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A rising interest in a strong hydrogen economy as a part of the future net-zero economy results in an increasing necessity to store hydrogen as a raw material or an energy carrier. Experience and studies show that storing hydrogen in deep underground sites could enable microbial conversion of hydrogen. To predict and examine the loss of hydrogen, laboratory studies, and analysis are essential. A growth model is required to interpret batch or chemostat experiments. With this model, the parameters of microbial growth, and the conversion of hydrogen can be specified. This study presents experiments with methanogens and a hydrogen/carbon dioxide gas mixture performed in batch reactors. Further, the microbial growth was modeled by a double Monod model with hydrogen and carbon dioxide as the limiting substrates. As the amount of carbon dioxide dissolved in the water phase can not be neglected, both phases were considered in the proposed model. The mass-transfer rate between the gas and water phase was implemented by a linear relation including the concentrations in both phases and the mass-transfer coefficient. With the resulting coupled model, it was possible to match the pressure behavior in the reactor and conclude the microbial growth kinetics. Two types of methanogenic species were tested to validate the model. The mass transfer coefficient proves to impact the growth behavior in porous media. The mathematical model and experimental data are necessary to determine the growth rate and yield coefficient.
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1. Introduction

With the increasing energy demand and the shift toward net-zero, the importance to find suitable long-term energy storage solutions rises. A promising solution is the storage of hydrogen in caverns or porous reservoirs to buffer the fluctuating energy production from renewable energy. Until now, the experience of storing hydrogen in geological formations is limited. However, experience from town gas storage and first field tests in porous reservoirs have delivered promising results. However, the analysis has also shown a potential microbial conversion of hydrogen to different products, such as methane or hydrogen sulfide (Smigáň et al., 1990; Buzek et al., 1994; Pérez et al., 2016; Bauer, 2017). The conversions lead to losses of hydrogen and could potentially impact the storage operation.

The microbes in porous media use hydrogen, dissolved in the formation water, as a source of energy for their metabolism. Three primary dominant conversion processes are identified during underground hydrogen storage: sulfate reduction, methanation, and acetogenesis. The first two directly impact the gas composition in the storage, whereas the acetogenesis impacts the formation waters compositions and pH value. The sulfate-reduction and the methanation are the most crucial as they result in a high energy loss (methanation) or increase the requirements for health and safety during operation due to the hydrogen-sulfide (H2S) production. Especially the production of H2S is dangerous for the safe storage operation as it is a toxic gas.

The growth and metabolisms of microbes can be measured in laboratories by batch reactor experiments with extensive measurements of cell number versus time and changes in the gas and water composition versus time. For microbial conversion during underground hydrogen storage, batch reactor experiments were performed by Bauer (2017, 2020) and Schwab et al. (2022). Bauer et al. showed a conversion of hydrogen into methane in one sampled porous reservoir (Bauer, 2017). Schwab et al. (2022) examined various caverns in Germany, and the performed reactor experiment indicated a slight conversion of hydrogen into several products. Overall, the performed experiments and their results in reactors have shown to be an adequate indicator of a microbial conversion that needs to be considered for the development of a potential hydrogen storage in the particular reservoir. Faster growth leads to a stronger microbial conversion and a significantly shorter experimental duration. In both experimental investigations, the primary indicator for microbial growth is a measured pressure drop in the reactor. Linking the pressure drop to the growth kinetic parameters and simulating the microbial growth was only partially done by Bauer (2017).

The microbial growth is strongly related to the dissolution of the substrate in the formation water. During hydrogen storage, the substrate is injected via the gas phase. Therefore, it has to dissolve in the water to enable the microbial metabolism. In porous media, this substrate transfer from gas to liquid phase may differ significantly because the contact area between the phases is higher compared to a batch reactor (Kimmel et al., 1991; Grimalt Alemany et al., 2018). For that reason, the mass transfer has been coupled with the growth of microbes.

A general storage operation consists of an injection, a withdrawal, and an idle phase. The injection and production phases can be mimicked in the reactor by loading and unloading the gaseous substrates. However, the challenging part is to mimic the idle phase in the reactor and keep the analysis running at the same time. Probing the liquid and gases during the idle phase leads to changes in the volumetric ratios of gas, water and environmental conditions like temperature and pressure in the reactor. These do not appear in a storage scenario.

Therefore an adequate mathematical model is required to reproduce the growth of microbes based on a limited set of measured data. Standard mathematical models describe the growth inside the liquid phase, such as fermentation processes or bio-degradation, e.g, phosphor degradation or nitrification. However, both phases need to be considered in underground hydrogen storage because the substrate is injected via the gas phase. Furthermore, the growth in the reservoir is limited by the available substrate in the water phase (Hagemann et al., 2016). Therefore the model requires mimicking the main phases of microbial growth: lag phase, exponential growth phase and stationary phase (Chmiel, 2011). The basis of a model approach for a reactor is a growth model for the microbes. Common models like the Monod or Contois model have the capability to mimic all stated growth patterns (Murphy and Ginn, 2000). Mazzeo et al. presented a model for a stirred tank reactor that considered the increased mass-transfer coefficient of gas bubbles. However, the substrate was constantly fed into the reactor, which resulted in a missing idle or storage phase (Mazzeo et al., 2021). Also, Jafari et al. presented a model for batch reactors (Jafari et al., 2020). The model matched the gas compositional changes, but not the absolute pressure in the reactor so that the gas volume was not constant during the experiment.

The goal of this paper is to conduct batch reactor experiments with two different methanogenic archaea strains under the influence of hydrogen and carbon dioxide. Potential microbial growth and hydrogen consumption are observed through pressure measurements. A coupled model including mass transfer between the gaseous and the liquid phase is used to model the expected microbial growth. Relevant microbial growth parameters such as maximum growth rate, yield coefficient, lag time, and half-saturation constants should be obtained from the microbial growth model for the respective methanogenic strains.



2. Batch reactor experiments

The batch reactor experiments are used to gather data for the mathematical model. This study focuses only on methanation, where carbon dioxide with hydrogen is converted to water and methane. The so-called Sabatier reaction can be written as follows:

[image: image]

Under the assumption that the majority of moles of hydrogen are present in the gas phase of the reactor, the conversion would lead to a reduction of moles and consequently decrease the pressure in the gas phase. The methanation process is selected instead of the sulfate reduction, as methane is easier to handle in the laboratory than the toxic hydrogen sulfate. Further, identifying active methanogens is simpler than sulfate-reducers as they reflect fluorescence light. This is done to calculate the initial concentration of microbes in some experiments.


2.1. Experimental setup and materials

For the experiments, two species are used to collect data for two different growth rates and two temperature settings. Both species are hydrogenotrophic methanogens, which convert hydrogen and carbon dioxide to methane and water (Huber et al., 1982; Goker et al., 2014).

• Methanothermococcus thermolithotrophicus (defined as Species 1, DSMZ Nr. 2095); Optimal temperature = 65°C; Optimal NaCl-concentration = 4 %; Optimal pH-value = 7; doubling time of population = 55 min

• Methanolacinia petrolearia (defined as Species 2, DSMZ Nr. 11571); Optimal temperature = 37°C; Optimal NaCl-concentration = 1–3%; Optimal pH-value = 7; doubling time of population = 10 h

Both species were purchased from the DSMZ as living pre-cultivated microbes and delivered in a test tube sealed with a rubber plug. In order to secure optimal growing conditions, culture medium DSMZ 141 was used, which included all important trace elements for the growth. A gas mixture was used as a substrate carrier consisting of 20% carbon dioxide and 80% hydrogen, which is in alignment with Equation 1, the optimal ratio of carbon dioxide and hydrogen for the growth. The used species are strong anaerobes, and therefore the gas mixture has a high purity to minimize the percentage of air inside the gas. Besides the main materials, isopropanol and pure nitrogen were used to clean and pressurize the reactor.

An exemplary reactor is shown in Figure 1. The main part of the reactor is a Duran Pressure Plus bottle with transparent glass, which enables the observation of changes in turbidity due to microbial growth and the flow of gases into the liquid phase. The glass is made of double borosilicate glass 3.3 to withstand a pressure of −1 to 1.5 bar. The total reactor volume is 132.5 ml. A modified GL45 HPLC cap is used to seal the reactor. To prove the tightness of the system, a leakage test is performed before each experiment.


[image: Figure 1]
FIGURE 1
 Sketch of the experimental setup, which includes a bottle batch reactor, heating system, pressure sensor, and a syringe pump.


To guarantee the desired optimal temperature for the microbes, the reactor was placed in a metallic bead batch during the experiment, illustrated in Figure 1, which was placed on top of a heating plate. The heating plate controlled the temperature inside the bed, not the reactor. However, preliminary work shows sufficient alignment between the bed and liquid temperature.

The pressure in the gas phase was recorded during each experiment. The pressure sensor used was an absolute pressure sensor (Series PX33 Keller AG) with a measuring range of up to 10 bar. The sensor was connected to the Swagelok valve, which was connected to the gas phase of the reactor. In this way, no water could enter the sensor and block the flow line or the sensor itself.

In one experiment, see Table 1 series 1.1, the liquid inside the reactor was probed three times: at the beginning to get the initial microbial density as an input parameter for the initialization, approximately in the middle, and at the end of the experiment to have a matching parameter for the maximum number of microbes detected. The number of microbes was estimated with the help of a microscope and a microchip to minimize the required volume (Strobel et al., 2021). A syringe pump was used with a syringe to withdraw the liquid probe.


TABLE 1 Overview of the performed experiments relevant for the modeling part; marked series are considered for the modeling part.

[image: Table 1]

Two valves in the modified cap are made of steel, whereas the rest are peek valves. The flowlines are used to connect sensors and syringes to the reactor; they are made of peek as well. Peek has the advantage of being more flexible than steel and provides a low diffusivity.



2.2. Experimental procedure and overview

Several experiments were performed, which are summarized in the following list:

As seen in Table 1, the experiments differ in used species, operation pressure and renewing of substrates. The first series of experiments were performed to verify and analyze the functionality and performance of the reactor by conducting two experiments with both species and comparing the pressure drop. The following experiments with different initial pressures were conducted to study the effect of increased solubility on growth, which is out of scope for the modeling and matching part. In the last experimental series, the reactor was refilled several times to study the effect of refilling on the lag phase and the growth rate of microbes.

All experiments were performed in a similar manner:

• First, equipment and tools were cleaned to ensure they are sterile using an autoclave.

• After cleaning, the setup was assembled and flooded with pure nitrogen to check for any leakage and to ensure that the system was completely free from any oxygen.

• In the next step, the culture medium was filled into the bottle reactor under anaerobe conditions. The reactor was filled with 40 ml liquid. During the filling process, the reactor and the pipes were constantly flooded with nitrogen.

• After filling the reactor with culture medium, the reactor was pressurized with nitrogen, and the liquid was checked for its oxygen content (i.e. the solution was checked with Oxygen CHEMets Kit to be below 150 ppb).

• In the following step, a concentrated solution of methanogenic archaea, ca. 7 ml, was injected into the reactor. The microbes were ordered as active living microbes from DSMZ. To transfer the microbes from the tube to the reactor, the procedure provided by the DSMZ was followed accordingly. New (fresh) microbes were used for each experiment so that the culture was always pure. The microbial concentration after the mixing ranged between 1E7 and 1E8 cells/ml.

• To complete the initialization, the reactor was flooded with the gas mixture of hydrogen and carbon dioxide. The gas was flooded into the liquid phase so that the nitrogen in the gas phase was displaced to the top. After 10–15 min of flushing, the reactor was pressurized to the desired pressure as mentioned in Table 1 with the gas mixture.

• In the last step of the preparation procedure, the reactor was attached to a pressure sensor and placed into the heating system, which heated the reactor to the optimal temperature of the respective microorganism species.

Additional analysis, for instance, probing the liquid, was done at initialization and during the experiments. The duration of each experiment was estimated based on the purpose of the investigation and the pressure inside the reactor. A stable and low pressure value, compared to the initial pressure, indicated a stop of growth and conversion. In most experiments, the pressure dropped below the atmospheric pressure (−300–450 mBar) and stayed constant.



2.3. Experimental results

All experiments show a substantial reduction of absolute pressure in the gas phase. As an example of the data collecting, the results of two experiments are shown in the following figures, as they are relevant for the modeling and simulation part.

As seen in Figure 2, the pressure reduction of species 1, a fast-growing species, is more rapid compared to the pressure reduction of species 2; those growth experiments are shown in Figure 3. It leads to the assumption of differences in growth and conversion rates. Besides the pressure reduction, the microbes' lag phase is also noticeable as the pressure stays constant or only decreases slightly in the first hours of the growth experiments of species 1. Further, the pressure for species 2 does not reach the same end value as species 1. One explanation may be that not all substrates are consumed by the microbes or an inert gas (nitrogen) is still in the system. The control experiments show similar pressure drops for both species. Especially in the case of species 1, the slope of the pressure drop seems to be nearly identical.


[image: Figure 2]
FIGURE 2
 Pressure drop in the gas phase of the reactor for species 1 and a abiotic control.



[image: Figure 3]
FIGURE 3
 Pressure drop in the gas phase of the reactor for species 2.


Further, the pressure drop inside the reactors acts as an indicator of biotic control. The pressure in the reactor drops below the atmospheric pressure, and the negative values can be seen in the experiment's later stage. In a leaking reactor, the pressure would tend to zero and opening the reactor after the experiments leads to a rapid pressure jump to 0.

The third experiment shows five cycles of growth, plotted in Figure 4. After each growth period, the reactor was refilled with a substrate gas mixture when the pressure reached a constant value. The first important finding is that the lag phase seems to be reduced or it appears to have completely disappeared in the refill cycle; see dark blue and red data points. Furthermore, the slope of the pressure drop appears to be similar in each refill cycle, which may lead to the conclusion that the maximum growth rate is equal in each cycle. This is a second indicator that it is possible to reproduce the growth behavior. Therefore, it is sufficient to match the pressure drop for the growth experiments of each species (series 1.1 and 2.1) and the refill experiment (series 3) in the modeling part.


[image: Figure 4]
FIGURE 4
 Pressure versus time; refill experiment with five cycles; performed with species 1 and at a pressure of around 1,000 mBar.


At the end of the experiments, an increase in the methane concentration and a reduction of hydrogen concentration in the gas were detected by gaschromatography. Due to the low pressure (below atmospheric), the exact concentrations could not be measured. However, the increase in methane is an indicator of a working methanation process in the reactor.




3. Coupled model of microbial growth and mass transfer

In order to determine the growth describing kinetic parameters, a 0-D model was developed considering the moles of components in both phases, the transfer of substrates and products between gas and water, and the microbial growth in the liquid phase.


3.1. Model approach

A commonly used model to describe the growth of microbes under substrate-limited conditions is the Monod model, which can be extended to account for more than one limited substrate. In the case of methanation, the limited substrates are hydrogen or carbon dioxide, see Equation 1 in the liquid phase of the reactor. Therefore the double Monod model can be written as follows, which describes the growth rate depending on two substrates:

[image: image]

where CH2, w, CCO2, w are the mole concentrations of substrates in [image: image] inside the water phase, KH2, w, KCO2, w are the half-saturation constants of the two substrates in [image: image], [image: image] is the maximal growth rate calculated based on the experiments during the exponential growth phase in [image: image]. The half saturation constant describes the concentration of the respective substrate where the growth rate reaches the half of the maximal growth rate. The half-saturation constant and the maximum growth rate depend on the species and environmental conditions.

In the absence of one or more substrates, the microbes need to maintain their metabolism. Therefore a decay/maintenance coefficient is required to describe this process:

[image: image]

where b is a constant decay and maintain coefficient in [image: image].

As mentioned before and as is also seen in the figures of the experimental results, both microbial species have a lag phase. The lag phase is expressed by a piece-wise function (Wood et al., 1995):

[image: image]

, where t is the time of the experiment in s, starting with the first contact of the substrate with the liquid, and tL (s) is the end of lag phase until no growth can be noticed in the experiment, and tE (s) is the time when the exponential growth is reached in the experiments.

The change of microbes in the liquid phase can be expressed by combining the Monod model for microbial growth, the decay/maintenance model, and the piece-wise function for the lag phase:

[image: image]

where Xm is the total microbial number in the water phase [cells]. The number of microbes stays constant as long as the lag phase function is zero; the microbial number increases until one substrate is depleted and the decay/maintenance term dominates.

Besides the model for the microbial number, the reduction and increase of the main components, namely carbon dioxide, hydrogen, and methane, is modeled. In contrast to the microbial model, the compositional change must be considered for the gas and water phase. The concentration of components inside the water phase (solubility) is usually modeled via the Henry Law, stated in the following equation:

[image: image]

where Cwn is the mol concentration of a component in the liquid phase, pxg is the partial pressure of that component in the gas phase under equilibrium conditions in Pa and Hn is the Henry solubility constant at threshold temperature in [image: image]. To account for the higher temperature inside the reactor, the Henry constant can be corrected with the following approach:

[image: image]

where −Δsol*H is the enthalpy of dissolution in [image: image], R is the gas constant in [image: image], T the temperature in K, T° the threshold temperature. The factor −ΔsolH can be found in the literature for most components (Sander, 2015).

The partial pressure of each component, which is required for the Henry Law, can be written as follows:

[image: image]

where PT is the total pressure of the gas mixture in Pa, Ngn is the number of moles for one component in the gas phase, NgT is the sum of moles in the gas phase, and Px is the partial pressure of the component required for the Equation 6.

An essential assumption in Henrys law is the equilibrium between the respective concentrations in the gas and water phase. In the reactor, this can be assumed for the initial state but not during the growth of microbes due to the consumption in the water phase. Therefore a mass-transfer model is used to mimic the flow of molecules of the respective component due to the concentration gradient at the interface between water and gas. The model is based on the two-film theory and the “film” between the phase is the resistance against the mass transfer.

As no reaction takes place in the gas phase, the change of the substrates hydrogen and carbon dioxide over time is dominated by the mass transfer and can be written as follows

[image: image]

where kg, w is the mass transfer coefficient in [image: image] for gas and water, which is equal for all components (hydrogen, carbon dioxide, and methane) and Ng is the number of moles in the gas phase. The subscript li indicates the concentration in the liquid phase when it would be in equilibrium with the gas phase.

In order to link the production of microbial biomass with the reduction of substrates and increase in products during the methanation metabolism, the yield coefficient is introduced. The yield coefficient describes the amount of biomass produced for one mole of the respective component with the unit [image: image]. Finally, combining the mass transfer and the microbial reaction, the following set of equations can be written for hydrogen, carbon dioxide and methane inside the liquid phase.

[image: image]

where ζ describes the stoichiometric coefficient based on Equation 1 and with respect to hydrogen; the respective definition can be seen in the following Equation 11, all other parameters are described in the equations stated above. As it can be seen in Equation 10, the same yield coefficient YH2 is used for all components. The assumption for the experiments is that the yield coefficients are similar for all components.

[image: image]

As described in the previous chapter, the main measured value to match for the experiment is the pressure drop inside the reactor. This was done by implicitly computing the components in the water phase, the resulting concentrations in the gas phase, and by applying Equation 8 rearranged to estimate the total gas phase pressure inside the reactor. Thereby the total pressure is the sum of all partial pressures, which are calculated using the ideal gas law and the moles present in the gas phase. The equation system is implemented in Python, and the set of ordinary differential equations is solved by “odeint”, which uses Isoda from the Fortran library odepack.



3.2. Initialization and workflow

The workflow for the matching process consists of three steps:(1) initialization; (2) simulation of the base case with base case growth parameters; (3) matching the mass-transfer coefficient, growth rate, and yield coefficient. The main parameter to match is the pressure drop inside the reactor and, if measured, the cell concentration versus time.

Before starting the numerical simulations, the model is initialized. The initial total amount of moles present in the gas phase is calculated by the initial pressure, the gas compositions (80% hydrogen and 20% carbon dioxide) and the gas volume, by applying the ideal gas law. The initial concentrations in the water phase are computed by applying Equation 6 and 7 to correct the operating temperature with Henry's Law and correction coefficients from the literature (Sander, 2015). The used parameters are listed in Table 2. In addition to the initial components in both phases, the microbial density is defined based on one measurement. Thereby, the initial microbial density is calculated by image processing with the help of microscopic pictures. The initial value is approximately 1E7 cells/ml. This value was used in those experiments in which no additional measurements were performed.


TABLE 2 Overview of the constant parameter for the simulation.

[image: Table 2]

Sensitivity analysis shows that four kinetic parameters have the most decisive influence on the pressure match and the growth behavior: the magnitude of the yield coefficient, the mass-transfer coefficient, the maximum growth rate and the decay coefficient. During the matching process, those parameters are matched to the pressure and, if available, to the microbial density versus time. It has to be stated that the solution or match is unique only with microbial density measurements. Otherwise, an infinite number of combinations for the matching parameters exist.

The half-saturation constants are kept constant for both species and all experiments, as their influence is minimal. The Table 2 summarizes the parameters for initialization, taken from different literature references (Schönheit et al., 1980; Thaysen, 2021), for species 1 and species 2 in the experiments.

All the other parameters should be determined in matching process. In order to avoid unrealistic values for the matched parameters, the following values are taken as a base case. The values can be found in the literature, however, they are adjusted during the matching process (Schönheit et al., 1980; Thaysen, 2021).

• [image: image] = 1.11E-4 [image: image] for species 1 and 3E-5 [image: image] for species 2

• decay coefficient = 9E-8 [image: image]

• hydrogen yield coefficient (YH2) = 5E12 [image: image]

• initial number of microbes = 1E7 [image: image]

The first parameter of the lag phase, tL, is identified when the first pressure drop is measured during the experiments. The second parameter, tE, is the time when half of the pressure drop is reached.



3.3. Results of matching workflow

The first aim and step were to match the growth of both species without any modification (refill or increased pressure). The base case values are modified to fit the pressure drop and microbial density for species 1.

As it can be seen in Figure 5A, the simulated pressure for series 1 and series 2 is in alignment with the measured data. The matched maximum growth rate for species 1 is 1.7E-4 [image: image] and for species 2 1E-5 [image: image]. Both values differ slightly in comparison to the base case values, which differences in species behavior and slight temperature fluctuations in the laboratory could explain. Temperature directly impacts the activity and growth of microbes in the reactor. Based on the changes in the microbial number, shown in Figure 5B, the magnitude of the yield coefficient is matched, and the fine-tuning is made based on the pressure drop. The resulting yield coefficient for species 1 is 4.1E+12 [image: image] and for species 2 1E+11 [image: image]. In contrast, the calculated growth rate has a yield coefficient of high uncertainty, and its correctness could only be validated by comparing the microbial density and gas concentration changes versus time, which is not done. Nevertheless, the magnitude of the yield coefficients is similar to the values from the literature. The parameter set summarized in the following list of species 1 can be stated to be the only possible solution as it matches the microbial density and the pressure at the same time. Also for species 2, other combinations of parameters may be possible, however, the calculated and presented parameters are relatively aligned with the values found in the literature. The matched parameters are summarized in Table 3.


[image: Figure 5]
FIGURE 5
 Simulation results for series 1. (A) Pressure match for species 1 (green) and species 2 (red) (B) Match microbial concentration in the reactor for species 1 (C) Simulated moles in the reactor for species 1 during the matched experiment.



TABLE 3 Matched parameters for the first two experiments.

[image: Table 3]

In addition to the pressure and microbial density, the changes in moles in the system are shown for species 1 in Figure 5C. In theory, the behavior of moles in the system is correct, as hydrogen and carbon dioxide decrease and methane increases due to the reaction. It can be concluded that the hydrogen concentration is the limiting factor as it tends faster to zero compared to carbon dioxide.

The mass transfer coefficient for both experiments is similar, 8E-2 [image: image] in the experiment with species 1 and 9E-3 in the experiment with species 2. Without the mass-transfer model, the pressure behavior and especially the resulting microbial density are not matchable.

Matching the refill series has a slightly different approach than the previous series. The aim is to keep the growth rate, mass-transfer coefficient, and yield coefficient constant. The initial microbial concentration for each following cycle is the simulated value from the last refill period. As demonstrated in Figure 6 it is possible to match the refill experiment. Thereby the growth rate changes slightly, and the yield coefficients stay nearly constant. The first and initial period is matched with a maximum growth rate of 1.33E-5 [image: image] and a yield coefficient equals 2.5E+11 [image: image]. In contrast to the following cycles, the first period has a strong lag phase, which is modeled by setting tL equals 57,000 s and tE equals 1.35E6 s. Further, it can be seen in Figure 6 that the pressure does not reach the stationary phase in the simulation and the measured values. Due to an issue in the laboratory, the refill was performed before reaching the stationary phase, which is also considered in the simulation. To match the first refill or second cycle, the growth rate is increased to 7E-5 [image: image] and the yield coefficient is set to 2.6E+12 [image: image]. A significant lag phase was not noticeable; therefore, tL and tE are decreased to 60 s and 2,400 s. The third and fourth refills are matched with similar maximum growth rates: 1E-04 [image: image] and 1.1E-04 [image: image]. In comparison to the previous cycle, the rates increase again. Further, the yield coefficient stays constant, especially the resulting microbial density. In cycle four, a small lag phase is detectable, which leads to tL equals 16,800 s and tE equals 33,000 s.


[image: Figure 6]
FIGURE 6
 Simulated pressure versus time and experimental data from the refill experiment.


The last cycle is matched with the nearly same yield coefficient of 2.5E+11 [image: image]. However, the cell number at this stage is so high that the growth curve is dominated by the maintenance/stationary phase growth and the substrates are consumed relatively fast compared to the experimental run time. The growth rate decreases slightly to 8E-5 [image: image], and the lag phase increases again. This could be a result of the microbes remaining longer in the stationary/maintenance phase in cycle 4 and with the new refill, they need to adapt again to the conditions.

The mass transfer coefficient for all cycles stays constant at 5E-2 [image: image], which is logical as the contact area between gas and water also remains constant. During the matching process, the key finding was, that either the yield coefficient or the initial microbial density in place had to be matched. Therefore, microbial density initially and at the end of cycle 1 are of great importance. Consequently, the decay coefficient and the initial microbial density are also adjusted for cycle 1. The initial microbial density is decreased compared to experiment one from 1E7 to 5E6 cells/ml and the decay coefficient is increased to 9E-3 1/s. As no microbial density is measured during the experiment, this solution is not exclusive and other combinations may be possible.



3.4. Impact of mass transfer coefficient in porous media

As mentioned briefly in the introduction, the results from the performed reactor experiments may differ from reaction rates in porous media. In the syngas-methanation reactor design, porous media and stirred bubble reactor led to a higher methane production due to the increased specific contact area between the gas and liquid phase. A sketch of the liquid distribution for both reactive volumes is illustrated in Figure 7.


[image: Figure 7]
FIGURE 7
 Specific contact area of gas and water in porous media and reactors; green = gas, blue = reactive water. (A) Phase distribution inside the porous medium. (B) Phase distribution inside the reactor.


In porous media, the specific contact area between gas and reactive liquid depends on the phases' distribution inside the porous media. Due to the liquid film formed around the grains in porous media, the specific contact area significantly increased. In reactors, the gas-water interface depends only on the diameter of the reactor. The mass transfer could be enhanced by stirring or the creation of bubbles at the bottom of the reactor. However, such a reactor design and experimental procedure leads to a complex system which is not the aim of this study.

Nevertheless, with the proposed model it is possible to investigate the impact of an enhanced mass-transfer due to an increased specific contact area, which may be the case in underground hydrogen storage. In order to study the impact of the mass transfer coefficient in porous media, the ratio between contact area and reactor volume needs to be considered. The contact area in the reactor is 1963.4 mm2 and the reactive volume is 132500 mm3 which results in a specific surface area of 0.0147 [image: image].

Assuming now a total porous sandstone volume as a reactive volume, a residual water saturation of 0.2 and a porosity of 0.35, the specific contact area lies between 45-47 [image: image] based on literature (Cary, 1994; Faisal Anwar et al., 2000; Maalej et al., 2003; Ghiassi et al., 2012). As the mass transfer in the two-film theory depends directly on the specific contact area, the impact of an increased coefficient by a factor of 3200 on microbial conversion can be theoretically simulated. Therefore, the data set from the first series and species 1 is chosen, and the water volume and mass transfer coefficient are both modified to study the conversion in a porous reactor.

Figure 8 shows the effect of an increased mass transfer. No strong impact on conversion rates or microbial density can be noticed. Only the shape of the pressure and the microbial density versus time in the later stage of the exponential phase shows slight changes. Water saturation may have an influence as by decreasing the reactive water volume, the substrate amount increases due to an increased gas volume. A combination of increased water saturation and mass transfer coefficient may lead to a higher conversion rate. Besides the specific contact area of gas and water, the mass-transfer depends on the temperature and pressure dependent Henry constant. Consequently, the solubility of the substrates changes with pressure and temperature. Further, the gas flow and the substrate supply could affect the mass-transfer, as the substrate concentration in the gas phase impacts the solubility. Amending the substrate concentration could lead to a higher substrate concentration in the water phase, as the partial pressure of substrate in the gas phase does not decrease.


[image: Figure 8]
FIGURE 8
 Simulation results for mass transfer study. (A) Pressure behavior in a closed porous media and a reactor for species 1 (B) Microbial concentration in the reactor and the porous media for species 1.




3.5. Model limitations

The proposed model has its limitation. Despite a match, the gas composition changes in the reactor have not been validated in the model. This is required to determine a valid value for the yield coefficient.

Further, the model does not include the influence of temperature on growth rate. It is known that the growth rate of microbes has an optimal temperature, but methanogens can also grow within a specific temperature range. The growth rate has its maximum at the optimal temperature and decreases when the temperature differs from its optimum. To determine the growth under different conditions, a correlation is required, which would make the growth rate dependent on the temperature inside the reactor. The model only considers the effect of temperature on the mass-transfer and the solubility of substrates.

The model only includes the methanation metabolism at this state. Mixed consortia, which would be more realistic in the case of underground hydrogen storage, and the combination of metabolism, e.g., sulfate-reduction and methanation, are not included.

The mass-transfer model depends only on the Henry constants of the substrates, and its model does not consider any diffusion coefficient, which is the main driving flux. This could be implemented in the next stage.

As the experiments are designed to provide optimal conditions and the growth limitation is due to the lack of substrates (H2 and CO2), the model can only be used for this case at the moment. Other limitations, e.g. missing trace elements in the water or inhibitors, are not considered. Further, no porous material is added to the reactor, which could also impact the growth.




4. Conclusions and recommendations

The study presents a validated numerical model to calculate growth kinetic parameters for the methanation metabolism based on pressure behavior in a batch reactor. Various experiments are performed to test the reactor and collect data for the model process. The proposed mathematical model couples the mass transfer of components between the gas and water phase with the conversion of the substrates and the microbial growth in the liquid phase. A double Monod model with hydrogen and carbon dioxide as limited substrates is implemented to mimic the growth of microbes. The model's main purpose is to calculate growth kinetic parameters like growth rate and yield coefficient. The matched parameters may be used as an input in reservoir simulations to evaluate the impact of microbial conversion during underground hydrogen storage. The model could also be used to predict changing gas composition and the effect of those changes on microbial growth. In combination with the batch experiments, the model could be used to screen storage sites for potential hydrogen conversion due to methanation. Main conclusions can be drawn:

• The proposed model allows to simulate experimental batch reactions, where the substrate is introduced through the gas phase like in an underground hydrogen storage. Further, it could be used to evaluate the growth kinetic parameters and the conversion/consumption rates of hydrogen, which may be important for storage operations.

• Matching the experimental data is achieved by modifying the maximum growth rate, yield coefficient, and mass transfer coefficient. The lag phase model seems suitable to mimic the lag phase observed in the experiments.

• The implementation of a mass transfer model is essential for the matching process. The model still needs improvement to evaluate the effect of increasing temperatures on the mass-transfer, especially on the growth rate itself. With the used model, the impact of a mass-transfer due to a higher specific contact area, which can be found in porous media, is insignificant.

Despite achieving suitable matches, the model has its limitations. At this stage, the model only considers methanation as a conversion process, whereas multiple microbial reactions could take place simultaneously during underground hydrogen storage. Further, the collected data does not contain a representative number of measured microbial density values. Increasing or improving the measured points would lead to a more validated data set of growth parameters. Additionally, the yield coefficients need validation by measuring the gas composition in the gas phase. Adding gas compositional measures to the matching process would improve the understanding of changing yield coefficients during refill phases, comparable to a storage operation.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

GS performed the study and wrote the first draft of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



Funding

The publication is based upon work supported and financed by the Clausthal University of Technology, project Catalytic and microbial methanation as basis for sustainable energy storage (CliMb), and this publication is based upon work partially funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation - Project No. 433108788).



Acknowledgments

The authors acknowledge the support of the Research Center for Energy Storage Technologies Goslar (Forschungszentrum Energiespeichertechnologien) for the present study.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Bauer, S. (2017). Underground Sun.Storage Final Report. Vienna. Available online at: https://www.underground-sun-storage.at (accessed on December 21, 2022).

 Bauer, S. (2020). Underground Sun.Conversion Final Report. Vienna. Available online at: https://www.underground-sun-conversion.at (accessed on December 21, 2022).

 Buzek, F., Onderka, V., Vančura, P., and Wolf, I. (1994). Carbon isotope study of methane production in a town gas storage reservoir. Fuel 73, 747–752. doi: 10.1016/0016-2361(94)90019-1


 Cary, J. (1994). Estimating the surface area of fluid phase interfaces in porous media. J. Contam. Hydrol. 15, 243–248. doi: 10.1016/0169-7722(94)90029-9

 Chmiel, H. (2011). Bioprozesstechnik. Berlin Heidelberg: Springer. doi: 10.1007/978-3-8274-2477-8


 Faisal Anwar, A., Bettahar, M., and Matsubayashi, U. (2000). A method for determining airwater interfacial area in variably saturated porous media. J. Contam. Hydrol. 43, 129–146. doi: 10.1016/S0169-7722(99)00103-5


 Ghiassi, S. H., Safekordi, A. A., and Babazadeh Shareh, F. (2012). Determination of interfacial area in gas-liquid two phase by light transmission. Iranian J. Chem. Chem. Eng. 31, 81–87.


 Goker, M., Lu, M., Fiebig, A., Nolan, M., Lapidus, A., Tice, H., et al. (2014). Genome sequence of the mud-dwelling archaeon methanoplanus limicola type strain (dsm 2279t), reclassification of methanoplanus petrolearius as methanolacinia petrolearia and emended descriptions of the genera methanoplanus and methanolacinia. Stand. Genom. Sci. 9, 1076–1088. doi: 10.4056/sigs.5138968

 Grimalt Alemany, A., Skiadas, I., and Gavala, H. (2018). Syngas biomethanation: State-of-the-art review and perspectives. Biofuels, Bioprod. Bioref. 12, 139–158. doi: 10.1002/bbb.1826

 Hagemann, B., Rasoulzadeh, M., Panfilov, M., Ganzer, L., and Reitenbach, V. (2016). Hydrogenization of underground storage of natural gas. Comput. Geosci. 20, 595–606. doi: 10.1007/s10596-015-9515-6


 Huber, H., Thomm, M., Konig, H., Thies, G., and Stetter, K. O. (1982). Methanococcus thermolithotrophicus, a novel thermophilic lithotrophic methanogen. Arch. Microbiol. 132, 47–50. doi: 10.1007/BF00690816


 Jafari, S. A., Osfouri, S., and Azin, R. (2020). Modelling of batch biomethanation process for maximizing income based on values of consumed and produced gases. Korean J. Chem. Eng. 37, 815–826. doi: 10.1007/s11814-020-0501-x


 Kimmel, D. E., Klasson, K. T., Clausen, E. C., and Gaddy, J. L. (1991). Performance of trickle-bed bioreactors for converting synthesis gas to methane. Appl. Biochem. Biotechnol. 28, 457. doi: 10.1007/BF02922625

 Maalej, S., Benadda, B., and Otterbein, M. (2003). Interfacial area and volumetric mass transfer coefficient in a bubble reactor at elevated pressures. Chem. Eng. Sci. 58, 2365–2376. doi: 10.1016/S0009-2509(03)00085-X


 Mazzeo, L., Signorini, A., Lembo, G., Bavasso, I., Di Palma, L., and Piemonte, V. (2021). In situ bio-methanation modelling of a randomly packed gas stirred tank reactor (gstr). Processes 9, 846. doi: 10.3390/pr9050846


 Murphy, E. M., and Ginn, T. R. (2000). Modeling microbial processes in porous media. Hydrogeol. J. 8, 142–158. doi: 10.1007/s100409900043


 Pérez, A., Pérez, E., Dupraz, S., and Bolcich, J. (2016). Patagonia wind-hydrogen project: Underground storage and methanation, in 21st World Hydrogen Energy Conference 2016.


 Sander, R. (2015). Compilation of henry's law constants (version 4.0) for water as solvent. Atmosp. Chem. Phys. 15, 4399–4981. doi: 10.5194/acp-15-4399-2015


 Schönheit, P., Moll, J., and Thauer, R. K. (1980). Growth parameters (ks, μmax, ys) of methanobacterium thermoautotrophicum. Arch. Microbiol. 127, 59–65. doi: 10.1007/BF00414356


 Schwab, L., Popp, D., Nowack, G., Bombach, P., Vogt, C., and Richnow, H. H. (2022). Structural analysis of microbiomes from salt caverns used for underground gas storage. Int. J. Hydr. Energy 47, 20684–20694. doi: 10.1016/j.ijhydene.2022.04.170


 Smigáň, P., Greksak, M., Kozankova, J., Buzek, F., Onderka, V., and Wolf, I. (1990). Methanogenic bacteria as a key factor involved in changes of town gas stored in an underground reservoir. FEMS Microbiol. Ecol. 6, 221–224. doi: 10.1016/0378-1097(90)90733-7


 Strobel, G., Wirth, M., Hagemann, B., and Ganzer, L. (2021). Utilization of microfluidics to investigate microbial activity in underground hydrogen storage, in 2nd Geoscience and Engineering in Energy Transition Conference (EAGE Publications BV) 1–5. doi: 10.3997/2214-4609.202121039


 Thaysen, E. M. (2021). Dataset on the environmental growth conditions of methanogens, homoacetogens and sulfate reducers in Mendeley Data, V1, doi: 10.17632/4dksb2x4zn.1


 Wood, B. D., Ginn, T. R., and Dawson, C. N. (1995). Effects of microbial metabolic lag in contaminant transport and biodegradation modeling. Water Resour. Res. 31, 553–563. doi: 10.1029/94WR02533






OPS/images/inline_30.gif





OPS/images/inline_3.gif





OPS/images/inline_32.gif
EVES





OPS/images/inline_31.gif





OPS/images/inline_27.gif





OPS/images/inline_26.gif





OPS/images/inline_29.gif





OPS/images/inline_28.gif







OPS/images/inline_24.gif






OPS/images/inline_23.gif






OPS/images/inline_25.gif





OPS/images/logo.jpg
& frontiers | Frontiers in Microbiology





OPS/images/inline_20.gif





OPS/images/inline_2.gif





OPS/images/inline_22.gif





OPS/images/inline_21.gif





OPS/images/inline_17.gif





OPS/images/inline_19.gif





OPS/images/inline_18.gif





OPS/images/inline_14.gif





OPS/images/inline_13.gif





OPS/images/inline_16.gif
cells






OPS/images/inline_15.gif





OPS/images/math_6.gif





OPS/images/math_5.gif





OPS/images/inline_10.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Coupled model for microbial growth and phase mass transfer in pressurized batch reactors in the context of underground hydrogen storage



		1. Introduction



		2. Batch reactor experiments



		2.1. Experimental setup and materials



		2.2. Experimental procedure and overview



		2.3. Experimental results







		3. Coupled model of microbial growth and mass transfer



		3.1. Model approach



		3.2. Initialization and workflow



		3.3. Results of matching workflow



		3.4. Impact of mass transfer coefficient in porous media



		3.5. Model limitations







		4. Conclusions and recommendations



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		References

















OPS/images/inline_1.gif





OPS/images/inline_12.gif





OPS/images/inline_11.gif





OPS/images/math_8.gif
®)





OPS/images/math_7.gif





OPS/images/fmicb-14-1150102-t003.jpg
Parameter

Frontn (1/5)

1.7E-4 (SP1) and 1E-05 (SP2)

‘ decay coefficient (1/s)

3E-7 for both species

‘ Yn, (1/mol)

4.1E+12 (SP1) and 1E+11 (SP2)

‘ initial microbial number (cells/ml)

1.43E7 (SP1) and 1E7 (SP1)






OPS/images/fmicb-14-1150102-t002.jpg
Parameter

Hy, (mol/m? - Pa)

Value

8.58E-06 (at 63°C) and 8.32E-06 (at 37°C)

Comment

Henry constant for hydrogen

Hco, (mol/m® - Pa)

5.69E-04 (at 63°C) and 4.91E-04 (at 37°C)

Henry constant for carbon dioxide

Het, (mol/m? - Pa)

1.900E-05 (at 63°C) and 1.73E-05 (at 37°C)

Henry constant for methane

mol
Keosw 0.011 oy Constant for all experiments
and taken from literature
mol .
Kty 0.02 — Constant for all experiments

and taken from literature






OPS/images/math_9.gif
AN,
OO ke 1ty Ot — FitgcOpecitg) )






OPS/images/math_4.gif
ift <ty
<<t
it >ty

@





OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/fmicb-14-1150102-g005.gif





OPS/images/fmicb-14-1150102-g006.gif
™





OPS/images/fmicb-14-1150102-g003.gif
. B w2l
o Ep w2z
o Bo w2t

'g‘
§
;






OPS/images/inline_6.gif
mol
e *Pg





OPS/images/fmicb-14-1150102-g004.gif





OPS/images/fmicb-14-1150102-t001.jpg
Species Py Temperature [°C] Comment and aim of experiment

11 1 600 65 Verify growth of species 1

12 1 825 65 Verify growth of species 1 (repetition 1)
13 1 1,100 65 Verify growth of species 1 (repetition 2)
21 2 550 37 Verify growth of species 2

22 2 420 37 Verify growth of species 2 (repetition 1)
22 2 960 37 Verify growth of species 2 (repetition 2)
3 1 720 65 Refill reactor five times






OPS/images/fmicb-14-1150102-g007.gif





OPS/images/fmicb-14-1150102-g008.gif





OPS/images/math_11.gif
@





OPS/images/cover.jpg
& frontiers | Frontiers in Microbiology

Coupled model for microbial
growth and phase mass transfer
in pressurized batch reactors in

the context of underground

hydrogen storage





OPS/images/math_10.gif
- ot X
= 5 5H.c0n CHt (g X iag
Y,

kg e (XH,,COu.CHy — XHog COus.CHys)






OPS/images/math_3.gif





OPS/images/math_2.gif
ot = i, -





OPS/images/fmicb-14-1150102-g001.gif





OPS/images/inline_8.gif
ol * K





OPS/images/fmicb-14-1150102-g002.gif
Dimensionless pressure (p/ o]

Time . [

= Eowall
* Bowelz

o Epwels -

o oo ke

3 T %






OPS/images/inline_7.gif





OPS/images/math_1.gif
CO; +4Hy; — CHy + 2H,0





OPS/images/inline_9.gif





OPS/images/inline_5.gif





OPS/images/inline_4.gif





