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Abstract 

Ground deflection due to CO2 injection in the subsurface is a key concern for CO2 geo-sequestration projects. To 

understand the mechanical behaviour of a geological CO2 storage site and the risks associated with it, realistic geo-

mechanical modelling is needed. In this research, an example structure of a normal fault with a footwall-anticline that 

acts as a trap for the buoyant CO2 was built using a realistic volumetric representation of the fault. Finite element 

simulations of the model before and after CO2 injection were conducted to obtain stress distribution and the ground 

deflection at the surface and around the fault. The permeability of the fault was assumed to be 3 orders of magnitude 

smaller than that of the reservoir layer the CO2 was injected into, imposing a barrier for the CO2 plume. The elastic 

response of the model due to gravitational loading with and without CO2 was compared applying vertical and 
horizontal in situ stresses. It was found that in spite of the extreme CO2 column height of 300 meters, the computed 

ground deflection was in the sub-centimetre range. 

Keywords: CO2 geo-sequestration, ground deflection, Finite element simulation, in-situ stresses. 

1. Introduction

One of the key concerns regarding large-scale CO2 geo-sequestration is potential ground deflection that may

accompany CO2 injection into the subsurface. Uplift may occur because, when CO2 is injected, dense brine is replaced 

with buoyant super-critical CO2 at a 40-50% lower density. Apart from reducing the specific gravity of the CO2 

accumulating layer, the growing CO2 ,column presses against the caprock creating an upward deflection of this rock 

layer and, consequently, of the ground surface. This may damage existing infrastructure and or activate faults, 

triggering induced seismicity as was observed, for instance, at the In-Salah CO2 storage site in central Algeria [1, 2]. 

Increases of pore pressure in the storage complex coupled with the expansion of the rock are further mechanisms by 

which an uplift of the ground surface may occur and-or critically stressed faults may get activated [3-7].  

To study the effect of CO2 injection on ground surface morphology, a heuristic model of a three-way closure, 

normal fault-bounded footwall-anticline trap was built with a realistic volumetric representation of the fault (Fig. 1). 

Only fluid-pressure induced volume strains, density changes and CO2 buoyancy forces were considered. Thermal 

strains around the injection bore were not considered and the effects of fault leakage, flow through pre-existing 

* Corresponding author. Tel.:+61-433-732-225. 
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fractures, and injection pressure induced hydraulic fracturing were ignored.  The permeability of the fault was assumed 

to be 3 orders of magnitude smaller than that of the reservoir layer the CO2 was injected into, imposing a flow 

impediment for the CO2 plume. The simulation test case consists of a layered rock sequence intersected and offset by 

a 60° dipping elliptical normal fault deflecting the CO2 storage horizon downward in the hanging wall and upward in 

the footwall creating an anticline there. This anticline fault three-way closure was loaded to its spill point with CO2 

resulting in a column with a height of 300 meters. 

2. Methodology

The Finite Element Method (FEM) is used here to solve the linear elasticity equations over the domain of interest. 

Static equilibrium is described by Cauchy’s equation in vectorial form (Malvern 1969): 

∇𝜎 + 𝒇 = 0 (1) 

Where σ is the 3×3 second order stress tensor and f is the vector of body forces applied to the rock volume. In 

general, σij = σji; hence the stress tensor has only six unknown components while there are only three equations. In 

porous media the pore pressure also needs to be considered, and, for this purpose, the absolute stress is replaced with 

the effective stress tensor: 

𝜎' = 𝜎 − 𝑝𝐼 (2) 

where p is the pore pressure and I is a 3×3 identity matrix. To determine the stress tensor, three other equations are 

required. These can be derived from Hooke’s constitutive relationships which relate displacements to strains and in 

turn to stresses: 

𝜎 = 𝐶𝜖 (3) 

where ϵ is the strain tensor and C in the most general case is a fourth order six by six matrix. However, an elastic 

isotropic material, can be characterised using just two physical properties: In the following, elastic modulus (E) and 

Poisson’s ratio (υ) are used. These are defined as below for a unidirectional loading, e.g. in the z direction:  

𝐸 = 𝜎../𝜖.. (4) 

𝜗 = 𝜖11/𝜖.. (5) 

The strain tensor is defined by: 

𝜖 = 2
𝜖3 𝛾31 𝛾.3
𝛾31 𝜖1 𝛾1.
𝛾.3 𝛾1. 𝜖.

5 (6) 

Strains are related to displacements by the following definitions, where (u,v,w) is the displacement vector: 

𝜖3 =	
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(7) 

Using E and υ Hook’s law reduces to: 
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𝜎3 =
𝐸

1 + 𝜗E𝜖3 +
𝜗

1 − 2𝜗
F𝜖3 + 𝜖1 + 𝜖.GH ; 				𝜏31 = 𝐺𝛾31  

𝜎1 =
𝐸

1 + 𝜗E𝜖1 +
𝜗

1 − 2𝜗
F𝜖3 + 𝜖1 + 𝜖.GH ; 				𝜏1. = 𝐺1. 

𝜎. =
𝐸

1 + 𝜗E𝜖. +
𝜗

1 − 2𝜗
F𝜖3 + 𝜖1 + 𝜖.GH ; 				𝜏.3 = 𝐺𝛾.3 

(8) 

Where the shear modulus G is defined as: 

𝐺 =
𝐸

2(1 + 𝜗) (9) 

Substituting equation (6) in equation (9) reduces the number of unknowns to three which if replaced in equation 

(1) can be solved. The final equation will be as below:

∇C. ∇ϵ + 𝑓 = 0 (10) 

2.1. The test case 

The mechanical model represents a box-shaped 3km × 3km × 1.5km rock volume the top-surface of which is assumed 

to be located at a subsurface depth of 1km. The model contains a shaly cap rock layer, a clay-rich sandstone layer at 

the bottom, and a quartz sandstone reservoir layer. The fault rock is treated as a clay. All properties relevant for the 

mechanical calculations are given in Table 1. 

Table 1. Mechanical and hydraulic properties of the model rock layers 

Layers Rock Type Density (kg/m3) Elastic Modulus (GPa) Poisson’s Ratio (-) Porosity (%) Permeability (md) 

Top Seal Shale 2500 25 0.3 10 5 

Reservoir Quartz Sandstone 2100 20 0.26 25 500 

Bottom Seal Clay rich Sandstone 2300 15 0.25 15 50 

Fault  Clay 2200 10 0.35 9 0.1 

The model was discretized using tetrahedral finite elements with quadratic basis functions (trilinear stresses and 

strains, Fig. 1). A target element size of 20m was set in the reservoir layer increasing to 100m at the outside boundaries 

of the model. Stress analysis considering pore pressure as determined by brine and CO2 density in each element was 

conducted. Gravitational loads and deviatoric in situ stresses, consistent with a normal faulting regime were applied 

as boundary conditions. The elastic linear response of the model due to gravitational loading with and without CO2 

trap filling was investigated for a post-closure storage configuration where injection pressure had already dissipated.  
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Fig. 1. Finite element model created for simulation of ground deflection in response to CO2 pressure and buoyancy. Normal fault-bounded 

footwall-anticline trap. Layers by color: Yellow: top seal- Shale; Grey: Bottom Seal- Clay rich Sandstone; Blue: Brine Saturated reservoir layer – 

Quartz sandstone; Red: CO2 Saturated reservoir layer – Quartz sandstone 

2.2. Boundary conditions 

The movement of the bottom surface of the model was restrained in the vertical direction and so were the two 

bottom edges in the XY and YZ planes of the model in horizontal directions perpendicular to these planes. Upon 

gravitational loading, these boundary conditions result in the symmetrical deformation of the model. Stress boundary 

conditions were applied on the side walls. An overburden pressure of 23.05MPa was applied to the top surface. This 

is equivalent to the weight of a 1000-m thick rock column with an average dry density of 2200 kg/m3 and porosity of 

15%. On the side boundaries parallel and perpendicular to the strike of the fault, depth-dependent horizontal stresses 

equivalent to 0.9×Sv and 0.7×Sv were applied, respectively; Sv refers to the overburden stress at any given point in the 

model and varies with depth. The side boundary stresses are acting in opposite directions on opposite sides. Gravity 

with a magnitude of 9.81 m/s2 was applied as a body force. 

3. Results

3.1. CO2 injection effect 

The displacement, pore fluid pressure and shear stress in the two different cases of brine saturated and CO2 saturated 

foot-wall anticlines are compared in Figures 2 to 4. As can be observed, the displacement profiles are very similar for 

the two cases, although there are cm-scale differences in the displacement magnitude. The influence of buoyant CO2 

on pore fluid pressure is noticed readily in Figure B-3: In the brine saturated case, the contours are horizontal and 

parallel while, in the CO2 saturated case, one can see a jump discontinuity in pressure, in the footwall of the fault, 

where the CO2 has accumulated. Shear stress contours shown in Figure B-4, depict a similar stress distribution pattern 

around the fault; however, the shear stress magnitude for the CO2 case is larger.   

Fig. 5 presents the uplift experienced due to the injection of CO2, i.e. the maximum deflection underneath the 

surface where the CO2 is injected.  
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3.2. Sensitivity to horizontal in situ stress 

To investigate the influence of the horizontal in situ stresses on ground deflection in response to CO2 injection, two 

additional model configurations were considered here. The first case, as an extreme lower bound on horizontal stress 

models the side walls free of stress constraints. The second case, as an extreme upper bound, constrains the deflection 

of the side walls completely, preventing any out-of-plane deflections. The ground deflection for the first case was 

33% larger than for the base case, where horizontal stresses were applied to the side walls. For the second case it was 

1/3 of that in the base case. These differences highlight the large sensitivity of the observed ground deflection to 

horizontal in situ stresses.  

Fig. 2. Displacement contours of brine saturated (left) and CO2 injected (right) cases under the overburden pressure and side boundary stresses at 

the middle plane of the model. 

Fig. 3. Pore fluid pressure contours of brine saturated (left) and CO2 injected (right) cases under the overburden pressure and side boundary 

stresses at the middle plane of the model. 

Fig. 4. Shear stress contours of brine saturated (left) and CO2 injected (right) cases under the overburden pressure and side boundary stresses at 

one quarter of the model width away from the center. Note the stress concentration at the top and bottom of the fault. 
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Fig. 5. A cross section of uplift occurred due to CO2 injection in the reservoir layer at the middle plane of the model. 

4. Discussion and conclusion

In spite of the extreme CO2 column height, ground deflection in all scenarios was found to be minor (<5-cm) and

highly sensitive to the lateral stress boundary conditions. Thus, although the geometry was chosen to maximize the 

potential ground deflection by accumulation of buoyant CO2, the observed differences between the water and the CO2 

charged cases were not significant. However, the displacement contours (Fig. 2) indicate that minor sliding along the 

fault represented as frictional surface should occur after prolonged CO2 injection. This highlights the need for further 

investigation on the critical pore-pressure and stress states which could result in induced seismicity or CO2 leakage. 
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Abstract

Improving our understanding of trapping, including how we might be able to enhance it temporally and spatially, would add to

our level of confidence in the long term secure geological storage of CO2 in both open and closed saline aquifer systems. This

knowledge could also provide the basis for designing quantitative rules for site abandonment based on measured trapping and

residual gas saturations. Fluid transport, geochemical processes and associated CO2 trapping mechanisms in geological reservoirs

are highly dependent on the nature of structural and lithological heterogeneities. But important centimetre to meter scale

heterogeneities are incorrectly incorporated or not incorporated at all into storage complex models, because they can neither be

seismically imaged nor represented by grid cells. The GeoCquest Project is focused on determining residual, dissolution and

mineral trapping over time for open and closed saline aquifers, through a series of coordinated studies at a range of scales, using

experimental, analytical and numeric approaches. This paper describes some of the GeoCquest work currently underway.
Keywords: Trapping mechanisms, Hetrogeneity, Geo-chemsitry, Fluid-dynamics, CO2 storage.

1. Introduction

GeoCquest is a BHP-funded research consortium of three universities: Cambridge, Melbourne and Stanford, and

with the CO2CRC as a GeoCquest Associate. The research, which commenced in late 2017, is focused on

developing a better understanding of CO2 trapping, using a range of techniques and scales including core, analogue

experiments, outcrop and field scales (Figure 1). A series of coordinated studies using experimental, analytical and

numeric approaches have commenced, aimed at determining the proportions of CO2 trapping by different

mechanisms over time, within heterogeneous reservoirs.

* Corresponding author.

E-mail address: pjcook@co2crc.com.au



2 GHGT-14 SM Benson et al., 2018

Fig. 1. The structure, inputs and anticipated outputs for the GeoCquest Project

The project aims to quantify trapping rates and mechanisms in heterogeneous media. An earlier generalized

diagram ([7], figure 5.9) illustrated qualitatively how increased storage security may depend on a combination of

physical and chemical trapping mechanisms and on how storage security might be expected to increase over time.

But each reservoir will have a unique storage security evolution over time, depending on the rock type making up

the reservoir framework and the degree of heterogeneity. This in turn will have a major impact on the speed at which

trapping occurs, as well as on the range of minerals formed. Therefore, wherever possible, accurate subsurface

geological information should be used in the modelling. However, important centimetre to meter scale

heterogeneities cannot be incorporated into most field-scale storage complex models because they can neither be

seismically imaged nor adequately represented by grid cells.

The aim of GeoCquest is to address these small-scale heterogeneities in order to understand how intrinsic

heterogeneity influences trapping rates, and to develop models that more effectively predict the impact of this

heterogeneity on storage efficiency and capacity. These models, benchmarked against field experiments, will

increase confidence in estimates of trapping rates and provide a basis for more accurately assessing storage

performance. Further, the research will facilitate the definition of quantitative site-closure and risk analysis metrics.

This paper reviews research progress to date.

2. Heterogeneity at the core and pore scale

Residual trapping, also known as capillary trapping, can immobilize a significant amount of  CO2 during

geological carbon sequestration [7],[13],[24]. GeoCquest has undertaken a number of laboratory-based studies on

core, in order to understand the effects of heterogeneity on capillary trapping. These studies are discussed in detail

elsewhere in this GHGT 14 volume by [25] and [26]. Using core-scale CO2/water core flooding experiments, [25]

focused on the question of whether correlation length and/or lamination direction in a variety of sandstones, has any

impact on residual trapping. Their work has shown that while correlation length and lamination direction do affect

post-drainage CO2 saturation distribution, their post-imbibition influence is minor. Therefore, CO2 residual trapping

is unaffected by correlation length or lamination direction.
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[26] are performing experimental and numerical core-flood tests in order to assess the impact of capillary induced

flow on multiphase flow behavior and its implications for residual trapping of CO2. Results to date show that both

the direction and scale of the heterogeneity impact the local capillary forces and, therefore, the capillary pressure and

saturation distribution. In certain cases, even in a flow regime dominated by the capillary forces, local capillary

disequilibrium is observed, leading to capillary induced flow when the system relaxed. The orientation of the

heterogeneity (parallel or perpendicular to flow), the scale of the heterogeneity, and the far-field direction of the

flow, impact local cross-flow and, therefore the capillary pressure and saturation distribution. This can also

potentially have a significant impact on residual trapping.

Flow-induced capillary forces scales with the square root of time and the time needed to reach capillary

equilibrium depends on the spatial scale of the heterogeneity. For homogeneous rocks where the scale of

heterogeneity is at the pore scale, this equilibration occurs almost instantly. For systems with a larger scale of

heterogeneity, capillary disequilibrium can exist within a core or slice of a core even in the capillary dominated

regime and result in capillary induced flow when the system relaxes. Therefore, the determination of whether or not

a heterogeneous system has reached capillary equilibrium cannot be made by calculating the traditional capillary

number.

In heterogeneous rocks, the contrast in porosity, permeability and capillary entry pressure between baffles and

reservoir rocks forces CO2 to accumulate underneath the baffle. Ultimately, the CO2 saturation at the contact builds

up to the point when the buoyancy pressure is equal to the capillary entry pressure and CO2 migrates into the baffle.

In a lithologically heterogeneous reservoir, it is important to determine the range of entry and threshold pressure

values of the baffle with regard to CO2 in order to establish the CO2 column height that can accumulate underneath a

baffle before entry takes place.

In detailed core studies by [16] lithological heterogeneity has been characterized at sub-meter scale for various

rock types in terms of five rock type classes. Multi-phase transport model realizations have been built to simulate the

entry of supercritical CO2 into the baffles using a range of realistic petrophysical and flow properties.  Where CO2

enters the baffle, critical saturation values vary between 50% - 80%. Conversely, where CO2 is not able to enter the

baffles, the maximum saturation value is 83.2%. The latter cases were run for a simulation period of 500 years to

confirm that CO2 does not migrate into the baffles after the simulation period of 5 years. For these models, the final

saturation value of 83.2 is achieved between 5-10 years of simulation period and stays constant thereafter until at

least 500 years of simulation period. Entry of CO2 into baffle in these cases was not tested beyond a simulation

period of 500 years.

In order to more fully understand the geochemical behavior of CO2 in heterogeneous rocks, [8] have undertaken

reactive transport modelling at pore scale. Geochemical reactions at lithological boundaries occur where CO2-

enriched water with a higher density and lower pH sinks down and interacts with the top of intraformational baffles.

A two-dimensional reactive transport model at pore-scale has been developed based on a high-resolution mineral

map of a lithological boundary. The model included five primary minerals - and has been applied to study the

dissolution of minerals accounting for the heterogeneity in flow and discrete fluid-mineral boundaries. Kaolinite, K-

feldspar, muscovite and albite are found to dissolve at variable rates, while quartz is predicted to be super-saturated.

Carbon mineralization in the form of carbonate mineral precipitation is not observed. What is evident from these

studies to date is the importance of discrete fluid flow pathways at the lithological boundary and their effects on

local chemical reaction rates. Future studies will compare those results with reaction rates at lithological boundaries

using continuum scale modelling in order to obtain a true representation of the prevailing geochemical system within

a CO2-saturated heterogeneous reservoir.
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3. Heterogeneity at the centimeter to meter scale

Research at Cambridge has focused on developing reduced models of mixing in heterogeneous strata using

mathematical models tested against analogue laboratory experiments to understand physical processes at the 10 –

100 cm scale.  The insights gained form these experiments are used to produce reduced physics models which have

been used to interpret reservoir scale geophysical data.

Reduced models can provide a robust, physically based, parameterization of processes at the sub-grid scale. That

is, for large reservoir scale simulations the aim is to provide parameterizations of flow and trapping processes at the

scale of bedding units within characteristic formations.  CO2 may be trapped by the action of capillary forces acting

at the pore scale or by the dissolution of CO2 into the ambient brine. In both cases, an increased contact area between

fluids plays a key role in enhancing the rates of capillary dissolution trapping. For these processes, an important

question is the extent to which heterogeneities from the pore to meter scale act to localize flow, thus minimizing the

contact area, or disperse CO2 and increasing the contact area.

Initial experiments have focused on producing directly measuring mixing rates using optical imaging techniques.

Experiments conducted using dye-calibration techniques enable the concentration to be inferred from raw images of

dye intensity.  These measurements can be used to quantitatively measure the mixing of two fluids over time.

Modelling, which utilizes ideas from turbulent flows where entrainment is important, incorporate pore- and meso-

scale mixing into the evolving concentration of the CO2 plume.  Incorporation of mixing induced by heterogeneities

is thereby parameterized, with important and significant impacts on the evolution of the CO2 concentration with

time. The current modelling, based on the flow of gravity currents along a complex caprock topography, is

computationally efficient and can be readily used to assess uncertainty and risk through multiple realizations of the

progress of the CO2 plume.

Through a pixel-by-pixel calibration, small variations in the light intensity and the specular reflections of the light

transmitted through the bead pack can be mitigated, and accurate concentration maps produced. In concert with these

results for gravity currents in layered permeable media, a set of pure injection experiments in layered porous media

is also being developed to mimic the impact of geological heterogeneities on CO2 flow, using a simple layered media

and miscible fluids with a similar viscosity contrast to CO2 and formation brines.

The results show that brine is largely displaced laterally away from advancing CO2 plumes with flow rates

deviating from simple one-dimensional flow models. This work on miscible systems is now being extended to the

flow of immiscible systems, involving the design and construction of an experimental tank for lab experiments with

immiscible fluids to fully simulate CO2 injection into brines.

4. Heterogeneity at the outcrop scale

Progressing along a pathway of upscaling, the GeoCquest Project has sought to use outcrop analogues. Much of

its core -based research to date has been undertaken on Paaratte Formation material provided by CO2CRC from the

Otway research Facility in western Victoria [19]. The Paaratte consists of siliciclastic sediments deposited in a

deltaic environment, with estuarine – coastal facies distributions and a diagenetic overprint of calcite concretions,

but it does not outcrop.  It was therefore decided to use the Wall Creek Member of the Frontier Formation of

Wyoming (Figure 2), as an outcrop analogue because it provides an exceptionally well characterised opportunity to

study how sub-seismic heterogeneity influences plume migration and residual trapping. The available data includes

maps of the internal sedimentary structure of the sand bodies as well as permeability and porosity measurements

[23],[15].
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Fig. 2. Example of a heterogeneous Reservoir (Wall Creek member, Frontier Formation)

Cambridge research has already documented the rapidity with which CO2 dissolves in formations brines and the

significance of silicate-consuming and carbonate-forming reactions during a phase of CO2 injection for EOR in the

Frontier Formation [2]. This study raises the critical questions concerning the rate at which CO2 dissolves in brine

and rates of the consequent fluid-mineral reactions. Dissolution rate is governed by both the contact area between

CO2 and brine and rate at which brine is transported away from the brine-CO2 interface. These are the questions that

the analogue experiments at Cambridge are being designed to answer (Figure 3). It is clear that it will not be possible

to make complete field models of heterogeneities at the critical scale of the diffusion distance (centimetres). The

approach is to understand the impacts of individual small-scale structures and then use these to interpret the results

of field scale experiments. The intention is to combine these model results with geochemical information from field-

scale CO2 injection experiments to quantify the controls on dissolution trapping. The project intends to use data from

the existing Otway Stage 2C injection experiments at the CO2CRC Otway Research Facility and take part in the new

Otway Stage 3 injection experiments [21],[10]

Fig. 3. CO2 injection simulations (tank experiment) Low viscosity water (blue) is injected into higher viscosity glycerine (red) simulating

injection of supercritical CO2 into brine. Laboratory tank is ~1-cm thick and filled with alternating flow and high permeability layers made of
glass beads. Flow lines are calculated given viscosity calculated from colour image.

A series of physical CO2 injection simulations has been undertaken (Figure 3) as a proxy of intermediate scale

(~100-m) continuum flow models, which make it possible to investigate how sub-seismic heterogeneity influences

plume spreading and residual trapping. These tank experiments are complemented by numeric modelling of the CO2

injection into the Frontier formation (Figure 4) (see [27] and [28] who have developed and applied novel hybrid

finite element – finite volume methods to study this problem). Such  model and related simulation methods will be

further developed and integrated with the small-scale heterogeneity-aware, rate-dependent saturation functions as
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new constitutive relationships within it. This will also include a formulation in which residual CO2 saturation

becomes a function of the maximum CO2 saturation reached locally. A sensitivity analysis will be performed to

contrast and compare plume spreading and trapping behavior ensuing for the different constitutive relationships,

classical versus novel, assessing the implications for CO2 storage, and storage complex capacity optimization.

Fig. 4, Numeric model of a CO2 plume after 5-days of high-rate injection into a cross-sectional (420 x 50 x 1m) model of the Frewens member of

the Frontier formation, Wyoming, USA.  Constant fluid injection rate (432m3/day); grey areas represent calcified sandstone that is impervious to
flow. Shades-of-yellow illustrate permeability as mapped by [22]; grayscale fluid pressure contours, and rainbow saturation shading in the

foreground. G (gravitational to viscous) force balance >1 (max=2). Note that, although gravity dominates on the model scale, the plume follows

local high permeability streaks at the base of the sequence where viscous forces dominate. The sweep efficiency of the sequence at CO2
breakthrough on the right is only 3%.

5. Heterogeneity at the field scale

Building a realistic geological and petrophysical model at the field scale is required for overall CO2 storage

performance evaluation. It provides the basis for the iterative improvement of CO2 injection strategies, plume

migration monitoring, the design of cross-well pressure tomography schemes, flow property prediction and the

modelling needed for plume spreading simulations. However, to do this requires a thorough understanding of the

structural, stratigraphic and petrophysical heterogeneities as well as integration across all scales. Thus far, the studies

outlined above have been at the core, sandbox and outcrop scale.

A preliminary larger scale study has been conducted at the SW Hub Project site in Western Australia [17] with

the aim of representing the true geometry of characteristic sediment bodies in a model. The model will later be used

in dynamic simulations in order to study the impact of the geometry and dimensions of sediment bodies as

represented in geological models on CO2 migration and trapping. This is particularly important for the SW Hub

Project site, which does not have a defined seal. The model developed in this study has been done with a grid cell

resolution of 5 x 5 x 0.5m compared to the standard geological model for the site of 25 x 25 x 1m, which in turn was

upscaled to a grid size of 250 x 250 x 4m. Fluvial deposits have been grouped into 8 facies types including high,

medium and low energy river channel sands, overbank deposits consisting of mudstone and floodplain deposits

composed of paleosols. It is demonstrated that the facies proportion changes with the model resolution, in this case,

paleosols are much more abundant in the high-resolution model. Also, preferential flow paths along curved river

channel sand bodies are found to be much better connected at smaller cell size resolution. Such effects are expected

to lead to differences in the CO2 migration and trapping pattern depending on how accurately sediment bodies are

represented in geological models.

A primary focus of the field-scale investigations has been of the CO2CRC Otway, with the aim of creating a

realistic GeoCquest CO2 storage model at field scale. This requires advanced computing capabilities and the

effective integration of reservoir characterization analyses. The aim is to produce a 3D flow model of the storage

reservoir of interest, populated by the parameters needed for performance of flow simulations for different scenarios

of CO2 injection and for a realistic range of heterogeneities.
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The starting point of the GeoCquest modelling, as for most modelling of storage sites, is data from three

deterministic scales, namely cores (cm scale), logs and outcrop analogues (meter scale) and seismic data (x100s of

meters scales). Variability of parameters in the range of interest in the model, are dependent on the time over which

CO2 might migrate, which is generally taken to range from hundreds to thousands of years. The GeoCquest

workflow (Figure 5) aims to produce a realistic model through effective scale integration. This follows much the

same sequence as is followed in exploration, starting at the mesoscale with definition of the sedimentary facies and

their correspondent rock-types [1],[4],[20]. The facies are then characterized on the basis of the mean and variance

in porosity, permeability and Capillary Entry Pressure, using the sparse sample definition methodology described by

[4].

Fig. 5. GeoCquest schema use to develop a model able to handle heterogeneity at the field scale models build up. 

This methodology has the advantage of being able to incorporate a number of the facies based on their effective

permeability contrast and their recognizability in downhole logs and in seismic data [5]. To date, the methodology

(Figure 5) has been applied successfully to CO2CRC Otway 2 data. When integrated with other GeoCquest data, the

effectiveness of this approach for modelling of plume migration in heterogeneous reservoirs. and for site closure or

transfer will be assessed [6],[18],[9].
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6. Discussion and conclusions 

GeoCquest is “work in progress” and this paper is not meant to provide all the answers! Rather its purpose is to 

outline the sort of questions that need to be asked and the sort approach that needs to be taken if we are to be able to 

confidently predict the behaviour of stored carbon dioxide in a heterogeneous reservoir. Given that the majority of 

sandstone reservoirs that will be used in the future for CO2 storage will be heterogeneous, it is important to be able to 

do this in a way that enhances our level of confidence in capillary, dissolution or mineralization processes within a 

migrating/stabilising plume. This in turn has the potential to help to validate models for predicting migration and 

trapping in complex reservoirs as well as provide site-closure and risk analysis metrics. CO2 storage in reservoirs 

requires clear, quantifiable rules for site planning, closure and risk analysis. 

 

GeoCquest aims to provide a data set and a methodology for validating trapping models and for predicting 

trapping in complex heterogeneous geological settings. The approach adopted is to use data from a range of 

methodologies and scales to progressively upscale from core scale to sandbox to outcrop to field scale. This has been 

done to some extent at the SW Hub site. However, in order to access denser and more comprehensive data sets, 

GeoCquest is working in close cooperation with CO2CRC in order to use the Otway site for verification.  

 

Ultimately the aim is to apply the GeoCquest approach at a commercial scale (millions of tonnes of CO2) site that 

typically will be in a heterogeneous sandstone. The investigations to date suggest that rock heterogeneity at all 

scales enhances trapping. 
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Abstract 

The risk of CO2 leakage must be considered during the planning, injection and monitoring stages of a Carbon Capture and 
Storage (CCS) operation in order to meet regulatory standards. Various strategies can be used to reduce the risk of a CO2 leak 

including forming hydraulic barriers, permanent cement- or reactive-barriers, which include the use of chemical reagents that 
react upon contact with CO2 to form a geochemical barrier. Solutions of concentrated sodium silicate, an industrial by-product, 
have been proposed as a promising reagent for producing geochemical barriers under CO2 storage conditions. Interaction of CO2 
with this reagent leads to the rapid formation of an amorphous silica gel that can form a barrier to reduce permeability in a 
reservoir [1-2]. To investigate the formation of the silica gel barrier under CO2 storage conditions, we combine laboratory work 
and numerical modelling. Here we present the results of reagent optimization from flow through column experiments at ambient 
conditions using an unconsolidated quartz sand. Multi-phase core flooding experiments were performed at reservoir conditions to 
assess the associated reduction in the permeability of a typical sandstone reservoir rock (Berea Sandstone) and the stability of the 

gel and barrier formed over time [3]. Finally, reactive transport modelling of the experiments was conducted using 
TOUGHREACT, with modifications made to the thermodynamic database to account for the properties of the amorphous silica 
gel, which forms under CO2 storage conditions. 

 
Keywords: Silica-gel; Barrier formation; CO2 Storage 

1.  Introduction 

1.1.  Scenarios for barrier formation 

Previous studies have outlined the potential of using a sodium silica reagent to form amorphous silica gels 

for either mitigating the risk of CO2 leakage or remediating a CO2 leak [1-4]. The experimental summary presented 

here tests both scenarios under ambient conditions (25oC and atmospheric pressure, Section 2.1) and reservoir 

conditions (60oC and 100 bar, Section 2.2). In a mitigation scenario the reagent would be deployed before beginning 

a CO2 storage operation by injecting the reagent above the sealing cap-rock formation. Thus any high permeability 

zones in the cap-rock would be sealed by the reaction of CO2 with the reagent in these zones. Alternatively, if CO2 

has escaped the leakage pathway could be targeted by injecting the reagent into the zone of leakage to prevent 
further escape and remediate the problem. 
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1.2.  Composition and properties of barrier forming reagent 

An optimal composition for the sodium silicate reagent was identified as a pH 10.8 solution of 7.15 wt % 
SiO2 with a 3.21:1 Na2O:SiO2 ratio [1,3]. This reagent composition has a density of 1.1 g cm-3 and viscosity of 0.774 

centipoise at 60oC, and as such the physical properties are similar to a typical low salinity groundwater. Therefore it 

was found to be suitable for injection in flow through columns experiments, in order to study the formation of in situ 

silica-gel barriers [1,3]. 

 

Figure 1 plots silica speciation diagrams at 25oC (Fig. 1A) and 60oC (Fig. 1B) using The Geochemist’s 

Workbench [5] and the thermo.dat thermodynamic database, which includes some polymeric silica species. The 

potential reaction paths for the precipitation of an amorphous silica from the sodium silicate reagent as it is acidified 

with CO2 are plotted as green arrows (Figure 1). After acidification the solubility of silica will have decreased as 

indicated by the point at the end of the reaction path (head of green arrow), leaving much of the silica reagent 

precipitated. The SiO2(am) serves as a proxy here for the stability field of Si-gel, as there is no reliable 
thermodynamic data available for the gel formation. 

 

Figure 1. Stability diagrams for the SiO2-H2O system vs pH at A) 25oC and B) 60oC. The green arrow plots a potential reaction path for silica gel 

formation and precipitation as a concentrated SiO2 solution is acidified by a solution buffered by CO2. Minerals suppressed: quartz, chalcedony, 

trydimite and cristobalite. 

2.  Barrier Formation Experiments 

2.1 Experiments under ambient conditions 
 

Initial experiments were conducted using a pH 4 buffer solution (0.1 M potassium phthalate monobasic 

adjust with 0.1 M HCl) as a proxy for CO2 saturated waters in order to test whether a silica gel barrier could be 

formed in a column of unconsolidated quartz sand using the silica reagent at various temperatures. Both scenarios of 

mitigation and remediation were tested by either saturating columns with the silica reagent and injecting acid or 

injecting the silica reagent into an acid saturated column, respectively. Reaction of the acid with the sodium silicate 
reagent led to an increase in differential pressure across the columns indicating the formation of the silica gel barrier 

[3]. Micro-CT was used to image the barriers in situ showing the near complete occlusion of porosity in a column 

flushed with a pH adjusted sodium silicate reagent, which set as a gel within 10 minutes of injection. Implementing 

the reagent in this manner led to flow through the column being completed impeded and after 24 days of aging no 

flow through the column could be induced with a pressure differential of 6 bar (< 5 mDarcy permeability if flow 

were observed) [3]. Further details on column dimensions and experimental results can be found in Castañeda-

Herrera et al. (2018) [3]. 
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2.2 Experiments under CO2 storage conditions 
 
In order to replicate CO2 storage conditions core-flooding experiments were conducted at 60oC and with a 

back-pressure of 100 bar using a multi-phase core flooding instrument (DCI Test Systems Corp.). The multi-phase 

core flooding instrument is described in Castañeda-Herrera et al. (2018) [3]. Berea Sandstone cores had an initial 

permeability of c. 110 mD and porosity of c. 17.5%. The 10 cm long, 3.8 cm diameter, core samples were initially 

saturated with the sodium silicate reagent, simulating a scenario where the reagent is used to mitigate the risk of CO2 

leakage by injecting the reagent into a reservoir overlying the cap-rock of a CO2 storage reservoir. Changes to the 

permeability of 3 sandstone cores were monitored during the injection and incubation of CO2-saturated water and 

supercritical CO2 in separate cores. Figure 2 summarises the results, showing that permeability in the core is reduced 

by up to three orders of magnitude after barrier formation (0.11 mD) and increases by an order of magnitude after 

aging for around a month. The results from Core 1 show a larger increase in permeability after aging as this core 

dehydrated during the aging process, which was evident by a white amorphous silica precipitate on the outside of 
the core after aging [3]. Core 2 was subsequently wrapped in parafilm for aging purposes and the white precipitate 

was no longer observed [3]. Core 3 fractured after initial testing, and therefore, the permeability could not be 

retested. 

 

Figure 2. Permeability of three Berea Sandstone cores (Core 1: triangles, Core 2: circles; Core 3: squares) pre-saturated with barrier forming 

reagent following the injection of A) CO2-saturated water and B) supercritical CO2. 

3.  Modelling Barrier Formation 

Numerical models were setup with the same geometry and conditions of the laboratory experiments, 

including testing continuous versus intermittent injections. In order to account for the large molar volume of silica 
gel the thermodynamic properties for amorphous silica (SiO2(am)) in TOUGHREACT’s database were changed in 

order to optimize the volume of SiO2(am) which precipitates. The precipitation of SiO2(am) is associated with a gradual 

change in pH at the reaction front in the model and a mineral saturation index for SiO2(am) greater than zero. A 

subsequent reduction in porosity is observed as SiO2(am) precipitates. Figure 3A illustrates the simulation of the flow 

through column experiments for 3 days with 3 curing periods. The porosity change is greatest at the inlet with 

subsequent reduction in porosity further into the columns after the defined curing periods. Significantly, this 

indicates that a curing period is needed to enhance barrier formation at the reaction front in the model. The results 

simulating core-flooding experiments depict a 50% reduction in porosity near the inlet of the core (Figure 3B) after 

20 minutes of reaction, which corresponds well with the permeability decrease seen during the injection phase of 

core-flooding experiments (Figure 2). The rate of SiO2(am) precipitation is being further optimized in the model to 

observe the effect on changes to the porosity in columns and core [6]. 
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Figure 3. TOUGHREACT modelling results of injection of CO2-enriched water into a silicate saturated column, with sequential curing periods 

under A) ambient conditions; B) reservoir conditions (60oC and 100 bar). Axis scales differ as the models were setup to replicate the dimensions 

and properties of column and core experiments in the lab. 

4.  Conclusions 

The laboratory work together with the modeling indicate that using sodium silicate reagents to form a silica 

gel barrier is a viable strategy for mitigating the risk of a CO2 leakage. Reduction in the porosity (up to 50%) and 

permeability (up to 3 orders of magnitude) of unconsolidated sand packed columns and a sandstone reservoir rock 

(Berea Sandstone) were observed during barrier formation. Modeling and experiments under field-scale conditions 

are needed to further validate the use of the silica gel to form a geochemical barrier under CO2 storage conditions. 
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Abstract 

The high displacement efficiency of supercritical CO2 (≥30%) seen in core-flooding experiments, is in stark contrast with its 

sporadic infiltration of the available pore volume in field-scale injection pilots (e.g., ≤5%) in the Sleipner plume [1]. One reason 

for this discrepancy could be geologic heterogeneity on the 0.1 to 100-meter scale as it is not captured by lab experiments. Such 

heterogeneity is determined by the geologic environment of sediment deposition, sediment facies, bedforms and composition as 

well as overprint (cementation, fractures etc.). These factors give rise to complex geologic features and order of magnitude 

variations of permeability and capillary pressure. It also gives rise to intricate flow geometries that control the spreading of CO2 

after injection. Although similar lab-field differences have long been recognised in Enhanced Oil Recovery (EOR) studies, they 

have remained underexplored because the underpinning geologic complexity is difficult and time-consuming to characterize. Its 

model representation is even more difficult. Yet, the dramatic implications of this heterogeneity for plume spreading, storage 

efficiency and capacity make it imperative to overcome these difficulties.  

      This study uses outcrop models of fluvial deposits in Germany and intertidal sandstones in Wyoming, to reveal the impact of 

mesoscale heterogeneity in high-resolution numeric multiphase flow simulations. For both outcrops, porosity and permeability 

has been measured either directly or in the laboratory. In the Wyoming field case, the local precipitation of calcite lead to a total 

loss of porosity and permeability, also reducing storage capacity. To elucidate the effect of this additional diagenetic overprint on 

storage performance, simulations with and without the nodules have been performed. A comparison is presented of CO2 

migration and residual trapping in these 2 cases using identical boundary conditions.  

      The employed hybrid FEM-FVM simulation method realistically capture the effect of capillary discontinuities arising from 

the geologic structure / juxtaposition of beds with different flow properties.  The simulation results highlight the dramatic impact 

of heterogeneity on CO2 pathways and trapping: 1) flow is strongly localised into high permeability streaks such that overall 

sweep is poor and only part of the available pore space is invaded by CO2. 2) Nodules and bedding surfaces act as flow 

impediments, filtering the CO2, causing saturation to build up upstream. This macroscopic capillary holdup improves storage 

efficiency. This effect is not seen in the laboratory because core samples are too small to contain the causative heterogeneities. 3) 

Due to the general localisation of the flow the nodules have a much diminished impact on storage capacity than one might 

anticipate from the associated reduction of pore volume (~10%). 4) Compared to a homogeneous model with piston-type 

displacement (no gravity override), the prime effect of the heterogeneity is a dramatically reduced storage efficiency.  

      These results are preliminary and 2D models underestimate the scale-transgressive impact of heterogeneity on sweep and 

residual trapping. Nevertheless, this high-resolution study reveals previously unrecognized flow dynamics ensuing from the 

geologic heterogeneity and its impact on CO2 migration in storage complexes. 

 
Keywords: geologic heterogeneity; outcrop analog modelling; multiphase flow; plume spreading; CO2 geo-sequestration; storage capacity; 

storage efficiency; heterogeneity trapping. 
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1. Introduction 

The impact on engineering applications of nested decimetre-to-hectometre sized geologic heterogeneities, hereafter 

referred to as intermediate scale, was appreciated already in the 19
th

 century. This heterogeneity was recognized as a 

major issue for groundwater flow already in the 1930’s [2] and also for multiphase hydrocarbon flow following the 

onset of water flooding aimed at increasing oil recovery [3,4,5]. Yet, little research could be conducted on 

multiphase flow at the intermediate scale because of monitoring difficulties and since numeric modeling had not 

been invented yet. In the 1970’s boom of petroleum exploration, intermediate scale “sub-seismic” heterogeneity was 

again highlighted as a key determinant for secondary petroleum migration [6,7] and, today, it is the acknowledged as 

a major source of uncertainty regarding the costs of CO2 subsurface storage projects [8], associated risks [9] and 

overall performance [10,11]. 

      While water flooding and secondary migration of oil from source rocks have similarities with CO2 migration, the 

flow of supercritical CO2 is more difficult to predict as it is an “unstable” process, displacing formation water by less 

viscous non-wetting phase: viscous fingering [12] and capillary-gravitational fingering [13] ensue at very high and 

very low flow rates, respectively. In addition, heterogeneity-induced fingering will occur if there is intermediate 

scale heterogeneity, leading to the formation of preferential fluid flow paths where the supercritical CO2 is channeled 

into high permeability streaks, increasing overall mobility contrasts in the medium [14]. Like petroleum migrating 

through siliciclastic rocks, supercritical CO2 is filtered by capillary barriers and accumulates upstream of them. As 

CO2 saturation increases ahead of these barriers, the flow of water ceases, and pressure builds up until the barrier’s 

capillary threshold pressure is exceeded and the CO2 pushes across. These self-sealing – breakthrough dynamics 

[15], give rise to a rich behaviour, marking the interplay between the multiphase flow and decimeter-to-meter scale 

geologic heterogeneities.  

     Such rich multiphase flow dynamics are difficult to investigate in the laboratory due to the required length and 

time scales, but they can be modeled numerically. Reduced physics, pseudo-invasion percolation models [16,13] 

have provided promising results, but cannot capture the dynamics of flow because they are capillary-gravitational 

limit approximations that cannot be used to evaluate viscous-dominated displacement along heterogeneous strata. 

For this reason, they also do not constrain how fast vertical CO2 migration proceeds. More costly to compute yet 

more realistic are full physics continuum models. Among others, Ghershenzon’s [17,18] used full physics models to 

investigate the dynamics of a CO2 plume during and after injection, and how these are influenced by the hierarchical, 

multi-scale stratal architecture in geologically complex storage horizons. Their results confirm that representing the 

nested intermediate scale heterogeneity, is critical for the accurate prediction of trapping processes and efficiencies. 

However, Ghershenzon’s simulations and others conducted with conventional reservoir simulators [19] only capture 

part of the geologic heterogeneity and flow dynamics because of their ability to represent geologic bedforms 

realistically is limited due to the use of regular (corner-point) grids yielding incorrect results when distorted to match 

structures. The physical realism of the representation of the flow dynamics is limited because many of the published 

CO2 injection studies are based on first-order numeric schemes (7-point stencils), which artificially stabilise the flow 

supressing fingering and are subject to first-order grid orientation errors [20]. 

 

Here the results from novel hybrid FEM-FVM flow-simulations performed on digital outcrop models of highly 

permeable siliciclastic fluvial rock sequences are presented. The goal of these numeric experiments is to reveal 

intermediate-scale plume migration patterns. The overall goal is to provide a comprehensive visualization and 

understanding of the qualitative aspects of the flow dynamics of the CO2 interacting with the heterogeneous strata at 

the intermediate scale. Since the quantitative analysis of these processes in terms of storage efficiency and site 

performance assessment requires three-dimensional modelling it will be the topic of a further publication in 

progress.    

      Our results show that the geologic features diminish sweep, promoting flow localisation. At the same time, they 

act as capillary barriers, increasing capillary hold-up. Thus, intermediate-scale geo-heterogeneity is revealed as 

important for sweep and capillary hold up as pore-scale heterogeneity is for micro-displacement efficiency. 

Heterogeneities are linked across scales, complicating multiphase flow upscaling. An additional focus of this study is 

discerning and quantifying the impact of diagenetic calcite concretions because they are common sources of 

heterogeneity in storage horizons such as seen in pilots like Otway [21], adding significant uncertainty to storage 
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performance. The nodules mark the local precipitation of calcite that can lead to a total loss of porosity and 

permeability, diverting CO2 flow and reducing storage capacity. To predict subsurface flow through cemented and 

bed-draped storage formations, permeability distributions in outcrop-analog fluid-flow models have been adjusted to 

reflect this diagenetic overprint, using data from the Frewens sandstone cliff in Wyoming, USA, for their spatial 

distribution and geometry. The excellent detailed mapping of Willis and White [22] was used to build our model.  

 

This paper is organized as follows. First, the construction, parameterization and set-up of plume-spreading and 

immobilization models is described. Second, results of high-resolution, two-dimensional CO2 injection simulations 

are presented, contrasting and comparing plume spreading and trapping behaviour ensuing for different injection 

rates. We use the model observations to assess the implications for CO2 storage, and storage complex capacity 

optimisation. We start this analysis with a 20-m realistic cross-sectional model of a gravel pit, illustratating how the 

described displacement processes manifest themselves in the face of intermediate-scale heterogeneity. Then we 

proceed to the 400-m scale outcrop model of the Frontier Formation, too large and complicated to focus on metre-

scale behaviour, yet revealing overall patterns and controls on sweep and trapping.  

 

2. Methodology 

In this study, advanced numerical modelling techniques are applied to two-dimensional high-resolution digital 

outcrop models, constructed from geo-hydrologic cross sections of 2 fluvial high-permeability strata, which were 

chosen as representative analogs of CO2 storage horizons suitable for large-scale CO2 geo-sequestration.  By 

comparison with reservoir strata from which hydrocarbons are extracted, the geological strata exposed in these 

outcrops are not particularly heterogeneous, but their detailed study using mini-permeameter measurements and 

laboratory analysis of samples reveals order of magnitude variations of permeability and porosity. Furthermore, the 

observed variation of grainsize among the geologic layers suggest significant variations in capillary threshold 

pressure. 

      The numeric simulation approach used is described before the analog models and their discretisation and 

parameterisation of the outcrop analog models.  

2.1. Numeric simulation approach 

Physcially realistic simulation of the coupled pressure-, buoyancy- and capillary driven multiphase fluid flow of CO2 

through the heterogeneous strata of a storage complex is challenging as it involves flow through many rock types 

with sharp interfaces and extremely variable flow properties. The geological features have variable orientations, 

complex intersections, and aspect ratios of up to >1000:1. Arguably, realistic discretization of their geometry for 

flow modelling is only possible with adaptively refined unstructured grids. Finite-element schemes for such meshes 

are not locally conservative and therefore ill-suited for the simulation of transport processes. To overcome these 

restrictions we employ the hybrid Finite-Element Node-Centered Finite Volume scheme (FECFVM) of Bazr-Afkan 

et al. [23,24]. This method has the advantage that saturation discontinuities at material interfaces are honored 

without having to add extra degrees of freedom as one would have to in a discontinuous Galerkin Method [25]. The 

FECFVM brings additional benefits such as that it allows representation of large-aspect ratio sand lenses or shape 

drapes by lower dimensional elements. This simplifies model construction and meshing, and also speeds up 

computations. 

 

The FECFVM method is an extension of a hybrid simulation technique invented by Cordes and Kinzelbach [26] and 

has been verified and validated with multiphase flow laboratory experiments including ones conducted on fractured 

rock [24].  Furthermore, Sedaghat et al. [27] demonstrated that this technique can reproduce the flow behavior in 

stratified rocks over a wide range of force balances. The FECFVM simulator used in this study has been 

implemented on the basis of the Complex Systems Modelling Platform (CSMP++ [28]) and has already been used in 

several simulation studies of multiphase flow through fractured porous media. 
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2.2. Flow models 

Two outcrops were selected for this high resolution CO2 injection / plume spreading study: 1) a 25-m long quary 

face exposing glaciofluvial Quaternary deposits in a gravel pit in southwest Germany (Klingbeil et al. 1999), see 

Figure 1, below. This model was originally constructed as an aquifer analogue, evaluating characteristic 

hydrogeological parameters of the specific sedimentological units, mapping, with cm-scale resolution, the spatial 

distributions of lithofacies, hydraulic conductivity and other transport parameters;  2) a 420 m long and up to 40-m 

tall cliff exposing the Frewens member of the Frontier formation in Wyoming, USA (Fig. 2). Willis and White [22] 

and Dutton et al. [30] studied this outcrop in detail, mapping all intermediate scale heterogeneities including 

bedforms and conducting mini-permeameter measurements and laboratory porosity measurements on 5 different 

lithofacies for the purpose of tracer transport modelling.  

 

Fig. 1. (top) Photograph of Steisslingen gravel pit outcrop; (bottom) hydrological flow facies map and hydraulic conductivity distribution in 

gravel-pit face, Southern Germany (Fig. 4 of [29]). 

The Frewens cliff outcrop (Fig. 2) is exceptionally well characterised and described in a series of articles published 

by Willis, White, Dutton and co-workers [30,31]. Their data include maps of the internal sedimentary structure of 

the sand bodies as well as permeability and porosity measurements. The outcrop was already investigated by single-

phase flow and tracer transport simulations , but not its multiphase flow response.  

      The Frewens member of the Frontier formation, Wyoming (USA) is composed of two elongate intertidal 

sandstone bodies [31]. It constitutes an outcrop analog of the lower Paaratte formation, Otway, Australia and is 

therefore also of interest as a proxy suitable for studying how the sub-seismic channel / mouthbar / point-bar facies 

heterogeneity influences plume migration and residual trapping. Like the Paaratte at Otway, the Frewens outcrop 

consists of siliciclastic sediments deposited in a deltaic environment. It is marked by similar estuarine – coastal 

facies distributions and experienced a similar diagenetic overprint: diagenetic calcite concretions (nodules) become 

R. Klingbeil et al. / Sedimentary Geology 129 (1999) 299–310 307

Fig. 4. Outcrop analysis: lithofacies interpreted from a wide angle photograph, hydrofacies and horizontal hydraulic conductivities based
on various measurements, here: ST2 from Steisslingen, southwest Germany. For abbreviations see Table 2.
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more abundant toward the top of the mapped sequence where the sandbodies are overlain by the thick code shale. 

Since diagenetic porosity loss represents just a chemical overprint on the fixed post-depositional geometry of the 

sandbodies, shale drapes and shale layers, the outcrop analog flow model could be meshed and parameterised in such 

a way that simulation outcomes for model realisations with and without nodules became directly comparable. This 

was achieved by adding the possibility to include or exclude the calcite nodules in the parameterization of the 

simulation grid, which will be discussed later in this paper. 

 

Fig. 2. Frewens member, Frontier Formation, outcrop, Wyoming, USA of highly permeable sandstone deposits  with calcite concretions in the 

upper part of the stratigraphy (modified from Willis and White [22]);  (a) photograph of outcrop, (b) flow model constructed on the basis of the 

geologic interpretation distinguishing 5 facies types with (top sub-figure) and without (bottom sub-figure) calcite concretions (black). (c) map of 

bedforms, which were given unique flow properties in the contrast-and-compare simulations. 

2.3. Model Discretisation 

The images and maps provided in the source publications were used to create line drawings of the bedforms and 

boundaries using 3
rd

-order spline curves within a CAD software. These lines were appropriately intersected, 

recovering the intersection points and used to split the model domain represented by a single NURBS surface. The 

resulting surface snippets represent the different lithotypes, identified by moving them to corresponding drawing 

layers. At the vertical model boundary targeted for CO2 injection, a rectangular region was introduced as inflow 

domain, to allow fluids to redistribute as they would along the completion of a vertical well. The described 

intersection procedure ascertains that the constructed geometric models were water-tight and therefore fit for 

meshing. The surface and lines representing the bedforms were output for meshing using a standard CAD file 

format.  

      In the meshing, a quadtree-based domain decomposition algorithm, combined with sequential smoothing and 

quality optimization for the surface mesh consisting of triangles was used to discretize the models at different levels 

of spatially adaptive refinement. In this process, the objective was to capture all geologic detail with sufficient 

(a) 

(b) 

(c) 
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Figure  2. Outcrop wall of the Frewens sandstone that was used to quantify concretion size and distribution(modified 
fromWillisandWhite,2000) 

 

 
 
Figure 3. 2D cross-sectional model of the Frewens Sandstone with and without calcite nodules (black).  

The Frewens sandstone is composed of two elongate tide-influenced sandstone bodies. (Willis et al. 

1999). Depositional models of this environment reflect the ensuing complex rock-type distribution 

and heterogeneity across different length scales.  

 

 

  

  
Figure 4. Top Left: Subregion of geomodel of Frewens sandstone with calcite nodules as seen today. Top Right: Unstructured 
triangular element grid of model with calcite nodules. Bottom left: calcite nodules turned off during the meshing, revealing the pre-
exiting sedimentary facies. Bottom Right : triangular element mesh. 

In the meshing a uniform cell size of 50cm has been the target. A refinement up to 5cm has been 

allowed to capture the geologic features leading to a spatially adaptively refined finite element mesh. 
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In order to also investigate the effect of bedforms, the sediment deposition structures = bedforms have 

been introduced on top of the less refined Model of the Frewens Sandstone. Triangular boundary 

conforming meshes of the high-resolution digital outcrop model with and without nodules were 

created (Fig. 5). 

 

 

 
Figure x.5. Top: Geological Model with concretions and high geology structure of the Frewens sandstone. Bottom: Structure only of 
the tide-influenced sandstone deposit. 

 

The new meshes created from this model reflect the draped bedding of the sandstone bodies.   

 

To elucidate the effect of the diagenetic heterogeneities on storage complex performance, simulations 

without and with the nodules have been performed and a comparison has been made of the CO2 

migration and residual trapping using identical boundary conditions. These simulations highlight the 

dramatic impact that the heterogeneity has on CO2 migration and trapping: On the downside, flow is 

strongly localised such that sweep is poor and only part of the available pore space is used to store 

CO2. On the upside, the nodules and bedding surfaces act as flow impediments, upstream of which 

saturation build up occurs, improving retention of CO2. Due to the localisation of the flow the nodules 

have much less impact on storage capacity than would be deduced based on the reduction of porosity 

(~10%) that results from their presence. 

 

Clearly, these results are preliminary and the 2D models are inadequate for capturing the full impact 

of the heterogeneity on sweep and residual trapping. However, these models are a first when it comes 

to the level of resolution of geologic features in CO2 migration simulations and they clearly highlight 

how important such work is. 
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refinement while simultaneously ascertaining sufficient mesh resolution within the geologic subdomains to permit 

the resolution of flow phenomena like gravitational override of CO2  and capillary fingering (Fig. 3).  

      For the gravel-pit model this resulted in a mean element size of 5 centimeters and 50-cm for the Frewens model. 

In both models the spatially adaptive refinement led to overall triangle area variations of greater than 3 orders of 

magnitude. 

 Fig. 3. Meshing of the model domain with triangular finite elements conforming to the boundaries of the different material subdomains of the 

model. Top left: Subregion of geomodel of Frewens sandstone with calcite nodules next to the rectangular inflow region at the left boundary, the 

black region represents the calcite nodules inclusion.. Top right: Unstructured triangular element grid of model with calcite nodules. Bottom left: 

calcite nodules turned off during the meshing, revealing the pre- exiting sedimentary facies. Bottom right: triangular mesh retaining the shape of 

the nodules but not their flow properties.  

In order to investigate the effect of bedforms (Fig. 2c), these sediment deposition structures have been introduced 

into some of the mesh realisations in the form of additional bedform conforming lower-dimensional line elements 

sharing the nodes of the underlying triangular element mesh of the heterogeneous Frewens Sandstone. This 

discretisation only permits the modelling of a bedform-parallel permeability enhancement, which is what was 

investigated in corresponding runs. To model flow impediments triangular representations have to be used or the 

mesh has to be split along such boundaries. 

2.4. Configuration and Boundary Conditions 

The discretised flow models were parameterised with the porosity-permeability data collected in the field, assigning 

constant values to each lithotype, using the modes of measured values. Although, for the Frewens dataset, statistical 

(lognormal) distributions have been published, the facies-internal ranges are small and we prefer a single-value 

representation because it allows to better discern the effects of layer boundaries in the simulation results. Where 

absent, capillary entry pressure values for drainage (displacement of formation water with CO2), and Corey 

exponents, capturing the pore size variability in the strata, were estimated on the basis of the petrophysical 

descriptions of the lithotypes. The detailed configurations applied to the gravel-pit and Frewens models are given in 

appendix A. Porosity, permeability and capillary entry pressure were discretised as piecewise constant element 

properties on the unstructured grids. Supercritical CO2 and water properties were also treated as constant with values 

reflecting a model burial depth of 1.5-km subsurface depth, initially hydrostatic fluid pressure gradients, and an 

average geothermal gradient of 30
o
C/km and a near-surface temperature of 15

o
C, see Appendix A. In the hybrid 

FECFVM model material boundaries confirm with those of the finite elements and state variables are placed on the 

finite element nodes. Node properties are allowed to vary in a piecewise linear fashion within each element. Fluid 

pressure within the highly permeable models was assumed to reflect a steady state, see Bazr-Afkan et al. 2014 [23]. 
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The CO2 injection was simulated at a constant rate through the left model boundary into the fluid redistribution 

region on the left of the cross-sectional flow domain. The applied injection rate was based on a model with unit 

thickness. A constant hydrostatic fluid pressure was maintained on the right. Top and bottom boundaries were 

treated as impervious as a proxy for confining shale layers. For each model, several runs were conducted varying the 

fluid injection rate, and, for the Frewens sandstone model, also considering model realisations with and without the 

calcite nodules. 

3. Results 

This section begins with the characterization of metre-scale phenomena using the “small” gravel pit model. After an 

illustration of the single-phase flow characteristics of this model, results obtained for small and intermediate CO2 

injection rates are compared. A zero gravity case is included to highlight the effect of the heterogeneity on viscous – 

capillary flow only. In a second subsection, the results obtained from the Frewens model with- and without calcite 

concretions are described, also considering a case in which the permeability of the bedform surfaces was strongly 

enhanced.  

3.1. Simulations with the gravel-pit 20-metre scale model 

The impact on the flow of the considerable heterogeneity in the gravel pit revealed by the detailed mapping of 

Klingbeil [29], is highlighted already by a simulation of single-phase flow, which ensues when a horizontal far-field 

pressure gradient is applied to the model (Fig. 4). This flow is channelled into the central highly variable layer 

where lenses of well-sorted sand without any interstitial mud feature the highest permeability of the cross-section 

(light-coloured regions of the black and white permeability map in the background of Fig. 4 top). 

 

 

 

Fig. 4. Darcy single-phase flow through gravel-pit model in response to a horizontal fluid pressure gradient. Top) streamlines in blue and fluid 

pressure contours in red indicating the localisation of the flow into the highly permeable central sections of the model. Bottom) scalar log10 

representation of the fluid flux highlighting the order of magnitude variations in flux density ensuing from the permeability structure. 
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Tracer injection into the velocity field shown in Figure 4 illustrates the significant differences in transport velocity 

leading to a tracer distribution with a long leading edge and largely stationary tail (Fig. 5). 

 

 

Fig. 5. Transport of a passive tracer front through the steady velocity field illustrated by Figure 4. Left) Flow velocity spectrum; right) snapshot 

of tracer particles inserted with the flow through the left model boundary. Note that the blue particles that were inserted in the flow to illustrate 

the tracer all entered the left-side boundary at the same time, but were subsequently dispersed in the complex velocity field. 

The long-leading edge of the displacement front marked by the tracer particles in Figure 5 indicates non-linear (non-

Fickean) transport, which is  “anomalous” in the sense that it cannot be modelled with the classical advection-

diffusion equation approach that underpins the upscaling of multiphase flow in heterogeneous media as is applied to 

CO2 storage sites. The flow-velocity histogram (Fig. 5) indicates a multimodal velocity distribution, implying that 

the use of a single average value of transport velocity to predict transport distance as a function of time would not 

provide any physically meaningful results. Since the flow properties of the gravel pit also change with scale (going 

from facies-internal variations to different facies types in its environment of deposition = EOD), the shape of the 

tracer plume can be expected to be scale variant. Moving up in scale, flow velocity is however expected to vary over 

time.  Such dynamics can not be captured using the streamline approach. 

 

   Tracer transport is fundamentally different from multiphase flow because in multiphase flow additional physics 

are at work: 1) the presence of two phases gives rise to capillary phenomena, 2) the viscosity of the two phases 

differs (CO2 is much less viscous than water) affecting mobility, 3) the density difference between the water and 

CO2 phases drive phase segregation promoting gravity tonguing and override, 4) CO2 is filtered by fine grained 

layers or bands. Filtration and capillary hold-up can only be overcome by strong viscous forces. 5) The local 

balances between viscous, gravitational and capillary forces control the overall displacement pattern. 

 

   When CO2 is injected into the gravel pit model at a moderate rate, its buoyancy dominates the flow behaviour and 

most of it rises, sweeping the top of the model (Fig. 6 top). Since the top layer is homogeneous, the plume shape 

within it resembles the analytic solution to this flow problem. 

 

   As the injection rate is increased, more and more viscous channelling of the CO2 by the high-permeability streaks 

occurs giving rise to an intricate displacement pattern (Fig. 6 bottom).  Some of the CO2 escapes from these streaks, 

overcoming the capillary entry pressure of the layer(s) above, rising through them in the form of capillary fingers. 

At the same time, CO2 collects at the downstream tips of the more permeable layers and sand lenses. Its saturation 

builds up by filtration: while the water is pushed into the less permeable layers downstream, the CO2 is held back by 

their elevated capillary entry pressure. This filtration aids CO2 retention in the layered rock and is more clearly 

visible when gravitational forces are disabled (Fig. 7). 

  



 GHGT-14 Matthai & Burney   9 

 
Fig. 6. CO2 injection into the Gravel-pit model through its left boundary. kx, equiv=6.6 x 10

-9
m

2
 (6.6 kD), kv/kh~0.1, Top) Moderate rate injection at 

50 m
3
/day.  Δρ=500 kg/m

3
, µCO2/µwater=15, Gravitational to viscous force ratio, G=60; result resembles analytical solution. Bottom) Fast injection 

at 500 m
3
/day, Bulk gravitational to viscous force ratio, G=5.9, heterogeneity fingering is prominent. 

 

 

Fig. 7. CO2 injection into the gravel-pit model through its left boundary. Gravitational forces disabled, equal to “viscous limit” case: kx, equiv=6.6 x 

10
-9

m
2
 (6.6 kD), kv/kh~0.1, µCO2/µwater=15; Notice the trapping in the highly permeable layers by the capillary barriers surrounding them. 

Flow in the periphery of an injection site can also be illustrated using the gravity pit model. In this scenario CO2 

rises as capillary fingers vertically through the model, after entering it through its lower boundary. While the 

capillary entry pressure of the layers in the gravel pit is generally small and the differences between different 

lithologies are minute, they suffice to divert the flow of the CO2 laterally (Fig. 8). 

 

CO2 

CO2 saturation 

permeability 

CO2 saturation 

permeability 
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Fig. 8. Gravel-pit model infiltrated by CO2 through its lower boundary. The finger-style vertical migration is affected by the capillary entry 

pressure variations of the different lithotypes. 

In summary, the simulations with the gravel pit model highlight the extreme impact of intermediate scale 

heterogeneity on plume migration. At high injection rates, the CO2 flows selectively through the most permeable 

beds following a piston style displacement pattern. However, these pathways are leaky and the CO2 that escapes 

from these viscous-dominated channels experiences a gravity-capillary dominated flow regime, developing capillary 

fingers that rise vertically to the next flow impediment where build-up and lateral spreading occurs. Heterogeneity 

thus implies, that different force balances co-exist in the model at any one time, shifting gradually with the changing 

saturation patterns, which intensify the mobility contrasts of adjacent layers as the permeable layers are invaded by 

the low-viscosity CO2. Capillary hold-up leads to flow diversion upstream of material interfaces with a high entry 

pressure. 

3.2. Simulations with the Frewens 400-metre scale model 

The Frewens outcrop contains the full range of intermediate-scale heterogeneities, and correspondingly larger 

permeability variations than the gravel-pit outcrop (5 vs. 3 orders of magnitude, ignoring the impermeable nodules, 

see Table 1). First, a multiphase flow simulation without unique properties of the bedforms (foresets) is discussed 

(Fig. 9). 

 

 

 

Fig. 9. Snapshot of the Frewens model into which CO2 is injected on the left. Fast injection at 414 m
3
/day. Bottom) scalar image of the flow 

velocity indicating extreme channeling; top) streamline display of the CO2 plume retarded by the carbonate concretions. Note formation water 

pushed ahead of the plume. 
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Table 1. Intertidal delta facies properties of Frewens model; 4.3M cells, 2.1M nodes (CO2 injection run: 414 m
3
/day). 

Facies Area (m
2
) Proportion (%) Permeability 

(m2
) 

Porosity(%) Entry 

Pressure 

(Pa) 

Pore 

Volume 

(m3
) 

Calcite concretions 2611. 13 1.16 × 10
-17

 0.04 1000.  104.44 

Facies5: Cross-bedded sst. 6968. 35 3.83 × 10
-12

 0.35 500. 2438.86 

Facies4: Sandstone 5942. 30 2.18 × 10
-12

 0.11 2000. 653.47 

Facies3: Cross-bedded sst. 783. 4 1.47 × 10
-12

 0.27 50. 211.12 

Facies2: Cross-bedded sst. 2387. 12 1.60 × 10
-12

 0.24 1000. 572.91 

Facies1: Sst. + conglom. 1385. 7 1.27 × 10
-12

 0.15 10000. 207.80 

Total 19139. 100 kv=0.686D, 

kh=4.139D 

avg. = 0.21  4189.48 

 

To elucidate the effect of the diagenetic heterogeneities on storage complex performance, simulations with and 

without nodules were performed and a comparison was made of the CO2 migration and residual trapping using 

identical boundary conditions (Fig. 10). These simulations highlight the impact that the nodules have on CO2 

migration and trapping: On the one hand, flow is strongly localised such that sweep is poor and only part of the 

available pore space is used to store CO2. On the other hand, nodules and bedding surfaces act as flow impediments, 

upstream of which saturation builds up, improving the retention of CO2 in the section. Due to the localisation of the 

flow, however, the nodules exert a much lower impact on storage than would be deduced based on the reduction of 

porosity (~10%) that results from their presence alone. 

 

 

Fig. 10. CO2 plume after 5-days of high-rate injection into the cross-sectional (420 x 50 x 1m) model of the Frewens member of the Frontier 

formation, Wyoming, USA.  a) with nodules, b) without. Shades-of-yellow permeability map of Willis and White (2000) in the background, 

grayscale fluid pressure contours, and rainbow saturation shading in the foreground. G (gravitational to viscous) force balance >1 (max=2). 

Although gravity dominates on the model scale, the plume follows local high permeability streaks at the base of the sequence where viscous 

forces dominate. Note that the presence of the nodules does not impede plume speed as determined by constant fluid injection rate (432m 
3
/day), 

but the injection pressure. Its elevation indicates that the presence of the nodules (12% of model area) reduces bulk permeability by ~7%.  
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In the simulation the results of which are displayed in Figure 10, the bed-form surfaces have been included as 5-

cm thick sheets with an in-plane permeability enhanced by 2 orders of magnitude relative to the surrounding rock 

(Appendix A.2). In contrast with the model without unique bedform properties, the horizontal permeability of the 

section is enhanced by  one order of magnitude and the bedform surfaces strongly channel the flow in two regions, 

just below the nodules and just above the low-permeability more shale-rich base of the cross section. For the fast 

injection rate applied, and the strong permeability contrasts, gravity has a limited effect on the flow and relatively 

little CO2 collects at the no-flow boundary at the top of the section.  Sweep is poor and, although most of the section 

consists of highly permeable sandstone with good reservoir properties, 50% of the pore volume has been bypassed 

by the flow when the plume reaches the right boundary of the model. 

 

Saturation at the time of breakthrough (Table 2) is good indicator of flow localization. For the fast injection rates 

used in the simulations it is less than 5%, decreasing from the sandstone facies only case over the one with foresets 

to the highly-permeable foreset plus concretions case. In other words, it decreases with the level of heterogeneity 

reaching values similar to those estimated for Sleipner although this is only a two-dimensional model. 

 

Table 2. CO2 saturation at breakthrough. Breakthrough times: neither bedforms nor nodules: 37800s; bedforms only: 32400s, and 

bedforms + nodules: 10800. 

Facies Saturation  (X) 

No Bedforms/ 

No Nodules 

Saturation (X) 

Bedforms      

Saturation (X) 

Bedforms + 

Nodules 

Facies5 0.024 0.022 0.014 

Facies4 0.044 0.014 0.032 

Facies3 0.035 0.078 0.078 

Facies2 0.028 0.037 0.016 

Facies1 0.016 0.164 0.260 

Entire model 0.032 0.035 0.043  

 

4. Discussion 

The extremely low saturations at breakthrough highlight the magnitude of the challenge of obtaining a good 

sweep efficiency during the CO2 injection phase. Only where the CO2 enters the pore space residual trapping can 

occur. In the post injection phase, the heterogeneity-controlled fingers seen in this study, might disintegrate as 

capillary fingers rise and CO2 enters previously unswept porespace. The fingers also increase the surface area of the 

injection front which might promote dissolution. This behaviour needs to be addressed by future work. 

 

The presented modeling study is just a first step toward a systematic analysis of the impact of intermediate scale 

heterogeneities on plume spreading. We plan to extend it to include more realistic fluid properties and heterogeneity 

aware saturation functions, such as those developed in the Benson lab. Notwithstanding, the observed unstable 

fronts and migration patterns might prompt a rethink about how we estimate plume spreading because they indicate 

a much stronger impact of intermediate-scale heterogeneity than is indicated by plume spreading simulations carried 

out with conventional reservoir simulators. That the intricate saturation patterns seen in the models are closer to 

reality than the commonly simulated very compact injection fronts is supported by high-resolution time lapse 

seismic imaging of CO2 plumes [32].  

5. Conclusions 

This study used outcrop models of fluvial deposits in Germany and intertidal sandstones in Wyoming, to reveal the 
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impact of intermediate heterogeneity in high-resolution numeric multiphase flow simulations carried out with a 

novel FEM-FVM simulation method that realistically captures the effect of capillary discontinuities arising from the 

geologic structure / juxtaposition of beds with different flow properties.   

      Our simulation results highlight the dramatic impact of heterogeneity on CO2 pathways and trapping: 1) flow is 

strongly localised into high permeability streaks such that overall sweep is poor and only part of the available pore 

space is invaded by CO2. 2) Nodules, shale drapes and fine grained layers act as flow impediments, filtering out the 

CO2, causing saturation to build up upstream of them. This metre-scale capillary holdup improves storage efficiency 

and is not seen in the laboratory because core samples are too small to contain causative heterogeneities. 3) Due to 

the general localisation of the flow in the Frewens model the carbonate nodules had a much-diminished impact on 

storage than one might have anticipated from the reduction of pore volume associated with their presence. 4) 

Compared to a homogeneous model with piston-type displacement (no gravity override), the prime effect of the 

heterogeneity is a dramatically reduced storage efficiency.  

      These results are preliminary and 2D models underestimate the scale-transgressive impact of heterogeneity on 

sweep and residual trapping. Nevertheless, this high-resolution study reveals previously unrecognized flow 

dynamics ensuing from the geologic heterogeneity and its impact on CO2 migration in storage complexes. 
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Appendix A. Model Parameters and Configuration details 

Here, the global properties refer to model wide fluid properties, regional parameters to model subdomains and 

essential conditions to boundary conditions applied in the runs. All were configured for constant rate injection 

allowing fluids to redistribute in the highly permeable inflow region of the left. Outflow occurred through the right 

boundary held a constant pressure. 

A.1. Configuration of the Gravel-Pit Model 

# (1) global properties 

#---------------------------------------------------------------- 

density water   1000. 

density CO2   500. 

viscosity water   1.0e-3 

viscosity CO2   1.5e-4 

initial saturation water   1.0 

saturation CO2   0.0 

 

#---------------------------------------------------------------- 

# (2) local material properties  

#---------------------------------------------------------------- 

BM complete permeability   1.160E-10 
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BM complete porosity    0.3 

BM complete entry pressure   2000. 

BM complete brooks corey parameter  1.5 

BM complete residual saturation non-wetting phase 0.3 

M complete permeability   5.370E-10 

M complete porosity    0.27 

M complete entry pressure   800. 

M complete brooks corey parameter  2.5 

M complete residual saturation non-wetting phase 0.25 

OW complete permeability   2.520E-07 

OW complete porosity    0.36 

OW complete entry pressure   10. 

OW complete brooks corey parameter  3. 

OW complete residual saturation non-wetting phase 0.05 

P_T_H complete permeability   3.960E-09 

P_T_H complete porosity    0.27 

P_T_H complete entry pressure   50. 

P_T_H complete brooks corey parameter  2.5 

P_T_H complete residual saturation non-wetting phase 0.25 

S complete permeability   1.100E-09 

S complete porosity    0.42 

S complete entry pressure   1000. 

S complete brooks corey parameter  1.5 

S complete residual saturation non-wetting phase 0.15 

 

A.2. Configuration of the Frewens Sandstone Model 

# (1) global properties 

#---------------------------------------------------------------- 

density water   1000. 

density CO2   500. 

viscosity water   1.0e-3 

viscosity CO2   3.0e-5 

(initial) saturation water  1.0 

saturation CO2   0.0 

 

#---------------------------------------------------------------- 

# (2) properties of different facies types (Willis & White (2000) paper, p. 792) 

#---------------------------------------------------------------- 

# essentially impermeable but with some fracture permeability 

CONCRETION complete permeability   1.160E-17 

CONCRETION complete porosity    0.04 

CONCRETION complete entry pressure   1000. 

CONCRETION complete brooks corey parameter  1.5 

CONCRETION complete residual saturation non-wetting phase 0.3 

# FACIES1 - bottom sandstone and conglomerate 

FACIES1  complete permeability   1.270E-12 

FACIES1  complete porosity    0.15 

FACIES1  complete entry pressure   10000. 

FACIES1  complete brooks corey parameter  2.5 

FACIES1  complete residual saturation non-wetting phase 0.25 

# FACIES2 - cross-bedded sandstone 

FACIES2  complete permeability   1.6E-12 

FACIES2  complete porosity    0.24 

FACIES2  complete entry pressure   1000. 

FACIES2  complete brooks corey parameter  3.0 

FACIES2  complete residual saturation non-wetting phase 0.05 

# FACIES3 - strongly cross-bedded sandstone 

FACIES3  complete permeability   1.47E-12 

FACIES3  complete porosity    0.27 

FACIES3  complete entry pressure   50. 

FACIES3  complete brooks corey parameter  2.5 

FACIES3  complete residual saturation non-wetting phase 0.25 

# FACIES4 - massive sandstone 
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FACIES4  complete permeability   2.18E-12 

FACIES4  complete porosity    0.11 

FACIES4  complete entry pressure   2000. 

FACIES4  complete brooks corey parameter  1.5 

FACIES4  complete residual saturation non-wetting phase 0.15 

# FACIES5 - mega cross-bedded quartz sandstone 

FACIES5  complete permeability   3.83E-12 

FACIES5  complete porosity    0.35 

FACIES5  complete entry pressure   500. 

FACIES5  complete brooks corey parameter  2. 

FACIES5  complete residual saturation non-wetting phase 0.15 

# Cross-beddings of the sandstone host rock (5-cm thick) 

GEOLOGY complete volume modifier   0.05 

GEOLOGY complete permeability   1.0E-10 

GEOLOGY complete porosity    0.3 

GEOLOGY complete entry pressure   10. 

GEOLOGY complete brooks corey parameter  3.0 

GEOLOGY complete residual saturation non-wetting phase 0.15 



 

14th International Conference on Greenhouse Gas Control Technologies, GHGT-14 

21st -25th October 2018, Melbourne, Australia 

Geochemical reactions at lithological boundaries controlled by 

downward advection of CO2-enriched brine – A reactive-transport 

modelling study at pore scale 

Apoorv Jyotia*, Ralf R. Haesea 

aPeter Cook Center for CCS Research, School of Earth Sciences , The University of Melbourne, Australia, 3010 

Abstract 

Geochemical reactions at lithological boundaries are expected to occur where CO2-enriched water with a higher density and 

lower pH advects downwards and interacts with the top of intraformational baffles. A reactive transport model at pore-scale is 

developed and applied to study the dissolution of minerals at a lithological boundary in a multi-mineral system at pore scale. The 

2-dimensional model is based on a high-resolution mineral map of a sample from the Parratte Formation, Otway Basin 

(Australia). The model domain is characterized by good hydraulic connectivity in the upper part and poor connectivity and a 

more clay-mineral dominated mineral assemblage in the lower part. Five primary minerals are chosen in the study and their 

reaction kinetics is implemented in the model. With a steady injection rate from the top boundary of the domain, two water 

compositions with 2% and 5% wt. CO2 are injected into the domain. Changing the CO2 concentration into the injection water 

changes the pH of the solution. The local reaction rates of the five primary minerals is modelled for the two scenarios. It is 

observed that kaolinite, K-feldspar, muscovite and albite are dissolving at rates which significantly vary between each other 

while quartz is predicted to be supersatured. Carbon mineralization in the form of carbonate mineral precipitation is not observed.   
Keywords: Pore-scale modelling, geochemical reactions, lithological boundaries, CO2 storage 

1. Introduction 

Reactive transport modelling (RTM) at the pore scale explores the changes in the geometry of the pore network 

and the respective chemical gradients due to fluid-mineral reactions. RTM is used extensively to study the fluid flow 

processes in porous media and the areas of application are very diverse and include groundwater contamination 

studies in an aquifer [1], enhanced oil recovery and geological carbon storage studies [2, 3]. The advantage of a 

reactive transport model at the pore scale model is the true representation of flow and chemical heterogeneity with 

respective local reaction rates within the porous rock and therefore avoids the simplification of treating any rock 

sample as a homogeneous medium. This approach requires a spatial discretization in the micrometer-range, which 

typically prohibits model domains with a volume larger than about a cm3. Different discretization approaches are 

used including pore network modelling [4],[5], Lattice Boltzmann [6],[7],[8],[9] and traditional mesh-based (finite 

element, finite volume and finite difference) methods [10],[11],[12],[13],[14]. 

 

 
* Corresponding author. Tel.: +61-481831410. 

E-mail address: ajyoti@student.unimelb.edu.au 



2 GHGT-14 Jyoti and Haese 

 

Carbon capture and storage (CCS) is seen as a key technology for the mitigation of CO2 emissions [15]. CO2 is 

separated and captured from industrial flue gases, transported and permanently stored in deep subsurface reservoirs. 

Deep saline aquifers are very abundant CO2 storage reservoirs and have a high potential to store large amounts of 

CO2. The storage site is usually selected at a depth of more than 800 meters. At this depth, the CO2 is in supercritical 

form as the temperature is over 31 °C  and pressure exceeds 74 bar. The target aquifer should also have a cap-rock, 

to form a stratigraphic trap preventing the buoyancy-driven CO2 from migrating further upwards. In this case, the 

CO2 rests on top of the native brine and below the cap-rock. As more CO2 is injected from the injection well, more 

supercritical CO2 accumulates below the cap-rock and starts migrating laterally. The supercritical CO2 gradually 

dissolves into the top part of the host brine, increasing its density and leading to an acidification of the host brine. 

The increase in brine density destabilises the fluid stratification at some the point and downward advection of the 

CO2-enriched brine commences [16]. In return, deep formation water ascends creating fluid convection in the 

reservoir, which is the primary cause of solubility trapping. The CO2 dissolved brine is also typically 1% more 

denser than the native brine and leads to instabilities which gives rise to gravity driven convection finger of the CO2 

dissolved brine [17]. These fingers are lower in pH than the native brine and are travelling downward from the top 

part near the cap-rock displacing the native brine as it travels down.  

 

Fig. 1.  Schematic illustration of the effect of lithological baffles on the downward advection driven fingers of CO2 

Modelling of pore scale processes is can be particularly powerful when investigating transport and reactions at 

lithological boundaries. Sub-meter scale intraformational baffles with sharp or gradational lithological boundaries 

are common in reservoirs and control the fluid flow pathways [18]. These baffles are typically enriched in clay 

minerals and have a lower porosity and lower permeability relative to the adjacent sandstone units. Therefore, they 

are known to act as flow barriers and their boundaries may be discrete zones of chemical reactions. Intraformational 

baffles form flow barriers causing lateral spreading of the CO2-enriched water with a low pH over the upper surface 

of intraformational baffles. [19] studied sub-meter scale lithological heterogeneities and their impact on CO2 

migration during the CO2 injection phase. The flux of CO2-enriched water into the intraformational baffle and rates 

of fluid-rock reactions at the upper boundary and within the baffle currently remain unknown. However, the contact 

zone between the low-pH water and clay-mineral rich lithological units is expected to be characterized by extensive 

geochemical reactions. The objective of this study is to investigate coupled transport and geochemical processes at 

the upper boundary of intraformational baffles exposed to the downward advection of CO2-enriched, low-pH 

formation water. 

 

For the correct representation of the mineral reaction rates, the reaction parameters of different minerals need to 

be considered as the reaction rates can vary over orders of magnitude within a siliciclastic reservoir. [20] showed the 
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importance of heterogeneous mineral kinetics on reactive transport problems. A model is presented in this paper with 

implementation of the fluid/mineral boundary layer where kinetically controlled mineral dissolution and 

precipitation can occur. Realistic pore network geometries and 2-dimensional mineral distributions at lithological 

boundaries are derived from QEMSCAN® images and will be used to develop pore scale models. A representative 

fluid inflow velocity and composition is derived from the literature and model domain boundaries are kept open to 

allow fluid transport in all directions. The nature of mineral dissolution and precipitation will depend on the primary 

mineral composition.  

A reaction front migrating into the intraformational baffle and controlled by molecular diffusion is expected in 

case of intraformational baffles with very low permeability. Once the diffusion length is large enough, reactions 

become kinetically controlled and the system transitions into a steady state. CO2 enrichment in the brine typically 

reaches a concentration of 2% wt. as compared to a typical solubility of 4-5% [21]. In this paper an investigation of 

the effect of increasing CO2 solubility on the chemical reactions rates of the minerals in the porous media is 

investigated. For this purpose, the injection of brine with 2% and 5% wt. of CO2 at the top of a porous domain is 

simulated while solving for mineral reactions occuring in the system. Dissolution patterns arising due to using single 

mineral reactions or multi-mineral reactions have been studied by [22] and point to the importance of incorporating 

heterogeneous reaction kinetics for a proper representation of the chemical system. 

2. Methods 

2.1. Mineral distribution and pore-geometry from QEMSCAN® analysis 

In order to model the downward advection driven fingering of CO2-saturated brine a pore geometry with mineral 

spatial distribution at the micro-meter scale is required. This is acquired by QEMSCAN® (Quantitative analysis of 

minerals by scanning electron microscope) analysis; the basis of this analysis is a combination of SEM (scanning 

electron microscope) and EDS (energy dispersive X-ray spectrometer).  A plug from a sample taken at the CRC-3 

well site (CO2CRC Otway site) from a depth of 1551.25 m MD is cut, cleaned and polished. QEMSCAN® analysis 

was carried out using an FEI QEMSCAN 650F at the Australian National University. Spot measurements were 

taken with a beam energy of 15 kV and 3 nA and at a step resolution of 2 micrometres on samples of 1 x 1 cm.  

FEI’s proprietary software was used for controlling data acquisition and analysis. The use of this technology gives a 

high-resolution mineral map of a sample. The selected QEMSCAN® is taken from a sample which is on the 

boundary of the reservoir rock and the baffle. This is done to ensure that a natural transition is imaged in the sample 

as the rock transitions from a high to a low porosity and permeability zone. This transition can be clearly seen in the 

QEMSCAN® image below and this is the area of interest for this study.  

 

A smaller section from the QEMSCAN® is extracted measuring 900 x 900 µm. This sub-section is made up of 

the quartz-dominated reservoir rock in the upper part and the kaolinite-dominated baffle on the lower part of the 

sample with much lower hydraulic connectivity. The extracted sub-section is then used for segmentation of the solid 

phase and the pore space. The information of mineral boundaries for different minerals is also extracted out of the 

QEMSCAN® image for implementation of the mineral kinetics in the mathematical model.  

2.2. Mathematical model 

The Navier-Stokes equation is solved at pore scale to define the local velocity and pressure gradients in the 

geometry. At low Reynold’s number which is typically encountered in reservoirs, and under the assumption that the 

fluid in incompressible under the temperature and pressure used, this equation is simplified to the Stokes lubrication 

equation and defines creeping flow for a single-phase fluid in a porous media [23]  

2u p =  (1) 
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Here µ is the viscosity, u  is the pore velocity and p  is the pressure. The law of mass conservation for an 

incompressible fluid becomes 

u =   (2) 

The combination of the above two equations governs the incompressible flow of a Newtonian fluid though a 

porous media and give the velocity vector on each element node of the finite element mesh. The classic advection-

diffusion-reaction equation is used for solving a reactive transport [24]. Furthermore, when the concentrations in the 

pores are very low, the effect of those solute concentrations on the density and viscosity is negligible. So, the 

equation can be written in a more simplified form as [25]   

 

( ) ( )a
a a

c
c

t
u cD


 += − 


  

 

(3) 

Here u is the fluid velocity, ac  is the concentration of species a, D is the diffusion coefficient. Advection is 

accounted for by the first term on the right-hand side of the equation and is linked with the local velocity vector 

calculated using the Stoke’s equation. The diffusion and dispersion are accounted for using Fick’s law by the second 

term on the right-hand side of the equation. The boundary condition at the mineral/fluid surface are calculated 

according to the mineral kinetics equation elaborated below. The equations are solved on finite element mesh 

composed of the fluid pathways and the mineral boundary information as interpreted from the QEMSCAN® image. 

2.3. The geochemical model 

The composition of the formation water is taken from [26]. This water composition was equilibrated with the 

five primary minerals considered in this study namely quartz, muscovite, K-feldspar, albite and kaolinite to obtain a 

new water composition as reported in Table 1. The composition of the formation water and the injection water is the 

same, except for the enrichment in dissolved CO2 in the injection water. Injection Water 1 has an aqueous CO2 

concentration of 2 wt.% and Injection Water 2 has 5 wt.%. The dissolved CO2 decreases the pH of the injection 

water. The composition of the formation water and the injection water used in this study are listed in Table 1 below, 

all the values are reported in mol/kgw.   

Table 1. Composition of formation and injection water. 

Type CO2(aq) pH Al C Ca Cl Fe K Mg Na S Si 

Formation water 0.06% 6.95 1.03e-7 1.42e-2 9.25e-4 6.919e-1 1.22e-4 2.12e-4 1.28e-3 7.08e-1 1.71e-5 3.5e-4 

Injection water 1  2% wt. 4.67 1.03e-7 4.55e-1 9.25e-4 6.919e-1 1.22e-4 2.12e-4 1.28e-3 7.08e-1 1.71e-5 3.5e-4 

Injection water 2  5% wt. 4.08 1.03e-7 1.12e+0 9.25e-4 6.919e-1 1.22e-4 2.12e-4 1.28e-3 7.08e-1 1.71e-5 3.5e-4 

2.3.1. Mineral kinetics 

 

A rate equation defines the dissolution or precipitation reaction rate of a mineral by accounting for the water 

composition at the mineral-fluid interface. Palandri and Kharaka [27] in their work compiled parameters which fit to 

an Arrhenius type rate equation based on the Transition State Theory (TST) for over 70 minerals which included 

major silicates, carbonates and many other minerals. They obtained kinetic variables from their compilation of 

expirmental results reported in the literature. Kinetics of minerals become utmost important when studying reactions 

in natural systems, the kinetic variables complied by Palandri and Kharaka [27] will be used in this paper for 

implementation of the mineral rate equations. 

 

The mineral kinetics for the primary minerals is defined based on the following equation [27]:  

 
1 1

( ) ( )298 298.15 ][ [ ](1 ) ]i i

E

p qnR T K

i i

dm
SA k e a j

dt

−  − 
  = − −  

(4) 
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Here /dm dt  is the rate of the mineral in mol.s-1 , SA the surface area is  in m2,  is the log rate constant (log 

mol.m-2.s-1) computed from Arrhenius pre-exponential factor A (mol.m-2.s-1) and Arrhenius activation energy E (kJ 

mole-1) at 25°C and a pH = 0.  is the temperature (K), and  is the gas constant. Here Ω = Q/K is the saturation index 

of the mineral, Q is the ion activity product of the mineral and K is the equilibrium constant. n represents the 

reaction order with respect to the species, pi and qi in most cases are unity. 

 

      Table 2. Primary minerals and their reaction rate parameters.  

Minerals Neutral mechanism Acid Mechanism 

 log k E log k E n 

Quartz -13.34 90.1    

Kaolinite   -11.31 56.9 0.777 

Muscovite   -11.85 22.0 0.370 

K-feldspar   -10.06 51.7 0.500 

Albite   -10.16 65.0 0.457 

 

The thermodynamic stability of an aqueous system is characterised by the saturation index of the system with 

respect to any mineral. The value of the ion activity product of a mineral when compared to the solubility product, 

gives the state of saturation of the aqueous system with respect to the mineral. The equilibrium constant or the 

solubility constant for solid minerals, is highly temperature dependent. The log K of a mineral is defined at 25 °C in 

the llnl.dat database [28]. For the temperature correction of this value, either the Van’t Hoff expression or an 

analytical expression is used [29]. 

Table 3. Primary minerals dissociation reactions and log K at 60 °C. 

Minerals   Dissociation reaction                       log K at 60 °C 

Quartz  
2 2( )aqSiO SiO  -3.47E+00 

Kaolinite 3

2 2 5 4 2 2( ) 6 2 2 5Al Si O OH H Al SiO H O+ + ++ +  3.84E+00 

Muscovite 3

3 3 10 2 2 2( ) 10 3 3 6K OAl Si O OH H K Al SiO H+ + ++ + + +  8.83E+00 

K-feldspar 3

3 3 8 2 24 3 2KAl Si O H K Al SiO H O+ + + + ++ +  -9.60E-01 

Albite 3

3 8 2 24 2 3NaAlSi O H Al Na H O SiO+ + + ++ + +  1.57E+00 

 

For the surface reactions of each mineral in this study, the flux of the aqueous components leaching out due to 

dissolution is explicitly calculated using Equation 4. This equation calculates the local flux at the mineral surface 

according to the proton concentration of the surface and the kinetic parameters listed in Table 1. The coupling of the 

fluid flow and the geochemistry is done using iCP (interface COMSOL-PhreeqC) [30] which is a combination of 

two codes, the Multiphysics software COMSOL®  [31] and the geochemical code PhreeqC [32].   

3. Results and Discussion 

Two different injection waters with different concentrations of dissolved CO2 are used for the injection into the 

domain. The injection of the CO2-enriched brine with a low pH leads to dissolution of minerals in the siliciclastic 

rock sample. The low pH brine is injected from the top boundary of the domain and is allowed to flow outside at the 

left, right and bottom of the domain. The injection rate is set to 0.01 m yr-1, the rate is equal to the largest downward 

advection rate reported [21]. The injected fluid starts to move laterally when injected from the top boundary and 

exits the domain at the left or the right boundary of the pore space as the lower part of the domain has very low 

hydraulic connectivity. The local rate of reaction is calculated for each mineral and for the both injection scenarios 

with different levels of CO2 enrichement.                  
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Fig. 2 Velocity plot on the QEMSCAN® image 

The velocity plot on the QEMSCAN® image (fig. 2), clearly shows a more permeable and porous upper part of 

the image which is the reservoir rock and the less permeable and less porous lower part of the domain which is the 

intraformational baffle. The majority of the higher velocity pathways are congregated in the upper part of the 

domain and there are next to none high velocity channels in the lower part baffle in the domain. The velocity profile 

also shows that the majority of any fluid injected from the upper boundary of the pore space will travel laterally and 

go outwards at the left and the right boundaries instead of moving downward in the smaller pathways within the 

baffles. This leads to a lateral travelling of the CO2 plume which would not happen in a homogeneous reservoir 

where there are no obstructions to the fluid moving downwards. 

 

       Fig. 3: Quartz reaction rate               Fig. 4: Kaolinite reaction rate 
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The reaction rates for the primary minerals are calculated from the model. Using the pore scale model, local 

reaction rates can be calculated for the different minerals distributed in the QEMSCAN® image. For this purpose, 

one physical location is selected in the image for each mineral and the reaction rates derived from simulations using 

Injection Water 1 and Injection Water 2 (Table 1) are calculated. All mineral reaction rates are positive suggesting 

mineral dissolution except for quartz. In the latter case, the local reaction rate is negative. This implies the mineral is 

precipitating as the backward reaction (Table 3) becomes dominant. The reaction rate of Quartz (fig. 3) after 10 

years of injection is -5.72e-18 mol.m-2.s-1 for the 2% wt. CO2 injection water and -8.5e-18 mol.m-2.s-1 for the 5% wt. 

CO2 injection water. The reaction rate of kaolinite (fig. 4) after 10 years of injection is 1.39e-15 mol.m-2.s-1 for the 2% 

wt. CO2 injection water and 2.5e-15 mol.m-2.s-1 for the 5% wt. CO2 injection water. The reaction rate has doubled 

when comparing the two injection scenarios.    

 

                                           Fig. 5: Albite reaction rate                                          Fig. 6: K-feldspar reaction rate 

 

The reaction rate of albite (fig. 5) is calculated as 5.6e-13 mol.m-2.s-1 for the 2% wt. CO2 injection water and 8.9e-13  

mol.m-2.s-1 for the 5% wt. CO2 injection water. The calculated reaction rate of K-feldspar (fig. 6) after 10 years of 

injection is 1.3e-13 mol.m-2.s -1 for the 2% wt. CO2 injection water and 1.9e-13 mol.m-2.s-1 for the 5% wt. CO2 injection 

water. The reaction rate of muscovite (fig. 7) is next measured from the model as 9.8e-14 mol.m-2.s-1 for the 2% wt. 

CO2 injection water and 1.32e-13 mol.m-2.s-1 for the 5% wt. CO2 injection water.              

                                                                         

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                      

Fig. 7: Muscovite reaction rate 
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More dissolution is observed in the upper part of the domain, which is advection controlled whereas the lower 

part is diffusion controlled. The difference in dissolution is very little but still significant when looking at geological 

time scales. The formation water injected from the upper boundary is much higher in concentration as compared to 

the concentration of ions leaching out of the reactive minerals. The fluid also keeps getting replenished in the outer 

vicinity of the minerals. This means that there is always close to saturation fluid around the minerals as the injection 

fluid is flushing the domain. The low pH surrounding the minerals triggers the dissolution in kaolinite, albite, K-

feldspar and muscovite. As is observed from the graphs above, the lower pH injection fluid with a CO2 

concentration of 5% wt. leads to a higher reaction rate in all the four minerals. The minerals with higher reaction 

rates will dissolve first, and thus lead to a worm-holing effect due to the heterogeneous and uneven dissolution of 

the distributed minerals. The advection in the upper part of the domain and the diffusion in the lower part of the 

domain are the driving forces for distribution of the high concentration injection fluid throughout the domain. In the 

case of quartz, the saturation index is greater than 1 and the fluid is saturated with respect to quartz. This leads to a 

negative value of the reaction rate implying that precipitation occurs within the domain. Different ranges in reaction 

rates are observed for each of the minerals. Carbon mineralization by means of carbonate mineral precipitation is not 

predicted. This study highlights the importance of heterogeneous kinetics of minerals inclusion in the model for a 

true representation of the chemical system. 
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Abstract 

Current interest in the heterogeneity of storage sediment formations and cap rocks in CO2 storage sites is due to the recognition 
of the strong influence that their flow property variations have on flow rates and seal CO2 column holding capacity [7]. The 
problem requires a new unconventional approach for recognition of heterogeneity pattern description, and evaluation of its flow 
capacity control. Considering facies heterogeneity at a range of scales from  centimeter to meter, and then to km scale,  and trying 
to make a link across them brought us to an  idea that we should build up heterogeneity at each next scale using the variability of 
the smaller scales. Studied and discussed are problems such as criteria for facies definition and type of its heterogeneity pattern 
description, facies recognition from measured data and its change across the scales. The  characteristic heterogeneity patterns are 
seen as a blueprint for the sediment matrix permeability upscaling. A brief discussion of possible technics for obtaining of full 
permeability tensors from small scale permeability variations concludes this article. 
 
Keywords: Facies, classification, heterogeneity, connectivity, upscaling. 

1. Introduction 

Overall seal capacity depends on its internal lithological heterogeneity pattern and its impact on the permeability 
and capillary threshold pressure. This is true in particular of mud-reach sequences constituting the sealof CO2 
storage complexes. Existing massive geological and petrophysical databases show a wide spectrum of mud-rich 
sediment permeability values ranging from less than 1 nD up to 100s of microdarcy mD . Although those microplug 
permeaability values are very low from a production prospective, the effective permeability values at meter scale are 
much higher due to being imposed and controlled by seal internal lithologicaly heterogeneous but highly connected 
patterns of coarser seams. This is very important when considering sealing capacity and potential wettability changes 
that might easily compromise capillary sealing capacity over periods of tens to thousands of years [2], [3], [11], [12]. 
The permeability variations seals tend to be caused by varying proportions of sortable silt or sand which are readily 
observed already on the scale of a few centimeters. Depending on the 3D internal connectivity pattern the coarser 
seams form in the volume [6], they can change rapidly the of  seal holding capacity leading to essential  CO2 
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leakage. Coarser sediments connectivity patterns are indicated as texture, described as typical for a given 
sedimentological facies. Detecting of the facies categories variation on logs is of ultimate importance for 
understanding of seismic facies internal connectivity architecture which is an important factor for evaluation of seal 
quality. 

 
Nomenclature 

SOM - Self-Organizing Map 
ANN - Artificial Neural Network 

2. Background 

The lithological changes in fine-grained sediments are of primary importance to be detected and most importantly 
predicted at early stages of seal capacity evaluation of CO2 storage sites evaluation [10]. They are usually described 
by sedimentologists as variation of the coarseness of the sediments forming internal patterns, referred to as texture.  
The texture is assigned to and categorized as typical to facies sedimentological categories. The facies are compulsory 
defined in terms of their clay/sortable silt/sand ratio plus indication and definition of an internal pattern of primary 
and secondary dominating lithology 3D variation, e.g. laminated, bulky, homogeneous or sub-vertically continuing 
features, etc. Detection of the facies categories variation on logs is of primary importance to understand seismic 
facieses internal structure at smaller scale and their internal connectivity which is a viable factor for evaluation of 
seal and reservoir quality at different stages of their geological evolution [18]. 

 
Fig 1. Production of CO2, Injection and leakage are processes on different time scales, and require consideration 

of different  ranges and contrasts of permeability and Capillary Entry Pressure (CEP). They are controlled by 
lithology contrast at short distance. Both samples are just 16cm apart but the presence of bigger amount of coarse 
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silt in the second sample causes the mean pore throat radius to be 50 times bigger at burial depth 1.2 km. This 
change in effective pore radius when considered on long-time scale leads to negligible seal capacity.  

3. Main Aim 

Main aim of the current paper is to introduce a new methodology for mud-rich facies recognition from a 
minimized set of conventional logs and to estimate to what degree those log-scale variations of the mud-rich 
sediments could be coupled with recognisable seismic facies which usually reflect sequence stratigraphy units. Such 
integration of lab measurements, log facies scale and seismic facies (Fig.1) contributes to understand the mud-reach 
sequences property variation in 3D, with a sensitivity corresponding to the high resolution changes in the flow 
properties required for estimation of leakage risk. 

 
In spite of the number of methods for log facies interpretation of high-resolution image logs, the large volume of 

data from conventionally logged old wells remains important. The new methodology we propose will bring an 
additional improvement to seal facies knowledge and logging cost minimisation. This addresses a serious knowledge 
gap in the understanding and characterisation of the link between log facies, facies associations tied to depositional 
environment changes, and the internal architecture of seismic facies, indicating sequence stratigraphic units. We 
address this knowledge gap by offering a new ‘bridging technology’ linking characteristic heterogeneity patterns 
across scales, [1], [8]., 14] 

4.  The New Approach 

The main task was to establish and develop a methodology for seal facies recognition which is based on a 
minimum number of basic conventional logs and basic seismic data. A reason for that was the fact that in spite of 
existing number of methods for log facies interpretation from modern image logs.  There is still a big number of 

wells logged before the high-resolution image logging technology has been created [15], [18] and [4] and it would 
therefore be highly beneficial. Introducing of a basic log methodology brings an improvement to existing seal facies 
knowledge database. 
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Fig 2. Lithology based log and seismic data integration across scales – addressing the 'missing scale' issue. 
Methodology for recognition and comparison/integration of log scale facieses across the scales. (a) Extracted 
Hemipelagate Geobody(regional seal) which volume is analysed by complex attributes giving sa possibility to rank 
the volume with Seal Quality Index (b) Comparison of the log recognised facies variability with Seismic amplitude 
along a single well. (c) Comparison of the proportions of the log scale recognised facies with the seismic facies for 
seals and for reservoirs. There is a clear correspondence between the mud-rich facies proportions recognised on log 
and seismic scale. In our approach we adopted a simple principle – build up next scale from elements and 
generalization of the variability of the smaller scale. 

 
The proposed new methodology is based on a Self-Organizing Map (SOM) - Artificial Neural Network (ANN) 

approach. As a learning set and calibration data were used sedimentology defined definition facies categories 
intervals on the core intervals from wells drilled offshore before 1999. A careful true-depth correction of the core 
was made by performing core gamma-ray (COGR) – conventional gamma-ray (GR) logs fitting. Thus, an accuracy 
of a true depth shift correction of ~ 5 cm was achieved. The correction of core depth location is critical for the SOM 
ANN based recognition because it improves its learning part.  

Minimum and optimal log sets were established defined and their errors of recognition were established by 
comparison of recognised log facies with the core facies described on the log. Each mud-rich facies recognition on 
the log was compared with the core facies description and recognition errors were estimated.  

Similar to a methodology developed earlier for seal quality estimation based on volume seismic attributes [13] a 
multidimensional-regression analysis was performed for recognition of statistical parameters of log facies 
distributions like mean content and standard deviation describing log facies variations within seismic facies from 
seismic volume attributes.  The new approach is considered a good basis for definition of the vertical and horizontal 
proportion derivation  to be used for geostatistical modelling of 3D variations of seal lithology – a basis for vertical 
and horizontal leakage connectivity estimation. 

5. Result analysis and future work 

The SOM ANN based recognition of mud-reach facies from conventional logs described herein was established 
to be efficient when applied to a minimum log set of Gamma-Ray, Resistivity, Compaction Transit Time and Bulk 
Density logs. The methodology is proven to have recognisability of about 80% if the core description is from the 
same well and 60% in the best case scenario, down to 25% in the worst case scenario if core used for SOM ANN 
learning is applied to different well. 

An important finding is that in order to improve log facies recognition along non-cored offset wells using a core 
facies description and training set from a different cored well, one needs to go back to seismic traces closely tied to 
both wells and compare them. The best case scenario for recognition in case of offset wells, learning just from the 
core recovered from only of one of them, is to learn from a cored well, the  which vertical seismic trace is closest in 
terms of similarity to that of the non-cored well. Blind tests proved that using that approach could increase 
recognisability along non-cored wells up to 65%. 

A special test for studing of the impact of mud-rich facies compaction on the log facies recognition was 
performed using de-trending of sonic and bulk density logs. It was found that de-trending is diminishing natural non-
linearity of the learning data, and leads to worsening of the recognisability, resulting in a relative ‘coarsening’ of the 
interpreted facies compared to the original core facies. 

A multi-regression analysis was used on the seismic scale aiming to establish a link between seismic attributes ( 
p-wave impedance, sandiness, structural dip, and chaos) between each two visible reflections and the mean and 
standard deviation of the log facies distributions in the same interval. 

Results showed that there is a good correlation between a synthetic index (called also seal quality index) 
calculated from the mentioned attributes and the mean and standard deviations for the two end members of the mud-
rich log facies.  

The obtained result shows that there is a possibility to use the seal quality index not only to quantify the mud-
reach seals, but also to account indirectly for log-scale facies distributions elements assigning them backward to the 
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calculated seismic attributes. This approach allows integrating small- scale heterogeneities in the seal units into the 
leakage flow scenarios on stochastic level, i.e. to calculate the probability for leakage. 

As a general outcome of the applied methodology in this study, it could be suggested that if the variability of the 
permeability in the seal as a function of its lithology and the internal pattern of facies, is contrast enough to play an 
essential role for the leakage and patchy flow even on a small scale. That effectively means that even at a small 
length scale, when we consider flow on a geological time scale, we can reach quite distinct and contradictive results 
if we don’t consider the contrast of the flow properties defined by lithology difference at small scale [9]. 

Fig. 3 explains the basic idea of connectivity estimation based on spatial variability, starting from an old problem 
solution for finding the point of a layer wedging out between wells and its further generalizations suggest that we 
can describe variability and connectivity as complementary counterparts summing up to unity. It is clearly shown 
that degree of vertical variability is related to the lateral connectivity.  

 

 
Fig. 3 Spatial heterogeneity pattern in sediments – analysis, practical applications for obtaining continuity and 

generalization a). An old practical method to find lateral continuity (point of wedging out) of a layer based on layers 
vertical thickness variability in two wells. b). Generalization of relation between horizontal and vertical variabilities 
and continuities – difference in vertical variabilities at two different locations is proportional to the lateral 
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continuity of the sediment structure pattern. c). Clear trend difference in S Acoustic impedance for different 
percentages for two mud-rich facies – Hemipelagates and Debris Flow. They could be distinguished using the 
attributes except when presented in similar quantities. d). 3D semi-variogram model represents the local 
connectivity in the 3D ellipsoid volume domain. It could be seen as a further generalization using local correlation 
of the cell permeability as a proxy to derive permeability tensor counting about permeability. 

 
The 3D covariance/variance ellipsoid derived from the small scale permeability distribution (Fig. 3d) is a key to 

permeability (/property) upscaling. Its potential is even greater – one can create from small scale point permeability 
distribution a permeability tensor in a certain volume of interest. By overlapping the boundary regions of the 
volumes of interest we can assure connectivity of the permeability tensors in two next volumes of interest. 
Preserving the permeability tensor connectivity\continuity makes property upscaling a standard procedure 
predictable on any scale, provided we can reliably describe stochastically the permeability variation on the small 
scale. 

 
Fig. 4 Otway CO2 Storage model built up using the new approach. a) Facies Mode.  Facies Legend Description: 
Mdst- Mudstone; Shale; SstHrc – Sandstone Heterolitic; SstMla – Sandstone mud laminated; SstStrless – Sandstone 
Structurless. B) Permeability model constructed using the new approach for small scale heterogeneity 
implementation. 
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The methodology described above was successfully applied for building up a new alternative and more realistic sub-
seismic resolution (9 x 9 x1 m) model of Otway CO2 Storage in Victoria, Australia (Fig. 4). The model showed a 
more precise spatial connectivity which improved predictive flow simulation s and history matching simulations. It 
was proven that the new methodology could be also successfully applied for building up locally refined in terms of 
properties reservoir models at sub-seismic resolution. The model is currently used for CO2 migration flow paths 
simulation. 
 

6. Conclusions 

Proposed methodology contributes to the improvement of the integration of lithologcal variability into models of 
CO2 storage complexes, and dependable flow parameters at a range of different length scales. The information from 
SCAL lab analysis on samples could be easily assigned to the lithological facies recognized on the logs, and 
subsequently assigned as stochastic attribute parameters to the seismic attributes. 

It was established that the combination of a minimal number of four conventional logs having sufficient 
sensitivity to the changes in the properties of the mud-rich sediments, they could be reliably determined with 
accuracy of 80% or higher at partly cored wells and with accuracy of 65% at offset wells. A preliminary study of 
stacked vertical seismic profiles is needed when interpreting the log facieses along non-cored offset wells. In this 
case, the calibration cored well have to be chosen using criteria of highest similarity of the closest vertical seismic 
trace.  

It was clearly established that in mud-rich facies recognition the usage  of de-trending of sonic and density logs is 
non-aplicable, and leads to lower quality of recognition. Usage of spectral gamma-ray logs like uranium and thorium 
content leads to coarsening of the interpreted facies. The potassium log could be useful for recognition of fine-
grained facieses. 

It was shown that the key to consistent upscaling of the heterogeneous sediment properties is in relation of the 
seismic attributes to the stochastic parameters of small scale properties spatial distribution. 
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Abstract 

 

A lithologically heterogeneous reservoir contains low-porosity and -permeability flow barriers known as intraformational baffles, 

which impede the buoyancy-controlled flow of CO2 rising towards the surface. The contrast in petrophysical and flow properties, such 

as porosity, permeability and capillary entry pressure between baffles and reservoir rocks forces CO2 to accumulate underneath the 

baffle, which in turn increases the buoyancy pressure [1] and the CO2 saturation at the baffle-reservoir rock contact. Ultimately, the 

CO2 saturation at the baffle-reservoir contact builds up to a maximum critical value where the buoyancy pressure becomes equal to the 

capillary entry pressure and CO2 migrates into the baffle. In a lithologically heterogeneous reservoir, the range in the petrophysical and 

flow properties of the baffle and reservoir rock determine the degree of maximum CO2 saturation at the time of CO2 entry into the 

baffle. It is important to determine the range in maximum CO2 saturation values as it determines the volume of CO2 trapped underneath 

the baffle before entry takes place. In this study, lithological heterogeneity has been characterized at sub-meter scale in terms of five 

rock type classes: Coarse Sandstone, Fine Sandstone, Siltstone, Mudstone and Carbonated Sandstone based on field data obtained from 

the CO2CRC Otway site. 216 multi-phase transport model realizations have been built to simulate the entry of supercritical CO2 into 

the baffles using a range of realistic petrophysical and flow properties. The former two rock type classes are implemented as reservoir 

rocks while the latter three as baffles in the various model realizations. The results from simulations help determining relations between 

the range in maximum CO2 saturation at the baffle-reservoir rock contact at the time of entry and the range in petrophysical and flow 

properties for the different combinations of rock type classes. Using the degree of maximum CO2 saturation at the baffle-resevoir 

contact rather than using CO2 column height allows to account for the variation in CO2 saturation distribution within the column height. 

This study determines the threshold conditions of CO2 entry into an intraformational baffle and quantifies the maximum residually 

trapped CO2 below the baffle by accounting for the heterogeneity in petrophysical and flow properties. 

 
Keywords: CO2 sequestration; rock types; buoyancy driven CO2 entry; capillary entry pressure; intraformational baffle; 

TOUGHREACT 

 

 

 

1.   Introduction 

Carbon Capture and Storage (CCS) is deemed to be one effective technology mitigating global warming. As part of this 

scheme, CO2 is injected into a geological reservoir where it is permanently stored via different trapping mechanisms. The 

lithology of CO2 storage reservoirs is inherently heterogeneous. Reservoir heterogeneity can be characterised based on 

properties and scale of interest. In this study, we address heterogeneity in terms of flow properties like porosity, 

permeability and capillary entry pressure, at sub-meter scale. Lithologically heterogeneous reservoirs contain flow 

barriers, also referred to intraformational baffles, where layers with a low-porosity and -permeability are interbedded 

 
*Corresponding author. Tel.: +61 481211036 

  e-mail address: achyutm@student.unimelb.edu.au 



 2 

within high-porosity and -permeability reservoir rocks. The baffles impede the flow of CO2 rising under the force of 

buoyancy in a carbon storage reservoir and hence effect residual trapping. As CO2 reaches the baffle-reservoir rock 

contact, it starts accumulating at the baffle-reservoir contact due to the higher capillary entry pressure of the baffle. The 

column height and the volume of CO2 accumulated underneath the baffle over time increases. This, in turn, increases the 

buoyancy pressure and the CO2 saturation at the interface of the two lithological units. Once the saturation amount at the 

interface reaches a maximum critical value, the buoyancy pressure of CO2 exceeds the entry pressure characteristic of the 

baffle and CO2 migrates into the intraformational baffle. The maximum critical saturation value corresponding to 

conditions of entry depends primarily on the capillary entry pressure characteristic of the baffle, while other petrophysical 

and flow properties play a minor role as well.  

 

But lithological heterogeneity, especially at sub-meter scale, is often greatly under-represented in reservoir models 

because of a lack of required data and given the need to keep the run-time of the 3D reservoir simulations manageable. 

Consequently, the influence of sub-meter scale lithological heterogeneity on physical and chemical processes is typically 

not accounted for in dynamic simulations. However, baffles greatly influence the migration and trapping of CO2. There 

could be a gross underestimation of the trapping capacity of a storage reservoir with abundant intraformational baffles at 

sub-metre scale. Hence a realistic representation of lithological heterogeneity in geological models used for dynamic fluid 

flow and trapping studies is critically important.  

 

This study investigates the variation in the Maximum Critical CO2 Saturation at the baffle-reservoir Interface at the time 

of CO2 Entry (henceforth referred to as SMCIE) and the maximum amount of CO2 that can be residually trapped underneath 

the baffle before entry with the variation in different petrophysical and flow properties of the two lithological units at sub-

metre scale. For this purpose, a realistic representation of lithological heterogeneity is used in the study using field data 

from the CO2CRC Otway site. Heterogeneity is implemented in terms of five rock type classes: Coarse Sandstone, Fine 

Sandstone, Siltstone, Mudstone and Carbonated Sandstone. CO2 migration and the conditions of CO2 entry into the baffle 

were simulated in TOUGH2 using 216 model realizations. Such a large number of realizations covers the entire spectrum 

of heterogeneity in petrophysical and flow properties and is expected to lead to a representative range in SMCIE and the 

maximum amount of residually trapped CO2.  Previous studies [1] have presented the threshold CO2 column height at 

entry without reporting the variation in CO2 saturation within the column [for example, 1]. Here, we study the role of sub-

metre scale lithological heterogeneity on CO2 saturation at the baffle-reservoir rock interface. We speculate the same 

critical CO2 column height may have variable saturation distributions, and hence variable residual CO2 volumes at the 

time of CO2 migration into the baffle.  

 

The presented work is carried out as part of the GeoCquest project investigating CO2 migration and trapping in open 

aquifers and specifically addressing the role of geological heterogeneity. The Paaratte Formation (Otway Basin, Australia) 

at the CO2CRC Otway site is chosen as a case study. 

 

2.   Methods and Materials 

The buoyancy driven entry of CO2 into the baffle is illustrated in Figure 1. As the injected CO2 rises by buoyancy, it 

builds up as a plume underneath the baffle in the reservoir rock. SMCIE is observed at the baffle-reservoir rock contact and 

the total amount of CO2 accumulated underneath the baffle can be estimated from the residual gas saturation of the 

discretized cells. SMCIE is located above the point corresponding to the maximum plume height (hmax) in the reservoir rock. 

In order to determine the impact of physical heterogeneity on SMCIE, multi-phase transport models were built in TOUGH2. 

The dimension of each model was 30m (h) x 1m (w) x 0.1m (l) while the grid cells measured 0.1m x 0.1m x 0.1m. Such 

a grid cell size allows to implement the heterogeneity in petrophysical and flow properties at sub-meter scale. The baffle 

forms the top 0.5m of the model while the remaining 29.5m of depth is composed of reservoir rock. Supercritical CO2 is 
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injected from the base of the model at a rate of 1 kg sec-1 m-2 for a duration of 1 hour. CO2 is then allowed to rise under 

buoyancy through the layer of reservoir rock.  

Figure 1: Conceptual figure illustrating the buoyancy driven entry of CO2 into the baffle. 

 

The study makes use of the existing porosity, permeability and capillary entry pressure data available from CO2CRC 

Otway reports [2,3,4]. Relative permeability-saturation curves and capillary pressure-saturation curves for both 

lithologies were implemented using the van-Genuchten model. As the data for both the curves was not available, suitable 

values for different van-Genuchten parameters have been chosen (Table 1). 

 

Table 1: Chosen values of irreducible water saturation (Sw (irr)) , reducible gas saturation (Sg (r)) and empirical exponent (m) for the 

van Genuchten relative permeability-saturation and capillary pressure-saturation curves in the two layers of the model realizations. 

Model Layer Sw (irr) Sg (r) m 

Baffle 0.214 0.378 0.4 

Reservoir 0.104 0.27 0.6 

 

The porosity, permeability and capillary entry pressure data has been used to characterize the entire spectrum of lithology 

in terms of five rock type classes, namely Coarse Sandstone, Fine Sandstone, Siltstone, Mudstone and Carbonated 

Sandstone (Table 2). These rock type classes have also been constrained in terms of their mineral composition and grain  

size distribution using hyperspectral analysis performed on a 100m core section from the site and QEMSCAN analysis 

performed on 30 discrete core samples. Since the scope of the current study is limited to flow modelling, the chemical 

aspect of different rock type classes has not been used in this work. 

 

Table 2: The five rock type classes along with the criteria of flow properties, mineral compositions and grain size distribution used to 

define them. Carbonate mineral % has been derived from hyperspectral analysis while clay mineral % and modal grain size class have 

been derived from QEMSCAN analysis. The range of capillary entry pressures for the respective rock types has been taken from the 

CO2CRC reports [2,3].  

Rock type name 
Porosity 

range 

Permeability 

range 

(mD) 

Carbonate 

mineral 

proportion 

range 

(%) 

Clay 

mineral 

proportion 

range 

(%) 

 

Modal grain 

size class (mm) 

 

Capillary 

entry 

pressure 

range 

(Pa) 

Coarse Sandstone >0.25 >1000 <5 5-20 0.40-0.45 100-1000 

Fine Sandstone >0.25 100-1000 <5 10-30 0.08-0.09 100-1000 

Siltstone <0.25 10-100 <5 25-60 <0.01 1000-10000 

Mudstone <0.25 <10 <5 40-60 <0.01 1000-10000 

Carbonated Sandstone <0.25 1-500 >5 <10 0.07-0.08 10000-150000 
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Table 3: Implemented values of the three petrophysical properties of interest in the 216 model realizations.  

Rock type 

class 

Implemented 

as 

Capillary entry pressure 

 (Pa) 

Permeability 

(mD) 

Porosity 

(fraction) 

Coarse Sandstone Reservoir 100, 400, 700, 1000 1000, 3000, 7000 0.26, 0.30, 0.35 

Fine Sandstone Reservoir 100, 400, 700, 1000 100, 500, 1000 0.26, 0.30, 0.35 

Siltstone Baffle 1000, 4000, 7000, 10000 10, 50, 100 0.10, 0.15, 0.25 

Mudstone Baffle 1000, 4000, 7000, 10000 1, 5, 10 0.10, 0.15, 0.25 

Carbonated Sandstone Baffle 20000, 50000, 100000, 150000 1, 5, 10 0.10, 0.15, 0.25 

 

Coarse Sandstone and Fine Sandstone have been selected to represent the reservoir rock layer while the remaining three  

rock types have been used as the baffle layer in the model. Based on this approach, 6 pairs of baffle-reservoir layer 

combinations were implemented with one rock type serving as baffle and the other serving as reservoir rock (Table 3). 

For each pair, 36 realizations were generated by systematically varying the three properties within their respective ranges 

(Table 3). Multi-phase transport simulations were then run for a simulation period of 5 years as CO2 enters the baffle 

within this time period under the given injection rate. 

 

3.   Results and Discussion 

The results of 216 simulations can be broadly classified into two scenarios: 1. CO2 is able to enter the baffle and 2. CO2 

does not enter the baffle and the supercritical CO2 remains accumulated underneath the baffle. The former scenario 

comprises of 92 simulations while the latter scenario comprises of 100 simulations. The remaining 24 simulations were 

unsuccessful; the simulations did not converge due to permeability values being very low. The cases where CO2 enters 

into the baffle show a range of SMCIE values varying between 50%-80%. On the contrary, the cases where CO2 is not able 

to enter the baffles show a final saturation value of 83.2%. The latter cases were run for a simulation period of 500 years 

to confirm that CO2 does not migrate into the baffles after the simulation period of 5 years. For these models, the final 

saturation value of 83.2% is achieved between 5-10 years of simulation period and stays constant thereafter until at least 

500 years of simulation period with no CO2 entering into the baffle. Entry of CO2 into baffle in these cases was not tested 

beyond a simulation period of 500 years. These cases mostly comprise baffles consisting of Siltstone and Mudstone rock 

types with capillary entry pressure values between 7-10 kPa and of Carbonated Sandstone due to their capillary entry 

pressure of 20 kPa and higher. Figures 2 and 3 shows a representative case from both the categories. 
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Figure 2: Simulation results at different time steps for a model with Siltstone baffle (capillary entry pressure=4000 Pa; 

permeability=100 mD; porosity=0.10) and Coarse Sandstone reservoir rock (capillary entry pressure=400 Pa; permeability 7000 mD; 

porosity=0.26). Each figure shows the model setup with the plume of CO2 rising up under buoyancy on the left and the Gas Saturation 

(SG) value legend on the right. Time step values are: (a) t=10 sec; (b) t=1 hr; (c) t=27 hrs; (d) t=49hrs after simulation. CO2 is able to 

just enter into the baffle in figure (c) with SMCIE being 70.54%. Figure (d) shows more CO2 entering into the baffle sometime after the 

first entry is observed. 

 

 
Figure 3: Simulation results at different time steps for a model with Siltstone baffle (capillary entry pressure=10000 Pa; 

permeability=100 mD; porosity=0.25) and Coarse Sandstone reservoir rock (capillary entry pressure=100 Pa; permeability 7000 mD; 

porosity=0.35). Each figure shows the model setup with the plume of CO2 rising up under buoyancy on the left and the Gas Saturation 

(SG) value legend on the right. Time step values are: (a) t=10 sec; (b) t=1 hr; (c) t=55 hrs; (d) t=5 yrs after simulation. CO2 is not able 

to enter into the baffle in this case with final CO2 saturation = 83.21% in the layer just underneath the baffle.  

 



 6 

Simulated SMCIE values were plotted against the baffle entry pressure for the cases where CO2 enters the baffle (Figure 

4). From Figure 4, we see that there is spread in SMCIE values for each value of baffle entry pressure. This spread is a result 

of heterogeneity in the other properties (porosity, permeability and capillary entry pressure of the reservoir rock). 

Therefore, an accurate estimation of seal capacity should account for the heterogeneity in flow properties at sub-meter 

scales and not be restricted to the column height below the baffle or the baffle’s entry pressure. Simulated SMCIE values 

achieve a threshold of 83.2% for baffle entry pressure in excess of 20 kPa. 

The next step was to quantify the effect of sub-meter scale heterogeneity on SMCIE. For this purpose, a parameter called 

heterogeneity factor (HF) is defined for the petrophysical and flow properties implemented in the model. The 

heterogeneity factor is a dimensionless number that provides a simple way of quantifying the extent of heterogeneity in 

the respective property. For porosity, the Heterogeneity Factor, HFϕ, is defined as the ratio of porosity of the reservoir 

rock (ϕr) to the porosity of the baffle (ϕb). The Heterogeneity Factor in permeability, HFk, is defined as the natural 

logarithm of the ratio of reservoir permeability (kr) to baffle permeability (kb). For capillary entry pressure, the 

Heterogeneity Factor, HFPe, is defined as the ratio of the natural logarithm of reservoir entry pressure (Per) to the natural 

logarithm of baffle entry pressure (Peb).  

 

 

Figure 4: SMCIE values at entry plotted against the capillary entry pressure of the baffle for the cases where CO2 is able to enter the 

baffle . The exponential best fit line gives R2 value of 0.22. The spread around the best fit line is the result of lithological heterogeneity 

in porosity, permeability and reservoir entry pressure. SMCIE values achieve a threshold of 83.2% for baffle entry pressure in excess of 

20 kPa. 

 

Hence, 

HFϕ = ϕr/ϕb………………….……………………………………………(i)        

HFk = ln(kr/kb)…………………………………………………………..(ii) 

HFPe = ln(Per)/ln(Peb)………………………………………….……….(iii) 

 

For a homogeneous reservoir, heterogeneity factor equals 1. The more the heterogeneity, the more is the deviation of 

heterogeneity factor from unity. For the Otway data, HFϕ varies between 1 and 3.5; HFk varies between 1 and 8.85; and 

HFPe varies between 0.39 and 1. HFPe values between 0.39-0.70 correspond to a baffle composed of Carbonated Sandstone 

rock type for which CO2 has not been observed to enter the baffle. Hence, the  range in given heterogeneity factors covers 

the entire spectrum of heterogeneity for both the outcome scenarios: where CO2 enters the baffle as well as where CO2 is 

not able to enter the baffle (refer section 3). 

 

A simple linear multivariable regression analysis was performed on the simulation results to derive an upscaling law 

between SMCIE and the three heterogeneity factors as defined above. The equation is as follows: 

 

SMCIE = -0.039 HFϕ - 0.018 HFk + 1.219 HFPe + 0.024…………………………..…………..(iv) 
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The standard error for the above law is 3.9%. The upscaling law is valid only for the cases where CO2 enters the baffle 

(i.e Peb < 10 kPa or HFPe > 0.7). For cases where CO2 does not enter the baffle (i.e Peb > 10 kPa or 0.39<HFPe<0.7), SMCIE 

achieves a threshold value of 83.2% irrespective of heterogeneity in porosity and permeability.  

 

The above relationship allows for direct calculation of conditions under which supercritical CO2 enters into the baffle in 

terms of measured heterogeneity in petrophysical and flow properties of the reservoir and the baffle. SMCIE values 

simulated from model realizations were compared to the SMCIE values predicted by the multivariable regression equation 

(Figure 5). The SMCIE values vary between 68-76% for the range of HFϕ values observed for the CO2CRC Otway site data 

(Figure 5a). The SMCIE values decrease with increase in heterogeneity in terms of porosity. Similarly, the SMCIE values 

decrease with increase in heterogeneity in terms of permeability with the values varying between 69-80% for the range 

of HFk values observed for the CO2CRC Otway site dataset (Figure 5b). The SMCIE values show a decreasing trend with 

an increase in the heterogeneity in terms of capillary entry pressures with the variation being 39-100% for the range of 

HFPe values observed for the CO2CRC Otway site dataset (Figure 5c). It is seen that the range in SMCIE is the largest for 

variation in heterogeneity in terms of the capillary entry pressure of the baffle compared to heterogeneity in terms of 

porosity and permeability. This means that heterogeneity in the capillary entry pressure dominantly controls the entry of 

CO2 into the baffles compared to heterogeneity in porosity and permeability. Specifically, the effect of heterogeneity in 

flow properties on CO2 entry into the baffles makes up 10%. The SMCIE values from simulation results closely match with 

those predicted by equation (iv). The observed difference is due to the error associated with regression. 

 

 
Figure 5: Relationship between SMCIE and heterogeneity factors in (a) porosity; (b) permeability; (c) capillary entry pressure. The trend 

in blue represents the SMCIE values obtained from flow simulations while the trend in red represents the SMCIE values as predicted by 

the multivariable regression equation (iv). Heterogeneity in respective properties increases with the deviation in heterogeneity factor 

from unity.  

 

The upscaling law (iv) allows calculating the volume of residually trapped CO2 at the reservoir scale. For this purpose, 

the upscaling law can be modified to calculate entry pressure of the baffle (Peb) as follows: 
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 ………………………………..(v) 

  

At the time of entry, the capillary entry pressure of the baffle (Peb) becomes equal to the buoyancy pressure (Pbu), which 

can be expressed in terms of CO2 column height (h) [1] as: 

 

      Peb = Pbu = ρgh …………………………………………………(vi) 

 

where ρ is the density of supercritical CO2 while g is acceleration due to gravity. For the given reservoir pressure 

temperature conditions, ρ is 0.6041 g.cm-3 [5] and g is taken to be 9.81 m.sec-2. 

 

From Figure 1, SMCIE corresponds to the maximum height of CO2 plume (hmax). Hence, by combining equation (v) and 

(vi), we get: 

    ………………………(vii) 

 

Equation (vii) allows for the incorporation of heterogeneity in petrophysical and flow properties in the expression for CO2 

column height. The upscaling law (vii) can be used to calculate the maximum volume of residually trapped CO2 prior to 

entry underneath a baffle at reservoir scale. From Figure 1, for a simplistic pyramid shaped plume in 3D (equivalently a 

triangular shaped plume in 2D) trapped underneath a planar regional seal with cross-sectional length and width being lseal 

and wseal respectively, the regional seal capacity can be calculated as: 

 

Regional Seal Capacity =0.33 x lseal x wseal x hmax …………………..….(viii) 

 

For the given data, regional seal capacity varies between 70-2204 kTons. Using equations (vii) and (viii), it is possible to 

express regional baffle capacity in terms of heterogeneity in porosity, permeability and capillary entry pressure. It should 

be noted that equation (viii) is valid only for the scenario where CO2 enters the baffle (i.e Peb < 10 kPa or HFPe > 0.7). 

For this scenario, the regional seal capacity was calculated for a seal of cross sectional dimension 1km (l) x 1 km (w). 

The impact of heterogeneity on calculated regional baffle capacity was then studied (Figure 6). 
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Figure 6: Relationship between regional seal capacity and (a) heterogeneity factors in porosity; (b) heterogeneity factors in 

permeability; (c) capillary entry pressure of the baffle. The regional seal capacity increases with increase in heterogeneity in 

petrophysical and flow properties.  

 

From Figure 6, we see that the regional baffle capacity increases with increase in the heterogeneity factors associated 

with the flow properties. Higher capillary entry pressure of baffle accounts for the maximum range in regional seal 

capacity compared to heterogeneity in flow properties which account for nearly 25% of the range in regional seal capacity. 

Hence, it is important to account for sub-metre scale lithological heterogeneity to better estimate the volume of residually 

trapped CO2 underneath a regional seal before CO2 enters the seal. The amount of residual CO2 trapped before entry is 

higher if the seal has higher capillary entry pressure and the seal-reservoir rock are characterized higher heterogeneity in 

flow properties. If the volume of CO2 in the reservoir rock is less than the regional seal capacity, then CO2 is expected to 

be trapped underneath the seal. On the contrary, if the volume of CO2 in the reservoir rock is more than the regional seal 

capacity, then CO2 will eventually migrate into the seal where it is expected to undergo mineral trapping via reactions 

with clay mineral rich in Fe, Mg and Ca ions.  

 

4.   Conclusion 

There is a clear impact of sub-meter scale lithological heterogeneity on the degree and the distribution of CO2 saturation 

and the respective maximum volume of CO2 that can be trapped in reservoir rocks below intraformational baffles. The 

maximum CO2 saturation at the top of the reservoir rock below the baffle at the time of CO2 entry (SMCIE) is derived for 

a large number of scenarios and chosen as a threshold value. If the accumulated volume of CO2 does not exceed the SMCIE 

value, the CO2 is trapped underneath the baffle. There is no entry of CO2 into the baffle in case the baffle is composed of 

rock types with capillary entry pressure in excess of 10 kPa. The derived upscaling law provides a direct way of estimating 

the SMCIE threshold based on the quantified values of heterogeneity in petrophysical and flow properties. The estimates 

can further be improved by using experimentally determined relative permeability-saturation and capillary pressure-

saturation curves. From the results, a heterogeneous reservoir is expected to trap a greater volume of residual CO2 as 

compared to a homogeneous reservoir. The estimates show that for better estimating residually trapped CO2, it is 

important to incorporate heterogeneity in flow properties in addition to the baffle entry pressure. The presented estimates 

of regional seal capacity can further be improved by accounting for more realistic geometries of CO2 plume and regional 

seal. 
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Abstract 

A high-resolution sector model of The South West Hub CO2 storage reservoir was built to honor the lithological heterogeneity 
observed in data from the Harvey-1 well. The model domain has the Harvey-1 well at its centre and specifically covers the 
stratigraphic boundary between the lithologically relatively homogeneous Wonnerup Member and the more heterogeneous 
Yalgorup Member. The model dimension is 1000 (I-) x 1000 (J-) x 200 (Z-direction) meters and has a regular grid cell size of 5 
(I-) x 5 (J-) x 0.5 (Z-direction) meters. The previous rock type classification and the characterization of rock type properties were 
improved through the analysis of grain size and quantitative mineral composition using QEMSCANTM images. The sequence of 
rock types in the Harvey-1 well were derived at sub-meter scale using wireline log data in combination with rock types derived 
from discrete samples.  The high resolution grid cells of the model allowed a better representation of geobody shapes such as 
fluvial channels and their connectivity. The geological model will later be used in multiphase flow simulations to better 
understand the impact of lithological heterogeneity representation in geological models on CO2 migration and trapping. 
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1.  Introduction 

Carbon capture and storage (CCS) is a climate change mitigation technology in which carbon dioxide (CO2) is 

captured at stationary CO2 sources and stored in deep geological formations. In 2007, the Western Australian 

Department of Mines and Petroleum commenced investigations to find an appropriate carbon sequestration site to 

mitigate greenhouse gas emissions sourced from large industrial areas near Perth [1].  After two years of regional 

investigation, it was concluded that a section of the Harvey Ridge within the southern end of The Perth Basin was 

the most suitable carbon storage site in the area. With this site in focus, The South West Hub Project was 

established. The area was attractive due to favourable geological conditions for carbon storage and proximity to 

major industrial areas [2]. The South West Hub Project is envisaged to sequester up to 6 million tonnes of CO2 per 

annum over a 40-year period, thereby preventing up to 240Mt of CO2 being emitted to the atmosphere [3]. The 

Kwinana Industrial Region near The South West Hub is a major source of greenhouse gas emissions with an 

estimated 10 million tonnes of CO2 produced each year [4]. Including the Kwinana Industrial Region, the South 

West Hub sequestration site is an epicentre for several other industrial plants that are collectively responsible for 

millions of tonnes of emitted CO2 annually. Containment of CO2 at The South West Hub is unconventional, relying 

on intraformational baffle sealing system, residual trapping and dissolution trapping as opposed to conventional 

geological storage reservoirs which primarily rely on structural trapping [2, 5]. Intraformational low permeability 

baffles promote a degree of tortuosity to the CO2 plume, thereby causing the CO2 to come into contact with a larger 
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reservoir rock and formation water volume and hence contribute to a larger degree of residual, dissolution and 

mineral trapping [6, 7, 8, 9].  

2.  Background 

2.1.  Regional Geology 

The sequestration site of interest lies within the Harvey Ridge, which in turn lies within the southern part of the 

Perth Basin. The Perth Basin is a north-south elongate extensional sedimentary basin that stretches across the 

southwestern margin of Australia [2]. It is approximately 1000km long and, on average, 120km wide. The Perth 

Basin consists of a series of north-south trending sub-basin grabens compartmentalized by faults and ridges [11, 12, 

13]. Its stratigraphy and structure is the result of two major rifting phases accompanied by subsequent post-rift sag 

phases, with extensive faulting and fluvial-dominated sedimentation [10, 14].  

2.2.  The Lesueur Sandstone 

The Lesueur Sandstone is the geological strata targeted for the sequestration of CO2 for the South West Hub 

Project, predicted to be capable of containing up to 240 million tonnes of carbon dioxide [3]. The Lesueur Sandstone 

is a Middle-Late Triassic fluvial sandstone which is divided into two members: the upper Yalgorup Member and 

lower Wonnerup Member. At Harvey-1 well site, the Yalgorup Member is approximately 700m thick and the 

Wonnerup Member is approximately 1600m thick [5]. Nine depositional facies including channel fill sands of 

varying energy, paleosol sediments and overbank mudstones have been defined by Delle Piane et al [5] to represent 

the braided and meandering fluvial depositional environment.  

 

 

Fig 1: Conceptual model of the depositional environment and facies of The Lesueur Sandstone [5] 
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2.3.  The Yalgorup Member 

The Yalgorup Member is the highly heterogeneous upper member of the Lesueur Sandstone and is comprised of 

thick floodplain paleosols interbedded with channel fill sands and mudstone intervals [5]. The unit transitions into 

being sandstone-dominated closer to the surface. With a high amount of low permeability layers, it is expected to act 

as the sealing formation. Sandstone layers show good porosity (around 20%) for CO2 storage and paleosol and 

mudstone intervals show good sealing qualities (permeabilities typically <1mD) [5]. 

2.4.  The Wonnerup Member 

The Wonnerup Member is the lower member of the Lesueur Sandstone and is comprised of thick, largely 

continuous sandstone packages with minor paleosols and mudstone. With an appropriate porosity and permeability 

for CO2 storage, it will act as the reservoir rock for the carbon storage system [5, 11]. Good sequestration reservoir 

qualities are recorded in the Wonnerup Member, with porosities and permeabilities typically ranging from 25 - 20% 

and >100mD, respectively, although these values decrease towards the base of the Wonnerup Member [5]. 

2.5.  Previous Work 

217m of core was recovered from the almost 3km deep Harvey-1 well. Mineralogical and petrophysical core 

analysis has been conducted on discrete samples by Delle Piane et al. [5]. Polished thin sections were made from 27 

core samples. Offcuts of 28 core plugs were submitted for quantitative phase analysis by X-ray diffraction (XRD). 

Sampling was heavily biased towards coherent sandstone intervals because the integrity of siltstones and mudstones 

rocks was unlikely to be cohesive enough for analysis. A total of 90 core plugs were submitted for Helium porosity 

and permeability measurements. A detailed report containing the results of these tests can be found in Delle Piane et 

al [5].  

Full-field 3D geological stochastic models of the South West Hub area have been built to establish the suitability 

of the Harvey structure to act as a CO2 storage formation. The models integrate a collection of input data, including 

wireline logs and core analysis from one deep well, Harvey-1, which penetrates the entire Lesueur Sandstone 

sequence, and three shallow wells, which partly penetrate into the lower Wonnerup Member of the Lesueur 

Sandstone. Wireline data from the four wells has been integrated into the model, as well as 2D and 3D seismic data, 

which cover the entire study area. The geological model of the South West Hub area was constructed with cells of 

25x25m in the I- and J-directions and a vertical resolution of 1m. Using a sector model, properties were upscaled to 

a resolution of 250x250m in the I- and J-directions and a vertical resolution of 1m and 4m in the Yalgorup Member 

and Wonnerup Member, respectively. The facies used in the modelling process was based on the core facies but 

simplified into three main facies groups: high and low energy fluvial, paleosols, and e overbank deposits.  

3.  Methods 

3.1.  QEMSCANTM  

QEMSCANTM (Quantitative Evaluation of Minerals by Scanning Electron Microscopy) is a technology capable 

of quantitative mineralogical and petrophysical (total grain size and mineral specific grain size distributions, 

porosity) analysis based on ~1x1cm discrete geological samples [15]. It uses scanning electron microscopy to 

identify sample mineralogy. 30 core plug samples were selected from Harvey-1 at the Perth Core Library, 20 of 

which were made into polished thin-sections for QEMSCANTM analysis. The selection of samples was based 

primarily on facies but was limited by the integrity of the rock. Many samples from facies D (paleosols), in 

particular, proved too friable to make thin-sections out of.  
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3.2.  Rock Typing 

Rock-typing involves establishing a classification scheme that groups rocks based on quantitative rock property 

measurements, which can then be integrated as input data into geological models. The combined results of this study 

and Delle Piane et al. [5], including 28 XRD measurements, 20 QEMSCANTM measurements and 90 porosity and 

permeability measurements, have been analyzed to construct a rock-type classification scheme for rocks at the South 

West Hub. 

3.3.  KIMELEON 

KIMELEON is a software capable of integrating several wireline log data sets to construct colour image tracks 

that provide lithological insights on the analysed rocks. Different logs can be combined in different ways to form 

unique colour image tracks which bring out subtle variances in the rock characteristics and hence allow a more 

accurate representation of lithological heterogeneity. Wireline logs (gamma ray, neutron porosity, matrix density 

and photoelectric) from Harvey-1 were imported into KIMELEON, and a rock-type log was constructed based on 

the facies log from Delle Piane et al [5] but using the established rock-type classification scheme from this study. 

3.4.  3D Geological Modelling 

Geological modelling involves constructing three-dimensional computerized realisations of a geological region 

based on a collection of interpreted information on the region, including field observations, geophysical surveys, 

wireline logs and core analysis results. The goal of a geological model is to represent real geology as accurately as 

possible, with applications in a number of fields, including exploration geology, petroleum, hydrogeology, and 

carbon storage. Geological models may be classified as full field models or sector models [16]. Full field models 

integrate input data encompassing the entire study site. This often means that the individual cell size must be 

relatively coarse to account for the very large area of interest. Consequently, geological detail will inevitably be lost 

as a result of the coarse resolution. Sector models are designed to look at smaller areas of the field and hence allow a 

finer resolution. Although their domain may not encompass an entire basin or reservoir, the high-resolution of the 

model can provide more accurate representations of geological bodies, lithological heterogeneity and structural 

details. In this study, a sector model of The South West Hub area around the Harvey-1 well was built.  

Modelling was conducted in PetrelTM 2016. Input data was taken from the full-field model, including horizons, 

wells and faults. The facies log on core extracted from Harvey-1 [5] shows that the lithology, namely in the more 

heterogenous Yalgorup Member, often transitions vertically through facies at a submeter scale. To better honor 

heterogeneity, the vertical resolution of the model was chosen to be 0.5m. The resolution of cells in the I- and J-

direction was chosen to be 5m. As it would be impractical to build a model across a reservoir-scale domain using 

such a low cell size, a sector model was built. The model domain is 1x1km in the I- and J-direction around the 

Harvey-1 well. It is 200m high; 100m into the Yalgorup and Wonnerup, respectively. No observed faults exist in 

this domain.  

4.  Results 

4.1.  QEMSCANTM 

QEMSCANTM analysis provided quantitative mineralogy and porosity values for 20 samples from the Harvey-1 

well. The mineralogical composition was group into framework (quartz and feldspars), lithic (sheet silicates) and 

carbonate mineral endmembers and is presented according to facies in a ternary diagram (Figure 1). It should be 

noted that small fractions of minor minerals such as zircon and apatite are not represented in this diagram.  
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Fig 2. Ternary diagram of Harvey-1 sample mineralogy from QEMSCAN analysis. Quartz and feldspars make up framework minerals, sheet 

silicate minerals (including clay minerals) are combined in the Lithics groups and all carbonate minerals are combined in Carbonates group. The 

colour coding of data points refers to the facies as presented in Figure 1. 

4.2.  Facies Modelling 

The nine facies defined by Delle Piane et al. [5] were grouped into seven rock-types. Petrophysical and 

mineralogical properties were assigned to each rock type. The large distance between the wells themselves (the 

closest two wells being over 2km apart) made calculating meaningful horizontal variograms describing lateral facies 

distribution inconceivable. Therefore, the facies were extrapolated through an object-based method integrated in 

PetrelTM to simulate fluvial depositional environments using estimated horizontal variograms. The model was 

populated by zone (i.e. model parameters varied between the Yalgorup and Wonnerup Members). The most 

common rock-type, medium-energy sandstone, was distributed as the background facies. Paleosol were populated as 

vast floodplain ellipses. Channel fill sands were populated as meandering river channels. Mudstones were populated 

as overbank deposits, crevasse splays and lagoons. Sparse, thin lenses of carbonate-rich rock, identified from 

QEMSCANTM analysis, were also distributed throughout the model domain. Vertical proportion curves were applied 

based on the KIMELEON rock-type log to honour the lithological heterogeneity observed along the Harvey-1 well.  
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Fig. 3:  High-resolution sector model showing the 3D facies distribution within the model domain (1 x 1 x 0.2 km). The Harvey-1 well is in 

the centre of the model. The Wonnerup Member – Yalgorup Member boundary is marked by the transition from yellow to brown colours. 

5.  Discussion 

5.1.  Rock Characterization and Rock-Typing 

Due to the heavy sampling bias towards sandstone facies in previous studies, it was necessary to conduct further 

analysis with a focus on under-sampled facies (i.e. D, E, F and G). Under-sampled facies, being paleosols and 

mudstones, would likely be higher in reactive minerals (e.g. illite, hematite) compared to other facies. Rocks from 

these facies are geochemically important, particularly when considering their role in post-injection carbon 

mineralisation, and needed to be better characterised. Of the 30 core plug samples selected, nine were from facies D, 

three from facies E, and one from facies G. Of these, nine were analysed via QEMSCANTM. Facies E, F and G were 

scarcely distributed throughout the core log, causing the number of possible core plugs extracted from these facies to 

still be low. Facies F, in particular, was not present in the available Harvey-1 core at all according to the facies log 

established by Delle Piane et al [5], and hence no core plug could be obtained. Ultimately, mudstone facies E, F and 

G are still under-sampled even when combining results from this study and Delle Piane et al [5]. Considering only 

one mudstone sample from facies E was mineralogically analysed prior to this study, however, their characterisation 

is certainly improved. The results of the QEMSCANTM confirmed the higher proportion of lithic content and 

reactive minerals in facies E, F and G. The low porosity values (<1 – 4%) obtained from QEMSCANTM also 

confirmed that these facies would behave as intraformational baffles. One sample suggested the presence of a 

carbonate-rich rock-type, which was included in the geological model. The QEMSCANTM results obtained for facies 

D samples highlighted a high variance in mineralogy and rock properties within the facies. Facies D are a type of 

paleosol known as vertisols, which are soils with high expanding clay content [5]. These clays expand and contract 

seasonally, causing desiccated cracks in the soil which fill up with sand. Therefore, rock properties of a sample from 

facies D can vary significantly depending on the amount of sandstone and/or paleosol the sample is comprised of. 

The porosities measured within facies D range from 3.4 – 33.1%. Rock-typing, then, becomes important because 

rock properties can vary within facies (e.g. the porosities of facies D samples) as well as be the same or very similar 

between facies (i.e. the mineralogy across facies Ai, Aii, and Aii). Rock property variations will have an impact on 

the petrophysical anisotropy of certain rock-types (e.g. paleosols) that has to be captured in the static model as it will 
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impact Kv/Kh ratios and the CO2 migration pathway. In the sector model, rock-typing separates paleosols from 

‘sandy’ paleosols, which partly addresses this issue. 

 

5.2.  Geological Modelling 

The comparatively high-resolution of the 3D geological model built in this study allows an improved 

representation of geological bodies from Figure 1. Previous geological models had a horizontal cell resolution of 

25m, consequently, the cells representing river channel sand bodies were often connected at cell corners, which 

inhibits the number of possible flow pathways that exist (Figure 5). This would significantly affect a flow simulation 

because these channels serve as high permeability pathways. By changing the wavelength and amplitude of channel 

fills according to energy (i.e. making lower energy channels more meandering), the depositional environment of 

these facies is better represented.  

Vertical facies logs along the Harvey-1 well were calculated using wireline logs in the full-field model, whilst in 

the sector model a combination of the facies logged core and wireline data (KIMELEON) was used. The facies 

succession in the Z-direction, at least along the Harvey-1 well, matches the facies log (where it is available) to a 

resolution of 0.5m, which hence honours lithological heterogeneity around this well. The resulting proportion of 

paleosols is significantly higher in the sector model compared to the full-field model. Logged cores from Harvey-1 

that encompass the Yalgorup Member region of the sector model (cores 4, 5 and 6 [5]) show that the 100m above 

the boundary between the Yalgroup Member and Wonnerup Member is comprised of greater than 80% paleosol, 

which is reflected in the sector model due to the integration of wireline and core data.  

The sandstone intervals that intersect paleosol packages in the upper Yalgorup Member provide flow pathways 

through the otherwise impermeable layers. The consequent tortuosity that would be introduced into the CO2 

migration pathway is predicted to enhance CO2 trapping. The stochastic model provides insights into connecting 

flow pathways through these paleosol packages, which may prove to be important upon multi-phase flow 

simulations.  

Mudstone rock-types are better represented through populating their geobodies according to depositional 

environments: ellipse lagoons, crevasse splays, and overbank deposits simulate facies E, F and G, respectively. 

Again, considering the role of these intraformational baffles geochemically, particularly in the context of carbon 

mineralization, the realistic representation of these rocks will be important for multi-phase flow simulations.  

 

 

a.                                                                                          b. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 GHGT-14 P. Nyunt and R.R. Haese 

Fig. 4: Examples of Meandering Rivers in the Sector Model (a) and Full-Field Model (b) 

6.  Conclusions 

To honor the lithological heterogeneity of a geological region in a 3D geological model, the cell size must match 

the scale in which the lithology changes occur both vertically and horizontally. A high-resolution model, however, is 

computationally expensive, and often requires sacrifice in model scope. To honor lithological heterogeneity at The 

South West Hub, a sector model was built. With insufficient wells, the lateral extrapolation of facies is guided by 

regional depositional orientation calculated by seismic and core analysis (i.e. internal architecture and sedimentary 

structures of core samples) but is ultimately based on knowledge of the geological area, natural analogues and 

estimated variograms. A lateral cell size of 5x5m was chosen to be sufficient in incorporating important details of 

the geobodies at The South West Hub (e.g. mudstone lenses, meandering river channels). It is known from data from 

the Harvey-1 well that lithology within the Lesueur Sandstone can change at a sub-meter scale. Therefore, a 0.5m 

vertical resolution was chosen to honor vertical lithological heterogeneity. The high-resolution of the sector model 

allows the inclusion of important details that a coarser model does not include, namely the shape, vertical succession 

and interaction of different rock-types. The implications of flow pathways and fluid-rock interactions in the context 

of geological carbon storage may prove imperative for further multi-phase flow simulations.  
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Abstract 

Continental flood basalts are considered as potential CO2 storage reservoirs; however, many knowledge gaps have not been 

addressed. This study determines whether mineral precipitation will seal joints and fractures during the vertical migration of 

CO2-enriched water and thereby contribute to CO2 containment. The interaction of CO2-saturated water with basalt wafers was 

studied in batch reactor experiments at a pressure of 80 bars and 60°C for a period of 44 days. Si-Al-rich minerals such as 

smectites and zeolites were observed in suspension at the end of the incubation. In addition, mineral precipitation at the surface 

of the basalt wafers were identified as magnesite, kaolinite and Mg- and Fe-oxides. Na-rich Si-Al minerals were identified as Na-

nontronite, which belongs to the smectite group. All cation concentrations declined between incubation day 6 and 44. Mineral 

saturation indices have been computed for the experimental solution as a function of time to observe supersaturated and 

undersaturated mineral phases. Smectites, zeolites, Fe-oxides and kaolinite are predicted to be supersaturated in the experiment 

throughout the incubation period which is in agreement with the observed formation of secondary mineral phases. These 

secondary minerals could be potential sealants of joints and fractures, which reduces the risk of CO2 leakage. 
Keywords: Geological CO2 storage; geochemical modelling; basalts; mineral trapping; self-sealing 

1.  Introduction 

The permanent disposal of carbon dioxide in the subsurface has been considered a viable option to reduce global 

warming. Sedimentary basins have been studied for a relatively long time and are in principle considered as a 

conventional storage reservoir for CO2. In this case, mineralisation of CO2 might take thousands of years to occur. 

Continental flood basalts are considered unconventional CO2 storage reservoirs where interbedded impermeable 

massive basalt zones serve as barriers for upward CO2 migration. However, vertical joints and subvertical fractures 

may serve as conduits for buoyancy-driven CO2 migration and compromise the effectiveness of CO2 containment. 

Basalts contain glass and silicate minerals with high Ca, Mg and Fe concentrations, which dissolve when exposed to 

CO2-enriched, low-pH water. The dissolution of basaltic minerals and glass consumes protons resulting in an 

increase in pH and leads to an enrichment in dissolved ions to the point when secondary minerals precipitate. 

Mineral precipitation in joints and fractures may be sufficient to partly or fully block fluid flow. A number of studies 

have evaluated mineral dissolution and precipitation in high pressure batch reactors focussing on basalt dissolution 

and carbonation of minerals under CO2 saturated conditions [1-4].  Most of the experiments are performed using 

 

 
* Corresponding author. Tel.: +61402808691. 

E-mail address: mphukan@student.unimelb.edu.au 



2 GHGT-14 Phukan et al. 

powdered basaltic glass and basalt-forming minerals with a large surface area and deionised water or NaCl solution 

as synthetic formation water [4-6]. In this paper, we present results from a batch reactor experiment using basalt 

wafers as the reactive sample with CO2-saturated fluid. The incubation water was prepared by equilibrating water 

with powdered basalt at elevated temperature. The experimental results by means of the water composition and 

secondary mineral formation were compared to aqueous speciation modelling to further constrain mineral 

dissolution and precipitation.  

2.  Materials and Methods 

2.1.  Experiments  

Basalt samples were sourced from Bamstone Quarry at Port Fairy, Victoria (Australia), and its mineral 

composition was determined by light microscopy and XRD. 15 basalt wafers with a size of 3.8 x 1.2 x 0.8 mm and a 

total weight of 17.44 g were prepared using a diamond cut wheel grinder. The total surface area of the basalt wafers 

was 3835.65 cm2 based on micro-CT analysis with a resolution of 3.55 micrometers. The wafers were sonicated in 

deionized water to remove fine particles on the surface.  

 

A high-pressure vessel of 450 mL was used to study mineral dissolution and precipitation in CO2 – saturated 

water for 44 days at 60˚C and 80 bars. The 15 tightly spaced basalt wafers were fitted in a PTFE sample holder and 

immersed in 315 mL of synthetic formation water. The synthetic formation water was prepared by equilibrating 

powdered basalt samples in CO2 – saturated water for 48 hours. An analogue composition of a formation was 

considered as reference from the Columbia River basalt site [7]  (Table 1) . A syringe pump (500D, Teledyne Isco) 

was used to add CO2 to the headspace at the beginning of the incubation and whenever a pressure drops occurred 

during the experiment. Fluid samples taken during and at the end of the incubation were filtered through 0.45 µm 

and acidified prior to major cation analysis. At the end of the experiment, the reactor was allowed to cool prior to 

depressurization. The deionized water (DI) was used for rinsing the internal parts with the fitted wafers and the 

wafer holder and was also filtered through the same process. The precipitated material around the vessel was 

carefully scrapped onto a filter paper. In total three solid samples were retrieved from the experiment along with the 

basalt wafers which were freeze dried prior to analysis.  

 

2.2 Analysis 
 

Inductively Coupled Plasma Optical Emission Spectrometer (ICP – OES) was used to measure the cation 

concentration and total alkalinity titration was performed on unfiltered fluid samples. XRD was performed on the 

powder primary basalt samples. Scanning electron microscopy with energy dispersive x-ray (SEM-EDX) was used 

on (1) two carbon coated primary mineral thin sections (2) two gold coated reacted basalt wafers (W5 and W10) to 

image surface features and perform elemental analysis of the selected spots. Additionally, electron probe 

microanalysis (EPMA) equipped with wavelength - dispersive spectrometry (WDS) were performed to identify the 

primary minerals. Fourier Transformed Inductively Coupled Plasma Spectroscopy (FTIR) was used to identify 

minerals in the secondary solid samples. 

 
2.3 Geochemical Modelling 
 

Aqueous speciation modelling was performed using Geochemist’s Workbench 11.0 (GWB) to understand 

whether certain minerals are under- or supersaturated at certain times during the experiment. Mineral saturation 

indices were computed for each fluid sample as a function of time. The thermo.com V8.R6+ database was updated 

for the present study by modifying the composition of minerals according to results obtained by electron microprobe 

analysis (EPMA). Mg- and Fe-rich end members of olivine are considered during the modelling. The database was 

also updated by including thermodynamic data for the carbonate solid solution mineral ankerite (Ca-Mg-Fe 

carbonate) based on ideal mixing considering different ratios of calcite (CaCO3), magnesite (MgCO3) and siderite 
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(FeCO3). The initial pH is set to 8.1 and the initial cation concentration was taken from ICP analysis (Table 1). The 

solubility of CO2 at 60°C and 80 bars is calculated using Duan and Sun model for ternary systems [8].  

3.  Results and Discussion 

3.1 Water and solid phase composition 
 

 Cation concentration of the prepared formation water was comparable with the water composition in Columbia 

River basalt [7] but showed elevated concentrations of Mg, Fe and HCO3
- ions with an initial pH of 8.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mineral composition of the original basalt sample is dominated by plagioclase (andesine), pyroxene (augite), 

olivine (forsterite) and minor abundances of ilmenite and apatite. No secondary minerals were observed. Volcanic 

glass was not observed in thin sections. However, an amorphous phase is present according to XRD analysis, but its 

composition remains unknown.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fluid sample analysis showed a rapid increase in dissolved Si, Mg and Na for the first 6 days suggesting mineral 

dissolution, followed by a concurrent drop in major cation (Si, Ca, Mg, K, Al and Na) and alkalinity concentrations 

by more than 30 % of their maximum concentration for the remaining incubation period of 38 days suggesting 

mineral precipitation (Fig. 1). The initial formation water composition is not shown in Fig 1. 

 

Table 1. Composition of initial formation water 

Component Concentration 

(mg/L) 

Incubation water 

Concentration (mg/L) 

Columbia River basalt 

water 

pH 8.1 8.2 

Si 56.26 55 

Mg 52.12 12 

Ca 9.14 24 

Fe  70.46 0.09 

Na 14.67 17 

Al 0.13 - 

K 3.87 2.5 

SO4
2- - 6.2 

Cl - 5.5 

HCO3
-  324 154 
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(d) 

.  

  

  

Fig 2. FTIR spectra (a) three solid phase sample (b) solid precipitate matched with chabazite (zeolite) and hisingerite (phyllosilicate) (c) rinsed 

wafer precipitate matched with stilbite (zeolite) and montmorillonite (smectite) minerals (d) vessel precipitate matched with with stilbite (zeolite) 

and nontronite (smectite) minerals 

 

Dissolved Fe shows a gradual increase until it started to decline after 34 days. Relatively high concentrations of 

Si, Mg and Ca indicate the dissolution of pyroxene while high Na and K suggest congruent dissolution of feldspar. 

The fluid sample results suggest some precipitation, presumably involving a compositionally complex Si – Al-

phases. But the amount of Al dissolved was very low and relatively unchanged, which can be explained by the 

adsorption of Al ions onto mineral surfaces. The decreases of Mg and Si ions suggests that they are involved in 

congruent precipitation. Similarly, total alkalinity shows a decreasing trend after day 6 with the exception of 

elevated alkalinity on day 19, which is regarded as an outlier as this anomaly is not matched by an anomaly by any 

cation. This trend in alkalinity gives further evidence for mineral precipitation after day 6. (Fig 1). 

 

Following the opening of the reactor, solid particles were observed in the residual fluid as well as at the surface of 

the internal parts of the reactor. Apart from the reacted wafers, three filtered solid samples were collected from the 

vessel: (1) suspended solid precipitate (SP), (2) solid precipitate from rinsed wafers (RP) and (3) precipitate on the 

vessel wall (VP). FTIR peaks in all the three solid samples were observed at around 3421 cm-1, 2950 cm-1,  

2360 cm-1, 1644 cm-1, 1455 cm-1, 1003 cm-1 and 433 cm-1and suggest the formation of smectites and zeolite. 

(a) (b) 

(c) 
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The zeolite group and smectite group have a broad band in the wavenumber region 3400 – 3200 cm-1 

corresponding to symmetric and asymmetric stretching vibrations of OH groups. The bending vibration of water  

(H-O-H) occurs at around 1644 cm-1. The peak around 2920 cm-1 is due to additional weak bending vibration of  

H-O-H bond. The stretching vibrations of Al – O and Si – O are found at a range of 990 – 1003 cm-1. The bands 

around 433      and 535 cm-1 are due to Al – O – Si deformation of the clay minerals.  

 

The main difference in the FTIR spectrum between the zeolites and the smectites are the double high intensity 

peaks in smectite in the range of 3300 – 3600 cm-1 [10-12]. The peaks of the suspended solid precipitate (SP) were 

matched with chabazite, a common zeolite mineral, and hisingerite, an iron silicate mineral. The peaks of hisingerite 

are observed around 1635 cm-1, 3430 cm-1 due to stretching and bending vibrations of water molecule. In addition, 

low intensity peaks are observed at the lower wavelengths at 455 and 430 cm-1 [13]. Hisingerite is a weathering 

product of pyroxene and olivine [14].  Fig 2b shows the matching peaks of rinsed wafer precipitated (RP) with 

stilbite, also a common zeolite, and montmorillonite from smectite group. Similarly, the peaks of vessel precipitate 

(VP) match the spectra for stilbite and nontronite belonging to the smectite group (Fig 2c). Iron-rich saponite, 

nontronite, goethite and hisingerite are found as weathering products in the joints of basalt located at Geelong, 

Australia, and also at Oya, Japan  [13, 15, 16]. The peaks of the solid sample at lower wavelengths < 1000 cm-1 are 

very weak compared to the sharp peaks of zeolites and smectites, which suggests the newly formed solid phases are 

poorly crystalline. From the above observations it is concluded that the newly formed mineral phases are primarily 

zeolites and smectites. 

Fig. 3 SEM image and EDS map of precipitate on basalt wafers W5 and W10. 
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Fig. 2. FTIR spectra (a) three solid phase sample (b) solid precipitate matched with chabazite 

(zeolite) and hisingerite (phyllosilicate) (c) rinsed wafer precipitate matched with stilbite 

(zeolite) and montmorillonite (smectite) minerals (d) vessel precipitate matched with with 

stilbite (zeolite) and nontronite (smectite) minerals 

 

 

 

The precipitation products found at the surface of the basalt wafers have a different chemical composition 

compared to the suspended matter. The orange precipitate of the W5 basalt wafer is predominantly Fe-oxide. It is 

believed that even after purging the reactor with CO2 before the start of the experiment, the reactor was not 

completely devoid of oxygen [17, 18]. EDS mapping also shows abundant Al and Si along with Fe and O, which 

suggests a coprecipitation of kaolinite and Fe-oxides (Fig 3b). Reaction products on W10 predominantly consist of 

Mg, O and shows a nanowire–like structure similar to magnesium oxides (MgO) (Fig 3a). These phases also show 

high amounts of Mg and C suggesting the presence of magnesite (MgCO3) associated with MgO. Minerals rich in 

Na, Si, Al with trace amounts of Fe and Mg (Fig 3c) were also observed and it is believed to be Na-rich smectite 

based on observations at natural analogue sites [18,19, 20]. 

3.2 Mineral Saturation 

The saturation state of potential secondary minerals shows an interesting trend (Fig 4). Smectites were initially 

supersaturated and approach equilibrium during the incubation.  

  

 
 

  Fig. 4. The saturation state of experimental solution with respect to various (a) smectites (b) zeolites (c) Fe – oxides, hydroxides and carbonates 

(d) simple Si-Al and SiO2 minerals. 

Nontronite remain highly supersaturated till the end of the incubation time. Beideillite was initially 

supersaturated but became undersaturated after 40 days. Montmorillonite closely followed the trend and became 

undersaturated after 35 days of reaction. Stilbite belongs to the zeolite group and remained supersaturated until   the 

first 35 days. Fe - oxides and hydroxides showed supersaturation throughout the experimental duration. Siderite was 
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observed to be close to equilibrium while magnesite (magnesium carbonate) and ankerite (iron carbonate) were 

predicted to be undersaturated. However, magnesite was observed on the surface of basalt wafer using SEM-EDS 

analysis. This slight discrepancy between the physical analysis and the speciation modeling result may be related to 

the formation of a hydrous and amorphous magnesium carbonate phase as a precursor to magnesite formation, 

which is not included in the thermodynamic data used here. Kaolinite was initially supersaturated but became less 

saturated and was close to saturation at the end. Chalcedony was supersaturated throughout the incubation. 

Nontronite, montmorillonite, stilbite were identified as secondary minerals in the batch experiment through solid 

phase analysis. Kaolinite and Fe-oxides were also formed as secondary minerals on the surface of the wafer. 

Overall, those minerals predicted to be supersaturated using aqueous speciation modelling were observed as 

secondary minerals in the experiment using SEM-EDS and FTIR analysis.   

 

4.  Conclusion 

An experimental study was carried out to study mineral dissolution and precipitation involving basalt and CO2 

saturated water at a pressure of 80 bars and a temperature of 60 °C.  The cation and HCO3
- concentrations show a 

linear decreasing trend over the incubation period of 44 days. This trend suggests precipitation of secondary 

minerals phases. Aqueous speciation calculation was carried out to predict the state of mineral saturation. Smectite, 

zeolites, Fe-oxides and kaolinite were observed as common secondary phases in the experiments and were predicted 

to form based on aqueous speciation modelling. Those secondary minerals could act as potential sealant of joints 

and fractures. In addition, magnesium carbonate formation was observed in the experiment, which was not predicted 

based on thermodynamic data used in the speciation modelling. Future mineral dissolution and precipitation 

experiments in pressurized vessels will benefit from direct measurements of pH and the dissolved CO2 

concentration.  
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Abstract 

Modelling of CO2 geo-sequestration with conventional synchronous time-driven simulation (TDS) has been impeded by the 

stringent Courant-Fredrich-Levy (CFL) condition, which leads to an excessive number of time steps and consequently long 

computing times. To overcome this problem, we present an asynchronous discrete event simulation (DES) scheme based on local 

time stepping criteria, specifically developed for the CSMP++ CO2 geo-sequestration simulator. The proposed DES method is 

applied to a complex and heterogeneous heuristic CO2 storage model, where it proves that DES is able to concentrate the 

computational effort on the active regions where fast CO2 flow occurs. As a result, the execution time for the modelling of a 5-

year injection is significantly reduced from over 91 days (estimated for TDS) to only 0.5 days. This dramatic speedup facilitates 

the modelling of CO2 injection and long-term plume spreading behaviours at the scales of field storage sites. 
Keywords: Discrete event simulation; CO2 geo-sequestration; Parallel computation; Simulation efficiency. 

1. Introduction 

Accurate numerical modelling of CO2 injection and plume spreading behaviours will improve our understanding 

of coupled thermal-hydrological-mechanical-chemical (THMC) processes involved in carbon capture and storage 

(CCS). The potential storage capacity of a CCS site can be estimated from numerical simulation results, providing a 

basis for efficient injection plans. The predicted extent and shape of CO2 plumes can also facilitate suitable 

monitoring designs, for example the configuration of monitoring sensors.  

Various numerical methods have been used to simulate CO2 flows in the subsurface, including finite difference 

methods (FDM) [1, 2], finite element methods (FEM) [3, 4], finite volume methods (FVM) and combinations of the 

latter two [5-9]. No matter which method is applied, the system needs to be advanced in time to describe temporal 

changes. Unfortunately, conventional global time-stepping schemes, also known as time-driven simulation (TDS) 

strategies, are inefficient when simulating the transport of CO2 in the subsurface due to large geologic diversity and 

order-of-magnitude variations in flow rates. For example, the saturation front in the far field of a storage reservoir 

typically moves at a speed of a few centimeters per year, while velocities found near the injection well easily 
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approach several meters per second. The chosen time step size needs to meet the Courant-Fredrich-Levy (CFL) 

condition everywhere in the computational domain in order to maintain numerical stability. For a TDS method, 

particularly an explicit time-stepping scheme, step size is controlled by the fastest flow which leads to very small 

time steps. This results in prohibitively long computing time especially when long-term (e.g., thousands of years) 

modelling scenarios of CO2 plume spreading are being investigated. To overcome the CFL constraint, an implicit 

time-stepping scheme could be used to permit larger time increments. However, this comes at the expense of 

accuracy due to unwanted numerical smoothing and diffusivity [10]. Moreover, when using large time increments 

fast local physical processes such as viscous-gravitational and capillary driving forces, may not be represented 

correctly.  

For a more efficient simulation of CO2 geo-sequestration, we propose an asynchronous time advancing method 

based on the discrete event simulation (DES) approach [11, 12], to allow time steps to vary spatially based on the 

local flow rates. Also, as the CO2 plume enters only a small fraction of a storage reservoir, our method focuses 

computational effort on active regions only. Unlike TDS, where simulation progresses in pre-defined time steps, the 

temporal evolution of a DES system is driven by the occurrence of time-sorted discrete events. Such an event-driven 

simulation scheme removes the global CFL restriction via asynchronous updates of state variables in small parts of 

the domain based on their physically determined local temporal scales. As a result, the simulation is accelerated 

through advancing the system at irregular (asynchronous) points in time, instead of small and consistent global TDS 

time steps. Since events marked by quick changes are given high priority for processing, computational effort and 

resources are always focused on the most active parts of the domain, increasing computational efficiency. 

Despite its demonstrated effectiveness in naturally discrete systems, such as operations research, management 

science and telecommunications [11-13], the DES approach has been rarely applied to continuous systems. There is 

no reported work yet for the use of DES in porous media flow modelling. The objective of this paper is to discuss the 

use of DES to simulate the transport of CO2 flows in subsurface sequestration. The concept and implementation of 

the parallel DES algorithm is presented in section 2, followed by its application to a case study in section 3. 

2. Implementation of DES in a CO2 geo-sequestration simulator 

The development and implementation of DES in this study is designed for the Complex Systems Modelling 

Platform (CSMP++) based CO2 geo-sequestration simulator [14]. CSMP++ is an object-oriented application 

programmer interface for simulation of complex geological processes and their interactions [15]. It provides an 

efficient modelling framework for the simulation of multi-physical processes involved in carbon geo-sequestration, 

on complex and unstructured meshes. 

2.1. Governing equations 

The spreading behaviour of supercritical CO2 in a water saturated geological formation can be descried as the 

transport of two-phase flow through a porous medium, governed by the continuity equation which guarantees the 

conservation of volume of fluid phase c: 

 

                                                                (1) 

 

where Sc represents the saturation (fluid volume fraction) of the CO2 phase, t is time, fc refers to the fractional flow 

for CO2 phase, vt is the total velocity vector computed from the pressure gradient according to Darcy’s law, and qc 

describes external sinks and sources of the saturation.  

Equation (1) is valid for viscous-only flows. To take into account both gravitational and capillary effects, 

equation (1) is expanded as first shown by [5],  

 

 

𝜙 𝜕𝑠𝑐
𝜕𝑡
+ ∇ ∙ [𝑓𝑐𝐯𝑡] − 𝑞𝑐 = 0, 
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                             (2) 

 

Here k is the permeability tensor, ρw and ρc are the density of water and supercritical CO2 respectively, g represents 

the acceleration of gravity vector, and pc refers to capillary pressure. The mobility product, λ, is defined as λ = 
λwλc/(λw+λc) , with λw and λc being the mobility for water and CO2 phase, respectively.  

In the CSMP++ CO2 geo-sequestration simulator, transport equation (2) is spatially discretised and numerically 

solved using a FEM-node-centred FVM framework [7, 8, 16]. In an explicit first-order formulation, the size of the 

time increment (∆t) has to be sufficiently small to satisfy the CFL condition, which ensures that the total outflow 

(Fout) does not exceed the pore volume (Vp) of a FV cell:  

 

                                                                            (3) 

 

As discussed previously, meeting this condition across the entire domain for a TDS scheme can lead to 

prohibitively small time steps and as a consequence to long simulation runs. To address this problem, we propose 

DES to solve the transport equation. Its implementation is presented in the following section. 

2.2. Implementation of parallel DES-PEP scheme 

    Our implementation of DES in the node-centred FV framework is based on the self-adaptive algorithm developed 

by [17] for solving flux-conservative equations. The saturation of CO2 in each FV cell is associated with a so-called 

event. These discrete events are the simulation objects characterised by a process function responsible for updating 
the object state, and a time stamp indicating when the process function is scheduled to be executed in the future. The 

DES algorithm begins with scheduling events based on local rates of CO2 saturation change in individual FV cells. 

All scheduled but not yet executed events are listed into an event queue which is sorted by increasing time stamps. 

The simulation progresses by repeatedly executing and removing the top event in the queue. The execution of an 

event calls its process function to update associated CO2 saturation and then synchronises the states of its 

neighbouring cells to honour conservation laws. To ensure strict causality, a neighbouring event is allowed to be 

preempted for execution earlier than its scheduled time if a significant change to its saturation is predicted. Executed 

events are then rescheduled for new time stamps and re-inserted to the right positions in the event queue. This 

procedure is repeated until the prescribed simulation end time is reached.  

    To facilitate efficient parallelisation, the preemptive event processing (PEP) technique proposed by [18] is 

adopted to project events with sufficiently close time stamps to the same time level for synchronous and parallel 
execution. The implemented DES-PEP algorithm is outlined in the flowchart displayed in Figure 1. As shown, DES 

events are exchanged between PEPList and EventQueue lists during the simulation. PEPList is a dynamically 

changing list that contains active events at the current time level which are to be updated for rate of saturation 

change and then are (re-)scheduled. Only valid events with scheduled time less than the simulation end time are 

passed to the EventQueue list, where events are sorted on their scheduled time stamps. The PEPList is always 

emptied before the simulation clock is advanced to the time stamp of the first event of the EventQueue. Events 

projected onto the current time stamp are processed and removed from EventQueue and added to the PEPList for 

re-computation of its local variation rate of CO2 saturation and for re-scheduling, together with their synchronised 

neighbour events. In this way, all other inactive or invalid events are excluded from the simulation, limiting the 

expense of computational resources to only a small fraction of the whole collection of events. Computational costs 

are therefore expected to be greatly be reduced. 

    Notably, in the second step of the flowchart, the most computationally expensive part of the DES scheme, events 
stored in the PEPList are independent to each other. This provides an opportunity to incorporate parallel 

computations into this step without any causality issues. Here we utilise the OpenMP shared memory multithreading 

application programming interface [19]. 

 

𝜙 𝜕s𝑐
𝜕𝑡
+ ∇ ∙ )𝑓𝑐𝐯𝑡 − �̅�𝐤(𝜌𝑤 − 𝜌𝑐)𝐠 − �̅�𝐤

𝑑𝑝𝑐
𝑑s𝑐

∇𝑠𝑐8 − 𝑞𝑐 = 0. 

∆𝑡 ≤ 𝑉𝑝
𝐹𝑜𝑢𝑡

. 
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Fig. 1. Flowchart for implemented DES-PEP algorithm. 

 

3. Simulation of CO2 injection and plume spreading with implemented DES scheme 

In order to test the performance of the implemented DES algorithm, it has been applied to the simulations of CO2 

injection and plume spreading on a heuristic model with meandering river deposits modelling typical Australian 

CO2 storage conditions.  

 

 

Figure 2. Heuristic model for simulation of CO2 geo-sequestration, with distribution of porosity in the reservoir shown in colours.   

 

 

Initialisation 
• Set simulation_clock to 0; 
• Initialise events and add all events to PEPList. 
 

PEPList events scheduling 
• Update local variation rates of CO2 saturation; 
• (Re-)schedule events for (new) time stamps; 
• Add valid events to EventQueue; 
• Clear PEPList; 
• Sort EventQueue based on time stamps. 
 

Yes 
END EventQueue is empty? 

 No 

EventQueue events execution 
• Advance simulation_clock to time stamp of top event; 
• Execute and remove all events projected on current 

simulation_clock; 
• Synchronise neighbour events of executed events; 
• Add all executed and synchronised events to PEPList. 

BEGIN 
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3.1 Heuristic model 

    The heuristic model (Figure 2) covers a rectangular area of 10.4 km by 6.4 km. It contains three main 
stratigraphic layers: a top seal (shown in transparent in Figure 2) and a bottom seal layer with low permeability, and 

a high-permeable reservoir layer. The model has a constant thickness of 800 m, and its top is located at 1000 m 

depth. 

The layers above and below the reservoir are considered mud or silt-filled, with no variation of petro-physical 

properties. Only the reservoir layer contains petro-physical heterogeneities. The type of environment of deposition 

in the reservoir corresponds to a distal and large meandering river system, with stacked erosional channels, levees 

on the channel edges and flood plain away from the channels (Figure 2). The mean porosity and permeability values 

for different layers are summarised in Table 1.  

  
Table 1. Mean porosity and permeability values in different layers of the heuristic model. 

 Mean porosity Mean permeability (mD) 

Top seal 0.10 0.1 

Reservoir 

flood plain 0.11 20 

channels 0.22 15000 

Levees 0.18 750 

Bottom seal 0.10 10 

 

The model is constructed with an unstructured grid consisting of tetrahedron finite elements. It contains a total of 

3,604,273 elements and 608,067 nodes. As seen in Figure 3, the grid is refined in the reservoir where CO2 plume 

would occur. The elements close to the injection well are further refined to capture the fast flow behaviour of the 

injected CO2.  

 

 

Figure 3. Unstructured grid representing the heuristic model, with adaptive refinement in the reservoir layer and near the injection well.  

3.2 Simulation setup 

    The heuristic model provides the flow geometry and petro-physical basis for the simulation of CO2 injection and 

plume spreading. In the simulation, pressure is fixed to hydrostatic values at the top and side boundaries. The model 

bottom is a no-flow boundary. Temperature is fixed at the top and bottom simulating a normal geothermal gradient 

of 30 oC/km and assuming an annual average surface temperature of 15 oC. No heat transfer is permitted through the 

boundaries of the model.  

    Through the 214 m long open-hole completion of the vertical well, supercritical CO2 is injected at a rate of 5 
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million tonnes (Mt) per year. This leads to a major pressure increase near the well. Injection is stopped after 5 years, 
i.e. after 25 Mt CO2 has been injected. Note that a large injection rate, higher than in practice, is applied here with 

the intention of producing an extensive spreading of the plume over a relatively short time period. The CO2 is 

allowed to dissolve into the formation water and, in turn, a small amount of water also evaporates into the CO2, 

bringing both phases into equilibrium with one another in the zones of mixed saturation. Since the CO2 saturated 

brine is denser than the surrounding native brine, it sinks down initiating convective mixing. 

3.3 Simulation results 

Simulations are performed on a Linux-based HPC cluster at The University of Queensland containing 66 compute 

nodes. We utilise a single node of this supercomputer, which is comprised of two 10-core Intel® Xeon® E5-2660 

v3 processors at 2.60 GHz. 

CFL constraints on explicit time-stepping simulation 

In an explicit time-stepping scheme (TDS), the size of the global time increment has to meet the smallest CFL 

number as computed from Equation (3). The fastest flow occurs in the smallest elements around the well during the 
injection process, imposing a small CFL number of 20 minutes on this heuristic model. Satisfying this CFL 

condition requires 131,400 iteration steps for a 5-year simulation. The recorded computation time spent on 

processing all 608,067 FV cells in a single iteration step is about 60 seconds, due to the large computational cost on 

the calculation of viscous, gravitational and capillary transfer processes. This leads to an estimated execution time of 

over 91 days (3 months) for the completion of a 5-year simulation. Obviously, it is impractical to use the 

conventional explicit TDS method to simulate the transport of CO2 flows for this large and heterogonous model. 

Performance of discrete event simulation 

    To address the issue with the TDS scheme, we have applied the DES algorithm to the simulation. The simulated 

results for temporal evolution of CO2 plume up to 10 years are demonstrated in Figure 4 (left column). In the first 5 

years, the plume spreads quickly driven by the large fluid pressure gradient near the well induced by the high rate of 

injection. In the post-injection period from 5 to 10 years, the extent of the plume stabilises while its saturation 

deceases as free-phase CO2 dissolves gradually into the brine. The simulated plume has a relatively regular circular 
shape that follows the classical analytical models [20]. In the heuristic model, the heterogeneity of porosity and 

permeability in the reservoir has limited impact on the shape of the plume which is inconsistent with the expectation 

that CO2 is flowing along pre-defined high-permeable channels. The reasons for this are not clear at this stage and 

further investigation is required.   

    The distributions of cumulative events in the DES simulation are also shown in Figure 4 (right column). The 

plume extent and the distribution of executed events agree well, indicating that DES only processes those regions 

where CO2 flow occurs, while leaving the remaining inactive part in the reservoir idling. The FV cells around the 

injection well are processed far more frequently as they are exposed to flow velocities that are several orders of 

magnitude higher than the rest of the domain. This reflects the focusing of the computational effort on rapidly 

evolving regions. As a result, a 5-year simulation with DES is completed in half a day only (Figure 5), which is a 

dramatic saving in execution time in comparison to TDS (>90 days). The simulation is further accelerated in the 
post-injection period due to the reduced flow velocities and local variation rates. This enable the completion of a 

300-year simulation within 3 days. The above results are obtained from the simulation performed on 20 

computational threads. The DES run time is expected to be reduced further with the use of more computational 

resources, attributed to its scalability with parallel computations.      
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 Simulated CO2 plume Cumulative DES events 

100 days 

  

1 year 

  

3 years 

  

5 years 

  

10 years 

  

 
  

Figure 4. Simulated temporal change of CO2 plume spreading and distribution of cumulative DES events.  
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Figure 5. Execution time for a 300-year DES simulation of CO2 geo-sequestration on the heuristic model, performed with parallel computations 

on 20 threads. 

 

4. Conclusions 

    In this paper we present a new parallel DES algorithm, implemented in the CSMP++ CO2 geo-sequestration 

simulator, for the efficient simulation of CO2 injection and plume spreading in heterogeneous storage complexes. 

The proposed DES method removes the global CFL restriction as found in the conventional TDS scheme. It allows 

spatially and temporally asynchronous updates of CO2 saturation according to physically determined local variation 

rates of flows. By focusing computational effort on active regions where fast CO2 transport occurs while excluding 

inactive parts from computations, DES is able to greatly reduce computational costs while retaining numerical 

stability and accuracy. 
    We have applied the DES algorithm to a complex heuristic storage model consisting of over 3.6 million 

adaptively refined elements. The conventional explicit time-stepping method is impractical with estimated execution 

time of over 3 months for a 5-year simulation of CO2 injection. The spreading behaviours of injected CO2 plume are 

precisely described in the DES simulation, with dramatically reduced execution time to only 0.5 day for the first 5-

year injection period and 2.5 days for the extended 300-year post-injection period. This significant speedup enables 

the modelling of long-term CO2 behaviours during geo-sequestration at field scales, which is important for the 

estimation of storage capacity and the designs of injection schedule and monitoring setups. 
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Abstract 

This work presented a study on the chromatographic partitioning of CO2 and impurities present in the injected stream in the CCS 

context. Laboratory and field observations have already revealed the chromatographic partitioning phenomenon of CO2 and 

impurities both in the gas and in the aqueous phases. Series of laboratory experiments are modeled using the reactive transport 

HYTEC. Numerical results confirm the laboratory observations and show differential breakthrough of injected gases. A series of 

experiments on CO2 and H2S mixture with different H2S concentration is modeled. Numerical results of HYTEC are successfully 

compared with the results given by CMG-GEM and with experimental data. Another series of dynamic displacement-solubility 

experiments is modeled to study the chromatographic gas partitioning depending on a type of impurity such as H2S, CH4, N2, 

SO2. O2, and Ar. Numerical results show that the physics can be modeled both qualitatively and quantitatively. 1. Solubility of 

the impurity in the injected stream regarding to that of CO2 is a key factor. The less soluble the impurity gas is, the earlier and 

higher breakthrough should be expected. 2. Classification of impurity gases can be proposed. For example, in the decreasing 

order of their solubility (13.5 MPa, 61°C, 118950 ppm): SO2 > H2S > CO2 > CH4 > Ar > O2 > N2. 3. Using accurate models of 

reactive transport, solubility, phase equilibrium and thermodynamic properties of non-ideal mixtures allows reproducing of the 

chromatographic partitioning: breakthrough time of gases, gas concentration, and front propagation. Chromatographic 

partitioning was studied at reservoir scale by modeling two scenarios of impure CO2 injection over 30 years: 

95%CO2+4%N2+1%O2 and 95%CO2+5%SO2. When injecting impurities, the chromatographic partitioning can be observed 

inside the gas plume and in the aqueous solution. Modeling injection of 95%CO2+4%N2+1%O2 demonstrated potential usage of 

noble gases for monitoring and proved the previous laboratory results. The plume composition strongly depends on a type of the 

co-injected gas. Moreover, a type of impurity and its concentration change the density of gas current and the density of the 

formation water with dissolved components. Both densities in the case of 95%CO2+5%SO2 injection are overall higher than 

those in the 95%CO2+4%N2+1%O2 model. This impacts on the buoyancy forces, hence on the distance, velocity and shape of the 

plume. Since dissolved impurities contribute to the liquid density, it can then accelerate or slow convective dissolution. 

Heterogeneous gas composition induces density driven motion that can be especially important in case of heavy compounds such 

as SO2.  
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1. Introduction 

During the capture process, CO2 should be separated to increase the efficiency of the storage and to respect the 

environmental and legal aspects. The injection stream can still contain small amounts of impurities such as N2, O2, 

Ar, CO, SOx, NOx, CH4, H2S and H2 [1, 2]. Composition and concentration of co-contaminant gas vary depending 

on major CO2 source, type of industry and capture process. Some of them can negatively affect the integrity of 

geological site and/or pipelines or reduce the CO2 storage capacity. Purifying injection stream involves additional 

power demand. Understanding their impact on CCS is essential to define the allowed maximum concentration of co-

contaminant and to optimize the overall cost.  

Small amount of impurities of 5% may still remain after gas separation process. Investigation of their impact has 

been started over the last two decades: studies on a type of impurity, its concentration [3] and thermodynamic 

properties, consequences on storage capacity [4,5], experimental and numerical models on geochemical reactions 

[6,7,8,9], modeling injection of impure CO2 at large-scale [10-14], field observations of gas migration [15]. 

Previous works on experimentally and numerically thermodynamic properties of several CO2 binary mixtures [4-

9,16] highlighted the positive density and solubility effects of SO2 and the negative impact of CH4, Ar, O2 and N2 on 

the volume and solubility storage capacity. However, comparing to low reactive gases as nitrogen, argon or methane 

such impurities as SO2 and H2S are highly chemically reactive. They can cause an alteration of reservoir and caprock 

minerals and near wellbore area in particular. For example, even a very small concentration of SO2 leads to a strong 

acidification of the brine. Once sulfur dioxide dissolves and pH drops, it then can induce the dissolution of 

carbonates such as calcite and the precipitation of sulfate minerals such as anhydrite. This was experimentally and 

numerically demonstrated in [8].  

Beside the pure geochemical effects, other physical phenomena have been observed in the presence of impurities. 

Several field and laboratory observations showed differential breakthrough of injected gases [3,15].  

• When a mixture of 98% CO2 and 2% H2S was injected, an earlier breakthrough of CO2 prior to H2S was detected 

at producing wells.  

• When a CO2-rich mixture with N2 and O2 was injected, earlier arrivals both of dissolved oxygen and of oxygen-

nitrogen gas mixture were observed.  

 Chromatographic gas partitioning depending on a type of impurity was studied in [3]. Behavior of CO2 binary 

systems with H2S, CH4, N2, and SO2 was demonstrated during flow experiments. Laboratory results revealed a key 

factor of the impurity solubility order regarding to that of CO2. 

In this work, these dynamic displacement-solubility experiments have been modeled. Numerical simulations for 

N2, SO2, CH4, and H2S have been performed. The role of differential solubility in chromatographic gas partitioning 

has been confirmed and the concept has been complemented with O2, Ar.  

Moreover, the type and concentration of impurities changes gas and liquid densities. This changes the buoyancy 

forces, hence the distance, velocity and shape of the plume spread. This work presents multiphase multicomponent 

reactive flow and transport simulations of injection of impure CO2 at reservoir-scale. Dissolved impurities 

contribute to liquid density and can then accelerate or slow convective dissolution. Heterogeneous gas composition 

induces density driven motion that can be especially important in case of heavy compounds. When injecting 

impurities, chromatographic partitioning can be observed inside the gas plume. Plume composition depends on type 

of co-injected gas.  

The numerical simulations presented in this work were performed using the reactive transport code HYTEC [17-

19] and its geochemical core CHESS [8,9,20,21]. Last developments on gas-water-rock interactions allow complex 

modeling of real gas behavior, solubility in single and mixed brines, thermodynamic properties and coupled 

multiphase multicomponent flow and reactive transport. 

Section 2 briefly describes the mathematical and numerical methods used to perform the multiphase 

multicomponent reactive flow and transport simulations. Section 3 shows the model of flow experiment and 

numerical results of chromatographic gas partitioning. Section 4 presents two models of impure CO2 injection at 

reservoir scale whose numerical results give insights of gas current motion, its heterogeneous composition and 

density driven dynamics. We make the conclusions in Section 5. 
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2. Mathematical and numerical methods 

HYTEC is a reactive transport simulator [17-19], which was widely evaluated in benchmark studies [22-24] and 

applied in various applications such as cement degradation [25] radioactive waste disposal [26], geological storage 

of acid gases [8,27,28] and uranium in situ recovery processes [29]. The code is based on a finite-volume method 

and deals both with structured and with unstructured grids. Its geochemical part CHESS allows modeling interface 

reactions, precipitation, dissolution, organic compounds, redox reactions and isotopic fractionation. Both reactions at 

equilibrium and kinetics can be modeled. Morel’s method is used to formulate the chemical system, which is then 

solved by a modified Newton’s method. The activity coefficients 𝛾! of non-ideal aqueous solutions can be calculated 

by applying different activity models such as the specific ion theory (SIT) [31]. The fugacity-activity (𝜑 − 𝛾) 

approach is used to solve the gas-liquid equilibrium (1): 

𝑃𝑦!𝜑!
! = 𝐾!!𝛾!𝑥!,                    (1) 

where 𝑃 is the pressure, 𝑦! is the gas mole fraction of species 𝑖, 𝐾!! is the corrected Henry’s constant of species 𝑖, 𝑥! 
is the mole fraction of species 𝑖 in the liquid phase. 𝐾!! = 𝐾!!(𝑇,𝑃) comprises the Poynting factor and corrects the 

reference fugacity with respect to the pressure and the temperature: 

𝐾!! 𝑇,𝑃 = 𝐾!! 𝑇,𝑃!"! exp !!
! !!!!"#

!"
                  (2) 

where 𝑃!"# is the saturation vapor pressure, 𝜐!! is the molar volume of species 𝑖 at infinite dilution. The fugacity 

coefficients are calculated using an equation of states (EOS). CHESS/HYTEC proposes a wide range of EOS. We 

chose the Peng-Robinson EOS (PR78) [32]: 

𝑃 =  !"
!!!!

− !!(!)
! !!!! !!!(!!!!)

                               (3) 

where the repulsive and attractive terms are functions of the critical pressure 𝑃!,!, critical temperature 𝑇!,! and the 

acentric factor 𝜔! (see details in [32]). For mixtures, the parameters 𝑎 and 𝑏 are calculated via the combining rule 

for the cross parameter 𝑎!" and the quadratic mixing rules for 𝑎 and 𝑏: 

𝑎 =  𝑥!𝑥!𝑎!"!!                                 (4) 

𝑎!" =  𝑎!𝑎!(1 − 𝑘!")                                (5) 

𝑏 =  𝑥!𝑏!!                                  (6) 

where 𝑘!" are the binary interaction parameters. In [33], the predictive PR78 (PPR78) was proposed where the 

binary interaction parameters can be calculated and depend on the temperature. In [34], a volume translated method 

(VTPR) was proposed to improve modeling of volumetric properties. The pseudo partial molar volume is then 

introduced: 

𝜐! =  𝜐! + 𝑐!                                 (7) 

where 𝑐! is the constant translation parameter or the correction of molar volume. Calculation methods of 𝑐! can be 

found in [34]. 
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Table 1. Binary interaction parameters 𝑘!"  and partial molar volume at infinite dilution 𝜐!!. 

Compound 𝑘!,!!!  𝑘!,!"!  𝜐!!, cm
3
/mol 

CO2 0.199  28.10 

N2 0.428 -0.007 34.53 

O2 0.606 0.114 39.70 

Ar 0.569 0.163 32.92 

CH4 0.506 0.090 36.20 

H2S 0.143 0.097 38.15 

SO2 0.100 0.046 39.76 

 

The approach was applied to model solubility of gas components and binary systems in pure water, salt and 

complex brine solutions [8,9,27]. The authors have compared numerical results of the proposed EOS-based method, 

GC-PR-CPA for Cubic Plus Association using Peng-Robinson EOS and the Group Contribution method [30] and 

experimental data. New numerical results on modeling gas mixture-water-rock experiments are presented in [21]. 

Moreover, the approach has been extended to model the volumetric properties of pure compounds and binary 

mixtures using the PPR78 and VTPR [13]. Numerical results have been compared with other EOS (PR78, PPR78, T-

VTPR, CPA models and GERG-2008 (REFPROP)), experimental and NIST data in [13]. The approach can be 

applied to ternary or multicomponent systems, even though their accuracy may be questioned due to lack of required 

datasets. Nevertheless, the method allows for a detailed investigation of highly coupled hydrodynamic and chemical 

processes involved in the impure CO2 injection problems at different scales.  

HYTEC is based on the operator-splitting approach that integrates not only all functionalities of CHESS but also 

numerous thermo-hydrodynamic modules (e.g., saturated, unsaturated, two-phase flow, heat and isothermal 

regimes). A special sequential iterative coupling method [19] is applied for modelling compressible two-phase flow 

and reactive transport. This method ensures flexibility of each module, allows sophisticated modelling of 

hydrodynamics, thermodynamics and geochemistry. The coupling method was verified on benchmark problems and 

compared with TOUGH2-ECO2, TOUGH2 (CSIRO), DUNE, GEM and STOMP [19].  

The presented methods have been used for the numerical models in this work. 

3. Chromatographic partitioning 

Chromatographic partitioning of injected gas was investigated experimentally in [3], in which the authors 

provided the sensitivity study on the impact of gas impurity concentration (2, 5, 30% of H2S), on the impact of 

pressure, temperature and salinity conditions (61°C and 13.5 MPa; 25°C and 6 MPa; fresh water and 119 ppm of 

salinity) and of admixture type in the injected stream (H2S, N2, SO2, CH4). In the last stage, the laboratory results 

revealed a key factor of the impurity solubility order regarding to that of CO2. The breakthrough time of the gas 

compounds and their profiles highly depend on the solubility ratio between gases. The less soluble the admixture gas 

is, the earlier and higher breakthrough is expected. The impurity gases present in the injection stream after the 

capture processes can then be classified by the solubility.  

A series of experiments with variable H2S concentration in the injected gas stream was chosen for modeling. 

Numerical simulations were performed by CMG-GEM
TM

 and presented in [35]. The laboratory experiments have 

been modeled by HYTEC. The present section shows our numerical results comparing with the experimental and 

numerical results obtained in [3,35]. The dynamic displacement solubility experiments selected for modeling are 

shortly described in Section 3.1 as well as the model description. Section 3.2 demonstrates the flow evolution and 

physics of the H2S experiments. Section 3.3 shows the extending the numerical model to other types of admixture 

and confirms the used methods (Section 2) and the laboratory results on chromatographic gas partitioning. 
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3.1. Numerical model of laboratory experiments 

The dynamic solubility experiments were carried out at high pressure and temperature conditions in a tube 

homogeneously packed with silicate rounded frac sand. The length of the tube is 24.38 m; the tube inner diameter is 

0.775 cm. The porosity and permeability are 0.37 and 5915 mD, respectively. The gas mixture is injected at a 

constant rate of 7.5 cm
3
/h in the tube at constant pressure 13.5 MPa, temperature 61°C and brine salinity 118950 

ppm. Modeling of viscosities and densities may be different from [35]. The gas and brine viscosities are constant in 

this study 0.037 and 0.579 mPa∙s, respectively. The gas density is modeled according the PR78, which is reliable for 

the gas mixtures. The McCain model [36] was chosen for the brine density. Fitting of relative permeability functions 

for gas and brine is reported in details in [3]. Curves were fitted only for H2S and CO2 experiments. 

The methods of gas-liquid equilibrium are described in Section 2. The binary interaction parameters 𝑘!" and the 

partial molar volume at infinite dilution 𝜐!! used in this study are given in Table 1. In this study, the partial molar 

volume was globally averaged or locally averaged for several compounds (e.g., Ar, N2, CO2, O2, SO2). The binary 

interaction parameters can be found in literature and can be calculated by the PPR78. 

3.2. Numerical results of H2S and CO2 partitioning 

Fig. 1 presents the numerical results for a feed gas of 2% H2S and 98% CO2. Numerical results are in a good 

agreement with the laboratory experiments and numerical models reported in [35]. The gas mixture is injected in the 

saturated tube; the gas front propagates continuously towards the outlet of the tube, Fig. 1a. The numerical results of 

CMG-GEM and HYTEC are similar. The gas saturation curves have a common shape and evolution. Fig. 2 shows 

the evolution of gas composition at the outlet of the tube for the cases of 2% H2S and 30% H2S in the injected 

stream. The breakthrough of H2S is delayed in both cases. Only slight differences between experimental and 

numerical results can be observed. However, the numerical models give a phenomenological description of the 

experiment. 

a) b) 

 

Fig. 1. Numerical results of the laboratory experiment [3,35] modeled by CMG-GEM (black lines) and HYTEC (colored lines). Injection of a 

feed gas of 2% H2S and 98% CO2 in a long sand-packed coil. a) Gas saturation evolution. b) Composition in mole fraction of H2S and CO2 in the 

aqueous phase at 0.5 and 1.2 days. 
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a) b) 

 

Fig. 2. Numerical results of the laboratory experiment [3,35] modeled by CMG-GEM (black lines) and HYTEC (colored lines) compared with 

experimental data (symbols). Composition in mole fraction of H2S and CO2 in the gas phase during injection of a) 2% H2S and 98% CO2 and b) 

30% H2S and 70% CO2 gas mixture in a long sand-packed coil. 

Since H2S is more soluble than CO2, the breakthrough gas is CO2-rich. The H2S breakthrough indeed occurs later 

but it then rises and reaches its concentration in the feed gas. The composition of CO2 and H2S in the aqueous phase 

at 0.5 and 1.2 days is shown in Fig. 1b. Retardation of H2S front can be observed and its gap with the CO2 front 

grows with injection time. This dynamics is explained by a higher solubility of H2S with regard to CO2. The 

partitioning of H2S and CO2 both in the gas phase and aqueous solution is observed. The numerical models 

qualitatively reproduce the laboratory experiment. 

3.3. Numerical results for SO2, H2S, CH4, Ar, O2, and N2 cases 

For the same flow conditions, the authors of [3] performed a series of experiments with different impurities in the 

feed gas. The experiments were done with 5% of H2S, N2, SO2 and CH4 in the injected stream. The breakthrough of 

gases was monitored. The experiments show a key role of differential solubility of gases in the feed gas. In Fig. 3, 

the mole fraction of the impurity gas H2S, N2, SO2 and C1 (methane) are normalized by the relevant initial mole 

fraction of the injected gas (5% for all four tests) in order to emphasize the scale of the gas partitioning effect due to 

the different solubility relations. We compare the experimental data and numerical results of HYTEC in Fig. 3a. 

Despite a small mismatch the numerical model confirms the experimental data. Since the curves of relative 

permeability were fitted only for H2S and CO2 experiments, that may explain difference between numerical and 

experimental results. These results confirm that 

• The solubility of the impurity in the injected stream regarding to that of CO2 is a key factor. The less soluble the 

impurity gas is, the earlier and higher breakthrough should be expected.  

• Classification of impurity gases can be proposed. For example, in the decreasing order of their solubility (13.5 

MPa, 61°C, 118950 ppm): SO2 > H2S > CO2 > CH4 > Ar > O2 > N2. 

Hence, the gases on the RHS to CO2 of the inequality (from CH4 to N2) should evolve the similar profile of the 

normalized mole fraction with high and early peaks at the edge front of the breakthrough gas, and vice versa, SO2 

and H2S yield a lower and later breakthrough. To complete the sequence of experiments, we performed the 

simulations with 5% Ar and 5% O2 in the 95% CO2 feed gas. Fg. 3b brings together the six cases of the 5% 

impurity gas in the injected stream. 
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a) b) 

 

Fig. 3. a) Mole fraction of the impurity gases, H2S, N2, SO2, C1 (CH4) at the outlet, normalized by the relevant mole fraction in the initially 

injected gas (5% for all cases), as a function of the pore volume of the total injection. Comparison of experimental data [3] (black lines) and 

numerical results of HYTEC (colored lines). b) Mole fraction of the impurity gases at the outlet for H2S, N2, SO2, C1 (CH4) complemented by Ar 

and O2. Numerical results only. 

4. Injection of impure CO2 and convective mixing 

4.1. Problem description 

Modeling of CO2 injection at reservoir scale allows for analysis of the gas plume evolution and undergoing 

processes. Supercritical CO2 is injected through a well in a vertically confined long aquifer with a height of 100 m at 

a depth of 1100 m, see Fig. 4. The injection rate is constant, 10 kg/s; the well radius is 0.3 m; the injection is 

performed over the whole area of the well during 30 y. Supposing a homogeneous medium, the 2D axisymmetric 

problem is set: 0.2 of porosity, 10
-12

 m
2
 of permeability. The Brooks-Corey models [37] are chosen to model the 

capillary pressure and relative permeability with 𝑝! = 10! Pa, 𝜆 = 2, 𝑆!" = 0.15, 𝑆!" = 0.05. The gas and liquid 

densities are modeled by the PR78 and the T-VTPR, respectively. The gas and liquid viscosities are considered 

constant: 2.84×10!! and 5.49×10!! Pa∙s, respectively. The gas and liquid diffusion coefficients are also constant: 

1.95×10!! and 3.36×10!! m2/s, respectively. The length of the aquifer is 10 km. Length of cells varies from 2 to 

1000 m that allows us to reduce the grid dimension to 33,250 cells.  

Considering the observations on chromatographic partitioning given in Section 3, we devise two feed gas 

scenarios:  

• 95% CO2, 4% N2 and 1% O2 and 

• 95% CO2 and 5% SO2.  
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Fig. 4. Schematic of 2D radial problem. 

Though H2O(g) can be neglected, it has been added in the chemical system of the problem. Since N2 and O2 are 

less soluble that CO2, they can be expected at the edge of the gas current. The gas mixture with these impurities 

becomes lighter, the density of current drops. This may promote the plume spreading. An opposite effect leads 

adding SO2 in the feed gas. Being more soluble that CO2, SO2 spreading should be delayed comparing to CO2 

propagation. The presence of SO2 makes both the gas current and the formation water with dissolved species 

heavier. Therefore, a higher convective mixing can be expected that causes CO2 dissolution.  

4.2. Numerical results 

Fig. 5 shows a gas front evolution and its composition in mole fraction after 30 y of the CO2+N2+O2 injection. 

Gas current has a conventional plume shape, Fig. 5a. Partitioning of CO2, N2 and O2 is visible: N2 and O2 form a 

noticeable front at the plume edge, Fig. 5b, c and d. This favorable aspect makes them interesting for monitoring 

usage. H2O(g) can indeed be eliminated from the chemical system, Fig. 5d. Partitioning in the liquid phase is also 

apparent, Fig. 6. The density of the aqueous solution that contains dissolved species (CO2, N2 and O2 in this case) is 

higher than the density of the formation water. This evolves instabilities, which initiate under the plume, create 

convective motion and moreover, enhances dissolution of gas species. Fig. 6 demonstrates CO2, N2 and O2 rich 

fingering. An accurate modeling of non-ideal gaseous mixtures and aqueous solution and their thermodynamic 

properties is required to replicate an adequate plume propagation, its composition, and a representative rate of 

convective fluxes. 

When injecting CO2+SO2, there is an opposite gas partitioning, Fig. 7. SO2 motion is delayed because of its 

higher solubility. CO2 spreads further than SO2 in the aqueous phase as well, Fig. 8. Near-well fingers are of a 

higher SO2 concentration. SO2 has a potentially favorable property: SO2 mixtures have higher density. Its impact 

both on the gas density and on the liquid density is significant. The effect can be seen in Figs. 9 and 10, where the 

gas and liquid densities are mapped for both scenarios. The gas current of the CO2+SO2 case is much heavier, 

especially near the injection well area. Convective mixing is also more pronounced in the CO2+SO2 case, that 

evolves a higher dissolution rate. A more detailed analysis of convective fluxes is still needed to evaluate it 

quantitatively. Also, SO2 can cause a corrosion of well materials and a strong acidification of the formation water. 
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Fig. 5. Injection of 95% CO2, 4% N2, and 1% O2. a) Gas saturation map and gas composition in mole fraction of b) CO2(g), c) N2(g), d) O2(g), and   

e) H2O(g) after 30 y of injection. Rescaled zone of reservoir [3000 x 100] m. 

 

a) 

b) 

c) 

d) 
Res

e) 
Res
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Fig. 6. Injection of 95% CO2, 4% N2, and 1% O2. Aqueous composition in molal: a) HCO3
-
, b) N2(aq), and c) O2(aq) after 30 y of injection. Rescaled 

zone of reservoir [3000 x 100] m. 

 

Fig. 7. Injection of 95% CO2 and 5% SO2. Gas composition in mole fraction: a) CO2(g) and b) SO2(g) after 30 y of injection. Rescaled zone of 

reservoir [3000 x 100] m. 

a) 

b) 

c) 

a) 

b) 



 GHGT-14 Irina Sin et al.   11 

 

Fig. 8. Injection of 95% CO2 and 5% SO2. Aqueous composition: a) CO2(aq) in molal and b) SO2(aq) in mol/l after 30 y of injection. Rescaled zone 

of reservoir [3000 x 100] m. 

 

Fig. 9. Gas density map after 30 injection of a) 95% CO2, 4% N2 and 1% O2 and of b) 95% CO2 and 5% SO2 feed gas. Rescaled zone of reservoir 

[3000 x 100] m. 

a) 

b) 

a) 

b) 
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Fig. 10. Liquid density map after 30 injection of a) 95% CO2, 4% N2 and 1% O2 and of b) 95% CO2 and 5% SO2 feed gas. Rescaled zone of 

reservoir [3000 x 100] m. 

5. Conclusions 

This work presented a study on the chromatographic partitioning of CO2 and impurities present in the injected 

stream in the CCS context. Laboratory and field observations have revealed the chromatographic partitioning 

phenomenon of CO2 and impurities both in the gas and in the aqueous phases [3,15,38]. Series of laboratory 

experiments were modeled using the reactive transport HYTEC. Numerical results confirmed the laboratory 

observations and showed differential breakthrough of injected gases.  

A series of experiments on CO2 and H2S mixture with different H2S concentration was modeled. Numerical 

results of HYTEC are in good agreement both with the results given by CMG-GEM and with experimental data.  

Another series of dynamic displacement-solubility experiments was modeled to study the chromatographic gas 

partitioning depending on a type of impurity. Numerical results show that the physics can be modeled both 

qualitatively and quantitatively. The experiments were carried out for several impurities: H2S, CH4, N2, and SO2. 

Considering the same flow conditions, numerical models for O2, Ar were additionally constructed. Next conclusions 

can be made: 

• Solubility of the impurity in the injected stream regarding to that of CO2 is a key factor. The less soluble the 

impurity gas is, the earlier and higher breakthrough should be expected.  

• Classification of impurity gases can be proposed, in the decreasing order of their solubility (13.5 MPa, 61°C, 

118950 ppm): SO2 > H2S > CO2 > CH4 > Ar > O2 > N2. Hence, the gases on the RHS to CO2 of the inequality 

(from CH4 to N2) should evolve the similar profile of the normalized mole fraction with high and early peaks at 

the edge front of the breakthrough gas, and vice versa, SO2 and H2S yield a lower and later breakthrough. 

• Using accurate models of reactive transport, solubility, phase equilibrium and thermodynamic properties of non-

ideal mixtures allows reproducing of the chromatographic partitioning: breakthrough time of gases, gas 

concentration, and front propagation. 

Chromatographic partitioning was studied at reservoir scale by modeling two scenarios of impure CO2 injection 

over 30 years: 95%CO2+4%N2+1%O2 and 95%CO2+5%SO2. When injecting impurities, the chromatographic 

partitioning can be observed inside the gas plume and in the aqueous solution. Modeling injection of 

95%CO2+4%N2+1%O2 demonstrated potential usage of noble gases for monitoring and proved the previous 

a) 

b) 
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laboratory results. The plume composition strongly depends on a type of the co-injected gas. Moreover, a type of 

impurity and its concentration change the density of gas current and the density of the formation water with 

dissolved components. Both densities in the case of 95%CO2+5%SO2 injection are overall higher than those in the 

95%CO2+4%N2+1%O2 model. This impacts on the buoyancy forces, hence on the distance, velocity and shape of 

the plume. Since dissolved impurities contribute to the liquid density, it can then accelerate or slow convective 

dissolution. Heterogeneous gas composition induces density driven motion that can be especially important in case 

of heavy compounds such as SO2.  

Modeling multiphase multicomponent flow and reactive transport and accurate thermodynamic modeling of real 

behavior of mixtures (such as CO2, N2, O2, Ar, SO2, CH4, H2S, H2O, H2) can provide insightful understanding of 

coupled complex physical processes and build confidence in the sustainability of CO2 storage sites. 
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Abstract 

The study of the temporal and spatial changes in water composition and geochemical reactions imposed by 

CO2 injection and storage is particularly important for reservoirs with potentially precious water resources. The 
distribution and reactivity of the co-injected gas impurities SO2, NO2 and O2 are of particular interest as the formation 

of sulfuric and nitric acids may reduce the pH beyond the acidification from the dissolution of CO2. Dissolved O2 is a 

strong oxidant often controlling reactions involving trace metals, iron and sulfur. The Precipice Sandstone at the 

Glenhaven site near Wandoan, Queensland (Australia), is currently assessed by Carbon Transport and Storage 

Company (CTSCo) as a potential CO2 storage reservoir for a demonstration project. Reactive-transport simulations 

demonstrated a) a strong acidification of the near-wellbore zone due to the preferential stripping of gas impurities and 

the associated formation of nitric and sulfuric acids and b) CO2 accumulation around the lithostratigraphic boundary 

of the Lower and Upper Precipice Sandstone where relatively rapid mineral dissolution (muscovite, chlorite and 

calcite) and precipitation (ankerite and chalcedony) is observed.  

 
 
Keywords: Reactive-transport, CO2 impurities, fluid-rock reactions 

1.  Introduction 

The Precipice Sandstone at the Glenhaven site near Wandoan, Queensland (Australia) is currently assessed by 

Carbon Transport and Storage Company (CTSCo) as a potential CO2 storage reservoir for a demonstration project 

with an injection rate of 60,000 tons/year over three years. The Lower Precipice Sandstone is a relatively homogenous, 

quartz-dominated, high porosity – high permeability reservoir with a thickness of approximately 80 meters. The 

overlying Upper Precipice Sandstone contains abundant relatively reactive minerals (including K-feldspar, Fe-
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chlorite, calcite) and has a much lower porosity and permeability. Petrographic and mineralogical details of the 

prospective CO2 storage reservoir are published by Farquhar et al. [1].  

 

2.  Methods and Materials 

Two 2-dimensional transects were extracted from CTSCo’s geological model and used for the development of 

reactive-transport models. The models cover a heterogeneous permeability and porosity domain, consist of seven 

hydraulic flow units with different mineral compositions and associated equilibrated formation water compositions. 

Two flow models with the following differences were tested: Flow Model 1 includes grid refinement near the well, 

relatively high residual gas saturation and high capillary entry pressure. Flow Model 2 is based on a continuous grid 

size, lower gas saturation and lower capillary entry pressure. The reactive-transport model sensitivity towards variable 

mineral surface areas and the dissolution of CO2 impurities assuming kinetic or equilibrium control were also tested. 

Flow and reactive transport simulations were carried out with TOUGHREACT-OMP V3.32 [2] in tandem with the 

ECO2N V1.0 module [3] for water and CO2 flows. This simulator was applied to model flow, transport, and reaction 

of supercritical CO2 and impurities (SO2, NO2, and O2) in initially fully water-saturated, porous, sedimentary rocks. 

The simulated coupled processes include multiphase flow and reactive transport of multiple chemical components in 

both aqueous and compressed “gaseous” phases, including kinetic mineral precipitation/dissolution together with 

aqueous speciation and gas dissolution/exsolution at local equilibrium. The kinetic dissolution of gaseous impurities 

was also considered in some cases. Porosity and permeability were dynamically coupled to mineral precipitation and 

dissolution using the Kozeny-Carman relationship.  

 

Simulations were performed with fully heterogeneous (gridblock by gridblock) fields of permeability, porosity, 

and mineralogy developed from provided Petrel™ geologic cross-sections of the site (Figure 1). The effect of 

heterogeneous capillary pressure resulting from these heterogeneous properties was taken into account by computing 

capillary pressure as a function of both local and average permeability and porosity values applying the Leverett 

scaling relationship. Heat transport and heat effects from chemical reactions, including gas dissolution, were assumed 

negligible and thus not considered. Because of the low salinity of groundwater (~ 200 mg/L TDS), the effect of 

dissolved salts on the flow and phase partitioning of CO2 and H2O was also deemed negligible.  
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Table 1. Simulated cases considered. 

Simulation Specifics Case A Case A1 Case B Case B1 

Numerical Mesh Coarse Fine Fine Fine 

Gas residual saturation1 Low Low High High 

Average properties2 Local Local Local 
Site-

wide 
     

Flow-only X X X X 

RT, CO2 only X   X 

RT, CO2+NO2+SO2 X    

RT, CO2+NO2+SO2+O2 X  X X 

Dissociation of gas impurities Equilibrium  Kinetics Kinetics 

Additional Sensitivity Runs:     

  Higher impurities3 X    

  0.1x and 10x surface areas X    

  Kinetic gas dissolution X    

RT stands for Reactive Transport 
1 Low: linear decrease from 0.2 to 0.08 from fine to coarse units; High: 0.27-0.47 
2 Average permeability and porosity values used for Leverett Scaling; Local: averages taken over the 

 modeled cross-section domain; Site-wide: average for the entire site. 
3 Base-case/Higher (ppmv): O2, 100/1000; NO2, 33/100; SO2, 20/100.    

 

3.  Results and Discussion 

In this study, the simulated CO2 injection rate is rather small (1.9 kg/s) and the injection period short (3 years). In 

addition, the vertical permeability (circa 10-12 m2) and porosity (0.12-0.2) in the injection formation (lower Precipice 

Sandstone) are significantly higher than in the overlying formation (upper Precipice Sandstone, permeability 10-14 to 

10-13, and porosity 0.05 to 0.12) (Figure 1). As a result, there is essentially no predicted migration of CO2 laterally 

away from the injection point, and all the CO2 is predicted to initially migrate vertically by buoyancy through the 

upper Precipice Sandstone until it reaches the upper/lower Precipice Sandstone geologic contact. Because the CO2 

flow is buoyancy-dominated, the resolution of the numerical grid and capillary properties of the formation have a 

significant impact on predicted flow patterns [4]. It can be seen in Figure 2 that grid refinement (from Case A to A1) 

accompanied by increased gas residual saturation (from Case A1 to Case B), and increased capillary pressure 

heterogeneity (from Case B to Case B1) progressively result in more channelized flow and retention of CO2 closer to 

the injection location. In all cases the predicted extent of the CO2 plume at the time when injection stops does not 

differ significantly from the predicted extent after 100 years, thus meaning that most of the CO2 is trapped by capillary 

forces at the end of the injection period. The increase in CO2 transport along vertical flow paths (‘channelling’) 

predicted with finer grids, particularly with Case B1, limits lateral migration but increases the penetration of CO2 into 

the upper Precipice Sandstone. 
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Figure 1.  Geologic grid and numerical meshes (Coarse and Fine cases), showing porosity.  The full model domain 

extends from X = 0 to 3000 m, and Z = -852 to -1300 m BMSL. The injection interval is at  

Z = -1010 to -1007 m BMSL, centered at X = 837.5 m. 

 
  

  
Figure 2. Predicted saturation of CO2 after 3 years (end of injection period) and 100 years for cases with increasing: 
grid refinement (from Case A to A1); CO2 residual saturation (from Case A1 to B); and capillary pressure 

heterogeneity (from Case B to B1).  

 

The predicted pH of the plume (Figure 3) follows closely the modeled migration path, as the dissolution of CO2 

releases carbonic acid in solution and lowers the formation water pH. Because pH-buffering minerals are essentially 

absent from the lower Precipice Sandstone, the pH drops significantly from near-neutral background values down to 

~ 4.6. On the contrary, the upper Precipice Sandstone contains pH-buffering minerals and a sharp gradient develops. 
The pH of the plume seems unaffected by the co-injected impurities, except near the injection point where NO2 and 

SO2 dissolve and disproportionate almost immediately into the formation water. Such elevated “solubility” of NO2 

and SO2, relative to that of CO2, results in a chromatographic separation, whereby these impurities partition out of the 

CO2 as soon as it contacts the formation water. This process further depresses the pH at the injection location, but 

only by a small amount when base-case concentrations are considered: to pH ~ 4.4 in Case A, and to ~ 4.3 in Case 

B1, from values ~ 4.6 without impurities. At higher concentrations, the pH drops in the 2.5 to 3 range but only 

immediately adjacent to the well. The predicted effect of NO2 and SO2 disproportionation near the injection point does 
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not only depend on the concentration of these impurities in the injected CO2 but is also sensitive to the spatial 
resolution of the numerical grid. This is because the dissolution of small, finite amounts of these compounds into large 

model grid blocks never reaches solubility limits. Thus, large grid blocks at the injection point effectively cause a 

dilution of the dissolved concentrations of NO2 and SO2 at this location, resulting in higher pH values than in finely 

discretized grids.  This work suggests that the pH drop in the formation water away from the injection point is not 

expected to be exacerbated by co-injection of impurities the impurities at the concentrations tested here. The 

dissolution of CO2 drives a series of reactions primarily within the upper Precipice Sandstone at the contact with its 

lower member, consisting of the dissolution of chlorite and calcite to form ankerite, kaolinite, magnesite, and silica. 

The resulting overall porosity change is small (~ -3% at 100 years). 

 

      

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Predicted formation water pH after 3 and 100 years for Cases A, B, and B1, after injection of CO2 with 

impurities at base-case concentrations.  
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Abstract 

The evolution of water composition and mineral content in response to CO2 and CO2 impurities (O2, SO2 and NO2) injection in 
the Gippsland Basin were predicted using Geochemist’s Workbench (GWB). The results showed that the injection of CO2 and 
CO2 impurities (SO2 and NO2) will initially lower the pH of formation water to ca. 3.2. However, the pH will be buffered to 
approximately 5.0 by carbonate from siderite and dolomite dissolution. The injection will also cause the partial dissolution of 
several silica minerals such as K-feldspar as well as the precipitation of others such as kaolinite. Significant increases in 
dissolved K+, HCO3

-, Ca2+ and Mg2+ concentrations were observed as a result of the mineral dissolution. HCO3
-, Ca2+ and Mg2+ 

concentrations will stop changing after approximately 400 years, but K+ will continue to increase even after 1000 years. Further, 
the presence of oxygen will strongly impact the concentration of Fe2+ and Fe-bearing minerals (siderite, pyrite, and hematite). 
PHREEQC was also employed to predict the mineral-fluid interactions and the results agreed relatively well with the prediction 
using GWB. Noticeably, GWB predicted Mg-beidellite as one of the forming minerals, while PHREEQC models showed that 
this mineral would be undersaturated. In addition, the formation of ideal and non-ideal solid solution minerals in PHREEQC 
models outcompetes the formation of pure end members such as siderite.   
 
Keywords: CO2 sequestration; mineral-fluid interactions; reaction path modelling; soid solution; Geochemist Workbench; PHREEQC 

1. Introduction 

CarbonNet is one of the Carbon Capture and Storage Flagships projects in Australia and is at the Project 
Development stage [1]. With the current progress of the project, it is important to better understand and predict 
confidently the change of the water and mineral compositions under CO2 storage conditions in the Gippsland Basin. 
In this study, reaction path modelling is performed using the Geochemist’s Workbench (GWB) software (Bethke and 
Yeakel 2012), detailing the fluid-mineral interactions and the responding changes in water composition within the 
Latrobe Group reservoir. It is accepted that following the injection, CO2 and CO2 impurities (SO2 and NO2) will 
dissolve in the formation water to form carbonic, nitric and sulphuric acids [for example, 2]. These acids will 
decrease the pH of the reservoir, causing the dissolution of minerals (such as K-feldspar, KAlSi3O8). In addition, 
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mineral precipitation may occur depending on thermodynamic conditions (i.e. mineral saturation states) and 
precipitation kinetics. For example, hematite may reach supersaturation and precipitate during the interaction of Fe-
bearing minerals with CO2-rich fluid. 

 
The impacts of O2, NO2 and SO2 as CO2 impurities on fluid-rock interactions and associated changes in water 

quality within a geological reservoir have been studied by laboratory, modelling and field studies [for example, 3, 4-
6]. Once O2 is present in the reservoir redox reactions such as the oxidation of SO2 will control the redox state of the 
system and the aqueous speciation of the impurities (SO2 and NO2). These redox reactions contribute to changes in 
pH due to the consumption or production of protons (H+), respectively. However, the decrease in pH is buffered by 
dissolved inorganic carbon species and carbonate minerals [7]. Previous studies have shown that the co-injection of 
O2 caused pyrite and siderite dissolution [2, 3, 8-12]. In some cases, secondary minerals (such as anhydrite and 
gypsum) were reported to form [4, 6, 8, 13-15]. Consequently, increases in cations (e.g., Fe2+ and Ca2+) due to the 
introduction of CO2, O2, NO2 and SO2 has been documented from results of laboratory and field studies [2, 3, 10, 
11].  

 
Natural minerals are often impure and the energy of solid solutions (particularly the ideal ones) is lower than that 

of a mechanical mixture [16], making solid solutions the most likely solid phase to form. PHREEQC is one of the 
geochemical modelling software that has a capability to model the formation of solid solutions [17]. In this study, 
PHREEQC was employed to model the formation of ideal solid solution (three components, including Ca, Mg and 
Fe) and non-ideal solid solution (two components, including Ca and Fe or Mg and Fe) carbonate minerals, and the 
results are compared with the predictions using GWB.    

 

2.  Material and Method 

2.1. The GWB modeling approach 

The reaction path modelling was performed using the React module of the GWB 9 Pro software and 
thermo.com.V8.R6+ database [18]. Thermodynamic properties for a Mg-ankerite (Ca1.0Mg0.3Fe0.7(CO3)) were added 
into the database based on previous work [4, 19]. The thermo.com.V8.R6+ database was also modified, with the ion 
size parameter of CO2(aq) being set to a value of -0.5 [20]. Equilibrium constants at different temperature for H2SO4 
were estimated and added following Wu and Feng [21]. The temperature as kept at 50 C throughout each model 
run. Reported pressure (110 bar) was used to calculate the CO2 solubility at corresponding TDS levels (assuming the 
TDS is represented by only NaCl) using a Duan and Sun model [22, 23]. All simulations start with CO2 saturated 
formation water and were run for 1000 years.  

 
Mineral abundances were entered into the model as mineral volumes. Mineral volumes (cm3) were calculated 

using mineral weight percentages, the porosity of the reservoir, molar weight and mole volume of minerals reported 
in the thermo.com.V8.R6+ database [18]. For each model with a given porosity the total volume of the minerals is 
calculated accordingly. For example, given a porosity of 10% and a total volume of fluid of 1 L (1000 cm3), the total 
volume of the minerals is 9000 cm3, leading to a total rock volume (total volume of minerals and fluid) of 10000 
cm3.  

 
As Al3+ and SiO2 concentrations were unavailable, the speciation of aqueous phases was calculated using the 

SpecE8 module of the Geochemist’s Workbench 9 Pro software and thermo.com.V8.R6+ database [GWB, 18] to 
estimate Al3+ and SiO2 concentrations. In the speciation models, chalcedony (SiO2) and kaolinite were employed to 
swap for SiO2 and Al3+. The speciation modelling was done to estimate concentrations of missing ions such as Al3+ 
and SiO2, ensure charge balance and validate the reported chemical composition. Generally, the modelled chemical 
compositions agree well with reported compositions. 
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More details on the modelling approach, injectate, mineral and water compositions, and kinetics parameters can 
be found in previous works [2, 24]. 

2.2. The PHREEQC modeling approach 

Inputs for PHREEQC models are the same as inputs for GWB model. The only difference is that carbonate 
mineral solid solutions are considered in PHREEQC models, with three-component and two-component solid 
solution carbonate minerals containing Ca, Mg and Fe were modelled. For non-idea solid solutions containing Ca 
and Fe or Mg and Fe, the Guggenheim coefficient a0 was sourced from Glynn [25].    

3. Results and Discussions 

3.1. GWB modelling results  

The model predicted that the pH of the systems will be well buffered to ca. 5.0 due to the dissolution of carbonate 
minerals (the reservoir has 3.15 wt% and 12.85 wt% of dolomite and siderite, respectively). The model also 
predicted that K-feldspar (up to ca. 0.04 mol/kg of formation water, lost amount), dolomite (up to ca. 0.015 mol/kg 
of formation water, lost amount), siderite (up to ca. 0.05 mol/kg of formation water, lost amount) and pyrite (up to 
1.3x10-6 mol/kg of formation water, lost amount) will dissolve (for example, Fig.1). Simultaneously, chalcedony (up 
to ca. 0.05 mol/kg of formation water, gained amount), kaolinite (> 5.5x10-5 mol/kg of formation water, gained 
amount), Mg-smectite (0.014 mol/kg of formation water, gained amount) were predicted to precipitate (for example, 
Fig.1). Overall, there will be a net decrease in the total mineral volume, corresponding to an increase in porosity by 
0.004%.   

 

            

 
 

Fig. 1. Predicted changes in pH a), dissolution of K-feldspar (b) and precipitation of chalcedony (c). GWB, PHREEQC_no SS, (Ca, Mg, Fe) 
ideal, (Ca, Fe)_a0 = 2.56 and (Mg, Fe)_a0 = 1.9 are represent for GWB model and PHREEQC models with three-component solid solution 

(ideal) and two-component solid solutions (non-ideal and regular with a0 equals 2.56 and 1.9), respectively. 

a) b) 

c) 
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As the pH is well buffered there was little change in mineral amounts and only minor increases in dissolved ions 
(for instance, Ca2+ in Fig.2). It was also noted that pyrite and dolomite dissolution will be outcompeted by siderite 
dissolution. This was likely due to proton (H+) consumption by siderite dissolution, thus the amount of available 
proton for pyrite and dolomite dissolution was reduced. In addition, the oxidation of released Fe2+ (from siderite) 
was instantaneous and thus it outcompeted the oxidative dissolution of pyrite.   

  

   

Fig. 2. Predicted changes in Ca2+ (a) and Mg2+ (b). 

Selected changes in the water composition are presented in Fig. 2. It was predicted that K+ Ca2+ and Mg2+ 
concentrations would increase (maximum increases by 0.01, 0.01 and 0.035 mol/kg, respectively). Dissolved K+ 

increased moderately, while Ca2+ and Mg2+ concentrations increased sharply within the first 10 years and slowed 
down exponentially afterwards. Simultaneously, Fe2+ concentration increased sharply in the first year to ca. 4x10-3 
mol/kg and then decreased quickly to ca. 3x10-4 mol/kg before remaining relatively unchanged (data not showed). 
The changes in Fe2+, Mg2+ and Ca2+ concentrations are the reflection of changes in mineral composition. Dissolved 
Fe2+, Mg2+ and Ca2+ concentrations increased significantly due to the dissolution of siderite and dolomite, while the 
formation of Mg-smectite (and the re-precipitation of dolomite and siderite in later years) caused the decline in 
dissolved Fe2+, Mg2+ and Ca2+ concentrations. It was noted that SO4

2- increased marginally, as very minor pyrite 
dissolution occurred. This is probably due to siderite dissolution outcompeting pyrite dissolution (as discussed 
above). In addition, the amounts of dissolved Fe2+ and hematite are controlled by the presence of O2(aq), and drops in 
pH are buffered by dolomite and siderite dissolution.  

3.2. PHREEQC modelling results  

The comparison of results from PHREEQC and GWB showed good agreement (Figs. 1, 2 and 3). There are, 
however, two important differences. Firstly, in PHREEQC models, the formation of solid solution carbonate 
minerals such as ankerite outcompete pure end members such as siderite (for instance Fig. 3). Secondly, Mg-
beidellite was predicted to form in the GWB model but was predicted to be undersaturated in all PHREEQC models. 
The reason for this difference is related to PHREEQC’s capability to account for solid solution mineral formation. In 
this case, dissolved Mg preferentially precipitates as a carbonate mineral reducing the saturation state of Mg-
beidellite. 
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Fig. 3. Predicted dissolution of siderite (a) and precipitation of solid solutions (ankerite, b). 

4. Conclusions 

The changes in water composition and mineral content due to the injection of CO2 and CO2 impurities (O2, SO2 
and NO2) in the Gippsland Basin were predicted using GWB and PHREEQC. The results showed good agreement 
between PHREEQC and GWB results when predicting mineral-fluid interactions under CO2 storage conditions. 
Injection of CO2 and its impurities will cause a drop in pH, which will be buffered to approximately 5.0 through the 
dissolution of siderite and dolomite. The injection will also lead the dissolution and precipitation of minerals such as 
K-feldspar and kaolinite, respectively, causing increases in dissolved K+, HCO3

-, Ca2+ and Mg2+ concentrations. In 
addition, results suggested that Mg-beidellite is a secondary mineral in the GWB model, while PHREEQC models 
suggested solid solution carbonate minerals to be the primary sink of Mg2+. Moreover, the formation of ideal and 
non-ideal solid solutions in PHREEQC models inhibits the formation of pure carbonate minerals such as siderite.  
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Abstract 

The World Energy Council defines energy sustainability based on three dimensions: energy security, energy equity and 
environmental sustainability. The process of adequately addressing all three of these dimensions is commonly referred to as the 
Energy Trilemma. It is widely acknowledged that a range of low-emissions technologies will be required to meet the targets of 
the Paris COP21 agreement and that no single technology or class of technologies can efficiently and effectively supply all our 
energy needs. One of the issues policy makers must consider as they aim to achieve energy sustainability is the selection of 
power generation technologies to include in networks. Several indices are available to assist decision-makers to address the 
Energy Trilemma, but all have limitations for comparison of individual technologies.  
 
A new decision support tool, the Trilemma Scale, was developed to inform the community and policy makers. This systematic, 
transparent and quantitative method incorporating measures of cost, reliability and emissions enables comparison of the 
contribution of each power generation technology to the Energy Trilemma. The comparative analytical data of each technology is 
transformed into a single metric – the Trilemma Score. The lower the score ‘the better the solution’ to the Energy Trilemma. 
 
Conventional gas and coal fired generators fitted with carbon capture have the five lowest, most favourable scores when the 
Trilemma Scale is applied to contemporary data. Fixed renewables are sixth on this list. When the Trilemma Scale is applied to 
projected data to 2030, firm renewables move up to fourth place.  
  
The findings highlight a mismatch between Trilemma Scores and current policies. Funding support, investment and rhetoric to 
address the future energy mix is heavily directed to technologies with higher, less favourable scores. For example, increasing the 
numbers of gas-fired plants with fast-acting open cycle turbines is being considered to address down-time of intermittent 
renewables and High Efficiency Low Emission coal-fired plants are being contemplated. Conversely little emphasis is given to 
options with lower, more favourable scores that address emissions from the existing high reliability and low cost fuel options. 
Although firm renewables are not yet commercial, they are on the policy horizon, but carbon capture and storage, which is 
steadily demonstrating viability, is not discussed as a serious contender for low emissions, low cost, high reliability power 
generation. These findings should stimulate debate and consideration of investment and commercialisation incentives.   
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1. Introduction 

1.1. Energy trilemma 

The World Energy Council (WEC) definition of energy sustainability is based on three dimensions [1].    
 
▪ Energy security: effective management of primary energy supply from domestic and external sources, reliability 

of energy infrastructure, and ability of energy providers to meet current and future demand.  
 
▪ Energy equity: accessibility and affordability of energy supply across the population. 
 
▪ Environmental sustainability: achievement of supply- and demand-side energy efficiencies and development of 

energy supply from renewable and other low-carbon sources. 
 
The process of adequately addressing these three dimensions is commonly referred to as the energy trilemma. A 
trilemma has been described as a choice between three unfavourable options or a trade-off between three goals in 
which two are pursued at the expense of the third [2]. The World Energy Council makes it clear that each dimension 
of the energy trilemma is based on desirable outcomes and all three must be achieved for energy sustainability.   
 
“Balancing the three core dimensions of the energy trilemma is the basis for prosperity and competitiveness of 
individual countries. If the energy sector is to deliver on climate goals and support the achievement of development 
goals, it needs to do so in balance with the other two dimensions, to ensure sustainability of energy systems.”[3]  
 
Most power generation networks were designed prior to development of the current range of technologies, when 
choices were limited to fossil fuels and hydro. Improvements in reliability and efficiency have been made over time, 
but environmental considerations are relatively recent. Concerns about carbon dioxide and other pollutants have 
driven exploration of renewable energy sources and, even more recently, other low-emissions technologies.  
 
It is widely acknowledged that a range of low-emissions technologies will be required to meet the targets of the 
Paris COP21 agreement and that no single technology or class of technologies can efficiently and effectively supply 
all our energy needs [4, 5]. The need for countries to accelerate development and wide-scale application of a diverse 
portfolio of clean, efficient, sustainable, low-emissions technologies has been highlighted [4, 6-10]. In addition, the 
cost to achieve emission targets will be lower from a portfolio of low emissions technologies.  
 
One of the issues policy makers must consider as they aim to achieve energy sustainability is the selection of 
technologies to include in their power generation networks.  

1.2. Comparison of technologies 

Policy makers currently face three main challenges when comparing options for a sustainable energy portfolio. 
 
The first is the diversity in characteristics within the range of technologies available. Conventional power generation 
from fossil fuels is low cost and has high reliability but produces significant CO2 emissions. Renewables such as 
wind; solar PV and solar thermal have zero emissions but are currently more costly and less reliable than unabated 
fossil fuels. Over time, the introduction of batteries and storage systems is expected to make renewables more 
reliable and their costs will come down, but this is also true for research and development in all technologies. 
Hydroelectricity has no emissions, but when pumped hydro is introduced to increase reliability through stored 
energy, emissions are increased if power for pumping comes from conventional generators. Low emissions 
technologies such as coal, gas or biomass with carbon capture and storage (CCS) can significantly reduce carbon 
dioxide and other emissions while maintaining reliability, but at additional cost. While nuclear energy does not have 
carbon emissions, there are issues of radioactive waste to be considered. It is difficult to weigh up the advantages 
and disadvantages of such disparate technologies across the three dimensions of the trilemma. 
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The second is that the information available for decision-making is not always accurate, up-to-date or 
comprehensive. Current government subsidies only available to certain technologies are sometimes included in 
calculations, resulting in potentially significant underestimates of actual capital and operating costs for those 
technologies that benefit from the subsidies. Future cost estimates can also vary widely when they are based on 
different financing rates and the rates and other assumptions underlying calculations are not always made explicit. 
Capital costs of building new power generation assets do not usually include the costs of additional infrastructure 
required to integrate new facilities into the existing grid. Comparisons between technologies on a range of 
parameters are often presented as if they all operate 100% of the time without acknowledging that renewables are 
intermittent. Many reports comparing technologies do not include the most recent data available for all the options 
under consideration. These shortcomings lead decision-makers to incorrectly believe that they are comparing 
equivalent results. 
 
The third is that decision-makers come from a range of professional, political and ideological perspectives, 
frequently bringing strong views about the relative importance of one of the dimensions of the trilemma over the 
other two. In addition, the current scientific literature in this area has “…ignored the fact that the preferences among 
energy security, energy equity and environmental sustainability may change across decision makers, because of 
their competing relationships.”[11] 
 
One of the benefits of expressing the three dimensions as a trilemma is that it makes the relationships and tensions 
between them explicit.[12] Traditionally, decisions regarding energy security and costs of power generation were 
independent of environmental policies. Addressing all three requires cooperation and collaboration between sectors. 
"Until we get the environment, energy and commerce ministers in one room, we won't get good climate 
decisions."[3]  
 
If the environmental, reliability and cost parameters of individual technologies could be compared directly, good 
climate decisions could be made more effectively, and ministers’ time used more efficiently.  

1.3. Existing indices 

Several indices are available to assist decision-makers to address the energy trilemma, but all have limitations for 
comparison of individual technologies. The World Energy Council Trilemma Index [1], Energy Justice Metric [6] 
and the Modified Markowitz Mean-Variance Portfolio Optimization Theory [13] were developed to inform 
strategies for national energy systems and the latter two are based only on financial indicators.  The Australian Power 
Generation Technology Report compares individual technologies quantitatively based on cost, but comparison on a 
range of other indicators is qualitative [5].  To our knowledge, there is no index for comparison of individual 
technologies. 
 
A systematic, transparent, quantitative method to characterise individual technologies across all three dimensions of 
the energy trilemma is warranted. 

1.4. Trilemma Scale 

The Trilemma Scale enables comparison of the contribution of each power generation technology to the energy 
trilemma based on cost, reliability and emissions. It transforms the comparative analytical data of each technology 
into a single metric – the Trilemma Score.  
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The WEC energy trilemma has been represented as a Venn diagram where the overlapping triangle in the centre 
represents ideal sustainable energy development and the remaining areas show the interdependence and trade-offs 
between each of the three dimensions of the energy trilemma [14]. The same principles can be applied to the 
Trilemma Scale where the triangle at the centre is the Trilemma Score (Figure 1). 

Figure 1. The Trilemma Score 
 
Trilemma Scores for a range of technologies could be one of several inputs to decisions selecting a preferred energy 
mix. Although other parameters may affect final project selection, the scale offers an initial framework to enrich the 
debate on pathways to a cost-effective, reliable, low emission future. 
 
Analysis of a range of low emissions technologies including renewables (intermittent and firm), existing and new-
build conventional power plants (coal and gas), CCS (new-build and retrofit, with and without partial capture), is 
presented to compare their fundamental performance capabilities with respect to the three components of the energy 
trilemma in the Australian context. 

1.5. Context  

The Trilemma Scale has been developed and applied from the perspective of power generation in Australia. 
Application of the Trilemma Scale in other contexts simply requires selection of relevant technologies and input of 
appropriate data. 
 
When making comparisons, it is important to remember that countries, and even local regions, differ in critical 
aspects such as fuel costs, labour costs, available resources, power generation mix, etc that may limit direct 
extrapolation of international data in these areas. For example, in the United States gas is cheaper and coal more 
expensive than they are in Australia. Nuclear energy is used in many countries but is not allowed by law in 
Australia. Within Australia, CCS has greater feasibility in Victoria than New South Wales due to the location of 
suitable geological reservoirs close to power plants.  

2. Methods  

A cost, reliability and emissions score was calculated for each technology. These scores were combined to form the 
Trilemma Score. 
 
The lowest value is the preferred outcome. This applies to the scores for the three individual components and to the 
total Trilemma Score for each technology. 
 
The scale can be produced for different time periods using projected cost improvements over time and so provide an 
indication of preferred future pathways. Two scenarios were considered in this pilot: calculations were undertaken 
on recent data and projected data to 2030. 
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2.1. Technologies 

The Trilemma Scale has been piloted with a range of power generation technologies where data regarding their 
performance in the Australian context are available.  
 
▪ Natural gas generators include ‘open cycle’ (NGOC) plants, where waste heat produced in the process of 

electricity generation is released, and the more efficient ‘closed cycle’ (NGCC) plants, where waste heat is used 
to generate additional electricity via a steam turbine. Comparisons are made between the current models of 
operation (CO2 emissions released unabated) and potential models which include carbon capture (CO2 
emissions captured). 

 
▪ Coal generators include black and brown coal in conventional power plants and the proposed High Efficiency 

Low Emission (HELE) plants. Comparisons are made between the current models of operation (CO2 emissions 
released unabated) and potential models which include carbon capture (CO2 emissions captured). 

 
▪ Renewables include wind and solar. Australian data to allow inclusion of hydroelectricity are not available [5]. 

Comparisons are made between the current models of operation as ‘intermittent renewables’ (electricity is only 
generated when the wind blows and the sun shines) and the potential model of ‘firm renewables’ (batteries, 
back-up facilities and transmission infrastructure enable the same reliability as existing fossil fuel power 
plants). 

 
▪ Carbon capture can be retrofitted to existing gas and coal fired generators or incorporated into new builds. 

Retrofitting reduces the output from a power plant and this was accounted for in the calculations. Partial capture 
can be deployed to allow the amount of CO2 emissions captured to be varied from 0 to 90%. The electricity 
costs and emissions of partial capture are inversely related, one increases as the other decreases, hence lower 
CO2 reductions can be achieved at significantly lower costs than the 90% base case. Costs for storage of 
captured CO2 were included. The retrofit CCS options (with partial capture) are based on previously published 
brown coal studies linked to Bass Strait storage. Black coal CCS retrofit is expected to provide similar 
outcomes however retrofit projects are highly individual and scope specific.  

2.2. Indicators 

▪ Cost is measured using ‘Levelised cost of electricity’ (LCOE) [5]. LCOE represents the cost of producing 
electricity over the entire life of a technology by combining capital costs, operating costs and, where applicable, 
storage costs. This allows direct comparison of technologies with very different cost profiles. For example, 
renewables, which are capital-intensive but have low operating costs, can be compared with fossil fuels, which 
have a balance of capital and operating costs, using this single indicator. The LCOEs for current and proposed 
technologies are publically available (see data sources noted below). The intrinsic generation cost is used for 
existing forms of generation and variable renewables. However additional costs for batteries (various forms) 
and additional transmission infrastructure is necessary for firm renewables. CCS costs are generally for 90% 
CO2 removal with modifications for partial capture and cost improvements through to 2030. More detail on the 
benefits, costings and opportunities of partial capture are available in the references [15]. Costs for renewables 
are frequently presented in the media at much lower rates than those cited in the data sources used in this pilot. 
To investigate the effect of lower prices on the Trilemma Score, a sensitivity analysis was conducted. Wind 
prices were reduced by 50%, solar by 35% and firm renewables by 10%.  

 
▪ Reliability relates to capacity within the power system to provide sufficient electricity to meet all consumer 

demand [16]. Reliability measures consider generation, battery storage in renewable systems, transmission and 
distribution infrastructure. The ‘reliability standard’ for the Australian National Electricity Market (NEM) is the 
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primary mechanism to signal the market to deliver enough capacity to meet consumer demand. This is currently 
set at 0.002% unserved energy (USE) per region per financial year, which means that out of 100,000MWh of 
demand, no more than 2MWh of outage would be allowed [16]. Reliability is generally achieved by backups, 
often referred to as redundancy, such that if one item fails another is available. The probability of backups not 
achieving the reliability standard is calculated by multiplying the probability of any one unit not being 
available. This is based on the online time for any given technology. The probability of not being available is 
mathematically (1- online time probability). For a conventional power plant, the online probability is typically 
0.85, therefore 0.15 probability of not being available. Based on these figures, triple redundancy (the probability 
of not being available raised to the power of 3) was felt to most closely approximate the NEM standard of 
0.002%; quadruple redundancy seemed too tight a constraint. The Trilemma Score calculations were based on 
triple redundancy, however sensitivity analyses using the power of 2 and a single online measure were 
calculated to provide comparisons. 

 
▪ Emissions data for conventional power plants are publically available (see data sources noted below). 

Renewable energy generators have zero source emissions.  

2.3. Data sources 

Cost data were sourced from the Australian Power Generation Technology Report [5], CSIRO Low Emissions 
Technology Roadmap [17], UNOTech Response to the Preliminary Report of the Independent Review into the 
Future Security of the National Electricity Market [15] and Bloomberg New Energy Finance Australia Insight [18]. 
 
Data from the Australian Power Generation Technology Report [5] were used for Reliability and Emissions. 

2.4. Normalisation  

Individual technologies generate a characteristic value for each parameter (cost, reliability and emissions). The 
diversity of technologies produces a broad range of values for each indicator. For example, LCOE ranged from 
$30/MWh to $250/MWh. These data are ‘normalised’ for translation to a single manageable scale. The absolute 
values are divided by the respective parameter range to yield a value between 0 and 1. The normalised values are 
multiplied by their respective weighting and summed to get the Trilemma Score for each technology.  

2.5. Weighting 

The Trilemma Scores presented in the Results section below are based on calculations giving equal weight to each 
dimension. However, as noted earlier, some decision-makers may choose to give preference to one or two 
dimensions over the other/s [11]. To illustrate the differences resulting from a range of preferences, sensitivity 
analyses were undertaken with unequal weighting. A factor of two was applied to each parameter individually (cost, 
reliability and emissions) and to the three possible combinations of pairs (cost and reliability, cost and emissions, 
reliability and emissions).  

3. Results  

3.1. Components 

As expected, costs vary across the whole range of technology options; intermittent renewables perform poorly and 
the fossil fuel technologies perform strongly on reliability; and the reverse is true for emissions where renewables 
significantly outperform fossil fuels. 
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3.2. Trilemma Score 

The Trilemma Scale is presented visually with the technologies in ascending order based on their Trilemma Score. 
Technologies to the left of the graph, with the lowest scores, are more favourable based on a combination of their 
cost, reliability and emissions. Technologies to the right of the graph, with higher scores, are less favourable. 

 
 

 
 

Figure 1 Trilemma Scale - Now 
 
Figure 1 shows the outcomes based on recent data. Findings include: 
 
▪ The lowest, most favourable, scores are coal or gas fired generators with CCS, three are existing models with 

carbon capture retrofitted, one is a new build natural gas closed cycle with CCS.  
 
▪ Retrofitting CCS improves the scores of existing coal and gas fired power generators considerably.  
 
▪ The addition of CCS improves the score of new builds considerably although Natural Gas Combined Cycle is 

the only one in the most favourable group. 
 
▪ New build coal options (HELEs) without carbon capture are not appreciably better than existing unabated 

options as they trade off minor emissions reduction with higher LCOE and reliability is unchanged. When CCE 
is added, HELEs only move into the middle range. 

 
▪ Firm renewables is the fifth lowest score, a position greatly improved from intermittent renewables.  
 
▪ Intermittent renewables have some of the highest, least favourable scores due to high cost and low reliability. 
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Figure 2 Trilemma Scale – 2030 
 
Figure 2 shows the outcomes based on projected data for 2030. Findings include: 
 
▪ Retrofitting carbon capture to existing coal and gas options still provides desirable outcomes.  
 
▪ Due to anticipated cost reductions, firm renewables move up to third position, while intermittent renewables 

remain at the least favourable end of the scale.  
 
▪ Unabated new build gas and coal options are unchanged.  

3.3. Sensitivities  

▪ Reliability (Appendix A): The Trilemma Score calculations were based on triple redundancy, however 
sensitivity analyses using the power of 2 and a single online time measure were calculated to provide 
comparisons. This favours technologies with lower availability, those with greater ‘down time’. Firm 
renewables moved up from fifth to third position, but intermittent wind and solar remain at the least favourable 
end of the scale. 

 
▪ Weighting (Appendix B): Similar to the reliability sensitivity, altering the weightings for a single parameter or 

combination of two parameters does not fundamentally alter the ranking or findings of the Trilemma Scale. 
They do demonstrate some bias to an individual’s preference, however the impact is such that it is hard to 
justify moving from equal weighting. This finding demonstrates the merit of considering all factors together as 
a guide to the best energy trilemma outcome. 

 
▪ Low Cost Renewables (Appendix C): As would be expected, lowering the costs improved the firm renewables 

score, moving it from fifth to third position. Intermittent wind moved one place to the left but wind and solar 
remain at the least favourable end of the range.    
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4. Limitations  

This is the first application of the Trilemma Scale. While this pilot produces useful information to stimulate debate 
and research, it is likely that it can be refined for future use. 
 
The findings are based on a selection of technologies with consistent data available for the Australian setting at the 
time [5]. In other settings, additional technologies such as nuclear power or hydroelectricity could be added.  
 
While LCOE is a useful tool, it does not include all the components that might be considered. Other non-financial 
benefits may also have cost implications; such as whether the technologies being compared provide baseload power, 
power for peak periods, and/or have the ability to ramp supply up or down to meet demand.  
 
Emissions have only been considered as CO2 production from power generation. Under these conditions, renewables 
are considered to have zero emissions however, if a life cycle analysis was undertaken, emissions from the 
manufacturing process would also be included. 
 
Other parameters such as radioactive waste could be added. 

5. Discussion   

There is no question that renewables are the energy sources of the future, but the future where we can rely on 
renewables for secure, affordable power is still some way off. If we are to provide affordable and reliable power, 
achieve the most effective and cost-effective reduction of CO2 emissions in the foreseeable future, and meet our 
international commitments and targets, the discussion must become ‘technology-neutral’ and all available low 
emissions technologies must be considered.  
 
The Trilemma Scale provides a vehicle to compare all power generation technologies with regard to cost, reliability 
and emissions reduction. Those on the left of the graphs have better outcomes across all three parameters, and those 
on the right have poorer outcomes. This information can be used in policy discussion and development. Sensitivity 
analysis suggests that, in its current form, with equal weighting to each trilemma parameter, the Trilemma Scale 
provides a robust tool for decision making. Including consistent, up-to-date and valid data for each technology is the 
most important requirement. 
 
The findings highlight a mismatch between Trilemma Scores and current policies. Funding support, investment and 
rhetoric to address the future energy mix is heavily directed to technologies with higher, less favourable scores. For 
example, increasing the numbers of gas fired plants with fast-acting open cycle turbines is being considered to 
address down-time of intermittent renewables and High Efficiency Low Emission coal fired plants are being 
contemplated. Conversely, little emphasis is given to options with lower, more favourable scores that address 
emissions from the existing high reliability and low cost fuel options. Although firm renewables are not yet 
commercial, they are on the policy horizon; but carbon capture and storage, which is steadily demonstrating 
viability, is not discussed as a serious contender for low emissions, low cost, high reliability power generation.  
 
Reducing the emissions intensity of existing infrastructure through CCS retrofits could create more options for the 
NEM and provide better interim solutions to counterbalance intermittent renewables until firmer options become 
more cost effective. 
 
Technologies on the right hand side of the graph still have benefits. Although OCGT is high cost and relatively high 
emissions, it is highly responsive, so supports reliability of the grid by meeting sudden demand. 
 
Calculations for this pilot were based on data from the 2015 APGTR report. Since then, gas prices have increased 
considerably, which would push natural gas options further to the right of the graph. Coal and their CCS variants, on 
the other hand, are likely to either hold their Trilemma Scale position or improve.  
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All low emissions technologies have a higher cost than unabated (no treatment/removal of CO2 emissions) power.  
Technology and cost improvements are occurring in all low emissions technologies. 
 
Increased CCS knowledge now makes retrofit to existing power plants viable, irrespective of age, efficiency and 
fuel type. In cases where plants have sufficient residual life and access to storage reservoirs, a strong case can be 
made for retrofit. The ability to retrofit capture to any existing power station has been developed here in Australia 
and validated on overseas demonstration projects. This offers a cost effective, reliable, low emissions power 
proposition. The difference in results between such retrofits and new-build with CCS is considerable. New 
disruptive capture designs currently being trialled are expected to further reduce costs of low emissions fossil fuel 
power while capturing up to 100% of CO2 emissions. This may be available as early as 2020. 

6. Summary and Conclusions 

A new tool, the Trilemma Scale transforms the comparative data for each technology into a single metric, the lowest 
of which represents the best ‘solution’ to the energy trilemma. The resulting graphs identify a mismatch between 
current policies and the Trilemma Score. Funding support, investment and rhetoric to address the future energy mix 
is heavily directed to technologies that score poorly and little consideration is given to those scoring favourably.  
 
These findings should inform policy making and encourage debate and consideration of investment and 
commercialisation incentives. 
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Appendix A. Sensitivity analysis for Reliability 

A.1. Reliability for single redundancy  

 
 
A.2. Reliability for double redundancy 
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Appendix B. Sensitivity analysis for Weighting 

B.1. Cost weighted x 2  

 
 
B.2. Reliability weighted x 2 
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B.3. Emissions weighted x 2 

 
 
B.4. Cost and Reliability weighted x 2 
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B.5. Cost and Emissions weighted x 2 

 
 
B.6. Reliability and Emissions weighted x 2 
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Appendix C. Sensitivity analysis for Low cost renewables 

C.1. Low cost renewables 
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Abstract 

 
Precipitating solvent systems offer an attractive new generation of systems to reduce the cost of carbon capture from 
fossil fuel related processes. They do this through lower energy usage and potentially with solvents that have a lower life 
cycle environmental impact. Successful operation requires reassessment of the engineering design parameters for such 
slurry-based systems - some of which are contrary to the current state of the art liquid-based solvents. UNO Technology 
has developed such a system, UNO MK3, based on potassium carbonate, a benign inorganic solvent.  
 
This paper outlines work confirming our approach to deal with precipitating systems and provides results of trials in three 
key areas: 

• Faster kinetics through improved promoters 
• Higher concentrations of K2CO3 
• Stronger, more robust absorption-stripping circuit through a solids tolerant absorber  

 
Trials of a range of promoters in high concentration K2CO3 (45 w/w) solutions have identified preferred promoter mixes 
that deliver 500% increase in absorption rate over that of un-promoted solution across the range of lean and rich loadings 
required for full scale operation. These results are compared to a range of amines tested in the same absorption facility. 
These trials provided the basis for subsequent absorption stripping campaigns. 
 
Based on previous experience with a range of absorber types, a new temperature-controlled solids tolerant absorber has 
been designed and tested, initially in absorption mode, and now in absorption-stripping mode to accommodate the high 
strength K2CO3 concentrations and optimised promoter system. The absorber operated in full absorption-stripping 
precipitating mode and produced data highlighting key operating parameters for a full-scale system, consistent with 
previously reported large scale designs. 
 
The paper illustrates how applying multi-pronged engineering solutions to the process, equipment and energy integration 
cost reduction themes result in a winning formula for precipitating systems. Furthermore, it demonstrates how 
precipitating K2CO3 systems can deliver as a low-cost next-generation carbon capture process with an impressive range 
of benefits. 
 
Keywords: carbon capture; CCS; precipitating solvents; potassium carbonate 

Introduction 

 
Phase change and precipitating solvents have, for some time, been acknowledged as having potential as next-generation 
solvents for carbon capture. The ability to increase solvent loading and thereby reduce solvent circulation can lead to 
reduced energy usage and equipment sizing and hence lower capture costs, both capital and operating. Coupling these 
features with solvents that have lower heats of absorption such as potassium carbonate can add further benefits. In the 
case of UNO MK3 (K2CO3) these benefits are: 
 

• Low energy (2-2.5 GJ/t) 
• Low cost (up to 50% less than best amines) 
• Environmentally benign (no degradation products) 
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• Multi-impurity capture (SOx and NOx converted to fertilizer) 
• Potassium usage fits within existing global market (no additional K required) 

 
However, such systems are not without challenges and learning to deal with these is the key to exploiting next generation 
solvents. Our work, based on the extensive learnings from laboratory, pilot and plant trials has identified the preferred 
approaches necessary to make the precipitating potassium carbonate system, UNO MK3, a viable and robust next 
generation solvent.  

 
Fig1. Typical UNO MK3 process flowsheet with key areas circled 

 
Figure 1 shows a typical UNO MK3 flowsheet and highlights areas that, from early stages of design, were considered 
important for subsequent scaleup activities; namely impurity removal, solids handling and a promoted absorber. In-house 
work on impurities removal and external discussions with solids handling equipment suppliers have largely addressed 
concerns in those two areas. 
 
Design and operation of a solids tolerant absorption column, suitably promoted to achieve acceptable kinetics, has 
remained the single most important feature of a precipitating solvent system. Operating performance and optimisation of 
removal rates by controlling factors such as the relative temperature and concentration, circulation rates, solids loading, 
and energy usage are paramount. 
 
This project focuses on the two fundamental aspects of the UNO MK3 process; (a) promoter performance and (b) a solids 
tolerant absorber, with view to operate our high concentration solvent at high removal rates and as a fully precipitating 
system. 
 
This work required extension of previous laboratory promoter work to highly loaded systems and installing a new absorber 
(bypassing an existing packed absorber) to operate with the existing stripper system at the Peter Cook Centre for CCS 
Research, University of Melbourne. These pilot plant results focus on absorption performance. Subsequent work will 
provide data on the stripper and energy performance.  
 
System and methods 
 
Considerable research exists for promoters in potassium carbonate systems out of work done through the CO2CRC at 
University of Melbourne. The UNO MK3 system has been operated with a first-generation promoter both in University 
of Melbourne pilot plant and on plant trials at the Hazelwood power station.  Plans to run improved promoters in plant 
trials were stymied due to Hazelwood shutting down and losing access to the equipment. Further solids tolerant absorber 
trials were equally impeded. Consequently, it was decided to perform each of these trials at University of Melbourne. 
 
Promoter Screening 

 
Much of the previous promoter work was performed on lightly loaded solvent (<10%); a level unlikely to be the preferred 
lean solvent concentration for large scale operation. To confirm the performance at high solvent loadings, prior to the full 
precipitating absorption trials, a series of tests were performed with a range of promoters, including the preferred 
candidate.  
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A bench absorption rig, shown in Figure 2, was setup and the absorption rates over time into 45 w/w K2CO3 solutions, 
starting with a loading of 20%, were collected. Runs were performed with and without promoters. Comparative runs with 
amines were also completed. 
   

 
 

Fig 2. Promoter Screening Equipment 
 

Having set up the desired solvent concentrations, CO2 was bubbled through the rig and samples taken at intervals for CO2 
uptake. The tests were continued until the solutions became heavily loaded with bicarbonate precipitant or no further CO2 
could be absorbed. The latter was evident in the amine comparators however the UNO MK3 solvent runs were cut-off 
when it was no longer possible to re-dissolve the precipitants for sample removal, in this equipment. The potassium 
carbonate trials were performed at a nominally controlled temperature of 50 deg. C and the amine trials were performed 
at 40 deg. C; characteristic of the conditions used for the respective solvent processes.  
 
The CO2 uptake was analysed in a Chittick apparatus. Results were normalised to represent the uptake from the 20% 
loaded starting point. For the amine runs a 15% loaded starting point was assumed.   
 
Solids tolerant Absorber 

 
The University of Melbourne CO2 capture plant has been reported from previous UNO MK3 trials. It comprises a 
complete absorption stripping unit capable of 200kg/day CO2 removal from synthetic gas of variable CO2 concentration 
(0-25%). Slurry pumps and a spiral heat exchanger capable of handling solids provide the materials handling capability 
to transfer the solvent between the solids-laden absorber system and the conventional electrically-heated stripper.  
 
The new absorber is tied into the system so that it can replace the conventional packed absorber used for earlier, lower 
concentration trials. That absorber had limited solids tolerance.  
 
The solids tolerant absorber (Figure 3) comprises a 100 mm diameter acrylic absorber, built in three sections, each 2 
metres high. The columns are jacketed and provided with cooling for temperature control. Ancillary equipment is 
provided to recirculate and transfer the slurry at flowrates for optimal performance, including variable L/G ratios. Control 
of the new absorber is largely manual however the fully instrumented absorption stripping system in the pilot plant 
provides the necessary input/output data logging. Liquid samples are taken for analysis and an in-line CO2 analyser is 
provided on the absorber outlet line. 
 
Once constructed, the absorber was characterised for pressure drop and holdup at a range of gas rates and L/G’s   
by running air and, successively, water and 45 w/w K2CO3 solutions through the columns. 
 
The standard gas rates processed through the absorber were 60 kg/hr gas at two CO2 concentrations representing the 
exhaust conditions from coal fired power plant or NGCC’s. 
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Figure 3. New solids tolerant absorber 
 
Results and Discussion 

 
Promoter Screening 

 

The promoter screening results are provided in Figure 4. The unpromoted base (in red) shows a slow continual uptake of 
CO2; characteristic of the base system kinetics.  The loading showed a continual increase to ~ 40% until the test was 
halted at 90 minutes. The rate improved with the addition of previous first-generation promoters P1 and P2. Increased 
loading, above that of the base, was evident throughout the trial. These rates were consistent with previous research in 
lower loaded systems, which was encouraging for the P3 trials. 
 
The preferred promoter, P3, demonstrated significantly increased kinetics to ~ 500% that of the unpromoted solvent. 
There was little evidence of drop-off in rate and the tests were stopped due to the large amount of bicarbonate production 
and the inability to re-dissolve the solids for sampling.  This was entirely consistent with previous low loading research. 
The rich loading produced was compatible with design criteria for large scale plant designs. Absorption product samples 
from each of the UNO MK3 solvent runs are shown in Figure 5. 
 
These results provided the confidence to proceed to the full precipitating absorption trials. 

 

 
 
Figure 4. Screening trial kinetic results                                     Figure 5. Final absorption product from the screening trials 
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Solids tolerant absorber 
 

Following construction and commissioning, the solids tolerant absorber was trialled, initially with unpromoted base 
solvent, and then with P3 promoter. Figure 6 shows the progression of performance throughout the initial trials. 
 
The ‘Base and Promoted’ cases clearly demonstrated the impact of temperature on the absorption performance.  
Overdesign of the stripper and heat exchange network and the gas preparation system of the original pilot plant made 
temperature control difficult. The drop off in the ‘Promoted’ runs was correlated solely to reducing temperature. 
 
The ‘Process Changes’ groups of tests were performed with improved temperature control after minor plant modifications. 
They also showed progressive, and expected, improvements from altering process operating conditions. It should be 
emphasised that all these trials were operated in full precipitating mode with a highly concentrated lean stream feeding 
the UNO absorber and a rich slurry stream being produced and circulated through the absorber before being pumped back 
to the stripper for regeneration. 
 
Furthermore, it was evident from the trials that the CO2 recovery rates were comparable for each concentration range 
covering coal and natural gas fired processes.  
 
Further campaign results are being analysed and will be reported more fully in the paper and poster. It is expected these 
will confirm the high removal rates necessary for large-scale designs previously reported for UNO MK3 process 
applications.  
 

 
 

Figure 6. Comparative performance for initial campaigns 
Conclusion 

 

These trials have demonstrated that with an appropriate promoter and solids tolerant absorber the UNO MK3 process can 
deliver the performance necessary for the precipitating/phase change solvent in large scale CCS applications.  The 
experience gleaned from operating this process, and the engineering insight obtained, now support the continued scaleup 
activities required. 
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Abstract 

Post combustion carbon capture is one of the effective methods to separate carbon dioxide from flue gas. The conventional 

mechanism for post combustion carbon capture is chemical absorption by reactive solvent in traditional absorption columns, 

however these have a number of drawbacks and hence there is significant interest in alternative technologies, of which membrane 

contactors have increased been investigated in recent years. In comparison to conventional columns, gas- solvent membrane 

contactors incorporate the advantages of both solvent and membrane technologies, including high surface area, operational 

flexibility, independent control of gas and liquid flow rate and small size of equipment.  

In membrane contactor technology, researchers prefer to use hollow fibre membrane modules because they provide a great surface 

area per unit volume and considerably high mass transfer driving force to carbon dioxide capture rather than other types of modules. 

Among hollow fibre membranes materials, dense hollow fibre membranes or non- porous ones resolve pore wetting problems of 

porous membranes and act as a selective layer which control mass transfer of one component from one bulk side to another one by 

the solution diffusion mechanism. The choice of solvent is also a critical parameter in gas- solvent membrane contactor operation. 

In this regards, amino acid salt solutions are preferable, because of their low vapor pressure, high chemical reactivity and high 

stability toward oxidation. In the majority of membrane contactor systems, the mass transfer resistance stage remains the solvent 

boundary layer, and hence to improve the separation efficiency approaches are required that enable better mixing within this 

boundary layer such as installation of turbulent promoters, pulsating flow generation and vortex mixing techniques. Among these 

methods, solvent pressure pulsation is already used in solvent extraction technologies to disrupt the solvent boundary layer and 

increase mass transfer. Previously, research has been undertaken to generate shear on the membrane surface in continuous 

emulsification membranes by using liquid pulsation, but there has been no studies on about the effect of solvent pulsation on the 

operation of gas- solvent membrane contactors. Hence, the main objective of the present work is to study the consequence of 

oscillating solvent flow on the operation of gas- solvent hollow fibre membrane contactors for carbon capture. This can alter both 

the oscillation frequency as well as amplitude, which will impact on the solvent boundary layer in terms of thickness and mixing 

and will improve the overall mass transfer rate.  

In order to study oscillating flow effects, three sets of experiments are designed, including:  

1. Non- pulsed flow experiments 

2. Oscillating flow experiments created by piston type pump 

3. Oscillating flow experiments created by pulsing unit 

The first set of experiments are done to investigate the effect of liquid flow rate on overall mass transfer coefficients. In this 

procedure as shown in Figure 1, solvent is stored in tank at ambient temperature and is circulated counter current to the gas flow 

through the shell side of membrane module using centrifugal pump.   
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Fig. 1. Schematic diagram of non- pulsed gas- solvent membrane contactor system 

 
Second series of experiments are carried out using piston type pump to study the influence of liquid oscillating flow on overall 

mass transfer coefficients. In this regard, piston pump is added to non- pulsed flow system in place of centrifugal pump. So, 

frequency and amplitude of solvent flow can be adjusted in different values. While the current system provides different frequencies 

and amplitudes, it is not able to be studied the three independent parameters required: solvent flow rate, amplitude and frequencies. 

Thus, a third set of experiments are needed in which piston pump is replaced by a combination of centrifugal pump and pulsing 

unit (Figure 2). Pulsing unit consists of a derived motor, a cylinder and a piston which moves in sinusoidal motion. The liquid 

starting from the feed tank passes to centrifugal pump and thence to the pulsing unit apparatus. In the next step, liquid enters to 

shell side of module in counter current direction to gas flow.  

 

 
Fig. 2. Schematic diagram of apparatus used for carbon dioxide capturing using membrane contactor and pulsing unit  

 
The system under investigation here is carbon dioxide capture from a gas mixture of 10% CO2 in N2, simulating flue gas, inside a 

hollow fibre membrane with the solvent based on potassium glycinate shell side of the module. 
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This paper will also present the mass transfer correlations used to describe transport through a solvent boundary layer under 

oscillation, as a function of amplitude and frequency for the gas- solvent hollow fibre membrane contactor device, for carbon 

dioxide capturing from flue gas. The absorption mechanism will be represented regarding mass transfer conservation law in all 

three region of the system including gas phase, membrane barrier and liquid bulk phase. This addition to mass transfer theory will 

enable the performance of solvent oscillation on membrane contactors to be modelled for large scale carbon capture processes.  

 
Keywords: Carbon dioxide capturing; Membrane contactor; Oscillating flow; Post combustion 
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Abstract 

A significant challenge for the utilization of carbon dioxide for microalgal growth is effective delivery of this gas to open pond 
cultivation sites. Our work has been developing a process that significantly reduces the cost of carbon dioxide capture, while 
simultaneously providing a low energy pathway to supply the gas to potentially large scale and remote ponds. This article 
provides a summary of our work to date in this field. 
 
Keywords: CO2 utilisation; CO2 capture; biofuels. 

1. Introduction 

Conversion into microalgae represents one of the most effective mechanisms for large scale carbon dioxide 
utilisation. The resulting biomass can be used directly as a source of fuel or converted into liquid fuels for transport. 
Alternatively, higher grade products such as proteins, amino acids, beta-carotene and astaxanthin can be recovered.  
 
An issue to date has been the effective delivery of the carbon dioxide to the algal ponds[1]. The use of raw flue gas 
for this purpose results in a large energy demand for gas compression and transport and contaminants within this 
raw gas can be toxic to algal growth. Alternatively, the use of pure carbon dioxide can be expensive due to the 
capture cost. The team within the Peter Cook Centre for CCS Research at the University of Melbourne has 
developed a novel approach to overcoming these issues[2].  In this case, the carbon dioxide is first captured within a 
standard absorber using a solvent such as potassium carbonate or potassium glycinate[3]. However, the traditional 
and energy expensive step of CO2 regeneration is avoided. Rather, the rich solvent is pumped directly through the 
algal ponds within hollow fibre membranes. These membranes are microporous, but are coated with a thin non-
porous polymer coating. The carbon dioxide desorbs directly from the rich solvent, through the walls of the 
membrane and into the algal medium. The microalgae act effectively to regenerate the solvent, replacing the role of 
the classical reboiler. Toxic impurities do not desorb and hence cannot contaminate the algae. Further, the use of a 
liquid solvent decouples the source of carbon dioxide (such as a power station or cement factory) from the algal 
production site, as gas compression and transport is not required. The loaded solvent can be readily piped or even 
trucked across longer distances for use and then returned in a lean state. 
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2. Algal Species 

The approach has been effectively trialled within our laboratory scale at a beaker scale (Figure 1). Four algal species 
have been tested – the marine species Dunaliella tertiolecta and Chlorella sp. and the freshwater species Chlorella 

Vulgaris and Haematococcus pluvialis. We have found that growth in a seawater medium is more effective as it can 
dissolve more carbon dioxide, hence leading to more rapid transfer across the membrane and as it has better 
buffering capacity, which provides for a more stable pH. There appears to be few issues with membrane fouling, 
with the hollow fibres used for a month without any loss in performance. One issue that does arise is that there is a 
transfer of water across the membrane which dilutes the solvent. This is due to the high ionic strength of the solvent 
which causes a difference in osmotic pressure between the solvent and the medium. However, in a large scale 
operation, such water transfer may act to counter evaporative losses from the top of the absorber. There is already a 
significant evaporative loss of water from open pond algal cultivation, so the additional water loss from the medium 
is not of major concern. 
 

 
 

Fig. 1. Laboratory Scale growth of microalgae integrated with a solvent desorption.   

3. Solvent Selection 

We have shown the approach to be effective for a range of solvents[3]. Specifically, we have tested 30 wt% 
monoethanolamine, 20 wt% potassium carbonate and both 11 and 22 wt% potassium glycine as potential solvents. 
All provide comparable performance when the CO2 loading is of order 0.5.  The performance deteriorates at lower 
loadings, meaning that the process may need to be coupled with a more traditional desorption process to further 
reduce the solvent loading before recycling. A disadvantage of the potassium carbonate solvent is the well known 
poor reaction kinetics for CO2 absorption. A disadvantage of the monoethanolamine is that at low loadings, there 
can be some crossover of the neutral solvent into the microalgal medium which can be toxic to some species. The 
best solvent appears to thus be potassium glycinate or a similar amino acid in aqueous solution. This solvent has 
good absorption kinetics and does not readily cross the membrane into the solvent. Further, should the membrane 
leak, the amino acid is not toxic to the algae, but rather can be used effectively as a nitrogen source. 
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4. Future Directions 

Our current research is focused on optimisation of the process to minimise the membrane area required and to 
provide mechanisms to control the media pH. We are also assessing the best membrane materials to use and the 
optimum configuration of the membranes to maximise algal production. 
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Abstract 

CO2 can be converted to a great number of value-added chemicals such as methanol, dimethyl ether, formic acid 
and long chain hydrocarbons. Methanol is one of the most essential compounds because it does not only serve as 
fuel for internal combustion engines, but also is an important starting material for light olefins production[1]. CO2 
molecules are ubiquitous however extremely stable, thus proper catalysts are sought to accelerate methanol synthesis 
process. Methanol is industrially produced in the presence of Cu-ZnO-Al2O3 catalysts which were first discovered in 
the 1920s. The competitive price and reasonable CO2 conversion of these catalytic materials make them outstand 
among many other catalysts. However, the drawbacks towards the commercial ones are also obvious such as limited 
methanol selectivity which is contributed to the by-product CO generated via reverse water gas shift reaction. High 
pressure and temperature are also required to active CO2 molecules when conventional copper catalysts are 
employed. In order to enhance the catalytic performance, metal oxide promotors such as ZrO2

[2], CeO2
[3], TiO2 and 

Ga2O3
[4] have been introduced into copper based catalysts.  

Novel Nickel-Gallium bimetallic catalyst for CO2 hydrogenation to methanol has been reported recently[5]. Even 
though the calculation process was simplified by reducing number of energy parameters in methanol synthesis, the 
results still indicated that Ni-Ga alloy presented comparable good catalytic performances, compared with Cu-ZnO-
Al2O3 catalysts in terms of CO2 conversion and methanol selectivity under atmospheric pressure. The most inspiring 
advantage of novel Ni5Ga3 is to provide a “low pressure-low temperature” reaction path. 

In this research, we aimed to synthesize Ni5Ga3 through a novel pathway, where catalysts could be prepared 
conveniently and productively. This was expected a promising strategy for industrial production of the novel 
catalyst. 

The XRD pattern of as-obtained Ni5Ga3 metal alloy was illustrated in Fig. 1(a). The reflections exhibited only 
typical Ni5Ga3 crystal plane (112), (040), (402), (422), (422) and (223), respectively, and no other obvious phase 
such as Ni3Ga or NiGa. The sharp peaks also showed the fact that considerable pure Ni5Ga3 samples can be obtained. 
From the SEM image of Ni5Ga3 shown in Fig. 1 (b), the particles tended to agglomerate. The average particle size 
observed from SEM was approximately200 nm. From EDS measurement, it was found that nickel element took 
63.46 % and gallium 36.54 % of mole percentages, which was roughly in accordance to the stoichiometric number 
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ratio between nickel and gallium in Ni5Ga3. Thus, both XRD and SEM showed that pure Ni5Ga3 has been achieved 
with the novel synthesizing method. 

    
Fig. 1. (a) XRD patterns and (b) SEM of prepared Ni5Ga3 metal alloy 

 
The catalytic performance for CO2 hydrogenation to methanol was tested in a fixed bed reactor. In the entire 

experiment, the feed gas was H2/CO2 mixed gas in the ratio of 3:1. Exhausted gas and generated liquid were 
collected and analyzed by gas chromatography (7890B, Agilent technologies). CO2 conversion and methanol 
selectivity can be calculated accordingly, 

     (1) 

   (2) 
       

where Fin is the total inlet flow of the mixed H2/CO2 gas, fCO2, fCO and fCH4 present the molar fraction of CO2, CO 
and CH4 in the exhaust gas. In the emission gas, CO, CH4 and CH3OH were the only products observed in the GC 
analysis, thus the carbon-based calculation is only based on CO2 and three kinds of products. 

CO2 conversion and methanol selectivity in CO2 hydrogenation to methanol at 30 bar were investigated and 
summarized in Fig. 2. The results showed the methanol selectivity decreased as temperature increased, but the CO2 
conversion exhibited a bell shape at 200 oC, followed by an increase at 300 oC. The fact that byproducts CO and 
CH4 favored at high temperatures resulted in the continuous reduction of methanol selectivity and the increase of 
CO2 conversion at high temperatures[6],[7]. Compared with a commercial catalyst, the optimized temperature for 
methanol catalyzed by Ni5Ga3 decreased from 250 oC to 200 oC, and the selectivity was observed incredibly high 
within the entire temperature range.  
 
 



 GHGT-14 Yuhan Men et al.   3 

 
Fig. 2. Catalytic performance by Ni5Ga3 under different temperatures 

 
Hereby, Ni-Ga metal alloy in Ni5Ga3 form was prepared via a novel method in this work. This catalyst exhibited 

attractive catalysis properties at the low reaction temperature, i.e., significant methanol selectivity and favorable 
methanol yield. 

 
Keywords: Ni-Ga alloy, CO2, methanol synthesis 
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Abstract 

Our modern age is undeniably dependent on fossil fuels, although enormous amounts of efforts have been devoted to utilize 
sustainable energies. Due to its energy-efficient nature, membrane gas separation technology has gained industrial applications in 
controlling greenhouse gas emissions for a number of key industries. For example, hollow fibre and spiral wound membrane 
modules are commercially used for gas sweetening in the natural gas industry. However, membrane technology faces some 
challenges that may restrict wider implementation. Part of this is the lack of detailed models to accurately simulate membrane gas 
separation processes. The current state of the art uses empirically based models that report gas permeances. However, non-ideal 
effects imposed by operating conditions as well as the nature of the feed gas may alter the structural properties of the membranes, 
altering the permeability of a membrane module and the subsequent carbon capture process. As such, there is need for detailed 
model development to address these challenges, as larger scale membrane processes will be commissioned once the performance 
of commercial membrane modules can be accurately simulated. Mathematical models are required to evaluate the overall 
performance of gas separation membrane modules operating in the presence of non-ideal effects. These models can also predict 
the design parameters of membrane modules and facilitate process optimization. Many studies have been developed to model gas 
separation processes through membranes, but these neglect non-ideal effects by assuming ideal gas behaviour, negligible pressure 
loss at both retentate and permeate sides, assume isothermal process conditions, ignore concentration polarization effects and 
generally do not account for competitive sorption effects of mixed gas systems. An example of where non-ideal behaviour is 
important is in pressure drop induce expansion resulting in gas cooling due to the Joule-Thomson effect;  the process is rather 
assumed adiabatic.  
This paper reports on membrane model development that approaches permeability as a function of parameters such as temperature 
and pressure, as well as the impact of concentration polarization. In the present study, the model developed will be used to 
accurately describe the performance of a poly-dimethyl siloxane (PDMS) membrane for carbon dioxide separation. The model will 
represent the performance of the module for post-combustion carbon dioxide capture operating on an industrial process. To find a 
rigorous solution to the model, non-ideal effects will be added to the mass, momentum and energy equations and the results will 
be compared with the case of ideal treatment. The outcomes clearly demonstrate the importance of accounting for non-ideal 
behaviour in membrane modelling. The mathematical model is programmed in Aspen Custom Modeller (ACM) so it can be readily 
applied in process simulators such as Aspen Plus or Aspen Hysys. While previous models rarely take multicomponent permeation 
into account, connecting to the large library of Aspen physical properties will further extend the applicability of the modeldeveloped 
. Ultimately, this simulation model will be used on large scale process designs to better review and predict the potential of 
membrane gas separation in other carbon capture applications.     
Keywords: Modelling; Membrane; Non-ideal Effects; CO2 Capture; Aspen Custom Modeller 
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1. Introduction 

Since the industrial revolution, conventional fossil fuels (i.e. oil, coal and natural gas) have become key energy 
sources. Despite reliability in supplying the world’s energy demand, their environmental footprints are adversely 
affecting the earth’s climate and atmosphere. Carbon dioxide (CO2) is the inevitable consequence of fossil fuel 
combustion, leading to climate change. CO2 capture processes are classified into four distinct categories: pre-
combustion, post-combustion, oxyfuel combustion and electrochemical separation. Chemical and physical absorption, 
cryogenic distillation, chemical looping and membranes are various technologies used for the CO2 capture. Among 
various technologies, membrane gas separation is attractive because it does not need solvent or other chemicals, is 
easy to operate and the driving force for separation is pressure [1].  
   To utilize membrane units for CO2 capture, appropriate models are essential to carefully predict the removal of CO2. 
In most of the available membrane models, many simplifications have been made to achieve an easy-to-use model 
and reduce the time of simulation. However, this may sacrifice the meticulous design of the membrane units. 
Conventional membrane gas separation models often neglect non-ideal effects. Nevertheless, non-ideal effects may 
significantly alter the separation performance of membrane modules, especially at high pressure. Furthermore, most 
available membrane models treat permeability as a constant parameter. However, permeability and selectivity 
inherently depend on temperature, pressure and composition. Therefore, it is essential to develop a model predicting 
the variation of permeability and selectivity by the operational conditions of membrane gas separation. For more 
complex industrial purposes, the membrane models must be extended to perform process simulation. However, many 
previous models cannot be linked with flow sheeting software such as Aspen Plus and Aspen Hysys. Hence, their 
usage is limited. Some of the most important non-ideal effects are concentration polarization, the Joule-Thomson 
effect, pressure loss of feed and permeate, real gas behaviour and competitive sorption of mixed gas. In Table. 1, an 
overview of some of the most important previous studies with or without considering non-ideal effects is presented.   
 
Table 1. An overview of previous studies 

Study Multicomponent 
Joule-

Thomson 

Concentration 

Polarization 

Pressure 

Loss 

Real 

Gas 

Variable 

Permeability 

Competitive 

Sorption 

Applicable 

to Process 

Simulation 

Ahmad et 

al. [2] 

Only for binary 

mixtures 
- - 

Only for 

fibre 
- - - + 

Chowdhury 

et al.[3] 
+ - - + - - - + 

Coker et al. 

[4] 
+ - - 

Only for 

fibre 
- - - - 

Coker et al. 

[5] 
+ + - 

Only for 

fibre 
- 

Temperature-

dependent  
- - 

Kaldis et 

al. [6] 
+ - - 

Only for 

fibre 
- 

Temperature-

dependent  
- - 

Chern et al. 

[7] 

Only for binary 

mixtures 
- - 

Only for 

fibre 
- 

Pressure-

dependent  
+ - 

Marriott et  

al. [8] 
+ + + + - - - + 

Sholz et al. 

[9] 
+  + + + + 

Temperature-

dependent  
- + 
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Nomenclature 

Subscript R                                                  retentate stream  
Subscript P                                                   permeate stream 
Subscript t                                                             total 
Superscript M                                                       dense membrane 
Superscript P                                                        porous support 
i,j                                                                           penetrants 
F                                                                            molar flow rate 
x                                                                            retentate mole fraction 
y                                                                            permeate mole fraction 
T                                                                            temperature 
P                                                                            pressure 
J                                                                             transmembrane molar flow 
                                                                          permeability 
                                                                           thickness 

cA                                                                          active membrane area 
                                                                           fugacity coefficient 
di                                                                            inner diameter of fibres 
do                                                                           outer diameter of fibres 
dhyd                                                                                                               hydraulic diameter of the shell side  

Dm                                                                         module diameter 
D                                                                           diffusivity 
Nf                                                                          number of fibres 
l                                                                             active length of module 
N                                                                           number of cells 
                                                                          molar density 
                                                                          viscosity 
k                                                                           mass transfer coefficient 
                                                                          porosity of porous support 
Sh                                                                         Sherwood number 
Re                                                                         Reynolds number 
Sc                                                                         Schmidt number 
                                                                        packing fraction of module 
MW                                                                      molecular weight of the gas mixture 
H                                                                          enthalpy 
Q                                                                          heat flow across the membrane 
UO                                                                        overall heat transfer coefficient 
H                                                                          convective heat transfer coefficient 
                                                                         thermal conductivity 
Nu                                                                        Nusselt number 
Pr                                                                          Prandtl number 

 

2. Methodology and model development 

   An asymmetric hollow-fibre membrane module is modelled operating in co-current or counter-current mode. Fig.1 
illustrates the different configurations of flow. The proposed model is developed based on some of the most important 
non-ideal effects including real gas behaviour, pressure loss on the shell and tube sides, Joule-Thomson effect, 
competitive sorption of penetrants and concentration polarization on the retentate and permeate boundary layers, as 
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well as, inside the porous support. Moreover, the present model permits to add a sweep gas collecting the penetrants 
on the permeate side. This can be accomplished by permeate purging or introducing a permanent gas which is 
impermeable to the membrane material. If the hollow-fibre module is designed to work with permeate purging, the 
purge fraction should be specified in advance to run the model. In Fig.2 the hollow-fibre module is shown with or 
without permeate purging. 

 

 

 

 

 

 

 

 

 

                                                  . 

 

 

 

 
    
 
 
 
 
 
 
   The hollow-fibre membrane module is hypothetically divided into N cells which are called sub-models. In the cell 
sub-model, mass, energy and momentum balances, as well as the membrane transport equation are simultaneously 
solved. The results are exported to the hollow-fibre module model where all cell sub-models are connected together 
and linked to the feed, retentate, permeate and sweep gas ports. As a result, the model of the hollow-fibre module is 
completed. Although selecting a large number of N (finer discretization of module length) leads to more accurate 
results, it may require more simulation processing time. On the other hand, selecting too few cells will increase the 
inaccuracy in solution. Coker et al. presented a method to determine the optimum number of cells [4].  
   To run the model, the molar flow rate, composition, pressure and temperature of feed and sweep streams should be 
specified. If there is no sweep stream, the molar flow rate of sweep stream is set to a very small value (e.g. 10-10 
kmole/hr). However, it is required to specify the temperature and pressure of sweep stream same as the permeate 
conditions. Fig. 3 shows the input and output variables of the counter-current hollow-fibre module working with the 
sweep gas.  
  
 

Fig. 1. Different modes of operation 

Fig. 2. Different modes of collecting permeate 
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Fig. 3. The model of the counter-current hollow-fibre module with input and output variables. 

   The following assumptions are made to build the model: 
• The operation is steady state. 
• The flow regime on both the shell and tube sides is laminar.  
• Under pressure, no significant deformation of hollow fibres occurs. 
• Capillary condensation of condensable penetrants in the porous support is ignored.   
• Pressure and temperature changes are neglected inside the porous support. 

   Fig. 4 illustrates the block flow diagram of a single cell of the hollow fibre module operating at the counter-current 
mode.  
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. The illustration of a cell 

2.1. Material balance 

   As indicated in Fig. 4, the overall mole balance equation for the single cell can be written as:  

in in out out

R P R PF F F F                                                                                                                                                                                               (1) 

   For the penetrant i, the mole balance equation is given by:  

, , , ,
in in in in out out out out

R i R P i P R i R P i PF x F y F x F y                                                                                                                                                                   (2) 

   which requires:  

,
1

i P

out

i

y                                                                                                                                                                                                                            (3) 

  

  

Retentat
e 

Permeate 

Membrane 
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,
1

i R

out

i

x                                                                                                                                                                                                                          (4) 

   An appropriate equation of membrane transport equation is also needed. This equation can be different based upon 
the assumed transport mechanism. In the present investigation, the molar flow rate through the membrane is modelled 
by applying the solution-diffusion mechanism given by:  

, ,( )M M out M M outi
i c i R i R i P i PJ A x P y P 




                                                                                                                                                                      (5) 

where: 

o f

c

d N l
A

N




                                                                                                                                                                                                                         (6) 

1
i

M

i

y                                                                                                                                                                                                                           (7) 

1
i

M

i

x                                                                                                                                                                                                                       (8) 

   Equation (3.4) incorporates the effect of real gas behaviour and concentration polarization in the model. The model 
uses variable permeability defined by:  

 
i iM iS D                                                                                                                                                                                                                  (9) 

   In equation (8), the effect of competitive sorption is considered in the model. The solubility coefficients of penetrants 
are obtained by solving the Flory-Huggins equation for a mixture of gases. For a binary mixture, the solubility 
coefficient of penetrant i into membrane is given by: 

exp( )iM i ij jS S C                                                                                                                                                                                                        (10) 

where: 

exp( )i i i iS K C                                                                                                                                                                                                    (11) 

(1 2 ) i
i i

G

V

V
                                                                                                                                                                                                          (12) 

G
i i

i

V
C

V


                                                                                                                                                                                                                   (13) 

                                                                                                                                                           
(14) 

                                                                                                                                                 

   By solving equation (14), the volume fraction of penetrants in the membrane material are calculated: 

, 2ln( ) ln 1 (1 )
M M out

i R i R

i i i isat sat

i i

x P

P


   


                                                                                                                                 (15) 

    
   Then, the true concentration of penetrants is found by applying equation (12). By knowing the interaction parameters 
of pure penetrants and binary interaction parameter, the solubility coefficients of penetrant are obtained using equation 
(9).  
 
   Temperature- dependency of permeability is considered by defining diffusivity of penetrants as:  
  

0 exp( )
R

D
i i out

E
D D

RT
                                                                                                                                                       (16) 

   Therefore, the permeability will be sensitive to temperature change along the module caused by the Joule-Thomson 
effect. To calculate the physical properties, Soave-Redlich-Kwong equation of state is applied. The present model can 

( (1 ) ) ji
ij i ij j

j G

VV

V V
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work with tube-side-feed and shell-side-feed. For feed pressure lower than 15bar the tube-side-feed is recommended, 
while for pressure feed larger than 15bar shell-side-feed is preferable [9]. Due to concentration polarization, the mole 
fraction of penetrants in bulk flow will be different from the mole fraction on the membrane surface. In asymmetric 
membranes, concentration polarization may occur in the porous support. Since the boundary layer thickness is much 
smaller than the outer fibre diameter, it is reasonable to use the concentration polarization equations for flat sheet 
membranes [9]. The governing equations relating the mole fraction of penetrants in bulk flow to the mole fractions in 
the porous support and on the membrane surface are described as [10]:  

*
,

*
, ,

exp( )
out

i R i t

P

i i t R i R

x x J

x x k


 


                                                                                                                                          (17) 

*

* exp( )

1

P P

i i t

M P P

i i t i

P

i

i

x x J

x x D

x



 


 





                                                                                                                                                    (18) 

*

*
, , ,

exp( )
M

i i t

out

i P i t P i P

y x J

y x k


 


                                                                                                                                               (19) 

 
   The local mole fraction of penetrant i is obtained by:  

* i
i

t

J
x

J
                                                                                                                                                                                   (20) 

t i

i

J J                                                                                                                                                                            (21) 

   Mass transfer coefficients on the retentate and permeate side are calculated by the corresponding Sherwood numbers 
[9]:  

1
, 3

R R R
,

1.62(Re )i R i i

i R

k d d
Sh Sc

D l
                                                                                                                                 (22) 

1
, 3

,

1.62(Re )i P hyd hyd

P P P

i P

k d d
Sh Sc

D l
                                                                                                                          (23) 

   The hydraulic diameter of module depends on the packing density of the shell side. The packing density, 𝛹, is 
defined as [5]:  

2( )o
f

m

d
N

D


                                                                                                                                                                  (24) 

   Then, the hydraulic diameter is calculated by [5]: 
1( 2 )hyd Od d 


 


                                                                                                                                                          (25) 

 
   Reynolds and Schimdt numbers of the retentate and permeate sides are also given by:  
 4Re

out

R R
R

f i R

F MW

N d 
                                                                                                                                                        (26) 

, ,

R
R

t R i R

Sc
D




                                                                                                                                                                (27) 

2

4
Re

out

P P hyd

P

m P

F MW d

D 
                                                                                                                                                     (28) 

, ,

P
P

t P i P

Sc
D




                                                                                                                                                                          (29) 
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2.2. Pressure loss 

   Due to friction, the pressure drop will take place on both the retentate and permeate sides. Assuming laminar flow 
on the retentate and permeate sides, the pressure loss is calculated from the Hagen Poiseuille equation:  

 
                                                                                                                           (30) 

 
                                                                                                                                                            

(31) 
 
 

2.3. Energy balance 

   The overall energy balance equation is expressed as: 

 
                                                                                                          (32) 

 
   The Joule-Thomson accounts for the pressure and temperature change of a gas change during a sudden expansion.  
This effect causes an enthalpy change from the retentate to the permeate side. The heat transfer through the membrane 
is given by:  
 

in in out out out

R R R R t RF H F H J H Q                                                                                                                                               (33) 

( )out out

O c R PQ U A T T                                                                                                                                                               (34) 
 
   The overall heat transfer is calculated using the model proposed by Coker et al. [5]:  

1
2 2 21 1ln( ) ln( )

2
o o o o o o

O P M

R i o i o p

d d d d d d
U

h d k d d k d h

   


    
    
  

                                                                                          (35) 

   The effective thermal conductivity of the porous support is obtained by:  
 

(1 )p s

Rk k k                                                                                                                                                                 (36) 
 
   Local convective heat transfer coefficients on the retentate and permeate sides are calculated using Nusselt and 
Prandtl numbers of the fibre and shell sides. Assuming laminar plug flow inside the fibres and shell:   
 

3.66R i
R

R

h d
Nu

k
                                                                                                                                                                   (37) 

1
3( 2 ) Re Pr ( 2 )3.66 1.077

2
p o P P o

P

P hyd

h d d
Nu

k d

 
 

   
      

   

                                                                                                         (38) 

Fig. 5 represents the methodology of modelling the hollow-fibre membrane module. Aspen Custom Modeller (ACM) 
is applied to solve the mathematical equations. The ACM model is linked with Aspen Properties to utilize its massive 
database of components and thermodynamic properties. Before starting the simulation, the component list and 
appropriate fluid package are imported to the model. When the model is completed, it can be exported to Aspen Plus 
or Aspen Hysys where it can be used for performing a process simulation. 

4
,

128 outR
R R

t R i f
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p F
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2 2
,

128 outP
P P
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d D N N
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Abstract

In recent years, a number of novel liquid solvents have been proposed for carbon capture and storage operations,

including ionic liquids [1], pipperazine [2], polarity swing solvents [3] and potassium carbonate solutions [4,5].

These solvents typically have some benefits over traditional solvents such as aqueous monoethanolamine; for

example, ionic liquids may have extremely small vapour pressures [1], and many new solvents require (in principle)

much less energy for regeneration [6]. However these `advanced’ solvents may also be viscous, volatile, corrosive,

precipitating, or absorb carbon dioxide slowly, making them difficult to handle in practice. Microencapsulation of

liquid solvents (MECS) has recently been proposed as a means of utilising such solvents in a practical way [7].

MECS are small (~200 micron) capsules with a polydimethylsiloxane (PMDS) shell and an interior containing the

liquid solvent of interest. Due to their small size, MECS have 1-2 orders of magnitude greater surface area than a

traditional packed column (substantially increasing mass transfer rates) while the isolation of the solvent from the

environment potentially renders inconvenient physical properties of the solvent irrelevant. In principle, the MECS

paradigm may reduce absorber volumes in a wide range of gas-separation operations. At present MECS are

manufactured inside microfluidic devices at the rate of a few grams per hour, and the most significant challenge the

technology faces is upscaling manufacture to the large (multi-tonne) scale required for industrial gas-separation.

We propose an alternative material, with many of the desirable properties of MECS, but which can be manufactured

via a scalable, one-pot method. Rather than creating capsules, we create a solvent-in-PDMS gel, which can be

shaped into thin particles or sheets with very high surface areas. The gel is manufactured by first creating a

concentrated solvent-in-PDMS emulsion, stabilised by suitable surfactants. In order to make particles, this emulsion

is then dispersed as a double-emulsion in an aqueous solution of similar composition to the internal aqueous phase

(to minimise loss of solvent), though small quantities of ethanol or Tween 20 may be added to the continuous phase

to control the droplet size. Alternatively, the emulsion may spread as a thin film. Finally, the PDMS is cross-linked

in situ with UV light, solidifying the gel. As PDMS has a very large CO2 permeability, gas flux into these materials

is comparable with that into MECS particles, though they may prove simpler to manufacture at scale.

Following Vericella et al. [7], gels materials were manufactured containing 50wt% of a potassium carbonate

solution (3-30wt%) and 50wt% of a commercially available PDMS, Semicosil 949 UV. Mass transfer measurements

were conducted, and were found to be in good agreement with a continuum model (Figure 1). The internal structure

of the material was characterised via confocal microscopy (Figure 2). Finally, cyclic stability experiments were

conducted, in which the material was sequentially saturated in water and dehydrated. No damage to the material and

its ability to hold water was observed over multiple hydration-dehydration cycles (Figure 3.)



2 GHGT-14 Author name  

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 1. Absorption of CO2 into a thin layer of gel 
containing 50wt% of a 3wt% K2CO3 solution, and 50wt% 

PDMS. The theoretical model is based on volume-averaged 
continuum model.  

 

Figure 2. Confocal microscopy image of gel material 
containing 50wt% of a 10wt% K2CO3 solution, and 

50wt% PDMS.   
 

Figure 3. Cyclic stability experiments for a gel material containing 50wt% of a 30wt% K2CO3 solution, and 
50wt% PDMS. One sample (blue) was initially osmotically swelled by placing it in a 3wt% K2CO3 solution. 

On subsequent days, both samples were then repeatedly immersed in a 10wt% K2CO3 solution, dry air, and a 
3wt% K2CO3 solution. Through multiple cycles of drying and rehydration, no loss of mass was observed, and 

over time both materials converged to the same mass. 
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Extended Abstract 

Membrane contactors are a hybrid technology that combines solvent absorption within a membrane gas 
separation module. The technology is based on a polymeric membrane separating the gas and solvent 
phases, with CO2 passing through the membrane because of the strong driving force generated between 
the gas and solvent phases. Membrane contactors have a number of advantages; such as greater mass 
transfer area per unit volume, because of the highly efficient membrane module packing. This achieves a 
significant reduction in equipment size compared to traditional solvent absorption. Similarly, the hybrid 
technology avoids or overcomes the drawbacks that currently limit the two individual technologies; such 
as poor mass transfer driving force in membrane gas separation, as well as entrainment and channelling in 
solvent absorption. The majority of membrane contactor research for carbon capture has focused on 
solvent absorption of CO2 and maximizing the mass transfer of the process through novel solvents and 
composite membranes. This process is now well established with non-porous membranes based on 
asymmetric or composite structures trialled both in the laboratory and industrially located pilot plants, in 
particular the CO2CRC’s Mulgrave and H3 projects (Figure 1), which achieved high performance carbon 
capture comparable to traditional technologies.  
 
The complementary process of solvent regeneration, also known as stripping, through membrane 
contactors is less well studied. The research that has been undertaken on regeneration has demonstrated 
that membrane contactors are competitive with traditional solvent regeneration approaches in terms of 
mass transfer efficiency and have a distinct advantage in terms of energy duty. This is because the 
modular nature of the membrane and its ability to separate the two phases enables a number of novel 
process designs to be incorporated that focus on minimizing and recycling the latent heat of vaporization 
associated with solvent. Hence, there are a number of key differences in using membrane contactors for 
solvent regeneration compared to the well-established column desorption process. 
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Figure 1: Membrane pilot plant at the CO2CRC’s H3 project. 

 
 
This research focused on membrane contactors for CO2 solvent regeneration, where conventional and 
novel hollow fiber membranes are compared in terms of their mass transfer efficiency and energy duty. 
Strategies to improve the mass transfer for CO2 absorption and overcome the resistance of the solvent 
boundary layer are presented for non-porous membrane contactors. For solvent regeneration, the 
similarities with membrane distillation, where both CO2 and water transport across the membrane in the 
gaseous phase, enables energy duty reductions to be realized through control of the water evaporation and 
condensation within the module, and hence minimize energy loss. Critically, the membrane contactor 
design enables CO2 to be stripped from the solvent below the boiling temperature and reduce the energy 
duty associated with the latent heat of water vaporization. Hence, the application of membrane distillation 
process designs to solvent regeneration in CO2 capture is discussed. Finally, the potential of membrane 
contactors for carbon capture will be demonstrated with a discussion about ongoing pilot plant trials of 
the technology at an Australian power station, with a focus on achieving real cost savings compared to a 
traditional solvent absorption process. 
 
 
Solvent absorption and regeneration through membrane contactors can be combined into a continual 
process, very similar to that undertaken in traditional solvent absorption columns (Figure 2). One 
contactor is used for absorption, while the second contactor undertakes desorption. The driving force for 
desorption and subsequently solvent regeneration is achieved through either vacuum or steam sweep, or a 
combination of these approaches. Critically, different membrane materials and module configurations are 
used for both processes, to maximize the efficiency of both absorption and desorption. This configuration 
is currently being tested on the pilot scale at a coal fired power station as part of a CO2CRC carbon 
capture project. 
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Figure 2:Schematic of a membrane contactor process undertaking both CO2 absorption and solvent 
regeneration. 
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Abstract 

CO2CRC Ltd., the leading CCS R&D organization in Australia, has designed and implemented a carbon capture demonstration 

skid in Australian Otway National Research Facility. One important part of the skid is a Pressure Swing Adsorption (PSA) rig with 

two parallel columns and an additional buffer tank. The two months of operation results proved that the PSA rig can successfully 

remove high concentration of CO2 from in-situ high pressure natural gases. To improve our understanding of the process and gain 

further insight, we have simulated the entire two-bed PSA process using MINSA (Melbourne University Integrated Simulation of 

Adsorption) and found that blowdown pressures would significantly impact the separation performance. Based on the simulation 

results of the Otway plant, an efficient cyclic PSA process with six-bed PSA system is design, which including four pressure 

equalizations. With six-bed simulation, CO2 concentration in the downstream can be achieved to 88% and CH4 purity in the top 

stream 95% when a high content CO2 of 50% feed gas is treated at the operating pressure of 50 bar.   

 
Keywords: Simulation; Otway CO2 capture skid; PSA; High pressure natural gas separation;  

1. Introduction 

Natural gas is a critical fossil fuel for the clean energy transition. According to the statistics, however, roughly half 

of the global proven and probable natural hydrocarbon gas reservoirs have a CO2 content greater than 2%, and most 

of them are in the range 15% to 80%[1]. To transport natural gas through a pipeline, the concentration of CO2 has to 

be reduced to about 2-4%. In the case of liquefied natural gas (LNG) production, less than 50 ppm CO2 content is 

required to prevent the formation of dry ice when compressing [2]. Thus, the presence of sour components makes 

these reservoirs less desirable because of business considerations and technical difficulties of removing CO2. As the 

demand for natural gas is soaring globally, novel and economic processes of removing CO2 from natural gas are 

increasingly needed. Adsorptive CO2 separation is a promising process for CO2 removal from gases in a variety of 

applications. Pressure swing adsorption (PSA) is considered to be suitable for CO2 removal from raw natural gas with 

high CO2 partial pressure as it uses the high pressure inherent in the feed stream. It has a potential to cut the energy 

requirement and operational costs because of its inherent low energy consumption. 
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Several researches have been done since early 1990. Kapoor et al [3] studies kinetic separation of CO2 from the 

mixture of 70% CO2 and 30% CH4 with PSA using carbon molecule sieve at a pressure range from 20 – 40 bar and 

obtained a high purity CO2 product (> 98%) which was used in food industries. Cavenati, Grande, Delgado and Lopes 

[4 – 9] have been working on separating CH4 and CO2 from synthesized natural gas, biogas and landfill gases by 

pressure swing adsorption. They studied the purification of CH4 from CH4/CO2 and CH4/CO2/N2 mixture gases with 

PVSA process using CMS 3K and zeolite 13X as adsorbents. High performances had been obtained when feed CO2 

concentration varied from 20% to 50% balanced with CH4 and N2. Landrum et al. [10] reported the removal of CO2 

and N2 from methane-containing streams using titanosilicate-1 or CTS-1 adsorbent. The total impurity (CO2 and N2) 

was reduced to less than 5% from the concentrations of 25% to 65% in the feed gases. Delgado et al. [8] also studied 

the separation of CH4 and CO2 using sepiolite as adsorbent. They reported that CO2 product purity reached 97% when 

inlet CO2 concentrations were from 34 – 56%. Commercial adsorption materials for the removal of CO2 from natural 

gas have been focusing on activated carbon and zeolite materials [11, 12]. In recent years, some metal organic frame 

materials were reported to have high CO2 adsorption and selectivity [13, 14]. However, from the engineering point of 

view, evaluating/studying commercial adsorbents is valuable for commercialising PSA technology in natural gas 

industries. The separation of CO2 from natural gas at high pressures by PSA is challengeable because the selectivity 

of CO2 over CH4 for the most commercial adsorbents such as conventional zeolites and activated carbon decreases as 

operating pressure increases. Therefore, an efficient adsorbent is a key element for obtaining a high performance in 

the PSA processes to capture CO2 from high pressure natural gases.  

By screening adsorption capacities of some commercial adsorption materials, we have found that Sorbeads WS has 

a high CO2 adsorption capacity and good selectivity of CO2 over CH4 in high pressure ranges. Thus, we chose Sorbeads 

as a bench mark adsorbent to deal with high pressure natural gases. The demonstration PSA process for the removal 

of CO2 from natural gas has been conducted with our designed two-bed unit (ID 80 mm x Length 600 mm) in CO2CRC 

Australian Otway National Research Facility. The schematic diagram of the PSA rig is shown in Figure 1. Preliminary 

positive results have been achieved and details can be found in paper No. 705 of GHGT-14.  

To improve the separation performance and confirm the importance of operating pressures, simulation has been 

done with our in-house simulation tool (MINSA – Melbourne University integrated simulation of adsorption). Based 

on our preliminary results obtained in Otway, the adsorption behaviors of Sorbeads was studied. The PSA separation 

performances using Sorbeads as adsorbents for the capture of CO2 from high pressure natural gases containing 30 % 

and 50 % CO2 balanced with CH4 were then investigated. Considering the effect of starting pressure in blowdown 

step on CO2 product purity and recovery, simulation work has been further conducted to scale up the adsorption unit 

to a six-beds PSA system where twelve-step cyclic PSA process with six adsorption beds was design. With the 

designed process, PSA performance for the separation of CO2 and CH4 from natural gases containing 50% CO2 

balanced with CH4 at the operating pressure of 50 bar was investigated. 

Fig. 1. Schematic diagram of the PSA rig in CO2CRC Otway capture research facility 
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2. Results and discussion 

2.1 Section of adsorption materials 

 

Isotherms of CO2 and CH4 at 40 oC on commercial adsorbents zeolite 13X [15], activated carbon [9] and Sorbeads 

WS are shown in Figure 2.  

From Figure 2, it is obvious that Sorbeads WS presents the highest selectivity of CO2 over CH4. Thus, in our first 

campaign, this adsorption material was chosen as a benchmark adsorbent for the capture of CO2 from natural gas 

streams. Dual-site Langmuir parameters of Sorbeads (Eq. (1)-(2)) were listed in Table 1, which were used in our 

processing simulation. 

𝑛∗ =
𝑚1𝑏𝑃

1 + 𝑏𝑃
+

𝑚2𝑑𝑃

1 + 𝑑𝑃
 (1) 

𝑏 = 𝑏0 exp (
𝑄1

𝑅𝑇
)   𝑎𝑛𝑑  𝑑 = 𝑑0 exp (

𝑄2

𝑅𝑇
) (2) 

Where 𝑛∗ is specific equilibrium amount (mol/kg), 𝑚1 and 𝑚2 present saturated adsorbed phase loading (mol/kg), 

𝑏0 and 𝑑0 are term 1 and 2 of pre-exponential term for van’t Hoff relationship (1/kPa), 𝑄1 and 𝑄2 are term 1 and 2 of 

heat of adsorption (J/mole), respectively, 𝑃  is pressure of the component (kPa), 𝑅  is ideal gas constant and 𝑇 is 

Temperature (K). 

Table 1. Dual-Site Langmuir constants for CO2 and CH4 on Sorbeads WS 

 𝒎𝟏 (𝒎𝒐𝒍/𝒌𝒈) 𝒃𝟎(𝟏/𝒌𝑷𝒂) 𝑸𝟏(𝑱/𝒎𝒐𝒍) 𝒎𝟐 (𝒎𝒐𝒍/𝒌𝒈) 𝒅𝟎(𝟏/𝒌𝑷𝒂) 𝑸𝟐(𝑱/𝒎𝒐𝒍) 

CO2 7.458 1.64E-08 25550 0.626 1.52E-07 28645 

CH4 1.424 3.02E-09 30782 - - - 

 

 

2.2 Otway PSA cyclic design and verification of simulation 

 

Fig. 2. Isotherms of CO2 and CH4 on zeolite 13X, activated carbon and Sorbeads at 40 oC from 0 to 50bar 
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The process applied in the PSA rig of the Otway demonstration skid included a ten-step cycle such as adsorption, 

desorption, re-pressurization, pressure reduction and equalization, which was shown in Figure 2. An additional buffer 

tank was inserted and designed to decrease the bed pressure before heavy component blow-down step, which is 

supposed to improve the purity of heavy product. In the whole process, feed gas pressure of 30 bar and flowrate of 7 

sl/min were maintained. 

Simulations carried out by an in-house simulation tool MINSA applied the same cycle as in Figure 3. The pressure 

swing in the simulation can match with experimental data very well as in Figure 4. However, CO2 purity in 

downstream, especially CH4 in top stream obtained was slightly different between experiment and simulation, because 

there was 10% C2+ hydrocarbon in the real experiment gas. Adsorption capacity of C2+ hydrocarbon on Sorbeads WS 

is between CO2 and CH4 so that such components diluted both products in the process. In our experiment, the 

blowdown pressure only reached 5 to 7 bar even we extended very long desorption time (shown in Figure 4), which 

resulted from the equipment limitation such as narrow pipeline and large pressure drop. Thus, such low driving force 

of pressure negatively affected the separation result. 

 

2.3 Otway PSA performance at different feed gas conditions with Otway designed processing cycle 

 

With the validated simulator, the effect of blowdown pressure on both CO2 and CH4 purities were investigated 

under a temperature of 40 oC, at a feed pressure of 30 bar and a flowrate of 7.3 L/min, 50 bar and 4.5 L/min, 

respectively. The results are shown in Table 2. 
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Fig. 3. Schematic diagram of two beds PSA cycle configurations in Otway PSA rig. AD, adsorption; PE BT, pressure equalization with the 

buffer tank; PE, pressure equalization with the other tank; DE, desorption; RP, re-pressurization. The arrow indicates the counter current/co-

current operation.   

Fig. 4. Simulation results compares with rig operational results. 
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Table 2. Separation performance with Otway designed two-bed PSA unit 

Feed 

pressure 

(bar) 

Feed gas compositions Blowdown 

pressure 

(bar) 

Separation performance (%) 

CO2  

purity 

CO2 

recovery 

CH4  

purity 

CH4 

recovery 

30 50% CO2; 50% CH4 
3 74 84 82 70 

6 64 69 66 61 

50 

30% CO2; 70% CH4 
3 49 96 97 56 

6 43 91 92 49 

50% CO2; 50% CH4 
3 71 94 92 62 

6 64 98 95 47 

70 

30% CO2; 70% CH4 3 48.3 94 95 57 

50% CO2; 50% CH4 
3 71 95 93 61 

6 63 95 92 47 

 

Because Sorbeads WS possesses very high selectivity, especially in high pressure range, there is no much 

declination in the separation performance as the operating pressure increases. If we maintain adsorption time well in 

our future processing, it will be easy to obtain high concentration CH4 product. However, that reducing desorption 

pressure is essential for achieving an efficient separation performance. As compared in Table 2, for example, under 

the operation pressure of 30bar, both product purity and recovery significantly improved for CO2 purity and recovery 

from 64% and 69% to 74% and 84%, for CH4 purity and recovery from 66% and 61% to 82% and 70%, respectively 

as blowdown pressure was dropped. Thus, the simulation result will give us direction in our future Otway pilot 

experiment.  

Even though a better separation performance can be achieved, it is still far to reach our target of CO2 purity of 90% 

with a recovery of 80%. Considering multiple pressure equalization can elevate downstream product concentration 

[16], simulation work has been further conducted to scale up the adsorption unit to a six-beds PSA system.   

 

2.4 Scale-up simulation 

 

The designed twelve-steps cyclic process with six-bed PSA system is shown in Figure 5.  

 

There are four pressure equalizations included in this design and the feed gas can be treated continuously. The 

cyclic process was run with the feed gas condition of a pressure of 50bar, temperature of 40 oC, flowrate of 7 L/min 

and 50% CO2 balanced with CH4. Both high CO2 (88%) and CH4 (95%) products can be achieved. 
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Fig. 5. Schematic diagram of 6 beds PSA cycle configurations 
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3. Conclusion 

Compared with normal commercial adsorbents such as zeolite 13X and granular activated carbon, Sorbead WS, 

has been chosen as a bench mark adsorption material in Otway demonstration plant for the capture of CO2 from highly 

soured natural gas. With validated simulation tool, the relationship of PSA separation performance and blowdown 

pressure is investigated, which will guard for our future research. The continuous feeding PSA cyclic process, 

including four pressure equalizations, is designed to achieve CO2 and CH4 products 88% and 95% respectively. 

Acknowledgements 

All funds were supported by CO2CRC Limited, the leading Australian CCS R&D organisation. The authors also 

acknowledge the Australian Government funding associated with CO2CRC. 

References 

[1] W. F. J. Burgers, P. S. Northrop, H. S. Kheshgi, and J. A. Valencia, “Worldwide development potential for 

sour gas,” Energy Procedia, vol. 4, pp. 2178–2184, 2011. 

 

[2]  Tagliabuea, M. and Farrussengb, D., et al.: Natural gas treating by selective adsorption: Material science and 

chemical engineering interplay. Chemical Engineering Journal, 155(3), 553–566 (2009) 

[3] Kapoor, A., Krishnamurthy, K. R., Shirley, A.: Kinetic separation of carbon dioxide from hydrocarbons using 

carbon molecule sieve. Gas separation and purification, 7(4), 259-263  (1993) 

[4]  Cavenati, S., Grande, C. A. and Rodrigues, A. E.: Adsorption equilibrium of methane, carbon dioxide and 

N2 on zeolite 13X at high pressure. J. Chem. Eng. Data, 49, 1059 – 1101 (2004) 

[5] Cavenati, S., Grande, C. A. and Rodrigues, A. E.: Layered pressure swing adsorption for Methane recovery 

from CH4/CO2/N2 streams. Adsorption 11, 549 – 554 (2005) 

[6] Cavenati, S., Grande, C. A. and Rodrigues, A. E.: Upgrade of methane from landfill gas by pressure swing 

adsorption. Energy & fuels, 19, 2545 - 2555 (2005) 

[7] Cavenati, S., Grande, C. A. and Rodrigues, A. E.: Removal of carbon dioxide from natural gas by vacuum 

pressure swing adsorption. Energy & fuels, 20, 2648 – 2659 (2006) 

[8]  Delgado, J. A. and Rodrigues, A.E.: Analysis of boundary conditions for the simulation of the pressure 

equalization step in PSA cycles. Chemical Engineering Science, 63, 4452 – 4463 (2008) 

[9] Lopes, F., Grande, C. and Ribeiro, A. et al.: Adsorption of H2, CO2, CH4, CO, N2 and H2O in Activated 

Carbon and Zeolite for Hydrogen Production. Separation Science and Technology, 44(5), 1045-1073 (2009) 

[10] Landrum et al.: Process to remove Nitrogen and carbon dioxide from methane containing streams. US patent, 

139072 A1 (2005) 

[11] Choudhary, V. R. and Mayadevi, S. et al.: Sorption isotherms of methane, ethane, ethene, carbon dioxide on 

NaX, NaY, Na-mordenite zeolite. J. Chem. Soc. Faraday Trans. 91 (17), 2935 – 2944 (1995) 

[12] Himeno, S., Komatsu, T. and Fujita, S.: High-Pressure adsorption equilibria of methane and carbon dioxide 

on several activated carbons. J. Chem. Eng. Data, 50, 369-376 (2005)  

[13] Wang, Q. M. and Bulow, M. et al.: Metallo-organic sieve for gas separation and purification. Microsporous 

and Mesoporous materials, 55, 217 – 230 (2002) 

[14] Britt, D. and Yaghi, O. M. et al.: Highly efficient separation of carbon dioxide by a metal-organic framework 

replete with open metal sites. PNAS, 106 (49), 20637 – 20640 (2009) 

[15]  Jiang Y. and Ling J. et al.:  Simultaneous biogas purification and CO2 capture by vacuum swing adsorption 

using zeolite NaUSY. Chemical Engineering Journal, 334, 2593-2602 (2018) 

[16]  Ntiamoah A. and Ling J. et al.: CO2 capture by vacuum swing adsorption:  role of multiple pressure 

equalization steps. Adsorption, 21, 509–522 (2015) 

 

https://www.sciencedirect.com/science/article/pii/S1385894717320120#!
https://www.sciencedirect.com/science/article/pii/S1385894717320120#!
https://www.sciencedirect.com/science/journal/13858947
https://www.sciencedirect.com/science/journal/13858947/334/supp/C
https://link.springer.com/journal/10450


 

14th International Conference on Greenhouse Gas Control Technologies, GHGT-14 

21st -25th October 2018, Melbourne, Australia 

Precipitating behaviour of glycine-promoted concentrated potassium 
carbonate solvents used for carbon dioxide absorption in the post-

combustion process 
Yue Wua, Jia Liua, Guoping Hua, Geoff Stevensa, Kathryn Mumforda* 

aPeter Cook Centre for CCS Research, Department of Chemical Engineering, The University of Melbourne, Parkville 3010, Australia 

Abstract 

The precipitation behaviour of glycine-promoted concentrated potassium carbonate solvents were investigated using Focused Beam 
Reflectance Measurement (FBRM) within an Optimax workstation. Studies included the investigation of liquid-solid equilibrium 
across temperatures ranging 20 to 60 °C and nucleation temperatures at different cooling rates ranging 1 °C/min to 0.1 °C/min. 
High Performance Liquid Chromatography (HPLC) analysis indicated that glycine did not precipitate under the temperatures 
investigated, and that potassium bicarbonate was the only precipitate in the solvent system. The total carbon loading of the solvent 
system, measured by titration in a Chittick apparatus, was in good agreement with the simulation provided by a regressed 
Electrolyte Non-Random Two Liquids (ENRTL) thermodynamic model in Aspen Plus. From the measurement of the nucleation 
temperature, it was shown that glycine can increase the metastable zone width and the supersaturation of potassium bicarbonate. 
Additionally, the metastable zone width and driving force for potassium bicarbonate precipitation gradually increased with the 
increase of cooling rates at a low concentration of glycine (0.64 mol/kg water) promoted K2CO3 solvent system, while the 
metastable zone width became fluctuated with the cooling rates at a high concentration of glycine (1.36 mol/kg water). 

Keywords: glycine, potassium carbonate, precipitation, nucleation, equilibrium 

1. Introduction 

Carbon capture and storage (CCS) technologies have the potential to reduce CO2 emissions by up to 13%, which 
is critical if the increase in global temperature is to be limited below a threshold of 2 °C [1], [2]. In post combustion 
processes, particularly coal fired power plants, solvent based absorption is preferred among all available CCS 
technologies due to the low CO2 partial pressure in the flue gas and its technical maturity [3]. Concentrated potassium 
carbonate (K2CO3) solvents have recently been attracting more attention due to their inherent advantages when 
compared to traditional amine based solvents. These include: low environmental impact, low cost, low toxicity, low 
corrosivity, low volatility and low degradation rate [4]. More importantly, highly concentrated K2CO3 solvents that 
precipitate upon loading with carbon dioxide have a higher absorption capacity due to a shift in equilibrium, but also 
a reduced regeneration energy due to lower water contents [5]. 

The overall reaction for the reaction of potassium carbonate with carbon dioxide is shown in Reaction 1. According 
to Le Chatelier’s principle, the reaction can shift towards the right if solid precipitates are removed quickly, thus 
increasing the CO2 absorption capacity. However, slow reaction kinetics of this process requires the induction of 
promoters to increase the reaction rate and CO2 absorption efficiency. 
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𝑪𝑶𝟐(𝒈)
+ 𝑲𝟐𝑪𝑶𝟑(𝒂𝒒)

+ 𝑯𝟐𝑶(𝒍) ⇌ 𝟐𝑲𝑯𝑪𝑶𝟑(𝒂𝒒)
⇌ 𝟐𝑲𝑯𝑪𝑶𝟑(𝒔)

  Reaction 1 

A major solvent category for the promotion of CO2 absorption by K2CO3 solvents is amino acids. Of this category 
glycine is considered as one of the most cost effective without compromising promotion effects [6]. For glycine-
promoted concentrated K2CO3 solvents, three main species of glycine exist including protonated (Gly+), zwitterionic 
(-Gly+) and anionic (-Gly). In post-combustion processes, the solvent is typically alkaline, and the pH is higher than 
the pKa of the amino group in glycine (c.a. 9.6) [7]. As such, the concentration of the protonated glycine species is 
often assumed negligible. Under these conditions, there are three reactions involved in the reaction between carbon 
dioxide and glycine-promoted K2CO3 solvents, which are given in Reaction 2 to Reaction 4. 

𝑮 
− 𝒍𝒚(𝒂𝒒) + 𝑯𝟑𝑶 

+
(𝒂𝒒)

⇌ 𝑮 
− 𝒍𝒚+

(𝒂𝒒)
+ 𝑯𝟐𝑶(𝒍)   Reaction 2 

𝑮 
− 𝒍𝒚𝒂𝒒 + 𝑪𝑶𝟐(𝒂𝒒)

+ 𝑯𝟐𝑶(𝒍) ⇌ 𝑮 
− 𝒍𝒚𝑪𝑶𝑶−

(𝒂𝒒)
+ 𝑯𝟑𝑶 

+
(𝒂𝒒)

   Reaction 3 

𝑮 
− 𝒍𝒚𝑪𝑶𝑶−

(𝒂𝒒)
+ 𝑯𝟐𝑶(𝒍) ⇌ 𝑮 

− 𝒍𝒚(𝒂𝒒) + 𝑯𝑪𝑶𝟑
−

(𝒂𝒒)
    Reaction 4 

Hu et al. [6] and Thee et al. [8] investigated the promotion effects of glycine for CO2 capture using K2CO3 solvents, 
Reaction kinetics were evaluated using a stop-flow device and wetted-wall column. Lee et al. [9] studied the effect of 
glycine on CO2 partial pressure by adding 0.64 mol glycine/kg water and 1.36 mol glycine/kg water. The studies 
concluded that, compared to the pure K2CO3 solvent, the introduction of glycine can accelerate the CO2 absorption 
rate and reduce the partial pressure of CO2, thus promoting the CO2 absorption efficiency. Furthermore, Lee et al. [10] 
developed an Electrolyte Non-Random Two Liquids (ENRTL) thermodynamic model in Aspen Plus®, to describe the 
CO2 partial pressure and solubility of glycine in the glycine-promoted K2CO3 solvents.  

Wu et al. [11], [12] investigated the precipitating behaviour, including precipitate nucleation and precipitate growth, 
of K2CO3-potassium bicarbonate (KHCO3)-water (H2O) solvent system in a batch reactor. Ye et al. [13] evaluated the 
crystallisation kinetics of the K2CO3-KHCO3-H2O solvent system in a mixed suspension, mixed product removal 
(MSMPR) reactor. Both studies showed that KHCO3 is the only precipitated form, and the crystallisation kinetics was 
highly dependent on the concentration of K2CO3. 

In the present study, the precipitation behaviour of glycine-promoted concentrated K2CO3 solvents were 
investigated in an Optimax Workstation 1001 equipped with a Focused Beam Reflectance Measurement (FBRM) 
probe. The solubility of glycine promoted K2CO3-KHCO3-H2O solvent system from 20 °C to 60 °C was measured 
using a Chittick apparatus and high performance liquid chromatography (HPLC). The data was further used for the 
validation of an ENRTL model in Aspen Plus®. 

 
Nomenclature 

S supersaturation of the solute in the solvent system 
C  in-situ concentration of the solute, mol/L 
C∗ saturated concentration of the solute at a specific temperature, mol/L 

2. Materials and methods 

Potassium carbonate (K2CO3, ≥99.5 %) was obtained from UCID Co. Ltd. (Jiangsu, China). Potassium bicarbonate 
(KHCO3, ≥99.5 %) was purchased from ChemSupply (SA, Australia). Ultrapure water (≥18.2 𝑀Ω ∙ 𝑐𝑚−1) obtained 
from a Milli-Q purification system (Elix Millipore, VIC, Australia) was used to prepare all solutions. Glycine (98.5 
%) was purchased from ChemSupply (SA, Australia). Potassium hydroxide (KOH, 90 %) was obtained from Sigma-
Aldrich (St. Louis, USA) was dissolved into ultrapure water and used to adjust the pH value of the solution. Sulphuric 
acid (H2SO4, 98 wt%) obtained from Science Supply (VIC, Australia) was diluted to prepare 0.4 mol ∙ L−1 standard 
H2SO4 solution for the titration of the glycine promoted K2CO3-KHCO3-H2O solution. 
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An o-phthalaldehyde (OPA) pre-column derivatisation chemistry was employed in HPLC to measure the 
concentration of glycine. The Chittick method was applied to measure the total CO2 loading in the glycine promoted 
K2CO3-KHCO3-H2O liquid samples. This method is based on the liquid displacement by the CO2 released from the 
titration of liquid samples, which is shown in Figure 1 (a). The Optimax 1001 workstation integrated with a 1000 mL 
glass reactor (Mettler Toledo, CH) was used for measure the liquid-solid equilibrium of the solvent at different 
temperatures ranging from 20 °C to 60 °C. A FBRM G400 probe (Mettler Toledo, CH), which is based on the 
backward light scattering principle, was used for detecting the first nuclei formed in the cooling reactor. The signal 
has a sharp increase when the nucleation occurs, and the corresponding temperature (nucleation temperature) was 
communicated and recorded by Optimax workstation, which is shown in Figure 1 (b). 

Overhead 
rotator

Temperature 
sensor

1L reactor with 
multiple ports

Heating and 
cooling jacket

Operating touch 
screen

Emergency 
shutdown

Sampling point

 
(a)                                                                   (b) 

Fig. 1. (a) Schematic diagram of the Chittick apparatus; (b) Optimax 1001 workstation from Mettler Toledo. 

The liquid-solid equilibrium of 1.36 mol glycine/kg H2O promoted concentrated K2CO3 solvents was measured 
with different K2CO3 concentrations in the Optimax workstation 1001 at 20, 30, 40, 50 and 60 °C. The nucleation 
temperature was measured using FBRM in the cooling reactors at the cooling rate ranging from 1 °C/min to 0.1 °C/min 
with a cooling interval of 0.1 °C/min. Each cooling rate repeated 3 times. The experimental design is given in Table 
1. 
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Table 1. Experimental design for liquid-solid equilibrium and nucleation temperature 

Experimental 

Type 

K2CO3 

concentration 

CO2 loading 

in terms of 

KHCO3 

concentration 

Glycine 

concentration 

(mol 

glycine/kg 

H2O) 

Temperature 

(°C) 

Cooling 

rate 

(°C/min) 

Cooling 

interval 

(°C/min) 

Liquid-solid 

equilibrium 

4 mol/L 

0.5 1.36 20, 30, 40, 
50, 60 - - 

3.5 mol/L 
3 mol/L 

2.2 mol/L 
1.3 mol/L 

Nucleation 

temperature 
40 wt% 0.4 0.64, 1.36 85 to 25 1 to 0.1 0.1 

The ENRTL thermodynamic model was applied to investigate the liquid-solid equilibrium of the solvent system. 
The ENRTL model contains vapour liquid equilibrium correlations, solid and electrolyte speciation and the 
equilibrium of major reactions, which is calculated based on the activity coefficients of each specie and has been 
regressed using nearly 3000 experimental data with the Data Regress System in Aspen Plus binary parameters and 
more details can be found in Lee et al.’s work [10]. 

3. Results and discussion 

3.1 Liquid-solid equilibrium 

Smith et al. [14] suggested that glycine may potentially precipitate between temperatures of 20 °C to 60 °C in 
potassium carbonate solvent systems. Although Wu et al. [12] and Ye et al. [13], KHCO3 used X-ray diffraction 
(XRD) to show that only potassium bicarbonate precipitated, the decision was made to check for the precipiatation of 
glycine using HPLC in this work. 

A method for the analysis by HPLC for glycine was prepared using the OPA pre-column derivatisation method 
[15], and the concentration of glycine was measured from the diluted supernatants at 20, 30, 40, 50 and 60 °C. The 
results, presented in Figure 2, show that the concentration of glycine at different temperatures for the same salt 
concentrations constant, indicating that the concentration of glycine contained in the liquid phase is not changed and 
no glycine precipitate is formed from 20 °C to 60 °C. Therefore, KHCO3 is the only specie precipitated out from the 
glycine-promoted concentrated K2CO3 solvents. 
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Fig. 2 Glycine peak area in the diluted glycine-promoted K2CO3-KHCO3-H2O supernatant at different temperatures 

measured using HPLC 
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The total carbon contained in the supernatant with different K2CO3 concentrations at different temperatures was 
measured using the Chittick apparatus. Considering the operating conditions are at low temperature and low pressure, 
ideal gas law was applied based on the volume displacement in the Chittick. The results are given in Figure 3. 
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Fig. 3 Solid-liquid equilibrium of glycine-promoted K2CO3 solvents at different temperatures 

As shown in Figure 3, the simulation prediction is in agreement with the experimental data within a deviation of 
±7%, indicating the binary parameters regressed from the ENRTL thermodynamic model can predict the liquid-solid 
equilibrium of the glycine-promoted concentrated K2CO3-KHCO3-H2O solvents. As evidenced from the HPLC results, 
glycine does not precipitate under the investigated conditions and therefore the change of total carbon loading at 
different temperatures is from the precipitation of KHCO3. The solubility of KHCO3 in the solvent system decreases 
with the decrease of the temperature. At low concentrations of K2CO3 (1.3 mol/L and 2.2 mol/L), all the KHCO3 is 
dissolved at high temperatures, and the simulation indicates that the concentration of total carbon loading does not 
change at these high temperatures. In addition, the concentration of K2CO3 impacts on the solubility of KHCO3 in the 
solvent system. For the same temperature, the solubility of KHCO3 increases with K2CO3 concentration. This may be 
because KHCO3 is difficult to precipitate when there are strong bonding effects from high concentrations of 
electrolytes in solution. 

3.2 Nucleation temperature of glycine-promoted concentrated K2CO3 solvents 

It is important to understand the nucleation temperature of the solvent system so that the metastable zone can be 
calculated. The precipitation kinetics is highly dependent on the metastable zone width (MSZW) of the solvent system, 
which is defined as the temperature width between the nucleation temperature and the saturated temperature 
corresponding to the in-situ concentration of the solute. The MSZW is related to the supersaturation of the solvent 
system, which is the driving force of precipitation and given in Equation 1.  

𝑺 =
𝑪

𝑪∗     Equation 1 

Previously Wu et al. [12] found that the concentration of K2CO3 and cooling rates have significant impacts on the 
MSZW. To investigate the effect of glycine on the MSZW, the nucleation temperature of glycine-promoted 
concentrated K2CO3 solvents requires measurement with high accuracy using FBRM. The results are given in Figure 
4. 
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Fig. 4 Nucleation temperature of glycine-promoted K2CO3-KHCO3-H2O solvent system 

As shown in Figure 4, it is found that compared to the pure K2CO3-KHCO3-H2O solvent system, the addition of 
glycine reduced the nucleation temperature, widening MSWZ and increasing the driving force for precipitation. This 
means that the introduction of glycine increases the electrolyte interaction between bicarbonate ions and anionic 
glycine ions, making it difficult for KHCO3 to precipitate out. In addition, the cooling rates affect the MSWZ as it 
impacts the saturated concentration of KHCO3 in the system. High cooling rates generating high supersaturation 
indicated by the FBRM has a time delay to reflect the in-situ concentration at a real state. At the low concentration of 
glycine (0.64 mol glycine/kg H2O), the MSWZ exhibited a similar trend to the pure K2CO3-KHCO3-H2O solvent 
system, where the MSWZ increases with an increase in cooling rate. However, at the high concentration of glycine 
(1.36 mol glycine/kg H2O), the solvent system was unstable, and the nucleation temperatures was found to fluctuate 
significantly with an increase in cooling rate, evidenced by the large error bars. Although the high concentration of 
glycine further increases the MSWZ of the solvent system, the cooling rates may introduce a disturbance into the 
system when generating the supersaturation, making it difficult to find a trend for the high concentration of glycine 
system at different cooling rates.  

4. Conclusions 

The liquid-solid equilibrium of glycine promoted concentrated K2CO3 solvent was measured at temperatures 
ranging 20 to 60 °C in an Optimax Workstation 1001. The total carbon loading of supernatants was measured using 
0.4 M sulfuric acid in a Chittick apparatus. From HPLC analysis, glycine was confirmed to not precipitate from the 
solvent system under the investigated temperature range, and KHCO3 was the only precipitate. The ENRTL 
thermodynamic model regressed in Aspen Plus was found to be able to predict the liquid-solid equilibrium reasonably. 
Moreover, the nucleation temperature of the solvent system was measured in a cooling reactor using FBRM. It was 
found that the introduction of the glycine increases the metastable zone width and the supersaturation of KHCO3 in 
the system. At a low concentration of glycine, high cooling rates reduce the nucleation temperature and increase the 
metastable zone width, whereas at a high concentration of glycine, cooling rates make the solvent system unstable and 
a uniform trend cannot be observed for the nucleation temperature. 
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Abstract 

Natural gas is one of fossil fuels with the lowest CO2 emissions per unit energy produced. However, roughly half of the natural 
gas reservoirs contain high sour contents[1], which makes the exploitation of those sources uneconomical. Rejecting CO2 from 
high concentration CO2 natural gases with low cost and easy-to-implement processes could greatly expand the worldwide 
recoverable natural gas amount. 
 
CO2CRC Ltd, the leading CCS R&D organization in Australia, has designed and implemented a carbon capture demonstration 
skid in Australian Otway National Research Facility. The skid includes a Pressure Swing Adsorption (PSA) rig which is designed 
to remove CO2 from high CO2 content natural gas in Otway. Two months of operation had been carried out from May 2017 to 
June 2017, with the feed natural gas containing CO2 in a range from 30 % to 50 % using commercially available adsorption 
materials to obtain benchmarking data. The results of operation showed that the PSA rig can successfully capture CO2 from high 
pressure high soured natural gas with a recovery rate of 66 %. However, the purity of the final CH4 product was found to be not 
up to the mark to meet general natural gas requirement (80 % as opposed to 95 %). This was attributed to the fact that the 
desorption pressure was higher (~5 bar) than the design value close to atmospheric pressure. Process simulation was also carried 
out to verify the PSA operating results, which predicted that the separation performance can be further enhanced if the desorption 
pressure can be dropped to lower values.  
Keywords: PSA; CO2 capture; natural gas; Otway CCS research facility; Demonstration rig 

1. Introduction 

CO2CRC’s Otway National Research Facility contains approximately 400,000 tonnes of in-situ CO2 and 
methane mixture, which could serve as a prefect source for the assessment of natural gas sweetening processes. The 
design of the Capture Facility could provide the feed gas composition from 5% to up to 79% CO2, spanning the 
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range of most naturally occurring natural gas wells. CO2CRC’s has set up a CO2 capture demonstration skid at 
Otway as shown in Fig. 1, aiming to test new membranes and adsorbents for novel CO2 capture technologies. The 
capture skid includes a two-beds adsorption unit, allowing to run a general adsorption cycle. 

 
In this work, the adsorption isotherms of a commercial adsorbent, Sorbeads WS, were characterized 

experimentally, and the adsorptive selectivity and working capacity were calculated accordingly. This adsorbent was 
then used in Otway adsorption rig to examine and verified the concept and designs of the adsorption rig to 
accomplish the high sour content CO2/CH4 separation in field. The field outcomes were further verified by the 
process simulation results. 

Fig. 1. Picture of CO2CRC Otway Capture skid 

2. Results 

The separation experiments were carried out on the adsorption rig for 2 months from 5th May 2017 to 4th July 
2017 with various operating conditions. The results are shown in Figure 2. Because the capture of CO2 from highly 
soured natural gas is the main target of our project, the feed CO2 concentration for the experiments was from 30% to 
50%. Due to the limitation of the initial design of the pipeline which would be pointed out in details later, it 
negatively affected the desorption process, that is, the desorption pressure could hardly reach an atmospheric 

Fig. 2. Separation performance of CO2 and CH4 from 5th May 2017 to 4th July 2017 
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pressure in the given desorption time. Even though the desorption pressure was up to 5 or 7 barg, the actual results 
collected on site still display positive separation performance. When the inlet CO2 concentration was 28%, the 
bottom product stream was enriched to 41% of CO2 concentration while the top stream contains only 12% CO2. 
When the inlet CO2 was added to 45% from 13th June 2017, the CO2 concentration of the bottom product rose to 
55% and the top product still had 19% of CO2.  

Process simulations were carried out to examine the impact of desorption pressures on the separation 
performance. The simulation results for CH4 and CO2 with different desorption pressures are shown in Figure 3. 
Both CO2 and CH4 concentrations were positively affected by decreasing desorption pressure. If the desorption 
pressure is decreased from 7 to 2 bar, CO2 concentration in the bottom stream (CO2 rich product) would increase 
from 58 to 74 % and in the top stream (CH4 rich product) decrease from 37 to 14 %; CH4 in the top stream similarly 
changed from 63 to 85 % and 42 to 26 % in the bottom. It proves that reducing desorption pressure is essential for 
achieving high separation performance. 

3. Conclusion

CO2CRC Ltd. has designed and operated an adsorption rig in Otway Australia to capture CO2 from high sour
content natural gas at Otway site. Two months experimental data (from May 2017 to June 2017) were collected 
showing that the adsorption rig successfully separated CO2 from the feed mixture gas on a commercial adsorbent. 
With a feed gas of 30% CO2/70% CH4, the CO2 concentration in the CO2 rich product stream after adsorption 
reached 50%, and 12% of CO2 concentration in the CH4 rich product. Similar results could also be observed for the 
experiment with a 50% CO2/50% CH4 feed gas. However, due to the limitation of design, ideal separation 
performance was not obtained on the rig due to the high desorption pressure. Process simulations by an in-house 
simulation tool MINSA were employed to verify the adsorption rig operation results. Simulation results were in 
good agreements with the experimental data. Meanwhile, simulation prediction revealed that if the desorption 
pressure could drop to 2 bar instead of the 5 to 7 bar in the actual process, the CO2 capture performance could be 
largely improved.       
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