

OUR Oxygen uptake rate [mol.m~3s71]

P, Absolute pressure at compressor inlet [kPa]

P, Absolute pressure at compressor outlet [kPa]

Pym Atmospheric pressure [Pa]

Pomp Power required in compressor [kW]

Py Pressure in reactor [Pa]

P Stirred power input [kW]

Py, Pressure at the stirrer [Pa]

PEM Proton Exchange Membrane

Q Volume rate of gas flow at compressor inlet conditions
m3h~ Y]

Q Gas flow rate [m3.s™!]

R Gas constant [J.mol 1K™ 1]

SCp Single Cell Protein

STP Standard Temperature (273 K) and Pressure (101.3 kPa)

STR Stirred tank reactor

t time [s]

T Temperature [K]

TREF Reference temperature [298.15K]

Ug Superficial gas velocity [m.s™1]

Vs gas flow rate under STP conditions méh~1]

i Liquid volume [m3]

\ Mole fraction of compound i [mol.mol 1]

A incremental change in a variable

AsoH; Molar enthalpy of dissolution of compound i [J .mol™1]

a Correlation parameter [-]

B Correlation parameter [-]

4 Correlation parameter [-]

(%} Diameter of the vessel [m]

Province, China) based on fermentations using waste gases from steel
mills. Additional commercial plants are planned or already built in
Haryana (Indiana), Riverbank (California), Mpumalanga province
(South Africa) and Ghent (Belgium). Sapphire Energy has conducted
several pilot demonstrations since 2009 for the production of gasoline
and jet fuel based on sunlight and CO, using algae grown in open
ponds. Hence, diverse biotechnological CCU technologies are being
reported and the range of CO/CO,-derived products is expanding to e.g.
jet fuel, butadiene, 2,3-butanediol, isopropanol and isobutylene (De
Tissera et al., 2019). Hydrogen produced using decarbonized electricity
(Glenk and Reichelstein, 2019) is expected to play a major role in the
reduction of CO, in end-of-pipe installations. Although biological pro-
cesses are usually slower than chemo-catalytic or thermochemical re-
actions, their main advantages are: (1) milder environmental condi-
tions, (2) higher conversion efficiencies, (3) higher product specificity
or selectivity, (4) lower sensitivity to variations in gas composition in
comparison to e.g. Fischer-Tropsch synthesis (Griffin and Schultz,
2012), and (5) in general a higher tolerance to impurities that are toxic
to inorganic catalysts (Liew et al., 2013; Kopyscinski et al., 2010). It
should be mentioned that there are limits to the last advantage. As an
example, HCN was reported as deleterious impurity in a semi-com-
mercial facility in Vero Beach, FL commissioned by INEOS Bio for
production of ethanol from syngas derived from municipal solid waste
(De Tissera et al., 2019). Also nitric oxides (at high concentrations, e.g.
generated in gasifiers) will result in inhibited microbial growth
(Heijstra et al., 2017). Another major concern is the limited gas mass
transfer leading to reasonably low productivities and potentially very
large fermentors. High productivities are essential for the economic
feasibility of gas utilizing fermentation processes and these strongly
depend on achieving high mass transfer rates. Most research efforts
have focused on increasing the K;a, e.g. by investigating gas liquid jets
as dispersion devices (Weber et al.,, 2018) or by investigating

microbubble formation leading to lower power-to-volume ratios
(Bredwell and Worden, 1998; Hensirisak et al., 2002). Several review
papers are available that summarize the current state-of-the-art on this
topic, mostly in the context of syngas and CO fermentations (Daniell
et al., 2016; Fernandez-Naveira et al., 2017; Liew et al., 2013; Wainaina
et al.,, 2018). In addition to the Kja, also the driving force for mass
transfer can be increased, for instance by operating at increased pres-
sure. This review aims to present the state-of-the-art, expected benefits
and critical aspects of gas fermentation at elevated pressures, with a
specific focus on results obtained in bioreactor tests at 5-10 bar.

2. Gas mass transfer for CO, Hy, CO,, O, and CH,

Sparingly soluble gases are required in most gas fermentation pro-
cesses either as carbon and energy source (e.g. CO, Hy, CH,) or as
electron acceptor (e.g. O,). Because micro-organisms can only take up
gaseous substrates in their dissolved form, a series of mass transfer steps
of the substrate from the gas bubble to the reaction site inside the cell
has to take place. The gas-to-liquid mass transfer rate can be described
by Eq. (1):

dC,-,L
dt

=Kpa; % (y, * P« H — Cy1) a
K is the overall mass transfer coefficient (based on liquid concentra-
tions) and is itself the resultant of resistances in the liquid phase
boundary layer and the gas phase boundary layer (Munasinghe and
Khanal, 2010; Phillips et al., 2017; Vega et al., 1989). Highly water
soluble gases (e.g. ammonia) are gas-film controlled. Poorly water so-
luble gases (oxygen, hydrogen etc.) are liquid-film controlled (Raju,
2011). The interfacial area between gas and liquid is indicated by
symbol a, the volumetric gas-to-liquid mass transfer coefficient K; a; is a
lumped parameter as it is hard to determine the interfacial area
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between gas and liquid. Py is the (absolute) reactor pressure, y, the mole
fraction of compound i in the gas phase and C;; the dissolved gas
concentration of compound i in the fermentor (Kim et al., 2017). H; is
Henry’s law coefficient for component i which is variable with tem-
perature (and also affected by salinity). Therefore, increasing the re-
actor pressure or the mole fraction in the gas phase are straightforward
methods to increase the gas transfer rate.

The temperature dependency of Henry’s law coefficient can be de-
scribed by the van ‘t Hoff equation (Atkins et al., 2017):

—Ago H; 1 1
REF sol 11
H(T) = H*" « eXP(— * (— - REF))

(2)

HREF is Henry’s law constant at reference temperature TREF [298.15 K]
and — Ay H; is the molar enthalpy of dissolution. The parameters
HREFand =2 are listed for several compounds encountered in gas
fermentations in Table 1.

Mass transfer does not only affect the availability of sparingly so-
luble gases in the liquid, but also affects the activity in microbial cells.
Ideally, the mass transfer rate should continuously match the reaction
rate [i.e. the second Damkohler number Day; or the ratio of the (bio)
chemical reaction rate to the mass transfer rate equals 1]. This is not
straightforward in a system with an unsteady state behavior, due to e.g.
increasing cell concentrations, potential substrate limitations or in-
hibitions as well as product inhibition. In practice, operation will
therefore take place in diffusion-limited (Day > 1) or reaction-limited
(Day < 1) regimes. In the former case, the gas mass transfer rate is
insufficient to support the conversion process and liquid phase con-
centrations will drop and become limiting for microbial conversion. In
the latter case, delivery of the gaseous substrate to the reaction system
exceeds the consumption rate. Liquid phase concentrations and con-
centrations inside the cells will reach saturation, resulting in the ab-
sence of a driving force for further mass transfer and in case of in-
hibitory substrates, a negative effect on reaction kinetics (Yasin et al.,
2015).

K;a determination for oxygen is routinely done in the fermentation
industry. A common method is to sparge the vessel with nitrogen and
then start aeration at a certain superficial flow velocity and stirring
speed. The monitored experimental oxygen concentration as a function
of time is fitted to the following equation:

Coprt = Co,1 — (Coy1 — Copri=0) * e7KLG02H 3

Eq. (3) results from the integration of Eq. (1), solved for O.. Cg, ; is
the saturated oxygen concentration in the vessel and is estimated along
with Kjao, using nonlinear regression techniques, also described in
ASCE/EWRI 2-06 (ASCE/EWRI2-06, 2007). Eq. (3) can be used on the
condition that the rate of dissolved oxygen concentration change is
negligible compared to the probe response time. The measuring range
of most, if not all dissolved oxygen sensors is relatively far from the
saturated dissolved oxygen concentrations at 10 bar when using air
[Cs,,. is around 82 ppm at 25 °C at 10 bar while maximum measuring
range of oxygen sensors is ~40 ppm]. Therefore, oxygen depleted air
containing e.g. 5% oxygen could be used to monitor the entire dissolved
oxygen concentration profile as a function of time.

K;a determinations for other gases are less routinely performed, but
several methods can be found in the literature to quantify the K;a of

Table 1
Compilation of HXF, _A%“’H" and D; (at 25 °C) for different gases.
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hydrogen, CO, and CO. The measurements are complicated as auto-
clavable sensors to monitor CO, and H, in the liquid have a shelf life
limited to several months while sensors monitoring CO in the liquid are
simply not available. Therefore, Kja determination for CO involves a
myoglobin assay (Ungerman and Heindel, 2007). Myoglobin reacts
with CO and forms carboxymyoglobin which is quantified by spectro-
photometric analysis (Kundu et al., 2003; Riggs and Heindel, 2006).
The Kiaco, was quantified by monitoring the change in pH when ap-
plying CO, sparging. Overall volumetric mass transfer coefficients for
carbon dioxide were correlated with temperature, stirring speed and
gas flow (Hill, 2006). The dissolved carbon dioxide was also monitored
directly as a function of time (Matsunaga et al., 2009) by using an in
situ fiber optic chemical sensor (YSI BioVision 8500 from YSI In-
corporated based on a fluorescent dye hydroxypyrenetrisulfonate) de-
scribed in more detail by Pattison et al. (Pattison et al., 2000).

Dissolved CO, was measured using near-infrared Raman spectra
(Berger et al., 1995). Ky aco, was not determined based on near-infrared
(Raman) spectroscopy, but this could be an interesting method, also for
determining the K;a of other gases (if the quantification is precise en-
ough). The price of the required equipment is a showstopper, but might
be justified if the same equipment could be used for online monitoring
and control of (dissolved) gases and products.

The Kpan, was determined by monitoring the dissolved hydrogen
concentration as a function of time from the moment hydrogen sparging
was started (after all dissolved gases were removed by vacuum)
(Kodama et al.,, 1976). The dissolved hydrogen concentration was
measured by withdrawing liquid samples with a syringe, stripping the
dissolved hydrogen with nitrogen and analyzing the hydrogen con-
centration with a GC. The sample-taking procedure has to be executed
fast to ensure that no dissolved hydrogen is lost. Babcock and Radway
(2002) have proposed that Ky a; values can be calculated as well based
on the Kjao; using the following formula:

1
D )
Kpa; = Kpapy * (D—l)

02

4

With D; the diffusion coefficient for compound i in water. Eq. (4) was
developed for CO, in tubular gas lift photobioreactors. If also valid for
the other compounds of interest, it gives a practical and quick method
for approximating mass transfer coefficients based on equipment
available in every fermentation laboratory.

Oxygen transfer rates (OTR) can be determined during the fer-
mentation by online off-gas analysis and by solving a (gas) oxygen mass
balance on the bioreactor (Garcia-Ochoa et al., 2010). This system has
its limitations in case differences between the incoming and outgoing
oxygen concentrations are too small to distinguish for the detector.
Oxygen uptake rates (OUR) can be determined by monitoring the dis-
solved oxygen concentration.

Q in out
OTR = — * (C, - C
7 ( 05,6 oz,c) (5)

. AC,
OUR = OTR — accumulation = Q. (Coh6 — C8%5) — —=ot
VL ' ' At (6)

In the case of aerating fermentors, most air is lost through the vents
as air is readily available and only needs to be compressed to overcome

i HREF [mol/m3/Pa] 7A:‘{01H K] D; [m%s™ 1] References

co 9.7%107° 1300 2.03*107° Warneck and Williams (2012)
H, 7.8%107° 530 1.92%10°° Fernandez-Prini et al. (2003)
CO, 3.3*10°% 2400 45%10°° Sander et al. (2011)

0, 1.2%107° 1700 2.1%107° Warneck and Williams (2012)
CH,4 1.4*10°° 1900 1.49%10°° Warneck and Williams (2012)




W. Van Hecke, et al.

the hydrostatic pressure in the fermentor. Hence, there is no incentive
to consume all oxygen in the incoming air. A fundamentally different
situation arises in the case of fermentations based on e.g. CH,4, H,, CO
etc. Close to full conversion of these (gaseous) substrates is demanded
to decrease substrate costs and avoid unwanted emissions of un-
converted gases. To illustrate this, in the case of syngas to ethanol
fermentations, unconverted syngas is sent to a burner to recover the
energy. In such cases, designs involving gas recycling assist in im-
proving substrate utilization (Winter and Hohman, 2018). Therefore,
the mathematical approach for determining gas transfer rates (GTR) has
to be redeveloped based on the particular reactor design. Furthermore,
the determination of gas uptake rates (GUR) is complicated by lack of
(robust) sensors measuring the dissolved gas concentrations. On-line
gas analysis is deemed to be an indispensable asset not only to monitor
the gas composition, but also to steer the composition of the headspace
to avoid depletion or accumulation of a particular (substrate or pro-
duct) gas.

3. Elevated pressure fermentation

The upper pressure limit that can be applied will evidently depend
on the type of microorganism. Piezophilic strains which thrive at the
bottom of the ocean where pressures of 100 bar and above are prevalent
(Lemmer et al., 2017) are not within the scope of this review but rather
microorganisms that are normally applied at atmospheric pressure. In

Bioresource Technology 293 (2019) 122129

industrial settings, bubble columns, airlift fermentors (with internal and
external) draft tube, stirred tank reactors (van't Riet and Tramper,
1991) and hybrids between the airlift and the stirred tank reactor
(Tervasmaki et al., 2016) (called stirred airlift reactors or stirred draft
tube reactors) are used (see Fig. 1). Mechanical simplicity is often
mentioned for bubble columns and airlift reactors as a benefit in
comparison to stirred tank reactors, as engines and rotating parts are
not required. Airlift reactors consist of three sections: a downcomer, a
riser and a disengagement zone (Duan and Shi, 2014). When well de-
signed and operated in proper regimes, the resulting liquid recircula-
tion leads to improved hydrodynamics in comparison to simple bubble
columns and hence translates to increased K;a’s. Ratios of K;a to power
input are important design factors in the commercialization of a pro-
duct. Stirred tank reactors can achieve a higher power input per unit of
volume in comparison to bubble columns and gas lift reactors and are
favored in case high viscosity broths are obtained (van't Riet and
Tramper, 1991). Stirred tank reactors seem interesting to use as (high
pressure) pilot reactors for which characterization and interpretation of
data might be more straightforward than for small-scale airlift or
bubble columns. Computational fluid dynamics (CFD) can play a role as
well in better understanding the factors that lead to a successful up-
scaling (Straathof et al., 2019).

The highest hydrostatic pressures industrially applied were in so-
called ICI deep-shaft airlift fermentors applied for high-strength was-
tewaters (Sittig, 1982) using an in-ground vertical shaft between 90 and

Fig. 1. Bioreactors for gas fermentation: A. bubble column; B. Split-cylinder internal-loop ALR; C. concentric draught-tube internal-loop ALR with centrally arranged
riser; D. concentric draught-tube internal-loop ALR with centrally arranged downcomer; E. draught-tube internal-loop with vertically split draught-tube and centrally
arranged riser; F. ALR with external draft tube; G. Deep-shaft airlift reactor with upward sparging in the riser and downward sparging in the downcomer; H. stirred
tank reactor; I. Stirred airlift reactor. 1. gas inlet; 2. sparger; 3. gas exhaust; 4. riser; 5. downcomer.
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Table 2 (continued)

Ref.

Process performance

Product

Gas uptake

Liquid feed Gas supply

Reactor

T, pH, P

Biocatalyst

Gas substrate

specifications

Fernandez-

10 bar: 4 g acetate/L and little ethanol,
or 4,5 g ethanol/L in different runs

Acetate, ethanol

10 bar: 80% CO

Continuous

STR, 0,65 L,

37°C

Clostridium ljungdahlii

Syngas

Prini et al.
(2003)

conversion, 55-60%
H, conversion

200-500 rpm

1-10 bar

Anonymous
(1993))

Reaction rate proportional to pressure

Acetate, ethanol

10 bar: higher CO

Column with liquid C Continuous

recirculation, 1 L

30-40°C
1-10 bar

Clostridium ljungdahlii

Syngas

consumption than at
lower pressures

Gaddy (1997))

Acetate production and biomass

Acetate

Continuous

30-40°C

Clostridium ljungdahlii

Syngas

increase proportional to pressure

< 13 bar
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250 m in depth (Weston, 1982) and diameters up to 3 m. The concept
was originally developed for single cell protein (SCP) production in
England using methanol as feedstock requiring high oxygen uptake
rates (Chen, 1990). To save energy in the compressors, the spargers do
not necessarily need to be positioned at the bottom of the riser, but are
reported to be located 20m from the top of the fermentor. Air is
sparged upward in the riser and downward in the downcomer. The li-
quid velocity (typically 0.9-1.5m.s™") drags down gas bubbles to the
bottom of the reactor where they (partially) dissolve before returning to
the surface through the riser. Near complete oxygen consumption is
reported in such fermentors with 2.7-5.4kg oxygen transferred per
kWh (Pollock, 1997).

Table 2 provides an overview of studies performed in bioreactors at
moderately elevated process pressures of between 5 and 10 bar. Studies
at pressures below 3 bar or in simple (serum) bottles were excluded
from the table. Several patents on gas fermentation technology (Bell
and Ko, 2017; Datta et al., 2016) or references to commercial processes
(Calysta in Strong et al. (2016)) mention 5 to 10 bar operating pressures
as well. Sublethal effects or a strong negative impact on the perfor-
mance of the microorganisms are therefore not expected. Moreover, a
5- to 10-fold increase in system pressure results in a substantial im-
provement in gas solubility and a reduction in fermentor size
(Anonymous, 1993) without the need for more expensive sensors and
auxiliary equipment (Lemmer et al., 2017). Pressure devices in the
European Union (excluding equipment with an allowable pressure
lower than 0.5 barg) need to be compliant with the Pressure Equipment
Directive (2014/68/EU).

3.1. Effects on mass transfer rates

An increase in pressure will affect the solubility of gases, but there is
some debate as to whether it may also have an impact on the volumetric
mass transfer coefficient. Several references summarized by Campani
et al. (2015) report a pronounced effect on K;a in bubble column re-
actors. This was theoretically explained by the fact that larger bubbles
will become unstable at a higher reactor pressure and collapse, leading
to smaller average gas bubble diameters, a larger gas-liquid interfacial
area, a lower terminal rise velocity of the gas bubbles and longer gas
hold-up. However, in their own experiments, Campani et al. (2015)
could not demonstrate a significant impact of air overpressures on K;a
in the range of 1-4 bar. Also the results in stirred tank reactors (STR)
are not consistent. Some authors assume that at a constant superficial
gas velocity, Kpa values are constant independent of the applied pres-
sure (Knoll et al. (2005) and references therein). However, Lopes et al.
(2013) observed that an air pressure increase up to 5 bar led to a slight
decrease of the volumetric mass transfer coefficient. Applying a con-
stant gas flow rate to the reactor, measured under standard conditions,
actually results in a decrease in true gas flow rate with pressure, and
consequently also in less gas bubbles and a lower gas holdup. The
normalized gas flow rate should thus be increased with increasing
pressure when the aim is to keep K;a constant (Knoll et al., 2007; Lopes
et al., 2013).

Correlations (for STR) are firmly established between the volu-
metric mass transfer coefficient, the stirred power B, and superficial gas
velocity ug as described in the seminal work of van't Riet and Tramper
(1991). For aerated stirred tank reactors, the correlation (established
for oxygen) is given in Eq. (7).

a B

Koa;=7y* (5) * (uc * P‘”m)
VL Psgir @
The superficial gas velocity ug is a hypothetical velocity assuming

gas is the only phase flowing through a certain cross-section. Under STP
conditions, it can be calculated as:
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12
Ug =
T (8)

Therefore, when increasing the reactor pressure the concentration
driving force increases [see Eq. (1)], but the pressure corrected super-
ficial velocity term [see Eq. (7)] decreases (leading to a decreased Ky a;).
So increasing pressure does not increase the mass transfer rate linearly.
Assuming the gas (compound i) is depleted in the reactor and Py,
equals Pr (which is approximately the case in small scale pilot reactors
with a negligible hydrostatic pressure) substitution of Eq. (7) in Eq. (1)
results in:
dci, ( 13

=y %

a
1—
- 7L) % (UG * Bun)P % y; + H % PY P

9

Hence, in the best case, the gas transfer rate increases with the
pressure to the power (1 — 8) on the condition that other factors (su-
perficial flow velocity ug, stirred power P, fermentor volume) remain
equal.

The pressure has implications on the choice of the compressor and
its energy consumption. Knoll et al. (2005) state that for up to 10 bars of
overpressure the same type of compressor can be used. The design will
become more complex in the case where compressors are used to re-
circulate gas at the top of the fermentor to the bottom of the fermentor
to increase the gas utilization (i.e. the ratio of generated product to
supplied gas which tends to be lower than the ratio of the generated
product to consumed gas).

A simple approximation of the power required in the compressor is
given in the following formula if quasi isothermal conditions are
reached (Boyce et al., 2007):

Pomp[KW] = 2.78 % 107 % Qq * P, * ln(%)

1 (10)

with P; the absolute inlet pressure (kPa), P, the absolute discharge
pressure [kPa] and Q; the volume rate of gas flow [m3/h] at compressor
inlet conditions.

Though Henry’s law indicates that the solubility of gaseous com-
pounds can be increased with reactor pressure, it only considers the
dissolved gas, while the behavior of particularly CO, in solution is
known to be complex, since it reacts with water to form carbonic acid,
bicarbonate and carbonate in variable ratios depending on the initial
pH range and presence of other (cat)ions. Obviously, an increase in CO»
partial pressure will result in a more important pH drop and this may
have a negative effect on the conversion process. For instance, resting
cell assays with CO5 and H, under a pressure of 10 bar, only resulted in
optimal conversion to formate once proper pH control was applied to
avoid the pH decrease of both CO, dissolution at the start of the test,
and the production of formate at later stages (Roger et al., 2018).

3.2. Effects on microorganism growth and product formation

Although the use of elevated pressures has often been named as a
means to increase gas-to-liquid mass transfer, only a few studies have
investigated its effect in a fermentor set-up in the 5-10 bar range so far.
Three references in Table 2 concern work of Biichs and colleagues in
RWTH Aachen on O, supply in pressurized STRs. By incrementally in-
creasing the headspace pressure when O, levels dropped below 20% or
30% of air saturation, O, limitations were avoided and 2-3 fold higher
biomass densities and productivities could be reached compared to non-
pressurized conditions (Knabben et al., 2010, 2011; Knoll et al., 2007).
Likewise, an improved biomass production was measured for the
strictly aerobic yeast Yarrowia lipolytica under elevated air pressure up
to 6 bar (Aguedo et al., 2005; Lopes et al., 2009), for Methylocystis on
CH,4/0, up to 3 bar (Wendlandt et al., 1993), for Thermococcus onnur-
ineus on CO up to 4 bar (Kim et al., 2017) and for Clostridium ljungdahlii
on syngas up to 13 bar (Gaddy, 1997). At higher pressures, growth of Y.
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lipolytica and Thermococcus onnurineus was inhibited (Aguedo et al.,
2005; Kim et al., 2017) while for Methylocystis growth inhibition oc-
curred when the produced CO, exceeded 150 mg/L or O, exceeded
1 mg/L (Wendlandt et al., 1993). In addition to earlier studies that
showed inhibitory effects of CO partial pressures above 0.8 bar
(Anonymous, 1993; Mohammadi et al., 2014), Oswald et al. (2018)
now also observed a gradual decrease in C. ljungdahlii biomass forma-
tion on H,/CO, gas mixtures with increasing pressure from 1 to 7 bar.
The authors were not able to pinpoint whether this was caused by in-
hibitory effects of increased H, partial pressures and/or increased dis-
solved CO».

Increasing pressure may also have an impact on substrate con-
sumption, extracellular product formation and product distribution.
This was evaluated among others for C. ljungdahlii on different gaseous
substrates. On syngas, either ethanol or acetate were found as the main
product in different test runs, but there was no apparent link between
product and applied pressure. CO consumption rates were higher at
10,4 bar than at lower pressures provided that a stepwise pressure in-
crease was implemented (Anonymous, 1993). On CO,/H,, Oswald et al.
(2018) noticed decreasing acetate and ethanol titers and increasing
formate titers with increasing pressure. Although the product dis-
tribution shifted from acetate as predominant product at 1bar to
mainly formate at 7 bar, the overall product yield was not affected.
Nevertheless, the observed titers (up to 3.2 g.L.~ 1 formate) do not allow
an (energy-) efficient and economic downstream process of such com-
pounds, especially given the fierce competition encountered for these
(bulk) chemicals from alternative (and more efficient) production
routes. Formate productivity increased as well at higher pressures, up to
0.045g.L."L.h™! at 7 bar, but too low to be considered for further in-
dustrialization (as a rule-of-thumb productivities exceeding
1g.L Lh™! are demanded, especially for bulk chemicals). Also for
other conversions, it can be observed that titers and productivities are
too low to allow further industrialization. Gas-to-ethanol fermentations
can be considered as a more mature conversion as 26 g.L.~* ethanol and
a productivity of 8.95-10g.L”L.h~! were reported by using cell re-
cycling for a Clostridium ljungdahlii fermentation (Gaddy et al., 2014).
To put this in perspective, 150 g.L.~! ethanol can be easily reached in
fermentations on carbohydrates (Pfromm et al., 2010). At the men-
tioned ethanol levels of 26 g.L.”!, the energy required to purify the
ethanol is substantial in comparison to the lower heating value of
ethanol (21.2MJ.L™Y (Huang and Percival Zhang, 2011; Luo et al.,
2009). Therefore, higher titers are required to allow a reasonable en-
ergy return on investment (EROI) (Hall and Klitgaard, 2012). In case
sufficiently high titers cannot be met, the reasons behind this should be
elaborated to increase the understanding of the current limitations of
such fermentations. If product inhibition is an issue, in situ product
recovery (ISPR) technologies can be applied (Van Hecke et al., 2014),
but these have their limitations as well. As the separation factors of
such ISPR technologies are rather limited, a sufficient concentration in
the fermentor is still demanded in most cases to end up with reasonable
EROI’s and allow competition with alternative production routes.

Interestingly, Roger et al. (2018) were able to reverse the reaction of
formate hydrogenlyase in Escherichia coli by applying increased gas
pressure and proper pH control. The enzyme which normally oxidizes
formate to CO, coupled to the reduction of protons to H,, was shown to
rapidly convert 100% of gaseous CO, to formate at pressures up to
10 bar. Kim et al. (2017) investigated the effects of CO pressure on H,
production by T. onnurineus. H, productivity was initially positively
influenced by a higher CO partial pressure, but decreased drastically
above 4 bar. This effect was mainly due to CO substrate inhibition be-
cause it did not occur to the same extent when CO partial pressure was
kept constant at increasing system pressure. Two other studies focused
on the effect of air pressure on product formation by Yarrowia lipolytica.
Lopes et al. (2009) could not detect any oxidative stress to the cells up
to 6 bar, and measured a 3,7-fold increase in extracellular lipase activity
at 5bar versus at 1bar. The yeast is also capable of producing y-
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decalactone from precursors through p-oxidation. Although the use of
pressure improved y-decalactone production, it also increased the
concentration of its oxidation compounds (Aguedo et al., 2005).

It can thus be concluded that a variable threshold, either as total
pressure or as partial pressure of specific substrates, exists above which
microbial growth and metabolism is affected. If one or more gaseous
substrates are found to be inhibitory, their dissolved gas concentrations
should be kept low by ensuring high uptake rates, either by employing
pressurized fermentation only when the cell concentration has become
sufficiently high or by stepwise increasing the pressure concomitant
with cell concentrations (Mohammadi et al., 2014; Vega et al., 1989).
Such gradual adaptation of biomass was found to be beneficial for CO
consumption in C. ljungdahlii up to 10bar (Anonymous, 1993), in
Blautia productus (previously Peptostreptococcus) up to 15 bar (Ko et al.,
1989), and in T. onnurineus up to 4 bar (Kim et al., 2017). In some cases,
a preadaptation to elevated pressures was evaluated. For Y. lipolytica,
pregrowth under 5 bar of air pressure did not improve subsequent li-
pase production (Lopes et al., 2009), while it did affect metabolite
profiles in the B-oxidation pathway for production of decalactones
(Aguedo et al., 2005).

3.3. Process operation and control

The use of higher gas flow rates is preferred. It has the benefit of
increasing superficial velocity (and Kia), but may also result in a low
conversion of the gaseous feedstock, unless the gas is recycled
(Anonymous, 1993; Bredwell et al., 1999). Three studies executed with
the same reactor set-up, applied a constant superficial O,/air velocity
(calculated at prevalent reactor pressures) by linearly increasing the
normalized gas flow rate with the pressure (Knabben et al., 2010, 2011;
Knoll et al., 2007). It is important to note that about half of the (few)
reported elevated pressure tests concerned aerobic processes, in which
O is usually supplied in excess and only partially converted (Rittmann
et al., 2015). This is not a feasible option for gaseous carbon substrates,
for which a (close to) full conversion is desired to decrease feedstock
costs. With one exception [(Roger et al., 2018) in Table 2], near full
conversion efficiencies have not yet been demonstrated.

If reactors are continuously supplied with inhibitory substrates, any
significant perturbation that temporarily affects the balance between
the gas mass transfer rate and consumption may lead to process failure.
Since micro-organisms sense the liquid concentration of a substance
rather than the partial pressure in the gas phase (Hausler et al., 2016),
feedback control of the dissolved gas concentration is desired to
maintain reactor stability at elevated pressure (Bredwell et al., 1999).
However, proper process monitoring as well as determination of kinetic
parameters for gas transfer and uptake are complicated by the difficulty
to measure liquid phase concentrations of sparingly soluble gases. Ex-
cept for O, measurement, very few commercial dissolved gas sensors
exist which are resistant to and accurate at broader pressure ranges.
They are often specific for a certain application and expensive. There-
fore, methods have been developed to determine mass transfer coeffi-
cients and calculate dissolved gas concentrations based on mass bal-
ances on the transfer rate to the liquid medium (Mohammadi et al.,
2014). In case the end products of the bioconversion process are poorly
soluble gases, attention should also be paid to potential super-
saturation, occurring as a consequence of liquid-to-gas mass transfer
limitations (Kraemer and Bagley, 2006). Supersaturation has been ob-
served for Hy, CO, (Kraemer and Bagley, 2006) and CH,4 (Yeo et al.,
2015) at ambient pressures. Certainly when the product is inhibitory,
its concentration should be decreased, for instance by increasing the gas
(recirculation) flow and/or implementing a product removal step.

Safety engineering is crucial in operating gas fermentors at high
pressure. If oxygen is required in combination with e.g. CO,, CO, H,,
(gaseous) products, potentially explosive conditions arise in which case
the equipment has to comply with the ATEX directive [2014/34/EU] in
the European Union. The employer needs to be compliant with ATEX
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directive [1999/92/EC] to ensure safety and health of his employees
(Jespen, 2016). In the United States the equipment needs to be certified
and marked by an OSHA-recognized NRTL. If the oxygen concentration
in the gas mixture is lower than the limiting oxygen concentration
(LOQ), the gas mixture can be considered inert. Flammable minimum
oxygen concentrations can be found in e.g. the Standard on Explosion
Prevention Systems [NFPA 69, (NFPA69, 2019) (Zabetakis, 1965)].

The ability to test metabolically engineered strains that produce
non-native chemicals based on C1 gaseous substrates in safe and well-
designed high pressure fermentations is a luxury to most laboratories
focusing on metabolic engineering, but in the same instance, a necessity
to further advance this particular field and explore the full potential of
these strains.

The principles of high pressure fermentation may be well under-
stood, but in general not applied when investigating this interesting
class of metabolically engineered strains. This might be due to several
(financial and technical) hurdles that need to be overcome: 1. A high
pressure reactor is not a readily obtained off-the-shelf piece of equip-
ment as other general purpose bench or pilot scale fermentors. 2. Safety
aspects related to the high pressure and to the (explosive) nature of the
gas mixtures have to be well considered; 3. The price of such systems is
quite high at any scale (due to the engineering costs, safety aspects and
custom-made nature) in comparison to off-the-shelf bench or pilot scale
fermentors. 4. Gas-to-gas and gas-to-liquid fermentations pose different
constraints and challenges to the design of such installations (see
Section 3.4).

3.4. Product recovery

While proof-of-concepts have been delivered for a range of (mainly
bulk) chemicals, productivity and product titers (generally in the
mg.L™! to several gL~ ! scale) remain disappointingly low, stalling
industrialization. Only when sufficient productivities and product titers
can be reached, these technologies can be truly categorized as “carbon
capture and utilization processes”. Product recovery is dependent on
the type of product and determines the process configuration. A dis-
tinction can be made to products that are liquid and to products that are
gaseous. Regarding the former, high concentrations need to be reached
in the fermentation broth as to decrease downstream processing costs,
eventhough the increased concentrations might introduce a certain
degree of toxicity towards the fermenting organisms. In this case, a
continuous (liquid) flow regime with cell retention seems a favorable
mode of operation. In the latter case where gaseous fermentation pro-
ducts are obtained (such as isobutene and butadiene) a batch config-
uration (or continuous alternative allowing a small bleed for removal of
dead cells) sounds more favorable as products cannot accumulate in the
fermentation broth. The increased fermentation pressure might even
lead to additional benefits as potentially volatile intermediates can have
a higher utilization rate and as recovery of these gaseous compounds
can be simplified by allowing condensation at high pressure and hence
higher condensation temperatures. Such configurations require gas re-
cycles and an elaborate online control system.

4. Conclusions and outlook

This review demonstrates that gas fermentation at moderately ele-
vated pressures for autotrophic bacteria is an interesting field of re-
search and of contemporary relevance given the challenges related to
CO, abatement. In general, productivities are improved at higher
pressures but titers and productivities need to be increased substantially
to allow industrialization of this particular class of fermentations. Gas-
to-ethanol fermentations are technically more advanced as can be
judged as well from the number of pilot plant trials and (planned)
commercial plants. More optimization work is needed and the range of
tested microorganisms producing non-native chemicals based on C1
gases can be broadened.
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