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Abstract. Geomethanation in depleted gas reservoirs offers a route to couple subsurface hydrogen storage 

with in situ methane production, but its efficiency depends on the interaction between microbial growth, 

pore-space alteration, and gas–liquid mass transfer. Building on a coupled microfluidic–numerical work-

flow, we combine results from saturated and unsaturated experiments to quantify how pore-scale processes 

control reactor-scale performance. Under saturated conditions, biomass accumulation reduced porosity yet 

preserved substantial permeability because channel formation and intrinsic biomass conductivity maintained 

flow; simulations indicated an intrinsic biomass permeability of about 100 ± 50 mD, supporting continued 

advective nutrient supply. Under unsaturated conditions, gas injection shifted biomass from colony-domi-

nated structures to a planktonic, interface-associated state, enhancing substrate access at gas–liquid bound-

aries. The integrated analysis showed methane evolution rates rising to about 0.30–0.35 mmol L⁻¹ h⁻¹, while 

dimensionless evaluation identified predominantly reaction-limited behavior despite improved transport. 

Finally, this study establishes a workflow linking pore-scale morphology, transport regimes, and methane 

productivity for assessing geomethanation efficiency. 

1 Introduction  

The growing integration of intermittent renewable energy 

sources has intensified the need for large-scale storage 

concepts capable of balancing seasonal fluctuations in en-

ergy supply and demand. Among the available options, 

subsurface hydrogen storage in depleted gas reservoirs 

has gained increasing attention because such formations 

provide large storage capacities, established infrastruc-

ture, and proven gas tightness [1–4]. At the same time, 

these subsurface systems are not microbiologically inert. 

Indigenous microbial communities may consume injected 

hydrogen and trigger hydrogenotrophic conversion path-

ways, including methanation, thereby affecting storage ef-

ficiency, gas quality, and recovery performance [1–6]. 

Microbial growth in porous media has long been studied 

in relation to groundwater remediation, enhanced oil 

recovery, and bio-clogging, where biomass accumulation 

is known to reduce pore volume, redistribute flow, and 

alter permeability [7–10]. A key finding of this body of 

work is that biomass does not occupy pore space 

uniformly. Instead, microbial colonies and biofilms 

develop in spatially heterogeneous patterns, often 

preferentially in pore bodies, while preserving channels 

and voids that sustain advective transport [7–12]. These 

observations are highly relevant for geomethanation, 

where biomass-induced pore-space alteration may either 

hinder substrate delivery through clogging or enhance 

conversion by promoting longer residence times and 

localized reactive zones. 

Microfluidic and lab-on-a-chip platforms provide a 

powerful means of studying such processes because they 

allow direct visualization of biomass accumulation within 

representative pore geometries under well-controlled 

hydraulic and chemical boundary conditions [11–14]. 

Previous lab-on-a-chip studies have demonstrated that 

pore-scale imaging can reveal coupled effects of 

microbial growth, transport limitation, and evolving flow 

paths that are difficult to resolve in conventional batch, 

column, or core-scale experiments [11–14]. In addition, 

these approaches enable time-resolved analysis of how 

biomass modifies hydraulic properties and how local 

transport conditions feed back on microbial organization. 

This makes microfluidics especially attractive for 

subsurface bio-reactive systems, where the interplay 

between microbiology and transport is inherently 

multiscale. 

Despite this progress, important research gaps remain. 

First, many existing microfluidic studies focus on 

saturated systems and dissolved nutrient supply, whereas 

subsurface geomethanation in depleted gas reservoirs is 

commonly associated with unsaturated or two-phase 

conditions, in which gaseous H₂ and CO₂ coexist with 

brine and conversion depends strongly on gas–liquid mass 

transfer [5,6]. Second, prior work has mainly emphasized 

biomass accumulation and permeability impairment, 

while the connection between pore-scale biomass 

architecture and reactor-relevant performance indicators 
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such as methane productivity remains insufficiently 

constrained [7–14]. Third, only limited efforts have 

combined direct microfluidic observation with pore-scale 

numerical simulations in a way that permits a consistent 

interpretation of biomass growth, transport behavior, and 

effective process performance within one workflow 

[8,11,13–16]. 

The present work addresses these gaps by developing a 

coupled microfluidic–numerical workflow for reservoir-

relevant geomethanation studies [15,16]. The workflow 

uses a high-resolution pore-network micromodel operated 

under anaerobic conditions with synthetic formation brine 

and methanogenic inocula, thereby enabling controlled 

observation of biomass accumulation under both saturated 

and unsaturated conditions [15,16]. Time-lapse 

microscopy is combined with digital image segmentation 

and direct numerical simulation to translate observed 

phase distributions into pore-scale models of flow and 

transport [15,16]. In this way, the experimental platform 

functions not only as a visualization tool, but as a lab-on-

a-chip reactor concept with the capability to link 

microbial pore-space occupation, reactive transport, and 

reactor-relevant geomethanation efficiency. 

The novelty of this research direction lies in its ability to 

bridge two traditionally separate perspectives: biofilm-in-

duced pore-space alteration on the one hand, and reac-

tor/process performance on the other. Rather than focus-

ing exclusively on biomass growth or methane generation, 

the integrated workflow provides a framework for inves-

tigating how microbial organization, hydraulic accessibil-

ity, and interfacial substrate transfer jointly govern geo-

methanation in porous media. This offers a more mecha-

nistic basis for evaluating depleted gas reservoirs as po-

tential subsurface bioreactors for methane production 

from H₂ and CO₂. 

 

2. Materials and Methods 

2.1 Experimental concept and workflow 
The applied methodology combines microfluidic experi-

mentation with image-based numerical simulation to in-

vestigate geomethanation at the pore scale under reser-

voir-relevant conditions [5,6]. The workflow was de-

signed to resolve biomass accumulation, pore-space alter-

ation, hydraulic response, and reactive transport within 

the same experimental framework. It builds on an estab-

lished microfluidic porous-media approach for microbial 

transport studies and extends it toward methanogenic hy-

drogen conversion in unsaturated systems [13]. The gen-

eral procedure consisted of micromodel preparation, an-

aerobic inoculation, controlled substrate supply, time-re-

solved optical monitoring, pressure and gas analysis, and 

subsequent generation of segmented digital twins for di-

rect numerical simulation [5,6]. 

2.2 Micromodel and microfluidic setup 
Experiments were conducted in a borosilicate glass 

micromodel representing a two-dimensional porous 

network with a domain size of 20 mm × 10 mm and a 

uniform etching depth of 20 µm [5,6]. The model pore 

space was characterized by a porosity of 0.57, an initial 

permeability of 2.53 D, a total pore volume of 2.3 µL, and 

an average lateral pore size of approximately 170 µm 

[5,6]. The microfluidic setup comprised syringe-pump-

controlled inlet and outlet flow, pressure monitoring, gas 

supply, and a high-resolution optical microscopy system 

for time-lapse imaging [5,6,13]. This configuration 

enabled controlled anaerobic operation and simultaneous 

visualization of biomass development and fluid 

displacement, see Figure 1. 

2.3 Imaging and monitoring 
Biomass accumulation and phase redistribution inside the 

pore network were monitored by high-resolution bright-

field microscopy using an inverted microscope equipped 

with a digital camera and automated XY-stage scanning. 

This allowed stitched full-domain image acquisition with 

high spatial resolution and a time resolution of approxi-

mately 38 s per scan. In parallel, differential pressure sig-

nals were recorded throughout the experiments to quan-

tify hydraulic changes caused by biomass growth and 

fluid redistribution. In the unsaturated workflow, methane 

production was additionally monitored by periodic gas 

sampling and micro-gas chromatography [5,6]. 

 

 
Figure 1. Experimental setup for microfluidic geomethanation 

investigations. The system comprises sample and gas injection 

modules, syringe pumps, pressure control, a micromodel 

mounted on a microscope stage with illumination and CMOS 

imaging, as well as downstream gas sampling, phase 

separation, vacuum pumping, and effluent collection. The 

schematic illustrates the integrated flow routing and monitoring 

architecture used to control fluid delivery, observe pore-scale 

processes in real time, and quantify pressure and outlet 

conditions during the experiments 

2.4 Fluids and inocula 
A chemically defined synthetic brine was prepared to 

reproduce the main hydrochemical characteristics of the 

formation water sampled from the test site in the Molasse 

Basin in Upper Austria, while ensuring reproducible 

experimental conditions [5,6]. The medium contained 

major salts, buffering components, reducing agents, 

vitamins, and trace elements and was prepared under 

strictly anaerobic conditions [5,6]. The brine composition 

was characterised using Inductively Coupled Plasma 

Optical Emission Spectroscopy (ICP-OES) for dissolved 

elemental concentrations, Ion Chromatography (IC) for 

major anions, and Liquid Chromatography with 
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Refractive Index Detection (LCRI) for dissolved organic 

compounds and fermentation products, see Table 1. 

Methanogenic inocula were derived from reservoir-

relevant microbial systems and included both a defined 

hydrogenotrophic methanogen and mixed anaerobic 

consortia enriched from the same underground gas 

storage environment [5,6].   
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Table 1. Comparison of formation brine and synthetic brine 

(SB) 

Parameter 
Formation 

brine 

Synthetic brine 

(SB) 

ICP-OES [mg/L]   

Al (Aluminium) < 0.1 < 0.1 

B (Boron) 17.8 27.7 

Ca (Calcium) 410 284 

Co (Cobalt) < 0.02 0.06 

Cr (Chromium) < 0.16 < 0.16 

Cu (Copper) < 0.2 < 0.2 

Fe (Iron) 95.8 < 0.36 

K (Potassium) 1590 1850 

Mg (Magnesium) 134 148 

Mn (Manganese) 0.70 0.17 

Mo (Molybdenum) < 0.02 < 0.02 

Na (Sodium) 9980 9570 

Ni (Nickel) 0.07 0.09 

P (Phosphorus) < 2.0 8.4 

Se (Selenium) < 0.30 < 0.30 

Zn (Zinc) < 0.09 < 0.09 

LCRI & IC [mg/L]   

Formic acid 62.6 81.6 

Acetic acid 354.7 69.5 

Ethanol 250.5 120.1 

Isobutyric acid 16.9 – 

Parameter 
Formation 

brine 

Synthetic brine 

(SB) 

Butyric acid 87.8 – 

Isovaleric acid 12.7 – 

Chloride 13209 11000 

Nitrate < LOD – 

Sulfate < LOD – 

Hydrochemical parame-

ters 
  

pH [–] 8.2 8.03 

Conductivity [mS/cm] 29.5 29.1 

2.5 Experimental procedure 
Prior to each experiment, the flow system was evacuated 

to remove oxygen and verify leak tightness [5,6]. The mi-

cromodel was then saturated with growth medium and op-

erated under controlled temperature and pressure condi-

tions. In the saturated workflow, inoculated microbial sus-

pension was injected into the fully brine-filled pore net-

work and biomass accumulation was monitored during 

continuous flow [5]. In the unsaturated workflow, an ini-

tial colonization phase was followed by injection a stoi-

chiometric H₂/CO₂-containing gas mixture (40 vol.% H₂ 

and 10 vol.% CO₂ in argon), establishing two-phase con-

ditions with coexisting gas and brine [6]: 

 

𝐻𝐶𝑂3
− + 𝐻+ + 4𝐻2 ↔ 𝐶𝐻4 + 3𝐻2𝑂         (1) 

 

𝛥𝐺° =  −131.0 𝑘𝐽 𝑚𝑜𝑙−1  

Figure 2. Workflow for the analysis of bioreactive transport in a 2D micromodel. Time-resolved top-view microscopy images of the 

planar porous domain are used to identify representative phases, including gas, grain, and biomass, and to track their evolution over 

time. The experimental images are subsequently converted into segmented 2D phase maps, which serve as the basis for numerical flow 

and mass-transfer simulations on the same micromodel geometry. Regions of interest extracted from the simulated fields enable a local-

ized assessment of transport behaviour, while the resulting metrics are further synthesized through dimensionless analysis to link pore-

scale observations with governing transport regimes. 
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This allowed the same platform to be used to study both 

biomass-induced hydraulic alteration and gas–liquid 

mass-transfer-controlled geomethanation at 40°C and 2,5 

bar(g). 

2.6 Image analysis and numerical simulation 
Recorded image sequences were processed to segment the 

relevant phases within the porous domain [5,6]. 

Depending on the experimental condition, the segmented 

phases included grains, open pore space, biomass, and, in 

the unsaturated case, gas [5,6]. Image segmentation was 

performed using threshold-based and machine-learning-

assisted approaches, after which the resulting geometries 

were converted into voxel-based digital twins for direct 

numerical simulation [5,6]. Flow calculations were 

carried out using a Stokes–Brinkman formulation to 

represent both free flow in the open pore space and Darcy-

like flow through unresolved biomass regions [5,6]. In the 

unsaturated study, the simulations were further extended 

to evaluate local substrate transfer and transport 

characteristics within the evolving pore network [6]. 

2.7 Scope of the methodology 
The combined method provides a direct link between ex-

perimental observation and numerical interpretation of 

pore-scale geomethanation processes, see Figure 2 [5,6]. 

Its main capability lies in resolving how microbial occu-

pation of pore space modifies flow, transport accessibil-

ity, and reactive conditions in a reservoir-analog micro-

model. By integrating an experimentally validated po-

rous-media platform with digital analysis, the workflow 

establishes a basis for interpreting geomethanation not 

only as a microbiological process, but also as a transport-

controlled reactor problem [5,6,13]. 

2.7.1. Methodology for Reactor Performance Calcu-
lation 

A mechanistic reactor model was used to complement the 

dimensionless analysis and represent the main process se-

quence inside the micromodel. The calculation starts from 

the injected gas composition, the liquid-filled pore vol-

ume, and the microbial population. Microbial conversion 

becomes active only after H₂ and CO₂ dissolve into the 

aqueous phase. Accordingly, the model couples four 

steps: gas-phase definition, gas–liquid dissolution, micro-

bial substrate conversion, and feedback on the evolving 

gas composition. 

Solubility was calculated from Henry’s law constants and 

corrected for temperature using the van’t Hoff relation 

[17]. Effective gas–liquid transfer rates were included to 

estimate the dissolved substrate concentration available 

for methanogenesis. This is particularly relevant for H₂, 

whose low solubility commonly restricts biological 

Power-to-Gas methanation to a narrow reaction zone near 

the gas–liquid interface [24]. 

Microbial growth and methane formation were described 

using a double Moser-type kinetic model linked to H₂ and 

CO₂ availability, temperature sensitivity, and phase-spe-

cific transfer rates [23]. Substrate consumption was 

coupled stoichiometrically to CH₄ production, and simu-

lated gas-phase concentrations were compared with ex-

perimental GC measurements to evaluate reactor perfor-

mance. 

Mass transfer across the interface was described using the 

classical two-film concept [25]. In this framework, gas 

and liquid bulk phases are assumed to be well mixed, 

whereas stagnant films at the interface control diffusive 

transport. Applied to the micromodel, this provides a sim-

ple mechanistic basis for connecting interfacial substrate 

transfer with observed methane evolution. 

The starting point is the gas composition. Each gas species 

contributes to the total pressure according to its molar or 

volumetric fraction. The partial pressure of species 𝑖 is 

calculated as: 

𝑝
𝑖

= 𝑦
𝑖
𝑃  (2) 

where 𝑦𝑖 is the gas-phase fraction of species 𝑖 and 𝑃 is 

the total pressure. 

Since microorganisms consume dissolved substrates ra-

ther than the gas phase directly, the next step is to deter-

mine how much hydrogen and carbon dioxide can enter 

the aqueous phase. This is calculated with Henry’s law: 

𝐶𝑖
∗ = 𝑘𝐻,𝑖  𝑝𝑖

  (3) 

where 𝐶𝑖
∗ is the equilibrium concentration of species 𝑖 in 

the liquid phase and 𝑘𝐻,𝑖 is the Henry coefficient. 

However, equilibrium is not reached instantaneously. The 

transfer of gas into the liquid is governed by a concentra-

tion driving force. This is represented through a gas-water 

mass-transfer formulation: 

𝑟𝑖
𝑚𝑡 = 𝑘𝑔𝑤,𝑖(𝐶𝑖

∗ − 𝐶𝑖)  (4) 

where 𝑟𝑖
𝑚𝑡 is the mass-transfer rate, 𝑘𝑔𝑤,𝑖 is the gas-wa-

ter transfer coefficient, and 𝐶𝑖 is the actual dissolved 

concentration in the liquid. This equation is essential be-

cause it defines how fast substrate becomes biologically 

available. 

Once dissolved hydrogen and carbon dioxide are present, 

microbial activity is described through a substrate-limited 

growth expression. In simplified form, the specific growth 

rate is written as: 

𝜇 = 𝜇𝑝ℎ𝑎𝑠𝑒 (
𝐻2

2

𝐾𝐻2
+ 𝐻2

2) (
𝐶𝑂2

2

𝐾𝐶𝑂2
+ 𝐶𝑂2

2) 𝑓𝑇(𝑇)  (5) 

where 𝜇𝑝ℎ𝑎𝑠𝑒 represents the phase-dependent growth co-

efficient, 𝐾𝐻2
 and 𝐾𝐶𝑂2

 are half-saturation constants, and 

𝑓𝑇(𝑇) is the temperature correction factor. 

The microbial population then evolves according to: 
𝑑𝑋

𝑑𝑡
= (𝜇 − 𝑘𝑑)𝑋  (6) 

where 𝑋 is the microbial abundance and 𝑘𝑑 is the decay 

coefficient. This equation captures the balance between 

biomass growth and loss over time. 

Methane formation is linked to biomass growth through 

stoichiometric yield relations. In simplified form, the 
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substrate consumption and product formation terms are 

given as: 

𝑟𝐻2
= − (

1

𝑌𝐻2

)
𝑑𝑋

𝑑𝑡
           (7) 

𝑟𝐶𝑂2
= − (

1

4𝑌𝐻2

)
𝑑𝑋

𝑑𝑡
  (8) 

𝑟𝐶𝐻4
= + (

1

4𝑌𝐻2

)
𝑑𝑋

𝑑𝑡
  (9) 

where 𝑌𝐻2
 is the yield coefficient relating biomass growth 

to hydrogen consumption. These equations connect mi-

crobial growth directly to hydrogen depletion, carbon di-

oxide depletion, and methane production. 

After each time step, the gas phase is updated to account 

for transfer into the liquid. In simplified form, the gas-

phase balance is written as: 

𝑛𝑔,𝑖(𝑡 + 𝛥𝑡) = 𝑛𝑔,𝑖(𝑡) − 𝑟𝑖
𝑚𝑡𝑉𝑅𝛥𝑡  (10) 

where 𝑛𝑔,𝑖 is the amount of gas species 𝑖 in the gas loop, 

𝑉𝑅 is the reactor volume, and 𝛥𝑡 is the time step. This 

closes the coupling between gas phase and liquid phase 

and allows the reactor composition to evolve dynamically. 

In the extended model, an additional retention or sink term 

can be introduced to represent delayed exchange with less 

accessible pore space or immobile regions. In a simplified 

first-order form, this can be written as: 

𝑟𝑠𝑖𝑛𝑘,𝑖 = 𝑘𝑠𝑖𝑛𝑘,𝑖𝐶𝑖  (11) 

2.7.2 Dimensionless analysis 

To investigate reactive transport and kinetic behavior 

within the micromodel, a dimensionless analysis was per-

formed. Temperature-corrected Henry’s law constants, 

gas–liquid diffusivities, experimental methane production 

data, simulated velocity fields, and molar fluxes were 

combined to calculate characteristic transport and reaction 

numbers [17–19]. Effective diffusivities of H₂ and CO₂ in 

brine were estimated from established gas–liquid diffu-

sion and porous-media transport correlations [18–20]. 

The Péclet number was used to distinguish advection- and 

diffusion-controlled regions, while first- and second-order 

Damköhler numbers were calculated to compare reaction 

and transport time scales [20]. In addition, the Sherwood 

number and Thiele modulus were evaluated to describe 

external and internal mass-transfer limitations, respec-

tively [21,22]. The resulting parameters were mapped in 

Pe–Da space to identify transport-limited and reaction-

limited domains across the micromodel. This framework 

links local pore-scale flow and substrate supply to reactor-

scale geomethanation efficiency. 

The first is the Peclet number, which compares advective 

transport with diffusive transport: 

𝑃𝑒 =
𝑢𝐿

𝐷
            (12) 

where 𝑢 is characteristic velocity, 𝐿 is characteristic 

length, and 𝐷 is the diffusion coefficient. A low 𝑃𝑒 indi-

cates diffusion-dominated transport, whereas a high 𝑃𝑒 

indicates advection-dominated transport. 

The second is the Damkohler number, which compares 

reaction rate  𝑘𝑟  and transport timescales in its advective 

and diffusive form: 

𝐷𝑎𝐼 =
𝑘𝑟𝐿

𝑢
 (13𝑎),  𝐷𝑎𝐼𝐼 =

𝑘𝑟𝐿²

𝐷
 (13𝑏) 

If 𝐷𝑎 ≪ 1, the system is reaction-limited. If 𝐷𝑎 ≫ 1, it is 

transport-limited. 

To characterize gas-liquid transfer efficiency, the Sher-

wood number is used: 

𝑆ℎ =
𝑘𝐿

𝐷
  (14) 

This number describes how efficiently interfacial 

transport is enhanced relative to diffusion alone. 

When internal diffusion limitations within microbial clus-

ters or biofilms are relevant, the Thiele modulus becomes 

useful: 

𝜙 = 𝐿√
𝑘

𝐷𝑒𝑓𝑓

  (15) 

A small 𝜙 indicates weak internal diffusion limitation, 

whereas a large 𝜙 suggests that only the outer parts of the 

reactive structure are effectively supplied. 

2.7.3 Thiele modulus based on experimental reac-
tion rates 

To further quantify internal transport limitations within 

the reactive domain, the Thiele modulus is introduced. In 

contrast to classical formulations based on intrinsic rate 

constants, the present study derives the Thiele modulus 

directly from experimentally inferred reaction rates. This 

links pore-scale transport limitations to the observed reac-

tor performance and avoids the need to prescribe an inde-

pendent intrinsic kinetic constant. 

The total reactive interfacial area is defined as: 

𝐴tot = 𝑎 𝑉                (16) 

 

where 𝑎 is the specific interfacial area, and 𝑉 is the reactor 

volume. Based on the experimentally derived molar con-

version rate 𝑛̇, an interfacial reaction flux can be formu-

lated as: 

𝑟𝑠 =
𝑛̇

𝐴tot

                     (17) 

 

where 𝑟𝑠 represents the effective molar consumption rate 

per unit reactive surface area. 

Using this definition, the Thiele modulus is expressed as: 

𝜙2 =
𝑟𝑠  𝑎 𝑟𝑝

2

𝐷eff  𝑐𝑠

              (18) 

which can be rearranged to obtain a formulation directly 

dependent on measurable system parameters: 
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𝜙2 =
𝑛̇ 𝑟𝑝

2

𝑉 𝑓 𝐷eff  𝑐𝑠

       (19) 

 

where 𝑟𝑝 is the characteristic reactive length scale, 𝐷eff is 

the effective diffusivity within the porous domain,  𝑐𝑠 is 

the driving concentration at the interface, and 𝑓 represents 

the fraction of the interface that is actively participating in 

the reaction. 

 

This formulation allows the Thiele modulus to be evalu-

ated without explicitly defining an intrinsic kinetic rate 

constant. The resulting value, therefore, provides a direct 

link between experimentally observed conversion rates 

and internal mass transport limitations. 

A small 𝜙 indicates that diffusion within the reactive do-

main is sufficiently fast to supply substrate throughout the 

entire structure, resulting in a reaction-controlled regime. 

In contrast, a large 𝜙 signifies that diffusion is limiting, 

such that only regions close to the interface remain effec-

tively supplied with substrate. In this case, the overall re-

actor performance becomes transport-limited despite po-

tentially high intrinsic microbial activity. 

In combination with the Damköhler and Sherwood num-

bers, the Thiele modulus provides a consistent framework 

to distinguish between kinetic limitation, interfacial trans-

fer limitation, and internal diffusion limitation. This ena-

bles a mechanistic interpretation of reactor performance 

across scales. 

5. Results and Discussion 

5.1 Intrinsic biomass permeability and hydraulic 
alteration 
The saturated micromodel experiments showed that bio-

mass accumulation strongly altered the pore space but did 

not lead to complete hydraulic blockage. Instead, micro-

bial growth produced heterogeneous biomass structures 

with preferential flow paths, preserving a finite permea-

bility even at reduced porosity. This behavior confirms 

that biomass has to be treated as a conductive porous 

phase rather than as an impermeable solid obstruction. 

By matching the experimentally measured pressure re-

sponse with Stokes–Brinkman simulations on segmented 

digital twins, an intrinsic biomass permeability of 100 ± 

50 mD was determined [5]. The resulting permeability–

porosity trend was described by a modified power-law re-

lationship, consistent with earlier microfluidic porous-

media work [13].  

 

A critical observation was that permeability remained fi-

nite near the final biomass-occupied state because flow 

was maintained through a combination of open channels 

and permeable biomass domains [5]. This result is im-

portant for geomethanation because it indicates that mi-

crobial accumulation does not necessarily suppress sub-

strate supply. As long as the intrinsic biomass permeabil-

ity remains above a critical threshold, advective nutrient 

transport can persist through or around biomass clusters. 

In the saturated case, the calculated transport behavior 

therefore supports a scenario in which biomass growth 

modifies the pore network but still maintains hydraulic 

connectivity. This provides the basis for the unsaturated 

workflow, where gas–liquid interfaces and brine  

mobility additionally control substrate delivery [6]. 

5.2 Reactor performance under unsaturated con-
ditions 
Under two-phase operation, the micromodel acted as a re-

active lab-on-a-chip reactor in which H₂ and CO₂ were 

supplied through the gas phase and converted after disso-

lution into the aqueous phase. Methane production in-

creased over successive gas-cycling phases, indicating 

improved microbial exposure to the substrate gas and en-

hanced gas–liquid exchange. After an initial low-produc-

tion period, the methane evolution rate reached approxi-

mately 0.30–0.35 mmol L⁻¹ h⁻¹ after extended cycling, 

and the mechanistic reactor model reproduced the meas-

ured microGC data well [6]. 

Figure 3. (A) Modeled CH₄ production shown in red with a 

±10% uncertainty band, compared with microGC-derived CH₄ 

concentrations from cycles 1-3. (B) Modeled gas-phase compo-

sition showing H₂ depletion on the right axis, CO₂ consumption, 

and CH₄ accumulation, together with microGC measurements 

and associated error bars. The agreement between modeled 

trends and experimental data captures the hydrogenotrophic 

conversion yield. The progressive increase in CH₄ yield across 

cycles suggests enhanced biomass exposure to the substrate 

gases and improved interfacial gas-liquid exchange. 
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The reactor model coupled gas-phase composition, Hen-

ry's-law-controlled gas dissolution, gas-liquid mass trans-

fer, microbial growth kinetics, and stoichiometric me-

thane formation. Figure 3 compares three different me-

thane responses: (i) the expected methane concentration, 

corresponding to the theoretical maximum methane yield 

calculated from the stoichiometric conversion of the in-

jected hydrogen and carbon dioxide according to Eq.1, as-

suming complete substrate utilization and no transport or 

kinetic limitations; (ii) the modelled methane concentra-

tion, obtained from the coupled reactive transport model 

including gas dissolution, interfacial mass transfer, micro-

bial growth, and biomass-related transport limitations; 

and (iii) the measured methane concentration determined 

experimentally. The agreement between the modelled and 

measured gas compositions indicates that the observed 

methane evolution can be explained by the coupled effects 

of gas-liquid mass transfer and microbial conversion ra-

ther than by stoichiometric substrate availability alone. 

The deviation between the theoretical (expected) and 

modelled responses demonstrates that interfacial transfer 

limitations, biomass accessibility, and the spatial distribu-

tion of the aqueous phase constrain the achievable me-

thane yield. These findings highlight the central role of 

gas-liquid contact area, brine distribution, and biofilm ac-

cessibility in determining reactor performance and con-

version efficiency [6]. 

5.3 Dimensionless interpretation of transport 
limitations 
The dimensionless analysis was used to distinguish 

transport limitations acting at different spatial scales 

within the geomethanation system. For this reason, two 

Damköhler numbers were considered. 

The first Damköhler number, DaI, compares the intrinsic 

microbial reaction rate with advective transport across the 

reactor or pore-network scale. It therefore describes 

whether substrates are supplied fast enough by flow to 

sustain microbial conversion. Low DaI indicates that ad-

vective transport is faster than microbial consumption, 

whereas high DaI indicates that the overall reactor behav-

ior becomes limited by substrate delivery. 

The second Damköhler number, DaII, compares micro-

bial reaction with local diffusive transport. This number 

is related to diffusion through aqueous films, stagnant liq-

uid regions, and biomass or biofilm domains. In this 

sense, DaI represents global transport limitation by 

Figure 4. Bioreactive transport maps for H₂ (left) and CO₂ (right), plotted on log–log scales as Péclet number on the x-axis versus 

inverse Damköhler number, on the y-axis for the advection–reaction representation (A, B). The background heatmap qualitatively 

indicates increasing overall transport–reaction effectiveness toward the warm central region. White reference lines mark the balanced 

transport–reaction condition at Pe=10 and Da−1=10. In the diffusion–reaction representation shown in the lower panels (C, D), the 

y-axis denotes the inverse type-II Damköhler number. 
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advection, while DaII represents local transport limitation 

by diffusion. 

The Péclet number was used to distinguish whether 

transport is dominated by advection or diffusion. Reactor-

scale Péclet numbers describe transport through the con-

nected pore network, whereas biomass-scale Péclet num-

bers describe transport within or around biomass clusters. 

Gas-phase transport was treated separately because H₂ 

and CO₂ can be supplied efficiently through the gas phase, 

but microbial conversion occurs only after transfer into 

the aqueous phase and access to biomass. 

 

In the saturated experiments, the liquid phase occupied 

the pore network continuously. Therefore, reactor-scale 

liquid transport describes substrate delivery through 

brine-filled pathways. Under these conditions, biomass 

permeability remained sufficiently high to allow advec-

tive nutrient supply, which explains why microbial activ-

ity could be sustained despite biomass accumulation. 

 

In the unsaturated experiments, the gas phase provided ef-

ficient advective transport of H₂ and CO₂. However, this 

did not directly translate into higher methane production, 

because the substrates first had to dissolve into the aque-

ous phase, cross the gas-liquid interface, and diffuse to-

ward biomass. Therefore, the limiting step shifted from 

bulk gas supply to gas-liquid mass transfer and local dif-

fusion through the aqueous and biomass domains. 

 

The term “reactor (l)” refers to the liquid-phase transport 

regime at the reactor or pore-network scale. In saturated 

systems, this corresponds to transport through the con-

nected brine-filled pore space. The term “reactor (g)” re-

fers to gas-phase transport in unsaturated systems, where 

connected gas pathways allow rapid advective supply. 

The term “intrinsic biomass (l)” refers to transport local 

to the biomass phase in the aqueous environment. It is rel-

evant to both saturated and unsaturated systems because 

microbial conversion occurs in hydrated biomass or bio-

film regions, not directly in the gas phase. 

 

The transport-reaction effectiveness was calculated by 

comparing the transport-limited microbial conversion rate 

with the theoretical rate expected from intrinsic microbial 

kinetics and stoichiometric substrate availability. Effec-

tiveness values close to 1, or 100%, indicate that transport 

is sufficiently fast and the microbial reaction can proceed 

near its intrinsic rate. Lower effectiveness values indicate 

increasing transport limitation, either by insufficient ad-

vective supply, slow gas–liquid transfer, or diffusion lim-

itation inside the aqueous or biomass domains. 

The optimal zone was defined as the region where sub-

strate supply and microbial conversion are balanced. In 

this zone, Péclet numbers are high enough to maintain 

substrate renewal by advection, while Damköhler num-

bers remain moderate enough to avoid strong concentra-

tion gradients and local substrate depletion. Outside this 

zone, the system becomes inefficient either because 

transport is too weak to sustain reaction, or because reac-

tants pass through the system without sufficient residence 

time for microbial conversion [6]. 

Overall, the Pe-Da framework shows that reactor perfor-

mance is controlled by the coupling between global ad-

vective transport, local diffusive accessibility, gas–liquid 

mass transfer, and microbial conversion. The unsaturated 

experiments are controlled by gas-phase delivery fol-

lowed by dissolution, interfacial transfer, and diffusion 

through the aqueous biomass environment. This explains 

why methane production cannot be predicted from stoi-

chiometric substrate availability alone. 

 

The Sherwood-Thiele analysis further showed that H₂ and 

CO₂ experience different mass-transfer constraints. H₂ oc-

cupied a higher Sherwood range, while CO₂ showed lower 

Sherwood numbers and stronger sensitivity to boundary-

layer control because of its different solubility and diffu-

sivity [6]. The effectiveness-factor interpretation indi-

cated that, for the investigated operating window, internal 

diffusion limitations inside biomass were relatively weak 

when the Thiele modulus was low. Overall performance 

was therefore controlled mainly by external mass transfer, 

interfacial renewal, and the distribution of mobile brine 

rather than by diffusion inside the biomass alone, see Fig-

ure 5 [6]. 

5.4 Implications for geomethanation efficiency 
The study shows that geomethanation efficiency is gov-

erned by two linked mechanisms. First, biomass must re-

main hydraulically accessible; the measured intrinsic bio-

mass permeability of 100 ± 50 mD indicates that meth-

anogenic biomass can maintain conductive pathways un-

der saturated conditions [5]. Second, under gas-rich con-

ditions, substrate availability is controlled by gas–liquid 

Figure 5. Sherwood number (Sh) plotted against Thiele modu-

lus (Φ) for H₂ and CO₂ at the biofilm and pore scales. The x-axis 

represents the severity of internal diffusion–reaction limitation, 

whereas the y-axis reflects gas–liquid mass transfer and diffu-

sive delivery toward the biomass. H₂ occupies a high-Sh regime 

across Φ∼10−3 -102 with Shbio∼10−4 -101 and Shpore∼ 100 -101 

indicating efficient external transfer and limited internal con-

centration gradients. In contrast, CO₂ exhibits Sh values one to 

two orders of magnitude lower at comparable Φ, suggesting 

stronger boundary-layer control and greater sensitivity to inter-

facial gradient renewal. The separation between biofilm- and 

pore-scale trends reflects the transport penalty imposed by tor-

tuous porous pathways and reduced effective diffusivity relative 

to the intrinsic biofilm scale. 
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transfer and the spatial contact between gas, brine, and bi-

omass [6]. 

The optimal operating window identified by the dimen-

sionless analysis lies near the transition where advection 

improves substrate delivery without excessive flushing or 

depletion. In practical terms, increasing flow alone is un-

likely to improve conversion if gas-liquid transfer and bi-

omass accessibility remain limiting. More effective im-

provements should target interfacial renewal, brine con-

nectivity, biomass distribution, and maintenance of reac-

tive surface area. Thus, the combined workflow links 

pore-scale biomass permeability to reactor-scale methane 

productivity and provides a quantitative basis for evaluat-

ing depleted gas reservoirs as subsurface bioreactors for 

geomethanation. 

6. Discussion and Way Forward 

The combined workflow shows that geomethanation in 

porous media cannot be evaluated from microbial activity 

or transport properties alone. Instead, reactor performance 

emerges from the interaction between biomass architec-

ture, hydraulic connectivity, gas–liquid mass transfer, and 

local substrate availability. The saturated experiments 

demonstrate that microbial accumulation modifies the 

pore space but does not necessarily cause complete clog-

ging. The determined intrinsic biomass permeability of 

100 ± 50 mD indicates that biomass can remain hydrau-

lically conductive and may therefore sustain advective nu-

trient supply through or around microbial structures [5]. 

Under unsaturated conditions, the controlling limitation 

shifts from bulk hydraulic conductivity toward interfacial 

transport. Although the gas phase provides rapid advec-

tive delivery of H₂ and CO₂, microbial conversion requires 

dissolution into the aqueous phase and access to active bi-

omass. The reactor model and dimensionless analysis 

therefore indicate that methane production is governed 

mainly by gas–liquid transfer, brine connectivity, and the 

spatial overlap between gas, liquid, and biomass [6]. This 

supports the interpretation of the micromodel as a reactive 

lab-on-a-chip reactor, where the efficiency is controlled 

by the quality of phase contact rather than by gas supply 

alone. 

The dimensionless analysis provides a useful framework 

to generalize these observations. Péclet and Damköhler 

numbers separate regions dominated by advection, diffu-

sion, or reaction, while Sherwood and Thiele-type metrics 

help distinguish external mass-transfer limitations from 

internal biomass diffusion effects. For the investigated op-

erating window, the results suggest that external transfer 

and interfacial renewal are more critical than internal dif-

fusion through the biomass. This finding is particularly 

relevant for scale-up, because improving conversion effi-

ciency may require controlling saturation patterns and 

gas–brine contact area rather than simply increasing in-

jection rate. 

A key implication is that biomass accumulation has a dual 

role. It may reduce effective pore volume and locally re-

direct flow, but it also creates reactive zones and can re-

main permeable enough to sustain substrate delivery. 

Therefore, geomethanation should not be viewed only as 

a bio-clogging risk or only as a microbial conversion pro-

cess. It is better described as a coupled bio-reactive 

transport problem in which moderate biomass accumula-

tion may support conversion, while excessive or poorly 

distributed growth may impair injectivity and reduce re-

actor efficiency. 

 

Future work should focus on extending the workflow to-

ward more reservoir-representative conditions. This in-

cludes testing higher pressures, broader salinity ranges, 

realistic rock-derived pore geometries, and cyclic injec-

tion–production schemes. Particular attention should be 

given to saturation control, because brine distribution de-

termines both microbial habitat and gas–liquid interfacial 

area. 

 

The reactor model should also be expanded from a lumped 

description toward spatially resolved reactive transport, 

where local biomass density, interfacial area, and sub-

strate gradients are coupled directly to methane formation. 

This would allow dimensionless maps to be used not only 

for interpretation, but also for predicting operating win-

dows for efficient geomethanation. 

 

Finally, the workflow should be translated from micro-

models to core-scale and reservoir-scale models. The in-

trinsic biomass permeability and transport-regime de-

scriptors obtained here provide parameters that can sup-

port upscaling. In this way, pore-scale experiments can 

help define how depleted gas reservoirs may be operated 

as controllable subsurface bioreactors for converting H₂ 

and CO₂ into CH₄. 
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