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ABSTRACT 
CO2/H2 underground bio-methanation (UBM) 

technology offers considerable promise because of its 
versatile functions. However, alongside biocatalysts 
methanogens, sulfate-reducing bacteria (SRB) and 
acetogens also utilize CO₂/H₂ as substrates, initiating a 
range of complex geochemical reactions that may impact 
both the efficiency and safety of the process. To 
elucidate the complex biochemical and geochemical 
interplay in UBM, this study utilized an innovative 
microbial kinetic model that incorporates environmental 
factors and subsurface space limitations, implemented 
within the geochemical simulation platform PHREEQC. 
This framework facilitated the analysis of scenarios 
where methanogens, acetogens, and SRB exist 
individually within different mineral systems, enhancing 
understanding of each microbe's influence. Building on 
this, the study further examined complex interactions 
when all three microbes are present together, as well as 
the effects of reservoir temperature and gas pressure. 
The results indicate that both methanogen and SRB 
metabolism tend to raise the pH of formation water, 
while acetogen metabolism has the opposite effect. 
When all three microbes are present, the buffering effect 
of carbonate minerals enhances methanogen activity, 
causing a rise in pH during CO2/H2 conversion, which 
leads to the re-dissolution of hydrogen sulfide gas 
produced by SRB into the formation water, thereby 
reducing safety risks. Ultimately, CH4 makes up as much 
as 96% of the gas phase. Additionally, when the 
temperature is near the optimal growth range for 
methanogens, the conversion rate is rapid; however, the 
competitive consumption of CO2 and H2 by acetogens 
also intensifies. Moreover, an increase in the total 
pressure of CO₂ and H₂ results in a lower pH in the 
formation water. This shift suppresses methanogen 

function, lowering the conversion efficiency and causing 
a greater proportion of CO₂ and H₂ to be transformed 
into acetate. The findings of this study contribute to 
understanding the complex biochemical and 
geochemical interplay in UBM and provide guidance for 
selecting sites and optimizing design in UBM projects. 
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1. INTRODUCTION 
Global climate change is becoming increasingly 

severe, making the control of greenhouse gas emissions 
a focal point for countries worldwide [1]. While 
renewable energy and energy efficiency are crucial for 
emission reduction, numerous studies indicate that 
these methods alone are inadequate to achieve the Paris 
Agreement's goal [2, 3]. In this context, artificial 
negative-carbon technologies have emerged as essential 
supplements for achieving carbon neutrality [4, 5]. 
Among these, Carbon Capture, Utilization, and Storage 
(CCUS) is considered one of the most promising 
strategies [6]. This technology not only facilitates 
geological carbon sequestration but also improves the 
recovery and efficiency of underground resources and 
energy, such as oil and gas, effectively reducing the cost 
of carbon sequestration [7-9]. 

In recent years, CCUS technology has evolved toward 
multi-pathway synergy, integrating with H2, biological, 
and geothermal technologies to create innovative 
negative-carbon utilization models [10-12]. These 
developments provide crucial support for building a 
clean, low-carbon, safe, and efficient future energy 
system. Among these innovative technologies, CO2/H2 
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underground bio-methanation stands out for its 
multifunctionality (Fig. 1) [13, 14]. This technology 
involves injecting CO2 and H2 into depleted oil and gas 
reservoirs, where methanogens convert the gases into 
CH4, which is stored in situ to meet energy peak-shaving 
needs [15, 16]. Additionally, part of the CO2 can be 
geologically sequestered through dissolution, 
mineralization, and other methods [17]. Thus, the 
technology enables carbon circular utilization and 
sequestration, large-scale underground energy storage, 
and the synthesis of renewable natural gas, offering 
significant potential for sustainable development and 
the circular carbon economy [18, 19]. 

Currently, several studies have explored this 
technology. For example, Hellerschmied et al. [20] 
confirmed its viability and long-term stability through 16 
conversion experiments. Khajooie et al. [21] conducted 
batch experiments to explore how rock pore 
characteristics, like specific surface area and porosity, 
affect conversion efficiency. Additionally, some research 
delves into bio-hydrodynamic behaviors. Eddaoui et al. 
[22], for instance, developed a bio-hydrodynamic model 
that includes microbial adsorption and desorption to 
evaluate bio-clogging caused by methanogenesis. 
Hogeweg et al. [23] looked into the potential of using a 
multicomponent multiphase coupling model to enhance 
methanogenesis by injecting freshwater into high-
salinity reservoirs. Nikolaev et al. [24] examined the 
influence of reservoir and operational parameters on 
UBM. Wu et al. [25] studied the intricate biogeochemical 

interactions when only methanogens are present in 
UBM.  

It is important to note that, in addition to 
methanogens, other microorganisms can also utilize 
injected CO2 or H2 as substrates [26, 27]. However, the 
metabolic dynamics of these microbes and their complex 
biogeochemical interactions within the UBM context 
have not been thoroughly studied, and their potential 
impacts on the efficiency and safety of UBM technology 
remain unclear. Therefore, this paper employs a novel 
microbial kinetic model integrated into the geochemical 
software PHREEQC to explore these complex 
biogeochemical interactions.  

2. METHODOLOGY 
Firstly, the Dual-Monod model, which 

simultaneously considers electron donor and acceptor 
limitations, is applied to characterize the specific growth 
rate of microbes [28]: 

gr

A D

max

A A D D

C C

C K C K
 =

+ +
            (1) 

where μgr represents the specific growth rate, and while 
μmax its maximum value without substrate limitation. CA 
and CD refer to the electron acceptor and donor 
concentrations, respectively, while KA and KD are the 
related half-saturation constants. The impact of the 
reservoir environment is calculated using the following 
expression [29]. 

max opt T pH s
    =                 (2) 

where μopt represents the optimal specific growth rate; 
ψT, ψpH, and ψs are dimensionless impact coefficients 

 
Fig. 1. Schematic diagram of CO2/H2 underground bio-methanation [15]. 
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that correspond to the temperature, pH, and salinity, 
respectively [30].  

The rate of substrate consumption is determined by 
the specific growth rate of the microbe (μgr), the yield 
coefficient (Y), and the biomass (N): 

gr

sr N
Y


= −                  (3) 

Additionally, microbes in the subsurface are 
constrained by pore space, preventing unlimited growth 
[31]. Therefore, the model also introduces a capacity 
factor (FX): 

X

max

1
N

F
N

= −                (4) 

where Nmax is the maximum biomass concentration the 
environment can support. Consequently, the rate of 
biomass change (rbio) can ultimately be expressed as: 

bio s Xr r F Y dN= − −
                (5) 

The aforementioned model has been integrated into 
the geochemical simulation software PHREEQC V 3.0, 
and its feasibility and reliability have been verified [30]. 
Leveraging PHREEQC's robust geochemical simulation 
capabilities, all relevant models utilize its built-in 
features, contingent on the selected database [32]. The 
following simulations primarily use the phreeqc.dat. 
Additionally, mineral precipitation and dissolution are 
treated as equilibrium reactions [28, 33]. 

3. SIMULATION SETUP 

This study leverages the A1 depleted carbonate gas 
reservoir in China's Sichuan Basin as a case study. The 
simulation treats the gas-water-rock system as zero-
dimensional [28], meaning gas injection, production, and 
spatial distribution are not considered; it simulates the 
shut-in phase following gas injection. In the base 
scenario, primary minerals are simplified to dolomite and 
calcite, two fast-reacting minerals, comprising 55 wt% 
and 45 wt%, respectively. Secondary minerals primarily 
include brucite. Additionally, a non-carbonate scenario 
(a pure quartz system) serves as a comparison. For gas 
composition, the system is considered to contain CO₂, H₂, 
and CH₄ at respective partial pressures of 30, 120, and 
130 atm. The research primarily investigates three 
microbial groups: methanogenic archaea, acetogenic 
bacteria, and sulfate-reducing bacteria (SRB). Key kinetic 
and equilibrium reactions are detailed in Table 1, while 
the environmental requirements for these microbes are 
outlined in Table 2. The simulation duration is 720 days.  

4. RESULTS AND DISCUSSION 

To deepen the understanding of complex 
biogeochemical interactions, the section first examines 
the individual metabolism of methanogens, acetogens, 
and SRB, followed by their interactions when all three 
microbial groups coexist. Moreover, the effects of 

Table 1. Key kinetic and equilibrium reactions in the simulation process [32-34]. 

Microbial metabolism / 
Equilibrium phase 

Reaction equations 
Equilibrium constant 
(25 °C, 1bar) 

Kinetic reactions  
Methanogenesis HCO− 

3  + 4H2(aq) + H+ → CH4(aq) + 3H2O Not applicable 
Acetogenesis 2HCO− 

3  + 4H2(aq) + H+ → C2H3O− 
2  + 4H2O Not applicable 

Sulfate reduction SO2- 
4  + 4H2(aq) + H+ → HS- + 4H2O Not applicable 

Equilibrium reactions 
H2 H2(g) ↔ H2(aq) −3.1050 
CO2 CO2(g) ↔ CO2(aq) −1.468 
CH4 CH4(g) ↔ CH4(aq) −2.8502 
H2S H2S(g) ↔ H+ + HS− −7.9759 
Acetate C2H3OOH ↔ C2H3O− 

2  + H+ − 4.7572 
Calcite CaCO3 (s) ↔ CO2− 

3  + Ca2+ 8.48 
Dolomite CaMg(CO3)2 (s) ↔ Ca2+ + Mg2+ + 2 CO2− 

3  −17.09 
Brucite Mg(OH)2 (s) + 2 H+ ↔ Mg2+ + 2 H2O 16.2980 

 
 

Table 2 Environmental requirements for microbial growth [33, 35, 36]. 

Microbes 
pH Temperature (°C) Salinity (g/L) 

Min Opt Max Min Opt Max Opt Max 

Methanogens 4.1 7.7 10.2 10 45 122 <60 200 
Acetogens 3.6 7.04 9.5 25 38 72 <40 300 

SRB 1 7.01 11.5 10 48 113 <100 240  
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reservoir temperature and CO2/H2 total pressure are 
discussed.  

4.1 Analysis of microbial metabolism 

4.1.1 Methanogenesis 

In the carbonate environment, the injection and 
dissolution of acidic gases lowered the pH of the 
formation water from an initial 6.2 to 5.0 (Fig. 2). 
Although this pH level is below the optimal range for 
methanogen reproduction, the salinity remains within an 
acceptable range, and the impact of temperature is 
minimal. Consequently, methanogens maintain a 
comparatively high reproduction rate, with a significant 
increase in biomass observed after 20 days, reaching 
approximately 0.04 g/L by around 60 days. In this 
investigation, the upper biomass limit for methanogens 
in the subsurface environment was defined as 0.05 g/L. 
As this concentration is approached, spatial constraints 
increasingly inhibit microbial proliferation, leading to a 
pronounced decline in their growth rate and signaling 
the onset of a quasi-stationary phase. During substrate 
consumption, a gradual reduction in gas pressure is 
observed, accompanied by an increase in water mass. 
Around day 430, when the available dissolved inorganic 
carbon (DIC) is fully depleted, methanogen activity shifts 
predominantly into a decay phase. 

Additionally, prior to the full depletion of DIC, the 
steady increase in pH enhances the dissociation of 
H2CO3, creating conditions favorable for the precipitation 
of carbonate minerals. Consequently, the rate of calcite 
dissolution diminishes over time, initially driven by the 
system's tendency to reach equilibrium, while dolomite 
precipitation progressively intensifies. When DIC is 
depleted, a sharp rise in pH triggers the precipitation of 
brucite, which reduces the Mg²⁺ concentration in the 
formation water. Consequently, dolomite transitions 
from precipitation to extensive dissolution, partially 
replenishing the Ca²⁺ in the formation water. 
Furthermore, the significant increase in pH leads to 
continued calcite precipitation throughout the process.  

In the non-carbonate scenario, the system lacks the 
capacity to neutralize acidity, leading to an initial decline 
in pH to approximately 4.4, which is close to the 
minimum threshold for methanogen survival, 
significantly inhibiting their growth. As a result, even 
after 200 days, the biomass of methanogens only 
increases modestly, reaching just 0.023 g/L by 720 days. 
This limited growth means that the typically observed 
changes associated with methanogen activity, such as 
gas pressure drop, DIC consumption, and increased 
water content, are less pronounced compared to the 
calcite-dolomite system. Moreover, as the water content 
increases, there is a slight rise in the amount of dissolved 

 
Fig. 2. Evolution of key parameters over time with only methanogens present. "CD" denotes the calcite–dolomite system, while 

"Q" refers to the pure quartz system. The same notation applies in subsequent figures. 
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quartz, from 3.52×10-4 mol to a final 3.56×10-4 mol, 
although this change is not significant. 

Regarding CH4 production in the calcite-dolomite 
system, the trend of methane evolution rate (MER) aligns 
with the growth pattern of methanogen biomass (Fig. 3). 
Although biomass growth slows after 60 days, MER 
continues to increase at a relatively rapid pace. This is 
primarily due to the shift in pH from acidic to neutral and 
slightly alkaline levels, caused by methanogenic 

metabolism, creating a more favorable environment for 
methanogen reproduction. As a result, the dynamic MER 
reaches a peak of 3.32×10-3 mol·L-1·d-1. When CO2 in the 
gas phase is consumed, the MER drops sharply but does 
not fall directly to zero. This is because, although the 
biomass is in a decay stage, it has not been completely 
depleted. Additionally, the carbon provided by the 
dissolution of dolomite can still be converted directly 
into CH4. Consequently, the final CH4 content reaches 
5.53 mol/L. In the pure quartz system, MER only shows a 
significant increase after 200 days and remains at a low 
level, reaching a maximum of 0.43×10-3 mol·L-1·d-1. This 
results in a relatively small increase in CH4 content. 

 
4.1.2 Acetogenesis 

In the carbonate environment, the biomass of 
acetogens begins to increase significantly around 100 
days (Fig. 4), reaching a peak of 0.035 g/L by 
approximately 300 days, after which it remains largely 
unchanged. The maximum biomass of acetogens is 
smaller than that of methanogens, primarily because 
acetogens have a lower specific growth rate compared to 
methanogens. This difference also accounts for the 
significantly slower increase in acetogen biomass. 
Additionally, acetogen metabolism consumes CO2 and H2 

 
Fig. 3. Dynamic changes in MER and CH4 concentration with 

only methanogens present. 
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Fig. 4. Evolution of key parameters over time with only acetogens present. 
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in the gas phase. This process results in a pressure drop 
to a final level of 260.6 atm. Given that the temperature 
is close to the upper limit for acetogen reproduction at 
72 °C, which is not conducive to their optimal 
reproduction, the overall metabolic rate is relatively 
slow. Moreover, the dissolution of calcite and dolomite 
imparts a strong buffering effect to the formation water, 
resulting in minimal changes in pH, yet their dissolution 

continues to increase. Since the system remains in acidic 
conditions, no brucite formation occurs. 

Finally, the total acetate concentrations reach 0.17 
mol/kgw and 0.016 mol/kgw, respectively (Fig. 5). It is 
important to note that in the calcite-dolomite system, 
acetate predominantly exists as CH₃COO⁻ due to the 
relatively stable pH that favors ionization. In contrast, in 
the non-carbonate environment, the excessive buildup 
of H⁺ suppresses the ionization of CH₃COOH. As a result, 
a greater proportion of acetate exists as CH₃COOH 
molecules rather than as ions in this system. 

 
4.1.3 Sulfate reduction 

Since SRB are highly acid-resistant, with the ability to 
thrive at pH levels as low as 1, the initial pH differences 
between the calcite-dolomite system and the pure 
quartz system do not significantly affect their growth 
rates in the early stages (Fig. 6). However, after about 50 
days, as biomass begins to increase significantly, the 
growth rate of SRB in the calcite-dolomite system 
becomes slightly faster, reaching a maximum after 
approximately 130 days. It's important to note that SRB 
use SO 2− 

4  as an electron acceptor. Given the initial 
concentration of S(6) is 1.47×10-3 mol/kgw and 
compounds such as MgSO₄ and CaSO₄ form, the 

 
Fig. 5. Evolution of acetate concentration over time with 

only acetogens present. 
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Fig. 6. Evolution of key parameters over time with only SRB present. 
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concentration of SO 2− 
4  is lowered to only 5.4×10-4 

mol/kgw. Consequently, the maximum biomass of SRB is 
limited to about 3×10-3 g/L. Moreover, the gas pressure 
drop resulting from SRB metabolism is minimal, 
amounting to only 0.103 atm. Although a small amount 
of water production causes a slight increase in the 
concentration of OH⁻, the presence of calcite and 
dolomite maintains the system's alkalinity, keeping the 
pH essentially constant. In the pure quartz system, the 
growth rate of SRB is slightly reduced, making the impact 
of decay on biomass more pronounced. Consequently, 
the maximum biomass is also lower. Without the 
buffering effect of minerals like calcite and dolomite, the 
pH experiences a slight increase from 4.37 to 4.53.  

Due to slightly enhanced SRB activity in the 
carbonate environment, the remaining concentration of 
SO₄²⁻ in the aqueous phase is marginally lower than that 
observed in the non-carbonate system (Fig. 7). 
Additionally, H2S production in both the liquid and gas 
phases occurs more rapidly in the calcite-dolomite 
system. Interestingly, despite these differences in 
activity, the final H2S concentrations in both systems are 
nearly identical, reaching 1.8×10-4 mol/kgw in the liquid 

phase and 5×10-4 mol/L in the gas phase. However, 
because the pH is higher and the H+ concentration is 
lower in the calcite-dolomite system, H2S more readily 
dissociates into HS− and H+. Consequently, the HS− 
concentration in the calcite-dolomite system is 
significantly higher than in the pure quartz system, with 
final values of 1.03×10-5 mol/kgw and 3.53×10-6 
mol/kgw, respectively. Regarding S2−, since its 
concentration is less than 1×10-11 mol/kgw in both 
systems, it is omitted from the figure. 

 
4.1.4 Three microbial metabolisms 

Within the carbonate environment, abundant 
methanogens convert most of the injected CO2 into CH4, 
achieving a final utilization ratio of about 84% (Fig. 8). 
Acetogens, which are comparatively less active, convert 
about 8% of CO2 into acetate. Altogether, 12% of CO2 is 
used by all three microbial types for biomass creation. 
Moreover, nearly 42% of introduced H₂ is converted into 
CH₄, below the Sabatier reaction’s theoretical 50%, 
primarily because of uptake by acetogens and SRB. 
Around 3% of H₂ supports microbial cell growth, while 

 
Fig. 7. Evolution of sulfur species over time in (a) water and (b) gas. 
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Fig. 8. CO2 and H2 allocation at 720 days with three types of microbes present. 
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roughly half is used to form H₂O, H₂S, acetate, and other 
compounds. In the pure quartz system, all three 
microbial activities are reduced, resulting in 75% of CO2 
and 82% of H2 remaining unutilized. 

Additionally, in the calcite-dolomite system, since 
methanogens still dominate, the change trend of MER is 
no different from that when methanogens exist alone 
(Fig. 9). However, due to the competitive consumption of 
CO2 by acetogens, the final CH4 concentration slightly 
decreases from 5.53 mol/L to 5.46 mol/L. In the pure 
quartz system, MER first increases slightly, reaches 
7.65×10-4 mol·L-1·d-1 after 290 days, and then begins to 
decrease, falling to 0 at around 500 days, because the 
biomass of methanogens also tends to 0 at this time, and 
the final CH4 content can only reach 4.74 mol/L.  

Moreover, within the carbonate environment, CH₄ 
ultimately constitutes 96% of the gaseous mixture (Fig. 
10). This is because the study simplifies the reservoir into 
a batch system, also considering the initial CH4 as cushion 
gas. If the spatial distribution and flow of the gas are 
factored in, this value would likely decrease, 
necessitating further study. The rapid increase in the 
proportion of H2S in the gas phase between 50 and 150 

days is mainly due to SRB metabolism. From 150 to 410 
days, while SRB metabolism essentially completes, the 
proportion of H2S continues to rise due to the 
consumption of large amounts of CO2 and H2, peaking at 
79.2 ppm at 410 days. Thereafter, as the pH of the 
formation water rises rapidly, it promotes the ionization 
of H2S, leading to its redissolution in the formation water 
and a subsequent reduction to 9.9 ppm in the gas phase. 
In the pure quartz system, because CO2 and H2 are not 
fully converted, the final proportion of CH4 reaches only 
52.6%. Additionally, since the pH remains at a low level, 
the S(-2) species in the water phase predominantly exists 
as H2S, leading to a final H2S concentration in the gas 
phase of 54.1 ppm. Therefore, even if the initial SO2− 4 
concentration in the formation water is relatively low, an 
acidic environment in the formation water can still 
present significant safety risks due to SRB metabolism. 
This potential hazard must be regarded with serious 
concern. 

4.2 Effect of reservoir temperature 

Fig. 11 illustrates the results at various reservoir 
temperatures. Although the initial pH is highest at 30°C, 
methanogen activity is slightly stronger at 50°C, as 50°C 
is closest to their optimal propagation temperature of 
45°C. The gas pressure drops fastest, and dolomite 
dissolves significantly due to the large amount of DIC 
consumed in the metabolic process and the precipitation 
of brucite caused by the increase in pH. SRB is also more 
active at 50°C, with S(-2) levels initially rising slowly, then 
increasing sharply in the water due to the pH increase 
and the redissolution of H2S in the gas phase. In contrast, 
acetogens are more active at 30°C, producing more 
acetate through metabolism, reaching a maximum value 
of 0.59 mol/kgw at 280 days. However, they struggle to 
reproduce at 70°C and die off directly at 90°C.  

 
Fig. 9. Dynamic changes in MER and CH4 concentration over 

time with three types of microbes present. 
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When the partial pressure of the gas remains 
constant, the gas state equation indicates that the higher 
the temperature, the smaller the amount of the 
corresponding gas will be. For example, with 
temperature rising from 30°C to 90°C, the initial 
concentration of CO2 decreases from 1.13 mol/L to 0.93 
mol/L (Fig. 12). This effect is even more pronounced for 
H2 and CH4, with their concentrations dropping by nearly 
1 mol/L. At 30°C, only 52.5% of CO₂ is converted to CH4 
because acetogens compete and consume a large 
amount of CO2 (44.9%) in this low-temperature range. 
The H2 conversion rate is only 26.2%. The C/H 
consumption does not align with the stoichiometric ratio 
of the Sabatier reaction, resulting in a residual H2 
concentration of 0.8 mol/L when CO2 is completely 

consumed in the gas phase. This discrepancy also helps 
explain the low conversion ratio observed at 50°C. Upon 
reaching 70°C, the activity of acetogens is severely 
restricted, allowing 89.4% of CO₂ and 44.7% of H₂ to be 
transformed into CH₄. The residual H2 also decreases 
significantly, reaching a minimum of 0.13 mol/L. At 90°C, 
less CO₂ and H₂ are converted, mainly due to slower 
metabolism. 

4.3 Effect of gas pressure 

This section explores how total CO₂/H₂ pressure 
influences conversion by varying their pressures 
between 70 and 150 atm, while maintaining a fixed 
CO₂:H₂ ratio of 1:4. The overall gas pressure is held 

 
Fig. 11. Evolution of key parameters over time under different reservoir temperatures. 

 

 
Fig. 12. Impact of reservoir temperature on CO2/H2 bio-methanation. 
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constant at 280 atm, with CH₄ partial pressure adjusted 
accordingly. The results are shown in Fig. 13. 

As the substrate gas pressure rises from 70 atm to 
150 atm, the CO2 partial pressure also increases, leading 
to a drop in pH after the system reaches its initial 
equilibrium, and the amount of dolomite precipitation 
decreases slightly (Fig. 13). Due to the pH decrease, both 
methanogen biomass accumulation and gas utilization 
rates exhibit a noticeable slowdown, extending the time 
until gas pressure no longer significantly decreases from 
200 days to about 420 days. Since the pH stays in an 
acidic environment for a longer duration, the restriction 
on methanogen activity is prolonged, promoting the 
conversion of CO2 to acetate and increasing the final 

accumulated acetate concentration from 0.021 mol/kgw 
to 0.088 mol/kgw. This also leads to an increase in the 
amount of dolomite dissolved in the end. Since the gases 
are injected at a 1:4 ratio, the pH eventually rises to 
nearly the same level, resulting in the maximum 
methanogen biomass and the final S(-2) concentration 
across different total pressures being nearly identical, 
with no significant differences. 

When the pressure is 70 atm, the CO2 methanation 
ratio reaches 88.5% after CO2 is completely consumed 
(Fig. 14). However, as the pressure increases to 150 atm, 
the activity of acetogens is relatively enhanced, and only 
83.4% CO2 can be converted into CH4. Furthermore, since 
the C/H consumption ratio by acetogens is higher than 

 
Fig. 13. Evolution of key parameters over time under different total CO2/H2 pressures. 

 

 
Fig. 14. Impact of gas pressure on CO2/H2 bio-methanation.  
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the stoichiometric C/H ratio in the Sabatier reaction, the 
residual gaseous H2 increases from nearly zero to 0.22 
mol/L. This also leads to a decrease in H2 methanation 
ratio from 44.4% to 41.7%. 

5. CONCLUSIONS 
Both methanogen and SRB metabolism tend to raise 

the pH of formation water, while acetogen metabolism 
has the opposite effect. When all three microbes are 
present, the buffering effect of carbonate minerals 
enhances methanogen activity, causing a rise in pH 
during CO2/H2 conversion, which leads to the re-
dissolution of H2S gas produced by SRB into the 
formation water, thereby reducing safety risks.  

When the temperature is near the optimal growth 
range for methanogens, such as at 30 or 50 °C, the 
conversion rate is rapid; however, the competitive 
consumption of CO2 and H2 by acetogens also intensifies. 
Under high-temperature conditions (90 °C), methanogen 
activity is significantly inhibited, preventing conversion 
from being completed even after two years. 

With the rise in total pressure of CO₂ and H₂, CO₂ 
partial pressure increases, resulting in a lower pH in the 
formation water. This shift suppresses methanogen 
function, lowering the conversion efficiency and causing 
a greater proportion of CO₂ and H₂ to be transformed 
into acetate by acetogens. 
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