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Abstract 

 

Subsurface hydrogen (H2) storage in geological formations is of growing interest for decarbonization.  

However, there is a knowledge gap in understanding the multiphase flow involved in this process, which 

can have a significant impact on the recovery performance of H2.  Therefore, a full-compositional 

modelling study was conducted to analyze potential issues and to understand the fundamental 

hydrodynamic mechanisms of H2 storage.  We performed a range of 2D vertical simulations at the 

decametre scale with a very fine cell size (0.1m) to observe the detailed flow behaviour of H2 with 

carbon dioxide (CO2) as cushion gas in various flow regimes.  Issues such as viscous instability, 

capillary bypassing, gas trapping and gravity segregation are analysed here. To generalise our 

calculations, we have validated and applied the scaling theory in the context of subsurface H2 storage.  

Since this study is focused on the hydrodynamic behaviour, three dimensionless groups, including 

aspect factor, capillary/viscous ratio and gravity/viscous ratio were identified to correlate recovery 

performance between various scales in a fixed heterogeneous system.  It was found that H2 could 

infiltrate the cushion gas in the proximity of the injectors, meaning that CO2 is not displaced away from 

the injectors in a piston-like fashion.  As a result, the purity of the back produced H2 is much degraded, 

particularly in a viscous-dominated scenario.  On the other hand, the injected H2 mostly accumulates at 

the top forming a highly restricted mixing zone with CO2 in the gravity-dominated case.  The recovery 

performance is therefore much improved in this case.  Although the gas distribution can be significantly 

altered by capillary forces leading to bypassed zones, the recovery performance of H2 is hardly 

influenced.  This is because the back-produced H2 recovery is not dependent on the sweep efficiency 

of the gas.  H2 can be back produced following the same paths which were formed during injection. 

 

 

  



Introduction 

Decarbonisation is urgently required to limit global temperature rise to below 1.5˚C compared with pre-

industrial levels (IPCC, 2018).  Among various options to reduce CO2 emissions, hydrogen (H2) is of 

growing interest for its potential use as a “clean” fuel.  In addition, H2 can be used as an energy storage 

vector for electricity generated from intermittent renewable resources (Tarkowski, 2019).  The surplus 

H2 produced via water electrolysis using renewable energy is temporarily stored, namely the concept 

of “power-to-gas” (Korpas and Holen, 2006; Gahleitner, 2013).  The stored H2 can be recovered and 

combusted to generate electricity when energy demand increases, potentially without any carbon 

emissions.  Such flexibility secures the energy supply and makes H2 a good candidate to replace fossil 

fuels in the energy mix (Midilli and Dincer, 2008; Ball and Wietschel, 2009).  However, the success of 

this process relies on the availability of sufficient capacity to store the considerable amounts of H2 

involved at grid scale (Wallace et al., 2021).  This is because H2 has much lower volumetric energy 

density than methane and is very difficult to compress (Durbin and Malardier-Jugroot, 2013).  Some 

researchers proposed to store H2 in the subsurface salt caverns owing to its high operational efficiency 

at low cost (Evans and Holloway, 2009; Caglayan et al., 2020).  However, this option has very limited 

storage capacity and is restricted to areas with thick subsurface salt deposits (Ozarslan, 2012; Scafidi et 

al., 2021).  On the other hand, subsurface storage of H2 in porous media is able to provide sufficient 

capacity required for storage at scale, and is a viable solution to progress the large-scale application of 

this technology (Lord et al., 2014; Luboń and Tarkowski, 2020).    

 

The use of geological formations has been a common practice in the energy industry for the storage of 

natural gas (Blanco and Faaij, 2018).  The cyclic subsurface injection and production of natural gas is 

widely applied to match gas supplies with fluctuating demand, which may result from either peak daily 

energy requirements or for seasonal climate reasons (Wattenbarger, 1970; Escobar et al., 2011).  

Typically, the natural gas is stored in the depleted hydrocarbon reservoirs.  The native residual gas in 

the reservoir can be utilised as cushion gas to provide sufficient pressure support and to prevent water 

coning during withdrawal periods(Tek, 2012).  In addition, saline aquifers can be also used as storage 

sites, with some sort of inactive gas (such as N2 or CO2) being injected as a “cushion gas” in advance 

of the working gas (Oldenburg, 2003).  In fact, some investigators have managed to test the possibility 

of H2 storage in subsurface porous media with the same rationale as for CH4 storage.  Pfeiffer and Bauer 

(2015) simulated a scenario based on a local community in Northern Germany, which assumes an 

energy shortage of 0.82 MM GJ in a one-week period.  They claimed that such gap in energy supply 

can be compensated by the re-electrification of approximately 129 MM sm3 of H2, which is feasible to 

be stored in an anticlinal structure of Schleswig-Holstein.  Luboń and Tarkowski (2020) performed a 

numerical study to examine the viability of seasonal H2 storage in a deep aquifer based on the geological 

Suliszewo anticline in Poland.  Lysyy et al. (2021) numerically tested the potential recovery 

performance of H2 stored in the depleted Norne hydrocarbon field.  Issues such as water breakthrough 

and impurity of back produced gas were reported.  However, many of these previous works on H2 

storage have concentrated on special cases based on a specific field setting.  In other words, learnings 

derived from their work are particularly useful for application to the chosen fields but may not be 

suitable to provide direct guidance to other H2 projects.    

 

Although underground storage of H2 appears a most promising solution to the challenges posed by the 

need for an energy transition, much work remains to be done to identify and understand key influencing 

factors.  When planning H2 storage in the subsurface, say in aquifers, one of the central concerns is the 

migration and distribution of fluids, which can have an impact on the operational performance 

(Feldmann et al., 2016; Lewandowska-Śmierzchalska et al., 2018).  Therefore, it is important to 

understand the complex hydrodynamic flow behaviour occurring in subsurface porous media 

(Heinemann et al., 2021).  The nature of flow in porous media is essentially controlled by the interaction 

of the physical properties of the rocks and fluids, and by the interplay of various forces involved in the 

displacement process (Li and Lake, 1995).  In other words, various contributions of these forces can 



give rise to different flow features of fluids (gas and water) in the porous media.  For example, in a 

viscous-dominated flow regime, the displacing gas front is unstable and fingering flow may occur 

because of the unfavourable mobility ratio (Waggoner et al., 1992; Araktingi and Orr Jr, 1993; Tchelepi 

and Orr Jr, 1994).  Due to the large density difference between H2 and water, buoyancy may play a 

dominant role in the phase migration depending on operational rates (Bryant et al., 2008).  In addition, 

the simultaneous existence of immiscible fluids in the reservoir pores gives rise to the capillary pressure, 

which restricts the flow of the non-wetting (gas) phase, particularly in the low-permeability zones 

(Schembre and Kovscek, 2003; Perrin and Benson, 2010).  Very importantly, the cyclic injection and 

withdrawal of H2 involve strong flow reversals, where the relative permeability of the non-wetting (gas) 

phase can display hysteresis effects (Juanes et al., 2006).  Considering the computational simulations 

of the process of H2 storage and production, all of the complex flow features mentioned above can only 

be reflected in high-resolution models in order that their impacts on recovery performance can be 

properly evaluated before moving up to any larger scale applications of H2 storage (Jessen et al., 2004; 

Wang et al., 2019).  Therefore, a range of very fine-scale (Δx=Δz=0.1m) 2D numerical flow simulations 

were performed in this study, with the aim of fully capturing detailed flow features of H2 in porous 

media.  

 

The main purpose of this study is to investigate the recovery performance of H2 in various force-

dominated scenarios.  To do this and to generalize our calculations, scaling laws are considered as an 

ideal tool in the context of underground H2 storage.  According to Rapoport (1955), scaling practice is 

applied to extrapolate results from one small scale to another larger scale.  In fact, scaling analysis is a 

powerful tool and of great popularity in the petroleum industry to estimate the field recovery from 

laboratory results.  The central benefit of applying scaling theory is to forecast the impact of the various 

influencing factors on flow behaviour with a minimal amount of computation.  When dimensionless 

groups and independent variables are matched at different scales in geometrically similar systems, all 

dimensionless dependent variables will be also equal (Shook et al., 1992).  Formulae required for 

scaling of two-phase flow in porous media have been well presented in literature on several occasions 

(Sorbie et al., 1994; Li and Lake, 1995; Maes et al., 2017; Ghanbari et al., 2020)   

 

Usually the cushion gas used for gas storage is the same as the working gas.  However, in this case, we 

have chosen to inject CO2 as the cushion gas, to give the benefit of reducing carbon emissions.  Since 

this study is focused on hydrodynamic flow behavior, the involved driving forces are constricted to 

viscous, gravity and capillary forces.  Effects of these forces can be described by three dimensionless 

groups, which are the aspect factor, gravity to viscous ratio and viscous to capillary pressure, 

respectively (Zhou et al., 1997).  The independent variables, such as 
∆𝑥

𝑥
 and pore volume 

injected/produced, are all kept equal in the cases tested here.  We then present and compare dependent 

variables, including the profile of gas saturation, back produced H2 purity and H2 recovery, between 2D 

vertical simulations at two different scales (10m*80m and 30m*240m).   

 

This study can be divided into two stages as outlined below.  In the first part, we present our results to 

ascertain the feasibility of deriving scaling laws using three pre-defined similarity groups to correlate 

the flow behaviour of H2 and CO2 between different scales.  With a better understanding of the varied 

roles of the forces involved and their relative importance, we then extended our work to investigate the 

operational performance in various extreme force-dominated regimes, to provide insights for 

applications of H2 storage in subsurface porous media.  The scaling theory, which describes the relative 

importance of multiple hydrodynamic mechanisms involved, was convincingly validated and applied 

for the first time in the context of H2 storage.  We believe that the current work, which analyses the 

detailed flow behaviour at the small (sector) scale, is an essential step before moving up systematically 

to larger-scale applications.  The complete dataset of this numerical study is available to download at  

https://doi.org/10.17861/615bdf45-a92b-4ff4-8f9e-efa6608ed030.   

 

https://doi.org/10.17861/615bdf45-a92b-4ff4-8f9e-efa6608ed030
https://doi.org/10.17861/615bdf45-a92b-4ff4-8f9e-efa6608ed030


Methodology 

A series of numerical simulations modeling 2D vertical systems was performed using a fully 

compositional simulator- CMG/GEM (CMG, 2021).  The Peng and Robinson (1976) model was used 

to generate the equation of state for fluids based on the data published by Danesh (1998).  Molecular 

diffusion, gas dissolution in brine and geochemical reactions were all neglected in the calculations 

presented here.  We acknowledged that dissolution of CO2 into unsaturated formation brine will reduce 

the mobile volume of the cushion gas.  In fact, dissolution of CO2 in brine is one of the key trapping 

mechanisms for CO2 storage in the subsurface (Bradshaw et al., 2007).  The impact of gas solubility on 

H2 recovery is more complicated and can be both positive and negative, depending on the operational 

strategies.  In a future publication, we will present our results with CO2 solubility considered and explain 

in detail how this mechanism influences the recovery performance.  The analysis based on other types 

of cushion gas, such as methane and nitrogen, will be also conducted in the future work.  Initial reservoir 

conditions were set to 51.9 ̊C and 15000 kPa.  Fluid properties including densities and viscosities at 

initial reservoir conditions are listed in Table 1.   

 
Table 1 Fluid properties at initial reservoir conditions. 

As shown in Figure 1, a correlated random heterogeneous permeability field (i.e. CRF) was created 

using Petrel (Schlumberger, 2020), with a correlation range (RL) of 1m in both horizontal and vertical 

directions.  The synthetic permeability data follows a log-normal distribution with a maximum value of 

5000 mD.  This model was generated with a high-level of heterogeneity and its Dykstra-Parsons 

coefficient (VDP) is 0.6 (Dykstra and Parsons, 1950).  CRF permeability models have the advantage that 

they are the simplest type of rock model in which the level of heterogeneity (permeability contrast) and 

field structure (permeability correlation length) can be incorporated in a systematic manner.  The 

vertical permeability was set to 1/10 of the horizontal permeability.  The porosity of both models was 

set to a constant value of 0.1.  In fact, we also conducted other realizations with the fixed geostatistical 

setting, and they essentially have very similar reservoir response.  Therefore, we select this model as a 

representative case to demonstrate possible flow features of H2, such as fingering flow of gas, gravity 

segregation, gas trapping etc.     

 



 
Figure 1 Correlated permeability fields (correlation range = 1m in both horizontal and vertical directions) with a high level 

of heterogeneity: Vdp=0.6. 

A simple operational strategy, which entails CO2 being injected first as cushion gas followed by the 

injection and production of H2, is outlined in Table 2.  The volume ratio of CO2 to H2 at reservoir 

conditions was 2:1, which was designed to prevent water breakthrough during the back production cycle 

(Beckingham and Winningham, 2020).  Both injectors and producers were horizontally perforated 

across the top and controlled by the flow rate at reservoir conditions (0.015 pore volume/day), assuming 

the fracturing pressure will not be exceeded.  The bottom of the model was set to mimic a large aquifer, 

which allows for sufficient volume of outflow or inflow to maintain flow rates of wells at the top.   

 

 
Table 2 Operational strategy: H2 storage with CO2 as cushion gas. 

Given the assumed operation strategy, the period controlled by the two-phase flow mechanisms is 

primarily occurring at the displacing front, i.e., between CO2 and water in our case.  Therefore, a typical 

set of relative permeability curves for CO2/brine from Bennion and Bachu (2005) was used here (see 

Figure 2).   

 



 
Figure 2 Relative permeability curves for CO2 (Krg) and brine (Krw), data by Bennion and Bachu (2005). 

Due to the simultaneous presence of immiscible fluids (gas and water) in the porous medium, capillary 

pressure is considered and modelled using the synthetic Leverett J-function (Leverett, 1941).  

According to Chalbaud et al. (2006) and Espinoza and Santamarina (2010), the interfacial tension of 

water and CO2 is generally 20 -50 mN/m under typical reservoir conditions.  Therefore, the interfacial 

tension of water and CO2 was set to 30 mN/m in this work.  The contact angle (θ) was assumed to be 

30° to represent a water- wet system.  Based on these input, capillary pressure curves for a permeability 

range of 10 to 1000 mD are show in Figure 3. 

 

where 𝑃𝑐𝑔𝑤 is the capillary pressure between gas and water, 𝑆𝑤 is the water saturation, J is the Leverett 

J-function, K is the absolute permeability,  is the porosity, 𝜎𝑔𝑤  is the interfacial tension, 𝜃  is the 

gas/water contact angle.   

 

 
Figure 3 J-function (left) and the correlated capillary forces (right). 

Very importantly, the process of cyclic H2 injection and production involves strong flow reversals, 

which can often lead to gas trapping in a water-wet system.  According to Land (1968) and Carlson 

(1981), the trapped gas saturation (Sgt)  is in the range of Sgt ~ 0.2 - 0.4, with a historical maximum gas 

saturation of 0.4-0.9.  Therefore, C in Land’s model used in this work is set to 2.44, which leads to a 

maximum trapped gas saturation (Sgrmax) of 0.2 here (Land, 1971).  Figure 4 shows an example of the 

model treatment proposed by Carlson (1981) on the gas relative permeability when the flow is shifted 

from drainage (increasing gas saturation) with a gas saturation of 0.25, to imbibition (decreasing gas 

saturation).   

 𝑃𝑐𝑔𝑤(𝑆𝑤) =
 𝐽(𝑆𝑤) ·  𝜎𝑔𝑤 · cos 𝜃

√K/∅  
 Equation 1 



 
Figure 4 An example of the treatment of gas relative permeability using the models developed by Carlson (1981)and Land 

(1968). 

At this stage, we are focused on the major hydrodynamic mechanisms involved in hydrogen storage, 

which are viscous, gravity and capillary forces.  Therefore, three corresponding similarity groups, i.e., 

aspect factor (Equation 2), gravity to viscous ratio (Equation 3) and viscous to capillary ratio (Equation 

4), are identified here.  Symbols are described in the nomenclature at the end.  The rationale of the 

validation process is to examine whether all of the variables in the dependent groups will be matched 

or not in models of different sizes, when variables of similarity and independent groups are kept equal.   

 

Independent groups 

𝑥

∆𝑥
 

𝑦

∆𝑦
 

𝑧

∆𝑧
 

𝑡

∆𝑡
 

Dependent groups 

Sg Gas mole fraction of H2 H2 recovery 

Similarity groups 

Aspect factor 
𝐿

𝐻
√

𝑘𝑧

𝑘𝑥
 Equation 2 

Gravity to viscous ratio 𝑁𝑔𝑣 =
𝑘𝑧𝐿𝛥𝜌𝑔

𝐻𝑢𝜇𝑤
 Equation 3 

Viscous to capillary ratio 𝑁𝑣𝑐 =
𝑞𝛥𝑥𝜇𝑤

𝑘𝑥𝛥𝑦𝛥𝑧(
𝑑𝑝𝑐
𝑑𝑠

)
 Equation 4 

Table 3 Classification of scaling codes (Sorbie and Clifford, 1988).   

The utility of scaling theory is to identify different generic flow regimes, such as viscous dominated, 

gravity dominated, and then use the scaling group across wide time and length scales with a minimal 

amount of calculation.  As noted, recovery performance can be systematically forecast based on the 

scaling theory using similarity groups representing the balance between various driving forces.  To 

verify the scaling theory, we set up a test case, in which the cell size is 3 times larger than the base case 

in horizontal and vertical dimensions (see Figure 5), respectively.  All the other simulation input for the 

rescaled model, including operation rate, time duration and capillary pressure, are adjusted accordingly 

to achieve the equal values of the similarity groups with the original model.  Reservoir response 



including the distribution of gas saturation, H2 gas mole fraction, back produced H2 purity and H2 

recovery are reported and compared between the smaller base case and the larger rescaled case.   

 

 
Figure 5 Schematic of scaling process: base case expanded by 3 times vertically and horizontally. 

Results and discussion 

Flow behaviour driven by viscous and gravity forces 

The first task of this study is to examine if the three pre-identified similarity groups can properly rescale 

the flow behaviour between two models.  As seen in Table 4, the test model is expanded by 3 times in 

both X and Z directions, which was done by changing the cell size.  To achieve the same values of the 

similarity groups, the operation rates, the operation periods and the overall magnitude of Pcgw (if 

activated) are increased by three times, respectively.  Once the reservoir behaviour can be matched 

between two cases, which validates the scaling theory in the context of H2 storage, we then extend our 

study to classify various force-dominated regimes and identify the key factors influencing the recovery 

performance.  Note that the absolute size or dimensions of the example case is not of primary 

importance since our results can be scaled to a system of any size and force balance using scaling theory. 

To clarify the purpose of each step of the analysis and the logic of this research, the results are presented 

in four steps (#1 to #4) outlined in Table 5.  At the first stage of the analysis, the capillary pressure 

(Pcgw) in Case A and Case B is excluded to simplify the process.  Therefore, only the aspect factor and 

the gravity/viscous ratio are required for the rescaling process.  This is the #1 step of simulations in 

Table 5.   

 

Parameter ∆x ∆z Operation rate H2 inj./pro. Time Pcgw multiplier 

Unit m m m3/d day  

Base case 0.10 0.10 0.12 5 1 

3×3-time 

expansion 
0.30 0.30 0.36 15 3 

Table 4 Parameters adjusted to achieve same values of similarity groups.    

 



Step Mechanisms included in cases Objectives 

#1 

A. Base case without capillary pressure or gas 

trapping effects  

B. Rescaled by expanding 3 times in both 

horizontal and vertical directions 

• To determine the applicability of 

similarity groups of the aspect 

factor and the gravity/viscous ratio  

#2  

C. Base case + Pcgw  

D. Rescaled model of Case C  

• To verify the applicability of the 

similarity group of the 

viscous/capillary ratio 

#3 

E. Base case + Pcgw + gas trapping 

F. Rescaled model of Case E  

• To investigate the impact of gas 

trapping on the recovery 

performance and the accuracy of the 

scaling methods 

#4 

G. Operation rate increased by 10 times 

H. Operation rate decreased by 10 times 

• To distinguish the recovery 

performance in various force-

dominated regimes 

Table 5 Outline of numerical tests performed and objectives of each stage for this study. 

Figure 6 shows the gas saturation and gas mole fraction of H2 at the end of each cycle based on the 

original (A) and rescaled model (B), respectively.  The displacing front is relatively stable without 

forming any severe fingering flow into water in the either case.  However, the underlying heterogeneity 

has resulted in flow instability within the mixing zone of CO2 and H2.  The mole fraction of H2 is not 

evenly distributed above the cushion gas, which means that the cushion gas is not displaced away in a 

piston-like manner.  Such flow behaviour in the original case (A) can be also fully captured in the 

expanded case (B), in which values of aspect factor and gravity/viscous ratio are maintained to be the 

same as the original model (A) via adjusting the operation rates (increased by 3 times) and time length 

(extended by 3 times) accordingly.    

 



 
Figure 6 Gas saturations and mole fractions of H2 at the end of each cycle based on the original model (A) and rescaled model 

(B). 

 
Figure 7 The purity (left) and recovery factor (right) of back-produced H2 based on the original model (A) and the rescaled 

model (B). 

The purity and the recovery of back-produced H2 with the pore volume (PV) at reservoir conditions, 

were also tracked, as shown in Figure 7.  As seen in this figure, the H2 purity in case (B) is slightly 

higher in the medium-to-late stage of the production (0.04PV-0.075PV) than the original case (A).  

Interestingly, the H2 recovery after 0.075 PV at reservoir conditions is about 1% less in the rescaled 

model (B) than the original one (A). Although the difference in the overall recovery performance is 

very minor, it is worth identifying the source of this discrepancy, in order to lay a sound fundamental 

base for the rest of the work involving other rescaled flow physics.  Given the assumed operational 

strategy, where injection and operation rates at reservoir conditions are sustained, the bottom hole 

pressure experiences build-up and drawdown during injection and production cycles, respectively.  The 

gas density is therefore greater during the injection period than that during the production period.  As a 

result, the number of produced gas moles is less than the number of injected gas moles after the same 

pore volume throughput at reservoir conditions.  As seen in Figure 8, there is a pressure-drop after the 

start of production and this increases with the model size.  Figure 9 shows the ratio of total produced 

gas moles over the total injected gas moles including both CO2 and H2 after the gas production of 0.075 

PV.  This fraction of produced gas relative to the injected gas is about 0.5% lower in the rescaled case 

(B) than that in the original case (A).  That is why the H2 recovery of case B is marginally lower than 

the base case (A) whereas the purity is slightly higher because a lower proportion of gas is produced in 



the rescaled case (B).  Nevertheless, such discrepancy is considered very minor and the rescaled results 

give a satisfactory match.    

 

 
Figure 8 Pressure at the top of the modelled reservoir throughout the process based on the original model (A) and the rescaled 

one (B). 

 
Figure 9 The ratio of total produced gas moles after 0.075 PV production over the total injected gas moles in the original case 

(A) and the rescaled one (B). 

Impacts of the capillary pressure between gas and water 

In the previous section, we compared the flow behaviour driven by joint viscous and gravity forces, 

which can be properly rescaled based on similarity groups of aspect factor and gravity/viscous ratio.  

The source of the minor discrepancy between the original and the rescaled model is identified.  We now 

move on to another crucial multiphase flow mechanism, namely capillary pressure, Pcgw.  To properly 

rescale results of flow simulations with Pcgw considered, all three similarity groups are required, i.e. 

aspect factor, gravity/viscous ratio and viscous/capillary ratio.  Results shown in this section correspond 

to step #2, Cases C and D, as outlined in Table 5. 

 

As seen in Figure 10, the inclusion of capillary pressure leads to a very noticeable change in the 

distribution of gas saturation. The injected gas preferentially flows into high-permeability zones, which 

results in the formation of multiple small, isolated zones bypassed by gas.  This is a form of “capillary 

fingering” flow arising from the heterogeneity of capillary pressure.  The capillary entry pressure 

effectively diverts the gas from the lower permeability regions (for the water-wet wettability conditions 

assumed here).  Therefore, the injected gas preferentially flows into high-permeability zones and 



bypasses the low-permeability area.  Such a flow feature, which has a large impact on oil recovery in 

the process of CO2-EOR , has been previously identified by (Wang et al., 2021).  However, although 

the injected gas distribution is very different in the presence of capillary pressure, somewhat 

surprisingly, there is hardly any impact on the overall recovery performance of H2.  Unlike the 3-phase 

(water, oil and gas) system, the recovery performance is not dependent on the sweep efficiency during 

the cycle of gas injection.  In other words, the gas phase follows the same path while being back 

produced as it did while flowing into the system.  Once again, the flow behaviour of CO2 and H2 can 

be properly rescaled using the three similarity groups, when viscous, gravity and capillary forces are all 

included.  There are only minor discrepancies in recovery performance between Case C and Case D. 

 

 
Figure 10 Gas saturations and mole fractions of H2 at the end of each cycle based on the model with capillary pressure 

included (C) and the corresponding rescaled model (D). 

 
Figure 11 Back-produced H2 purity and recovery factor throughout the process based on the original model with capillary 

pressure(C) and the corresponding rescaled model (D). 

Impacts of gas trapping on recovery performance 

In the last section, we analysed the impacts of capillary pressure on the phase distribution during the 

process of gas injection and production.  Using three similarity groups, the flow behaviour driven by 

joint viscous, gravity and capillary forces can be quite accurately rescaled.  In this section, we now 



include the effect of gas trapping on previous cases as a final check on the scaling theory.  Results 

shown here correspond to the step #3, Cases E and F, as outlined in Table 5. 

 

Using the same approach as described above, the gas saturation and H2 mole fraction of gas for Case E 

and Case F are presented in Figure 12.  The activated gas trapping effect has led to a large amount of 

remaining gas in the swept zone at the end of production.  However, the recovery performance is only 

moderately degraded. H2 recovery at the end is approximately 2% lower compared with Case C without 

the mechanism of gas trapping (see Figure 13).  As outlined in Table 2, the volume of the injected CO2 

cushion gas is twice that of H2 under reservoir conditions.  This volume of the cushion gas is sufficient 

to prevent water breakthrough and to displace most of the injected H2, even with gas trapping effects 

included.  In addition, the flow features in Case E are very well reproduced in the corresponding 

rescaled case (F), which further establishes the applicability of the scaling theory in the context of 

H2/CO2 flow in porous media.    

 

 
Figure 12 Gas saturations and mole fractions of H2 at the end of each cycle based on the model with capillary pressure and 

gas trapping effect included (E) and the corresponding rescaled model (F). 

 
Figure 13 Back-produced H2 purity and recovery factor throughout the process based on the original model with capillary 

pressure(E) and the corresponding rescaled model (F). 



Recovery performance in various flow regimes 

In the analysis above, we have validated the practical application of scaling theory in the context of H2 

flow with CO2 as cushion gas in a heterogeneous system.  Given the fluctuations in energy consumption 

which may result from both climate reasons and peak daily energy requirements, operational rates and 

thus flow regimes may vary significantly in practice.  Therefore, the final task of this study is to 

investigate the recovery performance in various flow regimes, i.e. in different force balances, mainly 

viscous/gravity and gravity/capillary.  Results shown in this section correspond to the step #4, Cases G 

and H, as outlined in Table 5.   

 

The operation rates (injection and operation) used in Case E are increased (Case G) and decreased (Case 

H) by 10 times, respectively.  Clearly, the viscous/gravity balance is increased in Case G and decreased 

in Case H.  Note that we also ran additional simulations with even greater and lower operation rates.  

However, there were no further evident changes in flow regime or recovery performance of H2.  In other 

words, viscous-dominated flow regime (Case G) and the gravity/capillary dominated flow regime can 

be adequately reflected by Case G and Case H, respectively.   

 

As shown in Figure 14, the impact of capillary pressure is greatly reduced when the viscous forces 

dominate in Case G.  Interestingly, the sweep efficiency appears to be improved when operation rates 

are increased by 10 times if observing the distribution of gas saturation.  Unlike Case E or Case F, no 

isolated bypassed zones form in the viscous-dominated Case G.  This is because the viscous cross flow 

has enabled gas to flow into low-permeability zones (Wang et al., 2020).  However, the low-viscosity 

H2 severely infiltrates and even bypasses the cushion gas in the proximity of the injector (indicated by 

the black circle in Figure 14).  Such flow instability has greatly expanded the mixing zone between CO2 

and H2, which significantly degrades the overall recovery performance.  According to the ISO report on 

H2 (ISO/TC197, 2019), the required purity of H2 for fuel cells is 99.97% and for combustion is 98%.  

As seen in Figure 15 and Figure 16, less than 10% of the H2 can be produced above the purity required 

for fuel cells; and slightly over 20% of the H2 satisfies the purity level for combustion in Case G.  

 

As for the case with the lowest operation rates (H), the area bypassed by the injected gas was not 

evidently expanded compared with Case E.  The gas distribution in Case H is of very minor difference 

compared to Case E.  However, the gas mole fraction of H2 varies significantly.  H2 has mostly 

accumulated at the top due to gravity, leading to the most compact mixing zone.  This means the effects 

of the capillary force are almost invisible in the gravity-dominated case.  Due to the great density 

difference between gas and water, the injected H2 accumulates at the top and is evenly distributed above 

the CO2 cushion gas.  As a result, the recovery performance is much improved when operation rates are 

reduced by 10 times.  As shown in Figure 15 and Figure 16, approximately 23% of the injected H2 can 

be produced with a purity above 99.97% required for fuel cell in Case H.  Up to 57% of the H2 is 

produced with a purity above 98% for combustion.  Note that the impact of capillary pressure on the 

storage capacity is beyond the scope of this study and not discussed further here.  However, we have 

established that in any detailed study of the effects of capillary pressure or other gas trapping 

mechanisms on gas storage, then the approximate scaling theory used here may usefully applied.   

 



 
Figure 14 Gas saturations and mole fractions of H2 at the end of each cycle of Case G (rate×10) and Case H (rate/10). 

 

Figure 15 Back-produced H2 purity and recovery of Case E (base rate), Case G (rate×10) and Case H (rate/10). 

 

Figure 16 H2 recovery above the required purity for fuel cell and combustion of Case E (base rate), Case G (rate×10) and 

Case H (rate/10) 



Conclusions 

In this work, we have validated scaling theory in the context of H2 flow with CO2 as cushion gas in a 

heterogeneous subsurface aquifer system, using fine scale full-compositional simulations (Δx=0.1m).  

Based on scaling theory, we identified various flow regimes and how they affect flow behaviour and 

the subsequent recovery of H2.  The impact of several physical processes, namely viscous fingering, 

bypassing due to capillary pressure, gas trapping and gravity segregation were investigated in detail.  

Specifically, we have made the following five principal observations.  

 

1. We identified that three dimensionless groups, including aspect factor, gravity/viscous ratio, 

gravity/capillary ratio and capillary/viscous ratio, are adequate to correlate recovery 

performance of H2 with CO2 cushion gas between various scales based on a fixed permeability 

field.  Reservoir response, such as the gas distribution, H2 purity and H2 recovery, can be 

properly matched between the different model length scales.  Although the discrepancy 

resulting from the pressure difference is very minor, scaling laws should be used with some 

caution in cases with significant pressure change.    

 

2. In the heterogeneous model studied here, the low-viscosity H2 infiltrates the cushion gas in the 

proximity of the injectors, meaning that CO2 is not efficiently displaced away from the injectors 

in a piston-like fashion.  In the viscous-dominated case (highest operation rates), the purity of 

back-produced H2 experiences a dramatic decline during the early stage of production.  Less 

than 10% of the H2 can be produced above the purity required for fuel cells (99.97%).  

Therefore, heterogeneous formations may not be directly appropriate storage targets for end 

users of fuel cells.  A purification process would be needed, particularly if the operational rates 

are required to be high. 

 

3. On the other hand, the injected H2 accumulates almost evenly at the top in the gravity-

dominated case (lowest operation rates).  The mixing zone between H2 and CO2 is much 

restricted by the gravity force, due to the density difference between H2 and CO2.  The gravity-

dominated flow regime has the best H2 recovery performance: in the configuration studied 

approximately 23% and 57% of H2 can be produced with a purity level for fuel cell and 

combustion, respectively.   

 

4. In our cases, the capillary pressure is not a key influencing factor to the recovery performance 

of H2 given the sufficient volume of CO2 as cushion gas in any of the flow regimes.  The reasons 

are twofold.  In the case with extreme operational rates, impacts of capillary pressure are 

masked by either the viscous force or the gravity force.  Although the gas distribution can be 

evidently altered by capillary pressure, the gas phase follows the same path during back 

production as it did while flowing into the system, implying that H2 recovery is not strongly 

dependent on the gas sweep efficiency.   

 

5. Gas trapping effects do not play an essential role in driving recovery performance in the cases 

presented here.  This is because the volume of cushion gas is sufficient to prevent water 

breakthrough when back producing.  However, we wish to point out that the significance of gas 

trapping effects should not be ignored.  In future work on optimization, we will present more 

results with various operational strategies, where gas trapping effects may lead to very early 

water breakthrough and drive down the recovery performance.   
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List of abbreviations 

g - Gravitational acceleration constant 

H – Reservoir thickness 

𝐾𝑖- Permeability in directions i (i = x, y, z) 

𝐾𝑟𝑔- Gas relative permeability 

𝐾𝑟𝑔
𝑑𝑟 - Gas relative permeability during drainage process  

𝐾𝑟𝑔
𝑖𝑚- Gas relative permeability during imbibition process  

𝐾𝑟𝑤
𝑖𝑚𝑏- Imbibition relative permeability  

𝐾𝑟𝑜- Oil relative permeability 

𝐾𝑟𝑤-Water relative permeability 

L – Reservoir length 

𝑃𝑐- Capillary pressure 

q - Flow rate 

𝑆𝑔- Gas saturation 

𝑆𝑔𝑐- Critical gas saturation 

𝑆𝑔𝑟- Trapped gas saturation (under the effect of gas trapping) 

𝑆𝑔𝑖- Gas saturation at the start of the decreasing gas saturation process (under the effect of gas trapping) 

𝑆𝑔𝑚𝑎𝑥- Maximum attainable gas saturation 

𝑆𝑤- Water saturation 

𝑆𝑤𝑐- Connate water saturation 

𝑢 – Flow velocity 

𝑥, 𝑦, 𝑧 – Reservoir dimensions in x, y and z directions 

∆x, ∆y, ∆z- Cell size in x, y and z directions 

∆t- Time taken to inject a certain pore volume of fluid 

∆ρ- Density difference between gas and water 

∅ - Porosity 

𝜎𝑔𝑤- Interfacial tension between gas and water 

𝜇𝑖 - Viscosity of phase i (i=g, w) 

𝜌𝑖- Density of phase i (i=g, w) 

θ - Contact angle between gas and water 

PVI- Pore volume injected 

  



References 

Araktingi, U. G. and Orr Jr, F. M. (1993) 'Viscous Fingering in Heterogeneous Porous Media', SPE 

Advanced Technology Series, 1(01), pp. 71-80. 

 

Ball, M. and Wietschel, M. (2009) 'The future of hydrogen – opportunities and challenges', 

International Journal of Hydrogen Energy, 34(2), pp. 615-627. 

 

Beckingham, L. E. and Winningham, L. (2020) 'Critical Knowledge Gaps for Understanding Water–

Rock–Working Phase Interactions for Compressed Energy Storage in Porous Formations', ACS 

Sustainable Chemistry & Engineering, 8(1), pp. 2-11. 

 

Bennion, B. and Bachu, S. (2005) 'Relative permeability characteristics for supercritical CO2 displacing 

water in a variety of potential sequestration zones', Proceedings of the SPE Annual Technical 

Conference and Exhibition. doi: 10.2118/95547-MS  

 

Blanco, H. and Faaij, A. (2018) 'A review at the role of storage in energy systems with a focus on Power 

to Gas and long-term storage', Renewable and Sustainable Energy Reviews, 81, pp. 1049-1086. 

 

Bradshaw, J., Bachu, S., Bonijoly, D., Burruss, R., Holloway, S., Christensen, N. P. and Mathiassen, 

O. M. (2007) 'CO2 storage capacity estimation: Issues and development of standards', International 

Journal of Greenhouse Gas Control, 1(1), pp. 62-68. 

 

Bryant, S. L., Lakshminarasimhan, S. and Pope, G. A. (2008) 'Buoyancy-Dominated Multiphase Flow 

and Its Effect on Geological Sequestration of CO2', SPE Journal, 13(04), pp. 447-454. 

 

Caglayan, D. G., Weber, N., Heinrichs, H. U., Linßen, J., Robinius, M., Kukla, P. A. and Stolten, D. 

(2020) 'Technical potential of salt caverns for hydrogen storage in Europe', International Journal of 

Hydrogen Energy, 45(11), pp. 6793-6805. 

 

Carlson, F. M. (1981) 'Simulation of relative permeability hysteresis to the nonwetting phase', SPE-

10157-MS, Proceedings of the SPE Annual Technical Conference and Exhibition. Society of Petroleum 

Engineers, 4-7 October, San Antonio, Texas. doi: 10.2118/10157-MS. 

 

Chalbaud, C. A., Robin, M. and Egermann, P. (2006) 'Interfacial Tension Data and Correlations of 

Brine-CO2 Systems under Reservoir Conditions', Proceedings of the SPE Annual Technical Conference 

and Exhibition. doi: 10.2118/102918-ms. 

 

CMG (2021) 'CMG-GEM technical manual', Computer Modelling Group. 

 

Danesh, A. (1998) PVT and phase behaviour of petroleum reservoir fluids (47). Elsevier, Amsterdam, 

the Netherlands. 

 

Durbin, D. J. and Malardier-Jugroot, C. (2013) 'Review of hydrogen storage techniques for on board 

vehicle applications', International Journal of Hydrogen Energy, 38(34), pp. 14595-14617. 

 

Dykstra, H. and Parsons, R. (1950) 'The prediction of oil recovery by waterflood', Secondary Recovery 

of Oil in the United States, 2, pp. 160-174. 

 

Escobar, E., Arteaga, G. and Kemp, A. (2011) 'Underground Natural Gas Storage in the UK: Business 

Feasibility Case Study', Proceedings of the SPE EUROPEC/EAGE Annual Conference and Exhibition. 

doi: 10.2118/143019-ms. 

 

Espinoza, D. N. and Santamarina, J. C. (2010) 'Water-CO2-mineral systems: Interfacial tension, contact 

angle, and diffusion—Implications to CO2 geological storage', Water Resources Research, 46(7). 



 

Evans, D. J. and Holloway, S. (2009) 'A review of onshore UK salt deposits and their potential for 

underground gas storage', Geological Society, London, Special Publications, 313(1), p. 39. 

 

Feldmann, F., Hagemann, B., Ganzer, L. and Panfilov, M. (2016) 'Numerical simulation of 

hydrodynamic and gas mixing processes in underground hydrogen storages', Environmental Earth 

Sciences, 75(16), p. 1165. 

 

Gahleitner, G. (2013) 'Hydrogen from renewable electricity: An international review of power-to-gas 

pilot plants for stationary applications', international Journal of hydrogen energy, 38(5), pp. 2039-2061. 

 

Ghanbari, S., Mackay, E. J. and Pickup, G. E. (2020) 'Comparison of CO2 Flow Patterns Between 

Offshore North Sea and Onshore United States', Proceedings of the Offshore Technology Conference 

Asia. OnePetro. doi: 10.4043/30053-MS. 

 

Heinemann, N., Alcalde, J., Miocic, J. M., Hangx, S. J. T., Kallmeyer, J., Ostertag-Henning, C., 

Hassanpouryouzband, A., Thaysen, E. M., Strobel, G. J., Wilkinson, M., Schmidt-Hattenberger, C., 

Edlmann, K., Bentham, M., Haszeldine, R. S., Carbonell, R. and Rudloff, A. (2021) 'Enabling large-

scale hydrogen storage in porous media – the scientific challenges', Energy & Environmental Science, 

14(2), pp. 853-864. 

 

IPCC (2018) Global warming of 1.5°C. United Kingdom. Available at: 

https://www.ipcc.ch/sr15/download/#full (Accessed: 06/02/2021). 

 

ISO/TC197 (2019) ISO 14687 Hydrogen Fuel – Product Specification – Part 2: Proton Exchange 

Membrane (PEM) Fuel Cell Applications for Road Vehicles. Available at: 

https://www.iso.org/obp/ui/fr/#iso:std:iso.14687-1:v1:en. 

 

Jessen, K., Stenby, E. H. and Orr Jr, F. M. (2004) 'Interplay of Phase Behavior and Numerical 

Dispersion in Finite-Difference Compositional Simulation', SPE Journal, 9(2), pp. 193-201. 

 

Juanes, R., Spiteri, E. J., Orr, F. M. and Blunt, M. J. (2006) 'Impact of relative permeability hysteresis 

on geological CO2 storage', Water Resources Research, 42(12). 

 

Korpas, M. and Holen, A. T. (2006) 'Operation planning of hydrogen storage connected to wind power 

operating in a power market', IEEE Transactions on Energy Conversion, 21(3), pp. 742-749. 

 

Land, C. S. (1968) 'Calculation of Imbibition Relative Permeability for Two- and Three-Phase Flow 

From Rock Properties', Society of Petroleum Engineers Journal, 8(02), pp. 149-156. 

 

Land, C. S. (1971) 'Comparison of calculated with experimental imbibition relative permeability', 

Society of Petroleum Engineers Journal, 11(04), pp. 419-425. 

 

Lewandowska-Śmierzchalska, J., Tarkowski, R. and Uliasz-Misiak, B. (2018) 'Screening and ranking 

framework for underground hydrogen storage site selection in Poland', International Journal of 

Hydrogen Energy, 43(9), pp. 4401-4414. 

 

Li, D. and Lake, L. W. (1995) 'Scaling Fluid Flow Through Heterogeneous Permeable Media'. 

 

Lord, A. S., Kobos, P. H. and Borns, D. J. (2014) 'Geologic storage of hydrogen: Scaling up to meet 

city transportation demands', International Journal of Hydrogen Energy, 39(28), pp. 15570-15582. 

 

Luboń, K. and Tarkowski, R. (2020) 'Numerical simulation of hydrogen injection and withdrawal to 

and from a deep aquifer in NW Poland', International Journal of Hydrogen Energy, 45(3), pp. 2068-

2083. 

https://www.ipcc.ch/sr15/download/#full
https://www.iso.org/obp/ui/fr/#iso:std:iso.14687-1:v1:en


 

Lysyy, M., Fernø, M. and Ersland, G. (2021) 'Seasonal hydrogen storage in a depleted oil and gas field', 

International Journal of Hydrogen Energy. 

 

Maes, J., Muggeridge, A. H., Jackson, M. D., Quintard, M. and Lapene, A. (2017) 'Scaling analysis of 

the In-Situ Upgrading of heavy oil and oil shale', Fuel, 195, pp. 299-313. 

 

Midilli, A. and Dincer, I. (2008) 'Hydrogen as a renewable and sustainable solution in reducing global 

fossil fuel consumption', International Journal of Hydrogen Energy, 33(16), pp. 4209-4222. 

 

Oldenburg, C. M. (2003) 'Carbon Dioxide as Cushion Gas for Natural Gas Storage', Energy & Fuels, 

17(1), pp. 240-246. 

 

Ozarslan, A. (2012) 'Large-scale hydrogen energy storage in salt caverns', International Journal of 

Hydrogen Energy, 37(19), pp. 14265-14277. 

 

Peng, D.-Y. and Robinson, D. B. (1976) 'A New Two-Constant Equation of State', Industrial & 

Engineering Chemistry Fundamentals, 15(1), pp. 59-64. 

 

Perrin, J.-C. and Benson, S. (2010) 'An Experimental Study on the Influence of Sub-Core Scale 

Heterogeneities on CO2 Distribution in Reservoir Rocks', Transport in Porous Media, 82(1), pp. 93-

109. 

 

Pfeiffer, W. T. and Bauer, S. (2015) 'Subsurface Porous Media Hydrogen Storage – Scenario 

Development and Simulation', Energy Procedia, 76, pp. 565-572. 

 

Rapoport, L. A. (1955) 'Scaling Laws for Use in Design and Operation of Water-Oil Flow Models', 

Transactions of the AIME, 204(01), pp. 143-150. 

 

Scafidi, J., Wilkinson, M., Gilfillan, S. M. V., Heinemann, N. and Haszeldine, R. S. (2021) 'A 

quantitative assessment of the hydrogen storage capacity of the UK continental shelf', International 

Journal of Hydrogen Energy, 46(12), pp. 8629-8639. 

 

Schembre, J. M. and Kovscek, A. R. (2003) 'A technique for measuring two-phase relative permeability 

in porous media via X-ray CT measurements', Journal of Petroleum Science and Engineering, 39(1), 

pp. 159-174. 

 

Schlumberger (2020) 'Petrel technical manual', Schlumberger Limited. 

 

Shook, M., Li, D. and Lake, L. W. (1992) 'Scaling immiscible flow through permeable media by 

inspectional analysis', IN SITU-NEW YORK-, 16, pp. 311-311. 

 

Sorbie, K. and Clifford, P. (1988) 'The simulation of polymer flow in heterogeneous porous media', in  

Water-Soluble Polymers for Petroleum Recovery. Springer, pp. 69-99. 

 

Sorbie, K., Feghi, F., Pickup, G., Ringrose, P. and Jensen, J. (1994) 'Flow regimes in miscible 

displacements in heterogeneous correlated random fields', SPE Advanced Technology Series, 2(02), pp. 

78-87. 

 

Tarkowski, R. (2019) 'Underground hydrogen storage: Characteristics and prospects', Renewable and 

Sustainable Energy Reviews, 105, pp. 86-94. 

 

Tchelepi, H. and Orr Jr, F. (1994) 'Interaction of viscous fingering, permeability heterogeneity, and 

gravity segregation in three dimensions', SPE Reservoir Engineering, 9(04), pp. 266-271. 

 



Tek, M. R. (2012) Underground storage of natural gas: theory and practice (171). Springer Science & 

Business Media 

 

Waggoner, J., Castillo, J. and Lake, L. W. (1992) 'Simulation of EOR processes in stochastically 

generated permeable media', SPE formation evaluation, 7(02), pp. 173-180. 

 

Wallace, R. L., Cai, Z., Zhang, H., Zhang, K. and Guo, C. (2021) 'Utility-scale subsurface hydrogen 

storage: UK perspectives and technology', International Journal of Hydrogen Energy, 46(49), pp. 

25137-25159. 

 

Wang, G., Pickup, G., Sorbie, K., Mackay, E. and Skauge, A. (2020) 'Numerical study of CO2 injection 

and the role of viscous crossflow in near-miscible CO2-WAG', Journal of Natural Gas Science and 

Engineering, 74, p. 103112. 

 

Wang, G., Pickup, G. E., Sorbie, K. S. and Mackay, E. J. (2019) 'Analysis of Compositional Effects on 

Global Flow Regimes in CO2 Near-Miscible Displacements in Heterogeneous Systems', Transport in 

Porous Media, 129(3), pp. 743-759. 

 

Wang, G., Pickup, G. E., Sorbie, K. S., Mackay, E. J. and Skauge, A. (2021) 'Mechanistic Study of 

CO2-EOR and Implications for CO2 Storage', In progress. 

 

Wattenbarger, R. A. (1970) 'Maximizing Seasonal Withdrawals from Gas Storage Reservoirs', Journal 

of Petroleum Technology, 22(08), pp. 994-998. 

 

Zhou, D., Fayers, F. J. and Orr, F. M., Jr. (1997) 'Scaling of Multiphase Flow in Simple Heterogeneous 

Porous Media', SPE Reservoir Engineering, 12(03), pp. 173-178. 

 
 


