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production from hydrocarbons up to 12-fold. Via an energy analysis we show that
bioconversion of crude oil into H, can be more efficient than conversion of crude oil to
gasoline. Therefore, we suggest dark fermentation as a promising alternative to biorefine

crude oil and unlock the energy trapped in hydrocarbon reservoirs after abandonment.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

Introduction

Fossil fuels have satisfied humans’ increasing demand for
energy for decades. Knowing that fossil fuels are not eternal
has motivated researchers to work on alternative renewable
sources of energy such as biofuel [1]. However, being renew-
able is not the only constraint for an energy source. Climate
change is another concern that makes CO, producing energy
sources such as biodiesel, bioethanol and biogas less attrac-
tive. H, is a carbonless energy carrier, and it produces only
water when it burns. It can be produced through water elec-
trolysis [2], thermocatalytic reformation and biological pro-
cesses [3—5].

H, can be produced biologically through photolysis by
employing green algae, from organic acids through photo-
fermentation by employing phototrophic microorganisms and
from organic substrates through dark fermentation by utiliz-
ing anaerobic fermentative microorganisms [6—12]. Among
these methods, biohydrogen production through dark
fermentation is claimed to be very promising [13—17]. Dark
fermentation is possible at mesophilic [18], thermophilic [19]
and hyperthermophilic [20,21] temperature ranges. However,
H, production at elevated temperatures is thermodynamically
more favorable [22] and thermophilic biohydrogen production
benefits from general features of high temperature processes
such as lower viscosity, better mixing and higher reaction
rates [23,24]. Hyperthermophilic bacteria such as Thermotoga
maritima and Thermotoga neapolitana have been reported to be
promising candidates for biohydrogen production, leading to
an ideal H, yield of around 4 mol H, per 1 mol of glucose
[25,26]. Carbohydrates and bio-oils have been mainly used as
the organic matter for biohydrogen production [15—17]. To the
best of our knowledge, it has not been demonstrated whether
H, production is possible using hydrocarbons as C-source.

Hydrocarbon reservoirs are one of the key components of
the deep biosphere, hosting a wide variety of microorganisms.
For decades, the microbial ecology of this important compo-
nent has been studied with focus on sulfate- and nitrate-
reducing microorganisms [27,28] and methanogens [29]. Addi-
tionally, many studies have tried to find microorganisms that
can produce bioproducts with the potential of increasing oil
recovery [30,31]. Fermenting microbes such as Thermotoga are
one genus of microorganisms that exist in petroleum reservoirs
[27,32]. However, not enough knowledge exists about Thermo-
toga strains isolated from oil reservoirs, especially in regard to
whether or not they can effectively produce H,.

Many petroleum reservoirs nowadays are passing the
second stage of their life in which the oil production is
reducing. Depending on the type of a reservoir and applied
development policies, a great portion of initial oil in place (e.g.
60%) is still left as the residual oil phase, which is hard to
produce. Current climate policies against CO, producing fuels,
makes it less and less attractive to produce this remaining oil
by employing various enhanced oil recovery technologies (e.g.
Refs. [30,33]). Therefore, for these reservoirs, abandonment
phase is soon to come. Exactly these reservoirs may lend
themselves easily for other type of production since there is
usually enough access to the subsurface formation through
platforms, network of pipelines, and wells and there exists
adequate knowledge regarding the subsurface behavior
(thanks to variety of tests e.g. 3/4D seismic, conducted
throughout reservoir development).

Even though biohydrogen production at elevated temper-
atures is efficient in terms of rates and higher H, per substrate
yield, maintaining a bioreactor at high temperature requires
energy. Therefore, a part of the produced H, needs to be used
to warm up the bioreactor. Depleted petroleum reservoirs,
depending on the subsurface temperature gradient and their
depth, can have temperatures suitable for thermophilic or
hyperthermophilic biohydrogen production. Moreover,
depleted oil reservoirs as mentioned earlier contain a signifi-
cant amount of organic matter in the form of residual oil.
Provided that fermenting microbes could consume hydrocar-
bons as the sole substrate to produce H,, one could exploit the
left-over energy in depleted oil reservoir to produce a clean
energy carrier using dark fermentation. Therefore, it could be
possible - with rather low investments - to produce bio-
hydrogen from the mature hydrocarbon fields as they usually
have the required space, temperature and organic matter.

In this work we aim to answer the following two research
questions:

1) Can indigenous microorganisms of hot petroleum reser-
voirs produce H, from ordinary organic substrates to pro-
duce biohydrogen?

2) Can these microorganisms also produce H, from the
organic matter that exist within petroleum reservoirs?

For this, we studied the biohydrogen capability of three
Thermotoga strains isolated from oil reservoirs by using
glucose as the substrate. Furthermore, we investigated
whether they can produce H, from n-hexadecane and an
original crude oil produced from a North Sea reservoir.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ijhydene.2021.11.118
https://doi.org/10.1016/j.ijhydene.2021.11.118

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 47 (2022) 5I0I—51I10

5103

Materials and methods
Microorganisms

Three Thermotoga strains: Thermotoga petrophila DSM-13995
[34], Pseudothermotoga hypogea DSM-11164 [35] and Pseudo-
thermotoga elfii DSM-9442 [36] were ordered from DSMZ being
isolated from production fluids of three different oil
reservoirs.

Seed culture preparation

In order to activate ordered bacteria from DSMZ and later to
prepare the inoculum the following growth medium referred to
as'seed medium' was used (g/L of water): NH4Cl, 1.0; K,HPO,, 0.3;
KH,PO,4, 0.3; MgCl,-6H,0, 0.2; CaCl,-2H,0, 0.1; KCl, 0.1; Na-
Acetate, 0.5; yeast extract, 5.0; peptone, 5.0; Na-resazurine
0.0002; L-Cysteine-HCl-H,0, 0.5; glucose, 3.0; NayS, 0.5;
NaHCOs, 2.0; trace element solution, 10 mL. To prepare the seed
medium, first, all the components except L-Cysteine-HCl-H,0,
glucose, Na,S, NaHCOj; and trace element solution were mixed.
After sparging with nitrogen for 30 min, L-Cysteine-HCl-H,0
was added, and the solution was autoclaved. NaHCO3, Na,S and
trace element solution were autoclaved and added separately.
Glucose was sterilized using filtration. Trace element solution
contained (in g/L of water): MnCl,-4H,0, 6.4; CoCl,-6H,0, 0.387;
CuCl-2H,0, 0.035; Na,MoO,-2H,0, 0.033; ZnCl,, 0.027; FeCl,,
1.062. Fifty mL of the seed medium was filled into 113 mL serum
bottles which had already been nitrogen-sparged, sealed with
rubber stopper and sterilized using autoclaving. Each bottle was
inoculated with 1 mL of the seed culture, placed on a magnetic
stirrer at 200 rpm and incubated at 70 °C for 3 days. Note that the
temperature of 70 °C was considered to represent a typical hot
hydrocarbon reservoir.

Growth media for evaluating biohydrogen production

In order to evaluate biohydrogen production by different
organic matter sources, two growth media were used in this
work. The first medium referred to as ‘base medium’ had the
composition of the seed medium excluding glucose. Yeast
extract and peptone concentration were reduced to 2 g/L from
5 g/L. The second medium referred to as ‘baseGS medium’ had
the composition of the base medium with 1 g/L of glucose and
25 mg/L of a surfactant (Tween 80).

Experimental design

Table 1 lists different experiments conducted in this work.
Tests 1to 3 in Table 1 were conducted for growth rate analysis
using optical density measurements. Tests 4 to 6 were con-
ducted as control tests to measure the biohydrogen produc-
tion due to the presence of yeast extract and peptone in the
base medium. Tests 7 to 13 were conducted to investigate the
biohydrogen production by using three different carbon
sources, glucose (3 g/L equivalent to 16.65 mM), n-hexadecane
(20 mL/L) and crude oil (20 mL/L). Note that 20 mL of n-hex-
adecane is equivalent to 15.46 mol of n-hexadecane; however,
solubility of n-hexadecane in water is 4.1 uM [37]. As

Table 1 — Various designed experiments conducted in
this work.

Test number Bacteria Growth medium
1 DSM 11164 Seed

2 DSM 13995

3 DSM 9442

4 DSM 11164 Base

5 DSM 13995

6 DSM 9442

7 DSM 11164 Base + glucose

8 DSM 13995

9 DSM 9442

10 DSM 11164 Base + n-hexadecane
11 DSM 9442

12 DSM 11164 Base + crude oil
13 DSM 9442

14 DSM 11164 BaseGS

15 DSM 9442

16 DSM 11164 BaseGS + n-hexadecane
17 DSM 9442

18 DSM 11164 BaseGS + crude oil
19 DSM 9442

n-hexadecane and crude oil are not miscible in the water
phase, we hypothesized that addition of a surfactant such as
Tween 80 (25 mg/L) may stimulate H, production from hy-
drocarbons by reducing the interfacial tension between two
phases and therefore making hydrocarbons more accessible
for microorganisms. Note that choosing Tween 80 rather than
other surfactants was because of its relatively low toxicity [38].
Additionally, we hypothesized that an initial carbohydrate
concentration (1 g/L of glucose) can assist microorganisms in
degradation of hydrocarbons. Tests 14 to 19 were conducted to
take into account the biohydrogen production that occurs
solely due the addition of glucose and Tween 80 to the base
medium. Additionally, tests 14 to 15 take into account any H,
production increase due to possible degradation of Tween 80
or any H, production decrease due to the toxicity of Tween 80.
Tests 16 to 19 were run to quantify whether biohydrogen
production from hydrocarbons is enhanced by the addition of
glucose and Tween 80. Each test in Table 1 was conducted in
three replicates except tests 7 to 9 that were conducted in 4
replicates. In these tests (7—9) 3 replicates were used for
sampling at different time points while 1 replicate was only
sampled at the end of the experiment to evaluate the effect of
sampling gas on the measured biohydrogen.

Analytical methods

The composition of biogas in the headspace was analyzed
using a GC-TDC (SRI 8610C, California, USA) equipped with
PoraPak Q coloum installed in an oven. The operational tem-
peratures of the injection port, the oven, and the detector
were all set at 40 °C. Argon was used as the carrier gas at a flow
rate of 15 mL/min. The alcohols and VFA were measured using
a gas chromatograph (Thermo Scientific TRACE™ 1300, Wal-
tham, USA) equipped with a flame ionization detector (FID)
and an Agilent J&W GC capillary Column (Length 30 m, Diam.
0,530 mm, Film thickness 1,50 um). The initial column tem-
perature is set to 40 °C for 6 min then it rises by 20 °C/min to
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200 °C. The final temperature is held for 6 min and the total
run-time is 20 min with Helium as carrier gas. Further chro-
matographic analysis was done using an Agilent 7890 b GC
with TOF-MS detection. The infrared ATR spectra of the liquid
pre-concentrated samples were recorded using an Alpha II
FTIR spectrometer from Bruker equipped with a platinum ATR
insert. The aqueous samples were prepared by liquid-liquid
extraction with dichloromethane and filtered with a 2-uym
filter prior to analysis on the GC-MS. The liquid-liquid
extraction is unlikely to capture the smallest VFAs as these
will tend to remain in the water phase.

Biohydrogen production calculations

Before every GC measurement, serum bottles temperature
and pressure were measured using a temperature-pressure
measurement tool (testo 512, Black Forest, Germany). Bio-
hydrogen production in the gas phase was then calculated by
the ideal gas law equation.

Equivalent H,
Equivalent H, (is the H, that should be produced stoichio-

metrically for production of VFA) production was calculated
according to the following fermentation reactions (1-3):

C6H1206 g 2CH3COOH +4H, + 2C02 (1)
CsH1206 — C3H;COOH + 2H, + 2CO, 2
CsH1,0s — 3/4C4HsCOOH + 9/4H, + 9/4C0, (3)

For example, 10 mM acetic acid is equivalent to 20 mM H,.

Results and discussion
Growth rate

Fig. S1 shows the optical density measured for tests 1 to 3
(Table 1) with the seed culture as the growth medium (5 g/L of
glucose as the major carbon source). Growth occurs in the first
60 h and after that, biomass concentration declines. The
maximum specific growth rate for DSM 11164, DSM 9442 and
DSM 13995 can be calculated to be 0.11, 0.12 and 0.14
hr*(highest slope of log(OD) vs time, Fig. S1B). Note that in
Fig. S1B the OD at time equal to zero was assumed to be 50
times smaller than the OD of the initial inoculum.

Biohydrogen/VFA and alcohol production from glucose

H, production mainly occurs in the first 100 h, as illustrated in
Fig. S2 for the three different strains studied in this work. Strain
DSM 13995 and DSM 11164 have a fast early production stage
while, DSM 9442 resulted in the highest total H, production. H,
production for bottles, which were only sampled at the end of
experiments (after 194 h), was 21.02, 29.57 and 30.00 mmol/L for
DSM 11164, DSM 13995 and DSM 9442, respectively. Consid-
ering results shown in Fig. S2, the highest H, production rate for
DSM 11164, DSM 13995 and DSM 9442 can be calculated to be
1.03, 2.79 and 0.91 mmol L~*-hr 2. That is within the rate of H,

production by Thermotoga species reported by Shao et al. (2020)
[24]. Fig. S3 shows alcohol and VFA production. The only pro-
duced alcohol in detectable concentrations was ethanol. DSM
13995 had the highest ethanol production, but among VFA it
only produced acetic acid in a detectable concentration (>2 mg/
L). DSM 9442 showed the highest VFA production by producing
1275.4 mg/L compared to 931.9 and 1223.8 mg/L for DSM 11164
and DSM 13995, respectively.

Equivalent H, results are in agreement with H, production
results. Note that lower measured H, production than equiva-
lent H, production can be due to H, leakage from the rubber
stopper, H, loss due to sampling for GC or pressure measure-
ments, H, reactions with growth medium components and
other, unmeasured metabolic products. Table S1 lists the prod-
uct yield for the studied strains and for H,, VFA and ethanol.

Table S1 illustrates that during H, production by the
studied Thermotoga strains negligible amounts of butyric or
iso-butyric acid is produced. The value of (Ygy + Yi-pu)/Yac for
DSM 13995, DSM 9442 and DSM 11164 was calculated to be 0,
0.0166 and 0, respectively. These values are much lower
compared to results reported by Lin et al. (2007) [39] in which
they reported the value of (Ygy + Yi-pu)/Yac for four different
Clostridium species: C. acetobutylicum, C. butyricum, C. tyrobu-
tyricum and C. beijerinckii to be 1.54, 1.86, 0.88 and 1.82,
respectively. Since more H, is produced from fermentation
when the co-product is acetic acid rather than butyric acid,
the measured (Ygy + Yi-pu)/Yac shows that the studied Ther-
motoga strains are efficient H, producers.

Biohydrogen/VFA and alcohol production from
hydrocarbons

DSM 13995 was unable to produce detectable concentrations
of H, in the absence of glucose and presence of hydrocarbons.
Therefore, here we only present the results from DSM 9442
and DSM 11164. Fig. 1 shows H, production for the base
growth medium together with H, production for the base
media supplemented by 20 mL (per liter of the base medium)
of crude oil or n-hexadecane. DSM 9442 can produce more H,
in experiments where base medium has been supplemented
with the crude oil or n-hexadecane (Fig. 1A). The maximum
rate of H, production for the base case was measured to be
072 mmol L *hr ' and increased to 0.85 and to
0.99 mmol L~"-hr ! with the addition of n-hexadecane and
crude oil, respectively. Addition of n-hexadecane can also
increase H, production by DSM 11164 (Fig. 1B). However,
addition of crude oil leads to a higher H, production in the
early stages of growth but the final H, production was
measured to be lower compared to the other two cases (base
and base + n-hexadecane). The maximum rate of H, was
measured to be 0.94 mmol L™*-hr* for the base case and
increased to 1.28 mmol L™*-hr'1 due to the addition of n-
hexadecane and reduced to 0.88 mmol 17 h~? by the addition
of crude oil. By subtracting the H, production of the experi-
ments with hydrocarbon from the experiments without the
presence of hydrocarbons (base), H, production from hydro-
carbons can be calculated (Fig. S4). For DSM 9442, the highest
rate of H, production from hydrocarbons can be calculated to
be 0.041 and 0.033 mmol 1" * h™? for n-hexadecane and crude
oil, respectively (Fig. S4A). The maximum rate of H,
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Fig. 1 — A, B) H, production using base medium; C,D) baseGS medium with or without the addition of hydrocarbons, at 70 °C
for two Thermotoga strains DSM 9442 and DSM 11164. Symbols show the median of the three replicates and the error bars

show the minimum and maximum.

production from n-hexadecane by DSM 11164 is
0.0027 mmol L*-hr! (Fig. S4A). Therefore, the rate of H,
production from hydrocarbons is one or two order of magni-
tude lower than H, production from glucose. Fig. 2 shows the
VFA analysis of the liquid phase corresponding to the H,
measurements at the end of experiments shown in Fig. 1 (after
121.5 h). In the absence of glucose, neither DSM 9442 nor DSM
11164 were able to produce ethanol. Acetic acid showed to be
the main VFA, about an order of magnitude higher than other
VFAs. The equivalent H, results, calculated based on
measured VFAs concentrations (Fig. 2), is in agreement with
the measured H, production results shown in Fig. 1. Screening
analysis was carried out to investigate fatty acid production
due to fermentation of crude oil, and hexadecanoic acid due to
fermentation of n-hexadecane. The samples originally con-
taining crude oil showed a large range of medium-to large-
sized fatty acids. These compounds are naturally present in
crude oil, but our qualitative assessment indicates that they
were present in higher quantities after fermentation
compared to the original crude oil. Fatty acids were also
identifiable in the FT-IR spectrum of these samples by ab-
sorption in the carbonyl stretching region (1720 cm™%). The
fact that the carboxylic acid band was detectable in the IR
(Fig. 3) spectra without pre-concentration indicates that the
concentrations were notably higher than naturally occurring

in crude oil, where the carbonyl absorption band from natu-
rally occurring acids is generally weaker and below the
detection limit. While no hexadecanoic acid production was
observed due to the activity of DSM 11164, trace of hex-
adecanoic acid was observed in DSM 9442 cultures. Fig. 1C
demonstrates that addition of glucose and surfactant
(together) increased H, production from hydrocarbons for
both DSM 9442 and DSM 11164. Comparing Fig. 1A and C re-
veals that addition of glucose and surfactant increases H,
production from hydrocarbons around 12- (from 0.47 to
5.7 mmol/L) and 3-times (from 1.019 to 3.16 mmol/L) for n-
hexadecane and crude oil, respectively. Similarly, for DSM
11164 the addition of glucose and surfactant increased H,
production from hydrocarbons around 4-fold (from 0.94 to
3.35 mmol/L for n-hexadecane and from 1.1 to 4.23 mmol/L for
crude oil). By comparing the highest slope of H, production in
Fig. S4B with that of Fig. S4A, it can be concluded that addition
of glucose and Tween 80 increase the maximum rate of H,
production from hydrocarbons by DSM 9442 around 6-fold
(from 0.04 to 0.28 mmol L~*-hr~? for n-hexadecane and from
0.03 to 0.17 for the crude oil). For DSM 11164 addition of
glucose and Tween 80 increased the maximum H, production
rate from n-hexadecane around 400-fold (from 0.0027 to
0.14 mmol L~*-hr %), and it enabled production of H, from
crude oil with the maximum rate of 0.14 mmol L *-hr %,
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Fig. 2 — A, B) VFA and ethanol production using base medium; C,D) baseGS medium with or without the addition of
hydrocarbons, at 70 °C after 121.5 h for two Thermotoga strains DSM 9442 and DSM 11164. Equivalent hydrogen is the
hydrogen that should be produced stoichiometrically for production of VFAs. Equivalent hydrogen and acetic acid
concentrations are read from the left vertical axis while other concentrations are read from the right vertical axis. Bars show
the median of the three replicates and the error bars show the minimum and maximum.

VFAs measurements (Fig. 2C and D) are in agreement with
H, production data, as a similar trend is observed for the
calculated equivalent H, shown in Fig. 1. Our qualitative
approach did not prove any enhancement in crude oil
fermentation due to the addition of glucose and surfactant, as
no difference was detectable between cultures with or without
glucose and surfactant. However, no traces of hexadecanoic
acid were observed for DSM 111464 and DSM 9442, whereas
some hexadecanoic acid was detected when glucose and sur-
factant were added, indicating that the addition of glucose and
Tween 80 has enhanced n-hexadecane fermentation.

Overall, the highest H, amount is produced from glucose
(Fig. 4). The total H, production from glucose is at least 19- and

12-times higher compared to the values from hydrocarbons
for DSM 9442 and DSM 11164, respectively. Addition of small
amounts of glucose and surfactant stimulates H, production
from hydrocarbons significantly, which enables the strains to
reach production rates, which are only around 3- to 5-times
smaller than H, production from pure, high-concentrated
glucose (Fig. 4). We assume that the initial supply with
glucose provides enough energy for the strains to start the
energy-demanding degradation of the supplied hydrocarbons.
Furthermore, the surfactant enables a better hydrocarbon
accessibility. Note that according to our experiments, we
cannot conclude if the H, production increase from hydro-
carbons is due to addition of surfactant or glucose or the
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combination thereof. In future experiments, these and other
stimulating additives should be tested separately and in
combination to understand the single and synergistic effects.
Also, future research should focus on optimizing the con-
centration of additives for increasing H, production from the
supplied hydrocarbons.

DSM 9442
20

Concentration (mmole/L)

Increase in H, production by addition of surfactants has
been also observed by previous researchers. Elsamadony et al.
(2015) showed that two non-ionic surfactants (Tween 80 and
polyethylene glycol) substantially increase H, production
yield from municipal solid waste [40]. Non-ionic surfactants
have been also shown to increase H, production yield from
palm oil mill effluent [41,42]. The impact of surfactants on
increasing biohydrogen production is not limited to dark
fermentation. Fan et al. (2021) showed that addition of
Rhamnolipid and Tea Saponin increase H, production yield
from corncub in photofermentation process [43]. The increase
of H, production yield due to addition of Rhamnolipid has
been also shown by Zhang et al. (2021) [44]. Modifying sub-
strate structure so that it is more accessible for enzymes [45],
positively affecting enzyme substrate interaction for example
by facilitating desorption of enzymes from substrate [46], and
enhancing mass transfer [47] are three mechanisms reported
in the literature for H, yield increase due to the addition of
surfactants.

Efficacy of biohydrogen production from hydrocarbons

To compare the energy efficiency of biohydrogen production
from hydrocarbons, we can compare the energy efficiency of
converting a unit volume of a crude oil to gasoline or to bio-
hydrogen. We consider the North Sea crude oil reported in the
work of Schmidt et al. (2005) [48] with a molecular weight of
140.63 g/mol and a density of 790 g/L. We assume that the
yield of gasoline production from the crude oil is equal to 43%.
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Fig. 4 — A) H, production and B) maximum H, production rate within 121.5 h at 70 °C by two Thermotoga strains DSM 9442
and DSM 11164. Carbon sources with * have been supplemented by glucose and surfactant. Note that the values are the

difference calculated to the base or baseGS results.
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Gasoline has a molecular weight of around 100 g/mol, and
therefore can be represented with heptane [49]. This means,
1L of crude oil produces 0.43 L of gasoline. Takinginto account
heptane density (684 g/L) and molecular weight (100.21 g/mol),
0.43 L of gasoline is equivalent to 2.93 mol of heptane.
Considering heptane heat of combustion (4817 kJ/mol), 1 L of
crude oil produces 14100 kJ by conversion to gasoline.

Given the molecular weight of 140.63 g/mol, we assume
that the North Sea crude oil can be represented by decane.
Biohydrogen production from decane can be represented by
the following reaction (4) (details in Supplementary
materials):

C10H22 + 92 OHzo + 022 HCO; + 014 NHZ—>O7 CH1_300_5N0_2
+ 3.27H" 4+ 4.76 CH;COO~ + 10.48 H,
(4)

Considering the crude oil density, a liter of the crude oil
contains 5.55 mol of decane, which can result in production of
58 mol H,. Considering H, heat of combustion (286 kJ), 1 L of
crude oil produces 16588 k] by conversion to H,. Therefore, in
terms of energy, conversion of crude oil to H, is more efficient
than conversion to gasoline.

In order to evaluate the dynamic aspect of energy pro-
duction by biohydrogen, we can determine the time required
to produce H, equivalent of 1 L of gasoline in a standard
reactor. One liter of heptane is 6.82 mol resulting in 32851 kJ
energy. To produce 32851 kJ from H,, 115 mol of H, are
required. If we assume that the rate of H, production from
decane is equal to 0.28 mmol L~ *-hr*(the maximum H, pro-
duction rate from hydrocarbons observed by DSM 9442 and
DSM 11164), and if we assume that the rate of H, production
can be sustained at maximum in a 1000-Liter reactor, then it
requires 17 days to produce biohydrogen equivalent to a liter
of gasoline. Note that by addition of glucose this time would be
smaller (4.6 days). Therefore, producing biohydrogen in com-
mercial amounts requires significant time and large reactors.
Depleted hydrocarbon reservoirs could provide exactly these
required organic matter sources, volumes and temperatures
for biohydrogen production.

Challenges and opportunities in transition from lab scale to
field application

There are several important considerations before employing
dark fermentation in mature reservoirs. One of the challenges
of fermentation processes is the co-production of organic
acids and the consequent decrease in pH that can inhibit
microbial growth [S0]. Presence of carbonate minerals in
depleted petroleum reservoir rocks offer a significant buff-
ering capacity [51] and may help sustaining the fermentation
process in a high rate. Additionally, even though H, is a green
energy, dark fermentation produces significant amount of
CO,, i.e. the dark fermentation process is not entirely green.
According to reactions 1 to 3, for each mole of Hj, 1 or 2 mol of
CO, can be produced. However, dark fermentation in a
depleted petroleum reservoir may have lower or insignificant
CO, footprint for two reasons. First, the produced CO, may
react with reservoir rock minerals such as feldspars [52] and

produce carbonate minerals. Second, the solubility of CO, in
water is significantly higher compared to H, (e.g. 14 times at
50 atm and 75° C), leading to an expected higher H, concen-
trations in the produced gas phase compared to CO, (for an
equal total mole fraction in the system).

Despite abovementioned advantages, dark fermentation in
depleted reservoirs may suffer from co-existence of other
metabolisms such as hydrogenotrophic sulfate reduction that
can turn H, into H,S. However, hydrogenotrophic sulfate
reduction is restricted to presence of sulfate in the reservoir
fluids. Sulfate can be either initially present in some reservoir
brines [53] or it can be introduced to the reservoir during
seawater flooding [54]. Sulfate also can be introduced to the
formation brine by dissolution of sulfate minerals such as
anhydrite [55], which could be triggered by the dark fermen-
tation process. Therefore, hydrogenotrophic sulfate reduction
should be prevented by selecting a reservoir that (i) has a
sulfate-free formation brine and (ii) does not contain sulfate
minerals. Souring can also be mitigated by various methods
such as nitrate and perchlorate treatment [56]; however, such
mitigation methods may inhibit the activity of fermenting
microbes [57] as well as activating other microorganisms that
can couple nitrate and perchlorate reduction to H, oxidation
[58]. Hydrogenotrophic methanogenesis and homoaceto-
genesis are other metabolisms that can occur and turn the
produced H, into CH4 or acetate, respectively, if (i) metha-
nogens/acetogens are present and (ii) mineral fixation of CO,
does not remove the produced CO, during biohydrogen pro-
duction. As methanogens are non-sporulating organisms,
various inoculum pre-treatment methods such as heat shock,
repeated aeration, acidifying and alkalifying have been
employed to minimize methanogenesis during H, production
in on-land fermenters. Many fermenting microbes tolerate
these pretreatments by forming spores. While such pre-
treatment methods can inhibit bioconversion of H, into CHy,
it cannot inhibit conversion to acetate as some homoace-
togens are spore forming [59]. However, ammonia treatment
has shown to suppress H, consumption by homoacetogenesis
[60]. Another challenge for dark fermentation in mature res-
ervoirs is whether suitable fermenting microbes are present
indigenously, as we also observed that one tested Thermotoga
strain did not show any activity on hydrocarbons. In case
active fermenting microbes are not present in the reservoir,
the reservoir needs to be inoculated, in which case the ability
of the inoculated fermenting microbe to tolerate harsh reser-
voir environmental condition such as salinity will be of para-
mount importance and must be tested carefully beforehand.

Itis unclear whether these methods can be transferred and
used for reservoirs, as manipulation of reservoir conditions
and communities are difficult. Field realistic tests using orig-
inal brine, crude oil and cores using relevant pressures and
temperatures will elucidate, whether dark fermentation rates
are sufficiently high under the given thermodynamic condi-
tions and whether H, consumption can be avoided. Further
studies are required to evaluate the overall efficiency and
potential of biohydrogen production through dark fermenta-
tion in depleted reservoirs by taking into account above
mentioned challenges and opportunities.
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