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1. Introduction 

In recent years, growing concern over global 

warming has led governments to target net-zero 

greenhouse gas emissions by 2050 as set by the 

IPCC. Hydrogen has emerged as a key solution for 

supporting renewable energy through large-scale, 

long-term storage [1], [2]. Underground hydrogen 

storage (UHS) in geological formations like salt 

caverns, depleted reservoirs, and aquifers is a 

promising option for hydrogen storage, though it 

presents significant challenges related to microbial 

activity. Indeed, microbial processes, particularly 

in depleted reservoirs, can consume stored 

hydrogen and produce by-products such as 

methane, impacting storage efficiency and safety. 

Since no dedicated industrial simulation toolkits 

are currently available for simulations of UHS 

scenarios, researchers often rely on petroleum 

software to model hydrogen storage. Current 

petroleum simulators are inadequate for UHS 

because they neglect microbial reactions even if 

they may occur on industrial timescales (20–30 

years). This can highlight the need for a specialized 

coupled reactive transport simulation tool to 

accurately assess UHS performance and risks [3]. 

In this thesis, we have prepared a coupled reactive 

transport simulation framework (see Figure 1) 

based on two open-source tools, MRST (Matlab 

Reservoir Simulation Toolbox, developed by 

SINTEF Digital) and PHREEQC (a geochemical 

modeling software developed by the U.S. 

Geological Survey, USGS), aiming to enhance our 

understanding of UHS behavior and the associated 

potential of microbial activities in depleted gas 

reservoirs. 

2. Material and Methods 

In this thesis, the fluid flow simulation is governed 

by mass conservation and Darcy’s law. A 

compositional multiphase flow approach was 



Executive summary Fatemeh Matini 

 

2 

adopted using the overall compositional model 

available in MRST. In this model, the Peng–

Robinson equation of state (EOS) and flash 

equations are used to describe fluid behavior 

(temperature/pressure dependent). For microbial 

activities, the dual Monod [4] model is applied to 

capture hydrogen consumption by 

microorganisms. These models are coupled in a 

simulation framework where MRST handles fluid 

flow and PHREEQC is used for modeling 

microbial activity and biochemical reactions. 

 

Figure. 1 Flowchart of the coupling strategy used 

in present study. Green steps represent 

calculations in MRST environment, and blue steps 

represent calculations performed in PHREEQC. 

3. Numerical simulation setup 

In this thesis, a synthetic depleted gas reservoir 

model is constructed used for numerical 

simulation. The reservoir consists of 864 cells (12 × 

12 × 6), with each numerical cell measuring 250 × 

250 × 17 meters. The initial mole fractions of the 

system’s composition reflect a typical depleted gas 

reservoir, with approximately 87% methane (CH₄) 

and 13% other components, including nitrogen 

(N₂), carbon dioxide (CO₂), ethane (C₂), propane 

(C₃), n-butane (NC₄), and water (H₂O). The model 

represents a typical sandstone formation in 

northern Germany [5], with heterogeneously 

distributed porosity (average 15%) and 

permeability (mean horizontal 143 mD, vertical 

2.88 mD). The initial reservoir conditions assume 

uniform pressure (81.6 bar), temperature (60°C), 

80% gas saturation, and 20% liquid saturation.  

 
Figure 2 Synthetic reservoir model and injection/ production 

well (W1) located at the center of the reservoir. Figure reports 

the spatial distribution of porosity across reservoir. 

A single well (W1) at the reservoir center controls 

injection and production cycles. The operational 

schedule includes pressure build-up, one cycle of 

injection, followed by a single cycle of production. 

Injection and production are controlled at constant 

gas flow rates, with constraints on the well bottom-

hole pressure. 

4. Results 

Our analysis represents a reactive transport 

simulation case, which is modeled by coupling 

MRST multiphase multicomponent flow 

simulations with PHREEQC via IPhreeqcCOM to 

simulate microbial methanogenesis. Those results 

are compared to a non-reactive “base-case” 

simulation using MRST multiphase 

multicomponent flow simulations alone. Reported 

results include well operation responses, 

composition of withdrawal gas, hydrogen 

recovery, and spatial distribution (in reservoir) of 

gas compositions’ plume, biomass concentration, 

and pH. 

Some key results are summarized as follows: 

1. Hydrogen ultimate recovery dropped from 41% 

to 29% in the presence of microbial activity 

(compared to the non-reactive simulation results), 

due to biochemical consumption of H₂. 



Executive summary Fatemeh Matini 

 

3 

2. The cumulative mass of H₂ in the 

injection/production gas showed a significant 

decline in the reactive simulation, indicating that 

microbial methanogenesis consumed part of the H₂ 

component 

 

 

Figure 3 Comparison of cumulative hydrogen injection and 

production over time. The red curve represents no reactive 

base-case, and the black curve represents simulation 

accounting for the kinetics of methanogenesis. 

3. Cumulative mass CO₂ in 

injection/production gas dropped to zero in the 

reactive case, indicating complete microbial use of 

this component. 

 

 

Figure 4 Comparison of cumulative CO₂ injection and 

production over time. The red curve represents no reactive 

base-case, and the black curve represents simulation 

accounting for the kinetics of methanogenesis. 

4. CO₂ availability can be a controlling factor for 

microbial hydrogen consumption, so managing 

CO₂ in the reservoir can significantly improve 

hydrogen recovery in underground storage 

projects. 

5. Methane, CH₄, generated through microbial 

activity mainly replaces the lost H₂ and CO₂, in 

produced gas composition rather than increasing 

the total amount of gas produced. This leads to a 

shift in the composition of the produced gas 

(compared to non-reactive simulation case). 

6. Well simulation responses of pressure and 

flow rate were mostly governed by the imposed 

well control conditions (fixed well gas flow rates 

and BHP limits). However, some differences were 

observed in terms of average reservoir pressure in 

the reactive case due to changes in gas composition 

and properties caused by microbial 

methanogenesis. 

7. Biomass concentration initially increased 

near the well as microbes consumed injected H₂ as 

an energy source but later declined as hydrogen 

consumption shifted toward methanogenesis 

reactions. 

 

Figure 5 spatial distribution of biomass 

concentration (mol) in reactive case after 2 months 

of hydrogen injection for pressure build-up. 

8. The pH of the storage environment 

decreased over simulation time due to microbial 

activities, with the strongest effects occurring close 

to the wellbore. 

a) b)

c)

e)

d)

f)
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Figure 6 spatial distribution of pH in reactive 

simulation case at: (a) initial condition, (b) after 2 

months of hydrogen injection for pressure build-

up, and (c) after production cycle. 

5. Conclusions 

This thesis demonstrated that microbial processes 

play a critical role in underground hydrogen 

storage (UHS), leading to measurable hydrogen 

losses and affecting long-term storage 

performance. Comparative simulations (reactive 

vs. non-reactive) showed that hydrogen recovery 

decreased from 41% to 29% due to microbial 

consumption, while CO₂ production reached zero 

in the reactive case, indicating complete microbial 

utilization. Methane generated through microbial 

activity shifted the produced gas composition 

without increasing total production. Well pressure 

and flow responses were mainly controlled by the 

well constraints, with minor differences due to 

changing gas properties under microbial activity. 

Additionally, pH declined over time near the well, 

and biomass concentrations initially rose before 

falling as hydrogen was converted to methane. 

Future research should extend the model to 

include more microbial pathways, conduct 

sensitivity and uncertainty analyses, and validate 

simulations through laboratory or field studies. 

Overall, this work underscores that UHS is a 

coupled physical and biochemical process, and 

incorporating microbial processes is essential for 

reliable design and risk assessment of hydrogen 

storage systems in a decarbonized energy future. 
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