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EXECUTIVE SUMMARY 

 
This study numerically investigates a possible sequestration of CO2 as stable gas hydrate in 
reservoir geological formations. ARC’s unified gas hydrate model coupled with a thermal 
reservoir simulator (CMG STARS) was applied to simulate CO2 hydrate formation in four 
generic reservoir geological formations and Mallik natural gas hydrate formation. The four 
generic reservoirs can be described as, Reservoir I: similar to Mallik silt with porosity 0.30 and 
permeability 100 mD, Reservoir II: similar to Mallik sand with porosity 0.35 and 
permeability 1000 mD, Reservoir III: conventional sandstone with porosity 0.25 and 
permeability 20 mD, and Reservoir IV: similar to tight gas formation with porosity 0.25 and 
permeability 10 mD.  The Mallik gas hydrate bearing formation can be described as several 
layers of variable thickness with permeability varied from 1 mD to 1000 mD. 
 
The report describes numerical methodology, model input data, and reservoir simulation 
results, including an enhancement to model the effects of ice formation and decay. The 
numerical investigation showed that the gas hydrate model effectively captured the spatial and 
temporal dynamics of CO2 hydrate formation in geological reservoirs by injection of CO2 gas. 
Practical limitations to CO2 hydrate formation by gas injection were identified and potential 
improvements to the process were suggested.  
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A D V A N C E D  N U M E R I C A L  S I M U L A T I O N  O F  C O 2  
H Y D R A T E  F O R M A T I O N  I N  G E O L O G I C A L  R E S E R V O I R S  

B Y  I N J E C T I O N  O F  C O 2  G A S  
 

MAFIZ UDDIN AND DENNIS COOMBE 
 

1.0  INTRODUCTION 

 
Background - Gas hydrates are ice-like solids composed of gas molecules and water.  Gas 
hydrates form when relatively small guest molecules (such as carbon dioxide (CO2) and 
methane (CH4)) come into contact with water under low-temperature, high-pressure conditions, 
both above and below the freezing point of water.  Depending on the types of gas present, 
several crystal structures of gas hydrate are known to occur (such as Structure I, Structure II and 
Structure H), each with different physical and stability properties (Sloan, 1998; Sloan, 2003). 
 
In natural environments, the pressure-temperature conditions favouring gas hydrate formation 
could occur offshore in shallow depths below the ocean floor and onshore beneath the 
permafrost. Areas offshore of Canada’s west coast and a number of onshore Arctic locations are 
know to contain some of the most concentrated CH4 hydrate deposits in the world.  One large 
CH4 hydrate deposit is located in the Mallik field, Mackenzie Delta on the coast of the Beaufort 
Sea, in Canada’s Northwest Territories.  In addition, geological reservoirs with favorable 
pressure - temperature conditions for CO2 hydrate formation exist offshore of Canada’s east and 
west coasts, widespread in numerous arctic settings, and several spots of the deeper Great 
Lakes geological settings.  In these geological formations, CO2 hydrate formation can be 
induced by injecting CO2 gas into the formation water. 
 
Geologic Sequestration - Possible sequestration of CO2 as a stable gas hydrate in geological 
formations affords a huge potential for offsetting industrial-sourced green house gas (GHG) 
emissions to the atmosphere, and thus could be a significant factor for mitigating future climate 
change. Large scale injection of CO2 into depleted natural gas hydrate reservoirs and into deep 
saline aquifers is one of the most promising methods of geological storage of CO2.  The greatest 
operational challenge to the formation of CO2 hydrate by gas injection into natural geologic 
reservoirs is the maintenance of the bulk contact between the gaseous and aqueous phases, 
assuming that temperature and pressure stability conditions for continued hydrate formation 
prevail. 
 
Before implementation of GHG geological storage, a series of questions need to be addressed, 
the most important of which relate to the short- and long term fate of the injected CO2.  In this 
aspect, fundamental research and development is needed to understand the physics and 
chemistry of CO2 hydrate formation in porous media.  A numerical study of CO2 injection 
operations under actual field conditions provides the opportunity to learn about the fate of the 
injected gases, and represents a unique opportunity to investigate the feasibility of CO2 
geological storage. 
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Key Variables - In porous media, several variables and processes play a vital role in gas 
hydrate stability in geological formations.  The key variables are reservoir properties (geological 
formation, permeability and porosity), reservoir conditions (saturation and pore water 
chemistry) and well operating constraints (well head pressure and fluid production-injection 
rates).  Several other processes such as well bore, overburden and underburden heat flux 
significantly affect the spatial and temporal dynamics of gas hydrate distribution.  Under the 
Mallik gas hydrate research program, numerous laboratory, field and numerical studies have 
been conducted on the kinetics, stability, dissociation and formation processes (as reviewed by 
Dallimore and Collett, 2005; Dallimore, et al., 2005).  Several studies published laboratory gas 
hydrate data such as hydrate stability, kinetics and thermal conductivity (Adisasmito, et al., 
1991; Hong and Pooladi-Darvish, 2003; Kim et al., 1987; Malegaonkar et al., 1997; Reid et al., 
19772; Seo et al., 2002; Sweigert et al., 1946; Wright et el., 2005a, 2005b). 
 
In the CO2 hydrate project, one of the main challenges is how to incorporate and predict the role 
of spatial variation of the reservoir properties (permeability and porosity) on CO2 hydrate 
formation.  Well log data in the Mallik gas hydrate research project showed that the properties 
like permeability may vary by three or more orders of magnitude in a reservoir.  However, the 
variation of these properties is not completely disordered in space; different sediment types 
exhibit different characteristics but with a degree of order within each sediment.  These data 
may show some structure which may be described as layers with recognizable but variable 
thickness. 
 
For any stochastically random distribution of permeability, it is possible to calculate some 
spatial distribution parameters such as autocorrelation and autocovariance.  Then with the aid 
of geostatistics, a relationship can be established between the magnitude and spatial correlation 
of permeability heterogeneity and the time dependent behaviour of gas hydrate saturation in 
the geological reservoir.  In this aspect, the concept of geostatistics in reservoir description to 
describe a heterogeneous medium has been applied successfully in the field of contaminant 
hydrogeology.  In the literature, there are several schemes to assign random permeability fields 
in numerical models (Schwartz, 1977; Mantoglu and Wilson, 1982).  Each method has its own 
advantages and disadvantages.  More recently at ARC, a simple geostatistical program has been 
developed which is capable of generating permeability and porosity for numerical grid cells 
with predefined statistical properties (such as mean, variance and correlation length). 
 
Numerical Study - Previously, ARC with the support of GSC performed a preliminary CO2 
hydrate simulation in a simplified geological reservoir considering different porosity and 
permeability (Uddin, M. 2004).  The preliminary simulation investigated the spatial and 
temporal dynamics of reservoir pressure, temperature and gas hydrate saturation under varied 
initial and operating conditions.  The numerical investigation described a unified gas hydrate 
kinetic model that when coupled with a multi-phase and multi-component thermal reservoir 
simulator could simulate the sequestration of CO2 as stable gas hydrate in deep geological 
formations.  More recently, significant improvements have been made to the original gas 
hydrate model to include the handling of boundary heat flux and ice formation and melting 
processes.  The current version of the unified gas hydrate model is capable of handling mixed 
CO2 and CH4 hydrates dissociation and formation processes in three phases (such as aqueous, 
gaseous and solid) and unlimited components of a hydro-geochemical environment (Uddin, M. 
2006). 
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Objective – The main objective of this project was to conduct a detailed gas hydrate simulations 
under different geologic settings.  There are two primary simulation components of this study: (1) 
the formation of CO2 hydrate in four generic geological reservoirs by injecting CO2 gas and (2) the 
dissociation of Mallik CH4 hydrate by depressurization and CO2 hydrate formation in the CH4 
hydrate dissociated reservoir by injecting warm CO2 gas. 
 
The numerical simulations are evaluated to address several key issues such as reservoir 
properties (porosity and permeability), boundary heat flux, well operating constraints (injection 
and production) and ice modeling.  In addition, some preliminary simulation results are 
included on possible short and long term roles of geochemical and geo-mechanical aspect in 
field scale modeling  
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2.0 HYDRATE MODELLING 

 
 
2.1  MODEL STRUCTURE 
 
A six component kinetic model was developed to simulate gas hydrate formation and 
decomposition in a geological reservoir.  The components are water (H2O) in the aqueous and 
gas phases, methane (CH4) and carbon dioxide (CO2) in the aqueous, gaseous and solid phases, 
CH4 hydrate (CH4.nH2O), CO2 hydrate (CO2.nH2O) and ice in the solid phase. The kinetic model 
can be organized into a component-phase chart as in Table 1. 
 
Gas hydrate formation and decomposition processes in this six component system can be 
represented by the following two kinetic reactions, 
 

HeatsOnHCHwOnHgCH ±⋅↔+ )()()( 2424  
HeatsOnHCOwOnHgCO ±⋅↔+ )()()( 2222  

 
Gas hydrate formation is an exothermic process (releasing heat) whereas hydrate 
decomposition to gas and water is an endothermic process (taking heat).  Two simple rate 
equations were proposed for the hydrate formation (forward kinetic) and the hydrate 
decomposition (backward kinetic) using gas hydrate stability curves (Uddin et al., 2004).  This 
approach is also used in the current report and generalized to handle the formation and decay 
of ice as well.  
 
 
2.2  KINETICS AND THERMAL PROPERTIES 
 
The gas hydrate equilibrium or stability data, component basic properties (for example, 
molecular mass, critical pressure and critical temperature), fluid enthalpies, thermal 
conductivity and rock-fluid properties are vitally important in modeling the dynamics of 
hydrate formation and decomposition in a geological reservoir.  A number of published 
laboratory experimental data on the kinetics of CH4 and CO2 hydrates were compiled.  The 
necessary input parameters were obtained from the literature data with some approximation 
(Tables 2 and 3). Figures 1 to 6 illustrate the relevant hydrate stability curves and the 
corresponding equilibrium partitioning behaviour. 
 
 
Hydrate and Ice Stability 
 
Gas hydrate equilibrium or stability in porous media primarily depends upon pressure, 
temperature, coexisting phase composition (such as gas composition, pore water chemistry), 
and sediment characteristics (for example, grain size, pore geometry, mineralogy). 
 
Three-phase equilibrium (Lw-H-V) data of water-rich liquid, hydrate and vapor of pure CH4 and 
CO2 components are taken from Adisasmito et al. (1991).  Three-phase equilibrium (Ice-H-V) 
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data of ice, hydrate and vapor are taken from North et al. (1998) and Moridis et al. (2003).  This 
data can be summarized in the form of average curves shown in Figures 1, 2, 4 and 5. 
 
In the present gas hydrate model, the phase equilibrium is specified using phase equilibrium K 
values.  This K values at a given pressure, p, and temperature, T, can be defined as, K (p, T) = p(L-

H-V)/p,  where, p(L-H-V) is the experimentally measured three-phase (Liquid-Hydrate-Vapor, L-H-V) 
equilibrium data.  K value tables as functions of pressure and temperature were obtained from 
the measured three-phase equilibrium data. This data can again be summarized in the form of 
average curves expressed by a three-parameter K value correlation as, K = (k1/p)exp(k2/(T-k3)), 
where, k1, k2 and k3 are the fitting parameters.  The CH4 and CO2 hydrates equilibrium K values 
predicted from laboratory data and the best fitted curves are shown in Figures 3 and 6. 
 
 
Component Properties 
 
Basic component properties such as molecular mass, molar density, compressibility, critical 
pressure and critical temperature were obtained from the literature and reports. The necessary 
hydrate kinetic parameters are summarized in Tables 2 and 3.  Several key issues can be 
emphasized about handling of the basic parameters in the present modeling approach: (1) the 
mass density determines the hydrostatic head of each phase, and may affect fluid phase 
distributions and pressure responses after stability curves are crossed, (2) critical pressure and 
temperature are required parameters, used in the calculations of gas density compressibility 
factor Z (=nV/RT), and vaporization enthalpy. 
 
The additional properties for ice were set as those for methane hydrates (mass density 919.7 
kg/m3; ice heat capacity 1600 J/kg-K) except that reaction enthalpy for ice formation was set to 
the ice latent heat of 333.6 kJ/kg (or 6009.8 J/gmole).   
 
 
Fluid Enthalpies 
 
In hydrate modeling, the following three quantities are required for each condensable 
component: (1) heat capacity in a liquid phase, (2) heat capacity in the gas phase and (3) 
enthalpy of vaporization as a function of temperature. However, only two of these three 
quantities are independent, since at any given temperature, enthalpy of vaporization is the 
difference between enthalpy in the liquid phase and enthalpy in the gas phase. In the simulator, 
three enthalpy datum options are available, allowing a choice of which two of the above three 
quantities to enter as data. In the present simulation, the four-parameter gas heat capacity 
correlation along with vaporization enthalpy was used.  The gas phase heat capacity cpg(T) and 
vaporization enthalpy hVAP(T) for the condensable components were defined as, cpg(T) = 
c1+c2T+c3T2+c4T3, and hVAP(T) = hVR(Tcr-T)Ev, where, c1, c2, c3 and c4 are the heat  capacity 
coefficients, T is temperature, Tcr is critical temperature, Ev is an exponent assumed to be 0.38 
and hVR is enthalpy coefficient. The heat capacity and enthalpy coefficients data were obtained 
from the CMG STARS manual. 
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Thermal Conductivity 
 
For the calculation of heat flow between two blocks, the thermal conductivity is evaluated in 
both blocks and then mixed with a harmonic weighting scheme. This method is consistent for 
all cases of block size, flow directions and conductivity values.  Wright et al. (2005b) estimated 
total thermal conductivity of 2.7 W/mK for the Mallik hydrate bearing formation of porosity of 
0.35, hydrate saturation of 0.80 and water saturation of 0.20.  The effect of heat transfer was 
investigated by using three rock thermal conductivities of 1.5 W/mK, 3.92 W/mK and 8.0 W/mK 
in one of the investigative generic reservoir.  The thermal conductivity and heat capacity values 
are summarized in Table 4. 
 
 
2.3  ROCK-FLUID PROPERTIES 
 
In this study, we have examined selected laboratory reports, but the limited scope of our project 
precluded a full analysis of all of the historic lab core data from different geological formations. 
 
The relative permeability and capillary pressure data were obtained from analytical functions 
suggested by van Genuchten, 1980 and Parker et al., 1987.  The presence of hydrate phase was 
incorporated into these functions. The chosen curves for water relative permeability (krw) and 
gas relative permeability (krg) are summarized as follows: 
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Where, the normalized water, hydrate and gas saturations can be defined as,  
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Here, Swr is the irreducible water saturation and Sgr is the residual gas saturation.  In addition, 
the grid cell saturations hold an auxiliary relation as, Sg + Sw + SH = 1. 
 
Not surprisingly, relative permeability curves can be significantly different for Mallik silt, 
Mallik sand and sandstone formations.  Based on the well log data, one could even use different 
curves for the Mallik geological formations (i.e., silt and sand layers), but we have not done so; 
our model utilizes only one rock type.  We have retained the parameters, m = 0.45, Swr = 0.3, Sgr 



 

 
Advanced Numerical Simulation of CO2 Hydrate Formation 
In Geological Reservoirs by Injection of CO2 Gas [7]  
May, 2006 

= 0.05, krwo = 0.5 and krgo = 1.0, for water – gas relative permeability throughout our simulation 
study.  The relative permeability exponents and end-points are summarized in Table 5. 
 
Water-gas capillary pressure curves can be fit to the data, using the following form: 
 

[ ] mm
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1/1
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The gas phase pressure (pg) and the water phase pressure (pw) in a grid cell also hold an 
auxiliary relation as, pc (Sw) = pg – pw.  The capillary pressure curve used as initial assumptions in 
our study for the reservoir geological formations is also defined with the parameters given in 
Table 5. 
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3.0 FIELD MODELLING 

 
3.1  RESERVOIR CHARACTERIZATION 
 
Geological heterogeneity plays an important role in gas hydrate formation and decomposition 
processes in the porous media because of spreading and dissipation of injected and produced 
fluids.  To capture some of the geologic features, reservoir properties such as formation 
permeability, porosity, residual phase saturation, phase relative permeability, and phase 
capillary pressure are allowed to vary spatially in the numerical simulation. 
 
In this study, ARC’s geo-statistical program can be used to incorporate predefined permeability 
and porosity distribution in the gas hydrate simulation grid cells.  The permeability distribution 
can be assumed to be log normally distributed with mild heterogeneity.  The porosity is 
assumed to have a random normal distribution. 
 
 
3.2  WELL BORE MODELING 
 
A mechanistic model coupled with CMG STARS was used to model fluid and heat flow in the 
wellbore and between a wellbore and a reservoir / overburden.  For the horizontal section of the 
wellbore, a numerical method termed the Discretized Wellbore is used, where the mass and 
energy conservation equations are solved together with reservoir equations for each wellbore 
section (perforation). Pipeflow correlations to handle laminar and turbulent flow are available. 
More details of this method can be found in Oballa et al. (1997).  
 
For the vertical section of the wellbore, from the surface to the entry point into the perforated 
reservoir wellbore, the pressure drop along the wellbore and radial heatloss from the wellbore is 
calculated semi-analytically. The basic approach was developed by Fontanilla and Aziz (1982) but 
has been generalized for both injector and producer wells and to include both rate and pressure 
operating conditions. Pressure drop depends on friction, gravity and kinetic energy.  Radial 
wellbore heatloss is a product of an overall heat transfer coefficient and a difference between fluid 
and formation temperature. The overall heat transfer coefficient is calculated from the input data. It 
depends on resistivity in the fluid film, tubing wall, insulation, annular space, casing wall and 
cement. This semi-analytic model can be coupled at the perforated entry point to either a simple 
(steady state) horizontal well model option, where frictional effects are ignored, or to the more 
mechanistically correct Discretized Well model just described. 
 
 
3.3  OVERBURDEN - UNDERBURDEN MODELING 
 
Overburden and underburden heat losses consist of heat flow between a boundary grid block 
and a semi-infinite portion of formation adjacent to that block.    The heat loss rate and its 
derivative with respect to temperature can be calculated, and used directly in the energy 
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conservation equation.  In the present approach, the only data required are heat capacity and 
thermal conductivity of the base and cap rock, both of which are quite standard data. 
 
A simple semi-analytical method for predicting cap and base rock heat losses in gas hydrate 
simulations was applied. This method was developed by Vinsome and Westerveld (1980) and is 
available in the STARS simulator. The minimum temperature difference between block 
temperature and the initial temperature of the formation adjacent to the reservoir was set at 0.10 
ºC. The semi-analytical heat loss calculation was only performed when the difference was 
greater than 0.10 ºC. 
 
 
3.4  PROTOTYPE ICE FORMATION MODEL 
 
As a test of the ice formation model, a simple single vertical well radial model was employed 
based on Case Study I from Uddin et al. (2004) that was earlier used as a first test of methane 
and carbon dioxide hydrate formation and decomposition kinetic modelling approach. This 
model consists of a 10 m hydrate zone overlaying a 10 m hydrate free zone, in a reservoir with a 
constant porosity of 0.28 and a permeability of 20 mD. The cylindrical grid employed uses 97 
grid cells radially and 20 grid cells vertically. Basic parameters can be found in Tables 2-4 of that 
report, which are equivalent to the majority of the fluid and rock parameters found in Tables 2-6 
of this report as well. However, in order to accentuate the possible formation of ice during 
pressure depletion of the methane hydrate, the initial temperature was reset to 6 degree C 
(279.15 K). The initial pressure was maintained at 6,913 kPa. 
 
Figure 7 compares the predicted gas production for this model with and without the possibility 
of ice formation. These are seen to be basically identical. Also compared is the average change 
in methane hydrate decomposition, which shows minor deviations as ice begins to form, but 
that that a significant hydrate composition remains. Ice forms as the reservoir temperature 
drops below zero (around 390 days), since hydrate decomposition is an endothermic process. 
The predicted average ice concentration is seen to fluctuate. 
 
The distribution by about 500 days is found to be variable in the same zone as the co-existing 
methane hydrate.  This is contrasted with the methane hydrate distribution which is relatively 
uniform, except at the upper and lower boundaries of the hydrate accumulation, where there is 
an increased melting (i.e., lower hydrate concentration levels). Over time, the simulation 
predicts that the ice distribution becomes more erratic but with region of very high ice levels. 
The fluid saturations reflect this effect, as the water saturation distribution also becomes erratic.  
The ice is formed from water uptake, and the more the non-mobile ice level rises, the lower is 
the fluid permeability to redistribute fluids. 
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4.0 CASE STUDIES 

 
4.1  GENERIC RESERVOIRS 
 
In consultation with the Geological Survey of Canada (GSC), four different geological 
formations of 20 m thickness were selected to investigate CO2 hydrate formation. All these 
reservoirs were assumed to be extended from 1005 to 1025 m in depth.  The first reservoir 
(reservoir I) is similar to hydrate-free Mallik silt with mean porosity 0.30 and mean absolute 
permeability 100 mD. The second reservoir (reservoir II) is similar to hydrate-free Mallik 
sand with mean porosity 0.35 and mean permeability 1000 mD. The third reservoir (reservoir 
III) is similar to a conventional sandstone reservoir with mean porosity 0.25 and mean 
permeability 20 mD. The fourth reservoir (reservoir IV) is similar to tight gas reservoir with 
mean porosity 0.25 and mean permeability 10 mD.  The basic reservoir parameters and initial 
conditions are given in Table 6.  The reservoir initial conditions were assumed to be the same 
for all four example problems.  The key initial values are: pressure of 3000 kPa, temperature of 6 
degrees C, water saturation of 75% and CH4 gas saturation of 25%.  It is important to note that 
these generic reservoirs are CH4 hydrate dissociated reservoirs where 25% CH4 gas saturation 
remains. Figure 8 shows a schematic of the process trajectory over the hydrate stability curve 
studied with the generic reservoir modelling. 
 
Setup Numerical Domain – In the numerical representation, impermeable flow boundaries 
were assumed to confine a 20 m gas hydrate formation reservoir.  Schematic diagrams of the 
simulated domain with a simplified description of the initial and boundary conditions are 
depicted in Figures 9 and 10.  This represents a half pattern rectangular (200 m x 4 m x 20 m) 
simulation domain with a horizontal well configuration.  The perforation length of the well is 
extended horizontally at the bottom of the reservoir.  We considered 4 m length of perforation 
length and 200 m length perpendicular to the perforation length.  The CO2 gas at a temperature 
of 6 degree C was injected for 600 days with a maximum bottom hole pressure of 5000 kPa.  
This operating constraint maintains pressure-temperature conditions below the CH4 hydrate 
stability curves.  The numerical simulations at three CO2 gas injection rates of 200, 300 and 400 
m3/day were assumed to be uniform along the 4 m length.  A sample calculation in Figure 9 
showed that an injection rate of 200 m3/day would be equivalent to 40,000 m3/day injection rate 
in an actual field operation with a 400 m horizontal perforation length. Figure 11 shows the 
wellbore data used for the vertical section of the well, solved semi-analytically. 

 
The numerical domain was discretized into 200 cells in the x-direction (1 m cell), 4 cells in the y-
direction (1 m cell) and 40 cells vertical the z-direction (0.5 m cell), resulting in a total of 32,000 
active blocks.  The smaller dimension was used in order to capture a very steep transient 
pressure, temperature and gas hydrate concentration fronts.  Using the currently available ARC 
geo-statistical program, porosity and permeability values were assigned in every grid cell with 
predefined statistics (mean, variance and correlation). Figures 12, 15, 18 and 21 show the porosity 
with normally distributed and log-normally distributed permeability values for each of the four 
generic reservoirs. 
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4.2  MALLIK FORMATION (5L-38) 
 
The Mallik gas hydrate field is located in the Mackenzie Delta on the coast of the Beaufort Sea, 
in Canada’s Northwest Territories. Several articles have described aspects of the Mallik site 
hydrate deposit, including Ohara et al. (2000), Moridis et al. (2004a), (2004b). The production 
research well, JAPEX/JNOC/GSC et al. Mallik 5L-38 showed three gas hydrate zones.  These 
zones can be summarized as: 
 
Upper Zone: The upper zone extending from 892 to 930 m, occurs entirely within the 
Mackenzie Bay Sequence.  Gas hydrate saturations range from 50 to 85%.  This zone was 
excluded from our present numerical simulations. 

 
Middle Zone: The middle zone extending from 942 to 993 m, is a complex interbedded section 
comprising a series of 5 to 10 m thick gas hydrate bearing sand units separated by 0.5 to 1 m 
thick gas-hydrate-free silt layers.  Gas hydrate saturations range from 40 to 80%.  In the scope of 
this report, this zone was also excluded from our present numerical simulations. 
 
Lower Zone: The lower zone extending from 1060 to 1120 m, consists of two thick hydrate 
occurrences with many similarities to the upper gas hydrate bearing sand.  Gas hydrate 
saturations are very high, ranging from 80% to 90%.  Core observations confirm that the gas 
hydrate occurs primarily as pore-filling material in clean sand with low silt content.  In this 
zone, the top 8 m (1070-1078 m) has more variable gas hydrate saturations and a more complex 
inter-bedded character.  Sediments in this upper section consist of inter-bedded silty sand and 
sandy silt, with silt and clay contents in the 10 to 50 % range. 
 
The lower contact of gas hydrate zone, at a depth of 1107 m, marks an abrupt change from gas 
hydrate bearing sand to gas hydrate free sand.  The pressure and temperature at the base of the 
hydrate stability zone are 12,962 kPa and 12.2 0C, respectively.  Wright et al. (2005a) predicted 
that the pressure and temperature conditions for the base of the gas hydrate stability zone at 
1107 m are consistent with in situ pore-water salinities of 45 ppt (parts per thousand). 

 
In the field, small scale production tests were conducted by using pressure-drawdown 
experiments.  During each test, the formation behaviour parameters, including pressure, 
temperature, flow of gas and flow of water were measured in response to depressurization.  The 
depressurization production test also included small-scale geo-mechanical testing with fracture-
initiation studies and analysis of how fracturing affects gas production from gas hydrate.  A 
thermal-stimulation production test of longer duration was carried out by circulating warm 
fluids into the high gas hydrate saturation zone.  The flow gas from dissociating gas hydrate 
was separated at the surface from the circulating fluids to allow quantification of flow volumes, 
gas chemistry, and possible changes in fluid chemistry. 
 
In this project, gas hydrate simulation is targeted in the depressurization test extended from 
1060 to 1120 m in depth.  In the scope of this work, numerical history matches of the above 
observed variables were not performed. Figure 28 shows a schematic of the process trajectory 
over the hydrate stability curve studied with the generic reservoir modelling. 
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Setup Numerical Domain - A schematic diagram of the simulated domain with a simplified 
description of the initial and boundary conditions is depicted in Figures 29 and 30.  In this study, a 
simple half pattern rectangular simulation domain was setup to model the lower gas hydrate 
bearing formation (1060 – 1120 m) with a horizontal well configuration.  The well is located at the 
base of the bottom hydrate layer.  In the numerical representation, impermeable flow boundaries 
were assumed to confine the 60 m thickness geological formation.  Although the corresponding 
actual confining shale zones at the overburden and underburden elevations had low (but nonzero) 
intrinsic permeability, the assumption of impermeable boundaries was reasonable given the much 
larger intrinsic permeabilities of the gas hydrate zone. 
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5.0 RESULTS AND DISCUSSIONS 

 
5.1  GENERIC GEOLOGICAL FORMATIONS 
 
A detailed numerical investigation was conducted to study CO2 hydrate formation in the four 
different geological formations.  This study considered a rectangular numerical domain (200 m x 
4 m x 40 m) with horizontal well configuration.  The reservoir properties (porosity and 
permeability), initial conditions (pressure, temperature and saturation), numerical domain 
setup (grid cells) and well operating conditions (injection and production rates and pressures) 
are discussed in Section 4.1. 
 
Figures 12, 15, 18 and 21 show the grid cells porosity and permeability for one geo-statistical 
realization for each of the four reservoir types.  With the limited scope of this work, we have 
chosen and incorporated only one realization of mild heterogeneity for all four generic 
reservoirs.  In this realization, porosity was assumed to be normally distributed and the 
permeability is log normally distributed with a mild heterogeneity.  Detailed gas hydrate 
simulations in the generic reservoirs with several predefined realizations (low to strong 
heterogeneity) can be conducted to understand and establish a possible relationship between 
permeability heterogeneity and gas hydrate formation. 
 
Pressure-Temperature Response – The overall flow system pressure-temperature responses at 
any given time primarily driven by two processes: hydrate kinetic rates (i.e., transfer of water and 
gas moles into hydrate crystals) and CO2 injection rates (injection of CO2 gas moles into the flow 
system).  In numerical computation, an excess pressure or deviation of grid cell pressure (i.e., 
pressure undershoot or overshoot) from the hydrate equilibrium pressure is the primary driver of 
gas hydrate kinetics (dissociation or formation rates).  In the formation of hydrate, heat is released 
and the temperature of the grid cell increases.  In terms of the volume changes, approximately 1 
mL of water converts into 1.1 mL of hydrate crystal.  At the same time, a large volume of gas moles 
physically get trapped in hydrate cavities.  The trapped gas moles may have some spinning 
rotation within the cavities depending on the relative sizes of guest gas moles and host cavities. 
 
Figures 13, 16, 19 and 22 show the average field (200 m x 4 m x 40 m) pressure, temperature and 
CO2 hydrate concentrations over 60 day simulation periods for the four generic reservoirs.  All 
of these numerical experiments were conducted at three constant gas injection rates (200, 300 
and 400 m3/day) with a maximum bottom hole constraint of 5000 kPa. The spatial distributions of 
the above variables (pressure, temperature and hydrate concentration) were constantly 
monitored during the simulation periods.  Spatial observations at the end of 360 days for the 
four generic reservoirs (reservoir I, II, III and IV) are shown in Figures 14, 17, 20 and 25. 
 
The numerical simulations showed that the gas injection rates were starting to decline when the 
well pressure increased to the maximum bottom hole pressure constraint of 5000 kPa.  This 
leads to a sharp break in the average field pressure curves.  The results illustrate that reservoir 
properties (such as permeability and porosity) play a significant role in the growth and shape of 
pressure pulse and gas hydrate concentration plume.  A very rapid dissipation of the pressure 
overshoot was observed for high permeability reservoir II (Figure 17).  At the end of 360 days, 
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pressure contours are nearly horizontal for this high permeability reservoir II (Mallik sand).  
Conversely the pressure contours for all three reservoirs (reservoir I, III and IV) of relatively 
lower permeabilities are nearly vertical in Figures 14, 20 and 25.  It is important to note that the 
pressure overshoot is the primary driver for gas hydrate formation. 
 
Previously, Uddin, M. (2005) with the support of GSC, conducted a preliminary simulation to 
induce the formation of CO2 hydrate by injecting CO2 gas into these simplified geological 
settings.  This earlier study considered a 200 m radius numerical domain with a vertical well 
configuration. One of the interesting observations of this earlier work was that at low injection 
rates, the average field pressure and temperature dropped significantly with the formation of 
CO2 hydrates.  This condition can occur when hydrate kinetics (reaction rates) consumed more 
gas moles compared to the injected gas moles in the flow system.  This effect has to be high 
enough to overcome volume expansion due to the formation of gas hydrate crystals (typically, 1 
mL water converted into 1.1 mL gas hydrate). 
 
Gas Hydrate Concentration - The cumulative gas hydrate concentration curves at three 
injection rates (Figures 13, 16, 19 and 22) illustrate that the gas hydrate accumulation around the 
well bore may significantly increase with the gas injection rate.  The formation of gas hydrate 
releases heat and increases the temperature of the flow system.  This shows a higher 
temperature in the higher gas hydrate concentration area.  The shape of the concentration 
plume corresponds to the temperature profile.  The overburden and underburden heat flux 
leads to a developing gas hydrate concentration plume along the middle layer. 
 
Figure 25 compares the average field hydrate concentration when the initial pore water salinity 
of 2.0 ppt with the gas hydrate concentration when no background salinity.  The results 
illustrated that the pore water salinity have a significant effect on the gas hydrate formation and 
dissociation processes.  It should be noted that in this study, the gas hydrate stability curves 
were shifted 1.0 0C per 20 ppt salinity based on the GSC laboratory investigation (Wright at el., 
2005a.) 
 
Figures 26 and 27 show a comparison of the average gas hydrate concentration, pressure and 
temperature for all four generic reservoirs at injection rates of 200 m3/day and 400 m3/day, 
respectively. Table 7 summarizes the material balance statistics. 
 
 
5.2  MALLIK CH4-HYDRATE BEARING FORMATION 
 
The geology of the Mallik gas hydrate field has been extensively described in numerous 
publications (Dallimore and Collett, 1999, Jenner et al., 1999, Dallimore and Collett, 2005).  The 
gas hydrate bearing formation targeted in the depressurization test extended from 1060 to 1120 
m in depth.  Figure 29 shows a well log data characterizing rock types, porosity, permeability 
and gas hydrate saturation.  The intrinsic permeability of the porous medium at different 
locations within the gas hydrate interval was measured in various core studies (as reviewed by 
Collett et al., 2005). 
 
The pressure in the gas hydrate interval matched very closely the hydrostatic – pressure 
distribution at the depth (Hancock et al., 2005).  The initial temperature profile was obtained 
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from the initial (pre test) DTS readings (Hennings et al., 2005) along the profile of the gas 
hydrate interval.  The average initial temperature of 12.6 degree C can be approximated 
corresponding to the prevailing pressure of 12,912 kPa.  According to Wright et al., 2005a, 
salinity estimates near the base of the gas hydrate stability zone ranged between 35 and 45 ppt 
(parts per thousand) based on chlorinity and temperature data. 
 
Figure 34 shows the evolution of average pressure, temperature and hydrate content of the 
Mallik zone over approximately 20 day of production, based on a maximum fluid production 
rate of 100 m3/day and a minimum bottom hole pressure constraint of 3000 kPa. With the 
observed rapid pressure decline, there is a related temperature decline and decomposition of 
the methane hydrate. The rapid pressure decline is associated with the assumed well 
completion in the high (1000 md) sand. This perforation location may not be where the actual 
Mallik field test was performed. 
 
Figure 35 shows the associated production behaviour, which illustrates the rapid decay of well 
pressure to the specified minimum, and an associated spike in gas production from the 
dissociating hydrate. Associated with the pulse of gas and the the bottomhole pressure 
restriction, there is a decline in water production. The bottomhole pressure restriction basically 
limits the whole process such that a steady behaviour is approached before 20 days of 
production. It is noted that there was a mini-production test of this well as part of the Mallik 
test, but we have made no attempt to do a proper history match of the observed behaviour.  
 
Figure 36 compares the predicted hydrate distributions at 2 and 10 days (i.e., before and after 
the large gas pulse produced by the hydrate decomposition). It is seen that the majority of the 
hydrate decomposition occurs in the zone with the highest hydrate saturation, although the 
other hydrate containing zones are decomposing somewhat as well. Figure 37 shows the 
corresponding pressure profiles. Obviously, the pressure decline is first seen near to the 
horizontal well, but over a short period of time the pressure profile becomes quite uniform 
throughout the reservoir. In contrast, the temperature profiles as shown in Figure 38 retain the 
layering associated with the hydrate accumulations. In particular, in zones where no hydrate 
originally existed, the pressure decline has no effect on the temperature evolution and the 
temperature remains high. In contrast, in zones containing hydrate, the pressure and 
temperature changes track each other because of the effect of the hydrate stability curve. 
Overall, there is an interplay between phase behaviour (hydrate stability curves) and flow 
which needs further detailed analysis. It is seen that the temperature is still very far from 
possible ice formation effects in this simulation. 
 
 
5.3  MALLIK CH4-HYDRATE WITH ICE  
 
The Mallik reservoir scenario was also used to examine possible effects of ice formation during 
a methane hydrate decomposition process. For these early test runs, a staged, variable pressure 
decline schedule was employed and an initial gas saturation was assumed to exist as a result of 
previous methane hydrate dissociation. These assumptions were used to accentuate the 
possibility of ice formation. Figure 39 compares the gas production behaviour with and without 
possible ice formation. Using the supplied pressure decline protocol, the reservoir temperature 
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dropped below zero around 360 days, and the results show a dramatic increase in gas 
production at this point. 
 
Figures 40 and 41, which show the predicted ice and methane hydrate distributions at 500 days, 
give an indication of the origin of this observation. Here almost all of the methane hydrate has 
decomposed (except for a band of lower concentration hydrate) and has been replaced by a higher 
concentration of ice. As hydrate contains gas, but ice does not, more gas has been released to be 
produced. In the Mallik case, the ice distribution is seen to be less erratic at the time of observation 
than what was observed in the prototype ice formation simulations. 
 
These preliminary “ice formation” runs illustrate the need for further evaluation and checking. 
They do demonstrate the extreme nonlinearity of the coupled phenomena which involve the 
crossing of several multi-phase boundaries with very different flow properties, and how various 
production strategies and reservoir characteristics can combine to give different “trajectories 
through these multiphase zones. 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 

 

ARC’s multi-phase and multi-component gas hydrate model was used to simulate CO2 hydrate 
formation in several geological reservoirs by injecting CO2 gas under different operating 
conditions.  The key investigative issues were reservoir properties (porosity and permeability), 
reservoir initial conditions (pressure, temperature and saturation), reservoir boundary 
conditions (well bore, over burden and underburden heat flux) and well operating conditions 
(CO2 injection rate and well bottom hole pressure).  The following specific conclusions can be 
obtained from this project: 
 

(1) Reservoir properties – The pressure overshoot built up upon the injection of CO2 gas 
was strongly dictated by the reservoir permeability.  The pressure overshoot was 
significantly lower for the high permeability reservoir – II (porosity – 0.35 and 
permeability – 1000 mD). 

(2) The gas hydrate simulations were conducted for one realization of the permeability 
heterogeneity.  A slight distortion of the gas hydrate concentration was observed.  This 
could be due to the permeability heterogeneity.  Further conclusions need to evaluate 
numerical results for several geo-statistical realizations. 

(3) A significant change in the shape and growth of the CO2 hydrate concentration plume 
was observed. An early symmetric plume shape around the well bore gradually shifted 
into a laterally elongated shape in the centre of the flow system.  This was primarily 
dictated by the gas hydration and boundary heat fluxes. 

(4) The gas hydrate formation releases heat and temperature rises.  A similar trend was 
observed in the shape and growth of gas hydrate concentration and temperature. 

(5) The average reservoir pressure dropped when relatively less gas moles were reacted 
compared to the gas mole injection.  The hydrate kinetics (kinetic rates) and CO2 
injection rates primarily control the overall reservoir pressure. 

(6) The effect of impermeable boundaries (overburden-underburden) such as heat flux and 
flow were clearly noticeable on the gas hydrate formation. A sensitivity study is needed 
for any further conclusion. 

(7) The nonhomogeneous initial distribution of hydrate found in the Mallik test case 
impacted on how and where the gas hydrate is produced. In particular, the location of 
the perforation could effect the well pressure decline performance and a proper 
engineering analysis of well operating conditions is required for optimal production 
performance. 

(8) If the temperature/pressure conditions evolve such that ice formation does occur, this 
can increase the gas production associated hydrate decomposition. For CO2 

sequestration, however, ice formation is deleterious as this removes water for possible 
CO2-hydrate formation. 

 
The following follow-up work is recommended from this study: 
 
I. Laboratory Gas Hydrates Experiment – A laboratory sand pack experiment can be setup to 
induce the formation of CO2 hydrate by injection of CO2 gas.  Systematic laboratory tests, under 
controlled pressure/temperature/porous media conditions, are needed to evaluate gas hydrate 
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reaction rate coefficients (kinetics) and dispersion of the water phase components.  The 
laboratory solvent dispersion in a layered porous media experiment conducted by Uddin and 
Bray (1998) could be evaluated for this proposed gas hydrate experiment. 
 
II. Generic Reservoir Simulation – A further refinement of the numerical simulations is needed 
to evaluate the formation of CO2 hydrate under an actual geological setting (such as reservoir 
heterogeneity, initial pressure, temperature, saturation). 
 

(1) Detailed gas hydrate simulations in the generic reservoirs with several predefined 
realizations (low to strong heterogeneity) can be conducted to understand and 
establish a possible relationship between permeability heterogeneity and gas hydrate 
formation. 

(2) The injection of CO2 gas into a geological reservoir with 100% water saturation to 
induce the formation of CO2 hydrate can be investigated.  This may require some 
engineering challenges such as setup production well or formation dilation around 
the injector. 

 
III. Mallik Gas Hydrate Simulation – Detailed CH4 hydrate dissociation and CO2 hydrate 
formation simulations can be performed under several horizontal and/or vertical well 
configurations and operating conditions. 

 
(1) perform numerical history matches for the available small scale thermal and pressure 

drawdown production data. 
(2) perform systematic single pattern multi-well gas hydrate simulations and optimize CO2 

sequestration. The proposed operating strategy in Figure 42 can be investigated. 
(3) perform Mallik field scale gas hydrate simulation considering the entire vertical and 

lateral geological settings. 
 
IV. Geochemistry and Geomechanics – In CO2 sequestration, geochemical and geo-mechanical 
options can be considered to evaluate the short and long term fate of the formation of CO2 
hydrate and distribution of CO2 gas. A brief description of the geochemical and geomechanical 
models is given in the following sections. 
 
Geochemistry 
Carbon dioxide dissociates in formation water affecting solution pH and can be involved with 
complex carbonate and silicate reactions depending on pressures, temperatures and cation 
availability in the formation water and the mineral components.  The geochemical reactions 
such as calcite synthesis reactions consume Ca++ and release H+ to the formation water, both the 
dissolved Ca++ and the pH are rapidly lowered, the partial pressure of the CO2 (pCO2) builds up 
and affects the stability of CO2 hydrates.  The water chemistry data for several Alberta 
formations and Mallik gas hydrate formation were complied.  These data are summarized in 
Table 7. 
 
A preliminary geochemical simulation for one of the generic reservoirs was performed by 
decoupling the gas hydrate model.  Figure A-I-1 shows the simulation domain with initial 
geochemistry data. The simulation illustrated the necessary geochemical processes under 
situations when CO2 hydrate might not form. Figures A-I-2 and A-I-3 show the spatial evolution 
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of the CO2 plume after 6 years, with the distribution of bicarbonate ion and acidic pH governed 
by the aqueous solution chemistry and the calcium ion production from calcite dissolution.  The 
geochemical option could be coupled with the gas hydrate model in the CO2 sequestration 
project. 
 
Geomechanics 
Hydrate stability to the mechanical forces induced by fluid injection and production practices 
needs to be explored more extensively. A geomechanics model is essential to solve force 
equilibrium of the geological formation and predict volumetric dilation/compression as a result 
of both elastic and plastic straining caused by fluid injection and production. The pore volume 
changes may be caused by a combination of compression/tension or by shear stresses.  These 
changes in pore volume and the associated changes in transmissibilities are used in the 
reservoir model for calculating mass and energy balances in the reservoir. 
 
During injection, the stress state at a location may reach a yield condition and begins to 
accumulate plastic strains. Shear dilatancy is a component of the resulting volumetric dilatation. 
Upon production, the material may be unloaded, resulting in the stress state dropping-off from 
the yield surface. During this period, the material may lose some of the reversible elastic strains. 
Figure A-II-1 illustrates the expected cyclical response. 
 
A preliminary geomechanical simulation for one of the generic reservoirs was performed to 
investigate these effects, using the coupled geomechanics module available in STARS. The 
reservoir model is illustrated in Figure A-II-2, which is similar to earlier models except that a 
coarser grid discretization was employed. Figure A-II-3 shows the pressure and gas 
production/injection response associated with methane hydrate decomposition and production 
followed by CO2 injection and CO2 hydrate formation. The associated geomechanical responses 
of effective stress and porosity changes are illustrated in Figure A-II-4. Figures A-II-5 shows the 
spatial distribution of these quantities at the end of the production cycle. 
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Table 1:  Gas hydrate model - Components and phases 
 

Phase Component Aqueous Gaseous Solid 
 
H2O 
CH4 
CO2 
CH4.nH2O 
CO2.nH2O 
Ice 

 
X 
X 
X 

 
 

X 
X 

X 
X 
X 
X 
X 
X 
X 

 
Note: Phase is a physical manifestation of one or more components.  All physical properties 
are assigned to a model component in terms of the phases in which that component may be 
found. 
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Table 2:  CO2 and CH4 hydrate kinetics properties (Structure I hydrate, all cavities are filled 
with CH4 or CO2 gas molecules) 

 
Components CO2.nH2O CH4.nH2O 
 
Molecular weight, Mm (kg/gmole) 

Mass density, ρ (kg/m3) 
Volumetric mole density, ρ (gmole/m3) 
 
(1) Intrinsic decay rate, kd0  (gmole/(day.kPa.m2)) 
(1) Intrinsic formation rate, kF0 (gmole/(day.kPa.m2)) 
 
 (2) Specific area of hydrate particles, ASH (m2/m3) 
Activation energy, E (J/gmole) 
Reaction enthalpy (J/gmole) 

 
147.500x10-3 

1100 
7458 

 
1.071x1013 

3.024x104 

 
3.75x105 

81084.2 
51857.9364 

 
119.543x10-3 

919.7 
7696 

 
1.071x1013 

2.506x105 

 
3.75x105 

81084.2 
51857.9364 

(3)  Kinetic rate constants  
A (gmole/m3)-1/kPa.day) 
B (1/kPa.day) 

 
9.706x109 

2.043x105 

 
9.706x109 

2.043x105 

 

 
(1) Hong and Pooladi-Darvish (2003) used this intrinsic, kd0, for CH4 hydrate 

decomposition simulation. The kinetic parameter, kF0, was taken from Malegaonkar 
et al. (1997). 

 
(2) Kim et al. (1987) determined this value for hydrate particles in a PVT cell. 

 
(3) Kinetic rate constants for the ARC’s gas hydrate model (Uddin et al., 2006) 
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Table 3:  Component properties at reference temperature and pressure (T = 25 deg C, and p = 
101 kPa) (data sources – CMG STARS user’s guide, 2004; Reid et al., 1977) 

 
Parameters H2O CO2 CH4 
Constant 

Molecular weight, Mm (kg/gmole) 

Molar density, ρ (kg/m3) 
Volumetric mole density, ρ (gmole/m3) 
 
Critical point 
- Temperature, Tcr (deg C) 
- Pressure, pcr (kPa) 
Quadruple point or Freezing point 
- Temperature (deg C) 
- Pressure (kPa) 
 

Functional (1) 
Vapor heat capacity (J/gmole-K) 
Liquid heat capacity (J/gmole-K) 
Vaporization enthalpy at boiling point, hvap  (J/gmole) 

 
18.015x10-3 

1000 
55502 

 
 

374.2 
22048 

 
0.0 

0.612 
 
 

33.659 
- 

40690 

 
44.010x10-3 

350.6 
7965 

 
 

31.05 
7376 

 
-56.61 
517.80 

 
 

47.125 
- 

17166.09 

 
16.043x10-3 

300.37 
18723 

 
 

-82.55 
4600 

 
-182.5 
101.3 

 
 

35.557 
- 

8188.65 

 
 (1) Temperature dependent parameters were defined by CMG STARS correlation options 
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Table 4:  Other thermal properties 
 
Components Gas hydrate bearing formation 
Rock/Phase 
Volumetric rock heat capacity (J/m3 K) 
Hydrate heat capacity (J/kg K) 
Rock thermal conductivity (J/m-day-K) 
Hydrate thermal conductivity (J/m-day-K) 
Water thermal conductivity (J/m-day-K) 
Gas thermal conductivity (J/m-day-K) 
 
Heat Loss to Adjacent Formations 
Temp difference to trigger heat loss (0 C) 
Overburden heat capacity (J/m3  K) 
Overburden thermal conductivity(J/m-day-K) 
Under burden heat capacity (J/m3 K) 
Under burden thermal conductivity(J/m-day-K) 

 
2.120x106 

1600 
3.387x105 
3.395x104 
5.183x104 

140.0 

 
 

0.10 
2.120x106 

1.296x105 
2.120x106 

1.296x105 
 
Note: Total thermal conductivity was assumed to be 2.7 W/mK with estimated rock 
conductivity of 3.92 W/mK, hydrate of 0.393 W/mK and water of 0.6 W/mK.  Wright et al. 2005b 
estimated total thermal conductivity of 2.7 W/mK for the Mallik hydrate bearing formation of 
porosity of 0.35, hydrate saturation of 0.80 and water saturation of 0.20. 
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Table 5:  Parameters for relative permeability and capillary pressure (Parameters associated 
with the analytical functions, van Genuchten 1980 and Parker et al., 1987) 

 
Parameters Generic Reservoirs Mallik Site (5L-38) 

Rel. Permeability 
m 
Swr 
Sgr 
krwo 
krgo 

Capillary Pressure 

pco (kPa) 

 
0.45 
0.3 

0.05 
0.5 
1.0 

 
 

1.0 

 
0.45 
0.3 

0.05 
0.5 
1.0 

 
 

1.0 
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Table 6:  Generic reservoirs – Reservoir properties and initial conditions 
 

Parameters Reservoir I 
(Mallik silt) 

Reservoir II 
(Mallik sand) 

Reservoir III 
(Sandstone-1) 

Reservoir IV 
(Sandstone-2) 

 
Basic reservoir parameters 

Mean porosity (-)  
Mean permeability (mD) 

 
Thermodynamic condition 

Pressure (kPa) 
Temperature (degree K) 

 
Other reservoir parameters 

Simulation domain (m3) 
Water saturation (-) 
Gas saturation (-) 
Hydrate saturation (-) 
Rock density (kg/m3) 

 
Initial material in place 

Gas (std m3) 
Water (std m3) 
Hydrate (std m3) 

 
 

0.30 
100 

 
 

3000 
279.15 

 
 

200 x 20 x 4 
0.75 
0.25 
0.00 
2650 

 
 

7.873x104 
7.184x103 

0.0 

 
 

0.35 
1000 

 
 

3000 
279.15 

 
 

200 x 20 x 4 
0.75 
0.25 
0.00 
2650 

 
 

9.185x104 
8.381x103 

0.0 

 
 

0.25 
20 

 
 

3000 
279.15 

 
 

200 x 20 x 4 
0.75 
0.25 
0.00 
2650 

 
 

6.561x104 
5.986x103 

0.0 

 
 

0.25 
10 

 
 

3000 
279.15 

 
 

200 x 20 x 4 
0.75 
0.25 
0.00 
2650 

 
 

6.561x104 
5.986x103 

0.0 
 

Note: Previously, numerical simulations were conducted for CO2 hydrate formation in the 
reservoir(s) I, II and III (GSC report – Uddin, M. 2004).  Reservoir – IV is included based on GSC 
request.  These reservoirs were assumed to be CH4 hydrate dissociated reservoirs with a cooler 
temperature (6 degree C) and lower pressure (3 MPa) and 25% saturation of CH4 gas remaining. 
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Table 7:  Material balance statistics at the end of 600 days – Generic Reservoirs (CO2 gas 
injection rate, q = 200 m3/day) 

 

Res. Component Original 
Total 

Current 
Total Injection Net Reaction Net heat lost 

 
 
 

I 

 
CH4 (gmol) 
CO2 (gmol) 
H2O (gmol) 
CO2.nH2O(gmol) 
Enegry (J) 

 
3.3192x106 
2.2866x102 

3.9873x108 

0.0 

-8.7609x1011 

 
3.3192x106 
3.2788x106 

3.8883x108 

1.7217x106 

-8.0722x1011 

 
0.0 
5.000x106 
0.0 
- 

-4.3291x109 

 
0.0 
-1.7217x106 
-9.8998x106 

8.7177x105 

8.9284x1010 

 
- 
- 
- 
- 
-1.6092x1010 

 
 
 

II 

 
CH4 (gmol) 
CO2 (gmol) 
H2O (gmol) 
CO2.nH2O(gmol) 
Enegry (J) 

 
3.8724x106 
2.2866x106 

4.6519x108 

0.0 

-9.1228x1011 

 
3.8724x106 
3.5810x106 

4.5704x108 

1.4147x106 

-8.5289x1011 

 
0.0 
5.0591x106 
0.0 
- 

-4.3802x109 

 
0.0 
-1.4147x106 
-8.1348x106 

7.1278x105 

7.3366x1010 

 
- 
- 
- 
- 
-9.0419x109 

 
 
 

III 

 
CH4 (gmol) 
CO2 (gmol) 
H2O (gmol) 
CO2.nH2O(gmol) 
Enegry (J) 

 
2.7660x106 
2.2866x102 

3.3228x108 

0.0 

-8.3989x1011 

 
2.7660x106 
2.3587x106 

3.2292x108 

1.6261x106 

-7.7866x1011 

 
0.0 
3.9842x106 
0.0 
- 

-3.4496x109 

 
0.0 
-1.6261x106 
-9.3505x106 

8.4250x105 

8.4230x1010 

 
- 
- 
- 
- 
-1.9651x1010 

 
 
 

IV 

 
CH4 (gmol) 
CO2 (gmol) 
H2O (gmol) 
CO2.nH2O(gmol) 
Enegry (J) 

 
2.7660x106 
2.2866x102 

3.3228x108 

0.0 

-8.1595x1011 

 
2.7660x106 
2.1636x106 

3.2310x108 

1.5952x106 

-7.5239x1011 

 
0.0 
3.7768x106 
0.0 
- 

-3.2700x109 

 
0.0 
-1.5952x106 
-9.1724x106 

8.3463x105 

8.2723x1010 

 
- 
- 
- 
- 
-1.5895x1010 

 
Note: CO2 injection rate, q = 200 m3/day, was starting to decline when the well pressure 
increased to the maximum bottom hole constraint of 5,000 kPa. 



 

 
Advanced Numerical Simulation of CO2 Hydrate Formation 
In Geological Reservoirs by Injection of CO2 Gas [31]  
May, 2006 

Table 8:  Hydro-geochemical parameters 
 

Alberta Component Carbonate reservoir Sandstone reservoir Mallik Site (5L-38) 

Formation water 
Na+ 

Ca++ 
Mg++ 
Cl- 
HCO3- 
pH 
CO3-- 
SiO2 (aq) 
 
Total salinity 
(part per thousand) 
 

Mineral 
Calcite (CaCO3) 
Dolomite (Ca(MgCO3)2 
Feldspar 
Kaolinite 
INERT (Others) 

Conc. (mg/L) 
20,000 - 45,000 

3,000 - 10,000 
750 – 2500 
(35/24)Na+ 
100 - 1,000 
5.5 – 7.5 

(HCO3--/H+)*10-8.48 
1.0x10-5 
 
1 - 200 

 
 
Conc. (Vol. fraction) 

20 - 100 
0 - 80 
0 - 4 
0 - 10 
0 - 10 

Conc. (mg/L) 
30,000 - 45,000 

2,000 - 7,000 
500 – 1750 
(35/24)Na+ 
100 - 1,000 
5.5 – 7.5 

(HCO3--/H+)*10-8.48 
1.0x10-5 
 
1 - 200 

 
 
Conc. (Vol. fraction) 

0 - 10 
0 - 5 
0 - 30 
0 - 20 
0 - 100 

Conc. (mg/L) 
2,300 – 19,000 
40 – 2,800 
24 – 4,900 
(35/24)Na+ 
? 
5.5 – 7.5 
? 
? 
 
1 – 50 

 
 
Conc. (Vol. fraction) 

0 – 10 (?) 
0 – 5 (?) 
0 – 30 (?) 
0 – 20 (?) 
0 – 100 (?) 
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Figure 1:  CH4- and CO2 hydrates stability curves for above freezing point (water-hydrate-

gas system) and below freezing point (ice-hydrate-gas system) (data sources: 
Adisasmito et al. 1991, North et al. 1998 and Moridis et al. 2003) 
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Figure 2:  CH4 - and CO2 hydrates stability curves for above freezing point (water-hydrate- 

gas system) (Pore-water salinity in parts per thousand (ppt)) (Based on Wright et 
al. 2005a, stability curves were shifted 1 degree C per 20 ppt salinity) 
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Figure 3:  K-value curves for CH4- and CO2 hydrates stability at temperatures 1 and 10 0C for 

above freezing point (water-hydrate-gas system) (K (p, T) = pe/p, pe =  hydrate 
equilibrium pressure) (Depending on grid cell pressure-temperature-salinity-gas 
composition, the gas hydrate model interpolates K value from the prescribed gas 
hydrate stability curves) 
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Figure 4:  CH4 gas stability curves for below freezing point (ice-hydrate-gas system) (Pore-

water salinity in parts per thousand (ppt)) 
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Figure 5:  CO2 gas stability curves for below freezing point (ice-hydrate-gas system) (Pore-

water salinity in parts per thousand (ppt)) 
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Figure 6:  K-value curves for CH4- and CO2 hydrates stability at temperatures 0, -10 and -20 

0C for below freezing point (ice-hydrate-gas system) (K (p, T) = pe/p, pe =  hydrate 
equilibrium pressure) (Depending on grid cell pressure-temperature-salinity-gas 
composition, the gas hydrate model interpolates K value from the prescribed gas 
hydrate stability curves) 
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Figure 7:   History Plots for Methane-Hydrate Decomposition with Ice Formation (Prototype 

Radial Model) 
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Figure 8:  CO2 hydrate stability curves (water-hydrate-gas system) and hydrate formation 

path (CO2 hydrate formation induced by the injection of CO2 gas) 
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Figure 9:  Setup numerical flow system (200 m x 20 m x 4 m) - CO2 hydrate formation in the 

20 m thick generic reservoirs by injecting CO2 gas 
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Figure 10:  Half pattern (200 m x 20 m x 4 m) numerical flow system – Initial and boundary 

conditions 
 

Initial conditions:
1) P = 3000 kPa and T = 6 0C
2) Sw = 0.75 and Sg = 0.25

Numerical Setup:
1) Half pattern – 200 m x 20 m x 4 m
2) Grid blocks – 200 x 40 x 4

Numerical Studies:
1) Well bore modeling
2) Overburden – under burden heat transfer 
3) CO2 injection, salinity and CO2 nH2O formation

Horizontal well

Under burden

Over burden

Well bore

Initial conditions:
1) P = 3000 kPa and T = 6 0C
2) Sw = 0.75 and Sg = 0.25

Numerical Setup:
1) Half pattern – 200 m x 20 m x 4 m
2) Grid blocks – 200 x 40 x 4

Numerical Studies:
1) Well bore modeling
2) Overburden – under burden heat transfer 
3) CO2 injection, salinity and CO2 nH2O formation

Horizontal well

Under burden

Over burden

Well bore

Horizontal well

Under burden

Over burden

Well bore



 

 
Advanced Numerical Simulation of CO2 Hydrate Formation 
In Geological Reservoirs by Injection of CO2 Gas [42]  
May, 2006 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11:  Well bore data 
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Figure 12:  Porosity and permeability distributions for generic reservoir I: Mallik silt, mean 

permeability, k0 = 100 mD and mean porosity, φ = 0.30 (Permeability is log-
normally distributed with mild heterogeneity, porosity is normally distributed) 
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Figure 13:  Sensitivity of gas injection rate: Average field pressure (P), temperature (T) and CO2 

hydrate concentration (CO2.nH2O) at the CO2 vapor injection rates, q = 200, 300 and 
400 m3/day (std) with a maximum bottom hole pressure constraint of 5000 kPa 
(Reservoir I: Mallik silt, mean permeability, k0 = 100 mD, mean porosity, φ = 0.30, 
salinity = 0.0) (Hydrate saturation, SH = Concentration (ch)/Volumetric mole 
density (ρ)) 
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Figure 14: Spatial variation: Average CO2 hydrate concentration (CO2.nH2O) and pressure-

temperature conditions at the end of time, t = 360 days for CO2 vapor injection 
rates, q = 200 m3/day (std) (Reservoir I: Mallik silt, mean permeability, k0 = 100 
mD, mean porosity, φ = 0.30, salinity = 0.0) (Hydrate saturation, SH = Concentration 
(ch)/Volumetric mole density (ρ)) 
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Figure 15:  Porosity and permeability distributions for generic reservoir II: Mallik sand, mean 

permeability, k0 = 1000 mD and mean porosity, φ = 0.35 (Permeability is log-
normally distributed with mild heterogeneity, porosity is normally distributed) 
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Figure 16:  Sensitivity of gas injection rate: Average field pressure (P), temperature (T) and CO2 

hydrate concentration (CO2.nH2O) at the CO2 vapor injection rates, q = 200, 300 and 
400 m3/day (std) with a maximum bottom hole pressure constraint of 5000 kPa 
(Reservoir II: Mallik sand, mean permeability, k0 = 1000 mD, mean porosity, φ = 
0.35, salinity = 0.0) (Hydrate saturation, SH = Concentration (ch)/Volumetric mole 
density (ρ)) 
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Figure 17: Spatial variation: Average CO2 hydrate concentration (CO2.nH2O) and pressure-

temperature conditions at the end of time, t = 360 days for CO2 vapor injection 
rates, q = 200 m3/day (std) with maximum bottom hole pressure constraint of 5000 
kPa (Reservoir II: Mallik sand, mean permeability, k0 = 1000 mD, mean porosity, φ 
= 0.35, salinity = 0.0) (Hydrate saturation, SH = Concentration (ch)/Volumetric mole 
density (ρ)) 
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Figure 18:  Porosity and permeability distributions for generic reservoir III: Sandstone, mean 

permeability, k0 = 20 mD and mean porosity, φ = 0.25 (Permeability is log-normally 
distributed with mild heterogeneity, porosity is normally distributed) 
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Figure 19: Sensitivity of gas injection rate: Average field pressure (P), temperature (T) and CO2 

hydrate concentration (CO2.nH2O) at the CO2 vapor injection rates, q = 200, 300 and 
400 m3/day (std) with a maximum bottom hole pressure constraint of 5000 kPa 
(Reservoir III: Sandstone, mean permeability, k0 = 20 mD, mean porosity, φ = 0.25, 
salinity = 0.0) (Hydrate saturation, SH = Concentration (ch)/Volumetric mole 
density (ρ)) 
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Figure 20: Spatial variation: Average CO2 hydrate concentration (CO2.nH2O) and pressure-

temperature conditions at the end of time, t = 360 days for CO2 vapor injection 
rates, q = 200 m3/day (std) with maximum bottom hole pressure constraint of 5000 
kPa (Reservoir III: Sandstone, mean permeability, k0 = 20 mD, mean porosity, φ = 
0.25, salinity = 0.0) (Hydrate saturation, SH = Concentration (ch)/Volumetric mole 
density (ρ)) 
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Figure 21:  Porosity and permeability distributions for generic reservoir IV: Sandstone, mean 

permeability, k0 = 10 mD and mean porosity, φ = 0.25 (Permeability is log-normally 
distributed with mild heterogeneity, porosity is normally distributed) 
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Figure 22:  Sensitivity of gas injection rate: Average field pressure (P), temperature (T) and CO2 

hydrate concentration (CO2.nH2O) at the CO2 vapor injection rates, q = 200, 300 and 
400 m3/day (std) with a maximum bottom hole pressure constraint of 5000 kPa 
(Reservoir IV: Sandstone, mean permeability, k0 = 10 mD, mean porosity, φ = 0.25, 
salinity = 0.0) (Hydrate saturation, SH = Concentration (ch)/Volumetric mole 
density (ρ)) 
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Figure 23: Sensitivity of rock thermal conductivity: Average field pressure (P), temperature (T) 

and CO2 hydrate concentration (CO2.nH2O) at the CO2 vapor injection rate, q = 200 
m3/day (std) with a maximum bottom hole pressure constraint of 5000 kPa 
(Reservoir IV: Sandstone, mean permeability, k0 = 10 mD, mean porosity, φ = 0.25, 
salinity = 0.0) (Hydrate saturation, SH = Concentration (ch)/Volumetric mole 
density (ρ)) 
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Figure 24: Sensitivity of pore water salinity: Average CO2 hydrate concentration (CO2.nH2O) at 

background salinity 0.0, and 2 ppt for CO2 vapor injection rate, q = 200 m3/day (std) 
with a maximum bottom hole pressure constraint of 5000 kPa (Reservoir IV: 
Sandstone, mean permeability, k0 = 10 mD, mean porosity, φ = 0.25) (Hydrate 
saturation, SH = Concentration (ch)/Volumetric mole density (ρ)) 
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Figure 25: Spatial variation: Average CO2 hydrate concentration (CO2.nH2O) and pressure-

temperature conditions at the end of time, t = 360 days for CO2 vapor injection 
rates, q = 200 m3/day (std) (Reservoir IV: Sandstone, mean permeability, k0 = 10 
mD, mean porosity, φ = 0.25, salinity = 0.0) (Hydrate saturation, SH = Concentration 
(ch)/Volumetric mole density (ρ)) 

CO2.nH2O (t=360 days)

(g
m

ol
e/

m
3 )

P (t=360 days)

(k
Pa

)

T (t=360 days)

(d
eg

 C
)

CO2.nH2O (t=360 days)

(g
m

ol
e/

m
3 )

CO2.nH2O (t=360 days)

(g
m

ol
e/

m
3 )

P (t=360 days)

(k
Pa

)

P (t=360 days)

(k
Pa

)

T (t=360 days)

(d
eg

 C
)

T (t=360 days)

(d
eg

 C
)



 

 
Advanced Numerical Simulation of CO2 Hydrate Formation 
In Geological Reservoirs by Injection of CO2 Gas [57]  
May, 2006 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26: Comparison results: Average field pressure (P), temperature (T) and CO2 hydrate 

concentration (CO2.nH2O) at CO2 vapor injection rate, q = 200 m3/day (std) with a 
maximum bottom hole pressure constraint of 5000 kPa (Reservoir I, II, III and IV, 
salinity = 0.0) (Hydrate saturation, SH = Concentration (ch)/Volumetric mole 
density (ρ)) 
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Figure 27: Comparison results: Average field pressure (P), temperature (T) and CO2 hydrate 

concentration (CO2.nH2O) at CO2 vapor injection rate, q = 400 m3/day (std) with a 
maximum bottom hole pressure constraint of 5000 kPa (Reservoir I, II, III and IV, 
salinity = 0.0) (Hydrate saturation, SH = Concentration (ch)/Volumetric mole 
density (ρ)) 
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Figure 28: CH4- and CO2 hydrate stability curves (water-hydrate-gas system) and hydrate 

decomposition - formation paths (CH4 hydrate decomposition by 
depressurization, CO2 hydrate formation by injection of CO2 gas 
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Figure 29: Mallik (5L-38) lower gas hydrate formation showing variation of porosity, 

permeability and gas hydrate saturation (JAPEX/JNOC/GSC et al. Mallik gas 
hydrate production research well, Dallimore et al., 2005a,b) 
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Figure 30:  Setup numerical flow system (200 m x 60 m x 4 m) – CH4 hydrate decomposition 

with pressure drawdown and CO2 hydrate formation by injecting CO2 gas 
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Figure 31:  Half pattern (200 m x 60 m x 4 m) numerical flow system – Initial and boundary 

conditions 
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Figure 32: Porosity and permeability distributions in the numerical grid cells for the Mallik 

(5L-38) lower hydrate bearing formation 
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Figure 33: Initial CH4 hydrate concentration (Numerical representation for Mallik (5L-38) 

well log data in Figure 29) 
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Figure 34: Simulated production and pressure data, (i) gas (cumulative and rate), (ii) water 

(rate), (iii) well bottom hole pressures (Numerical domain (200 m x 4 m x 60 m) 
with horizontal well) (Mallik 5L-38 lower hydrate bearing formation) 
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Figure 35: Average field pressure (P), temperature (T) and CH4 hydrate concentration 

(CH4.nH2O) (Hydrate saturation, SH = Concentration (ch)/Volumetric mole density 
(ρ)) (Numerical domain (200 m x 4 m x 60 m) with horizontal well) (Mallik 5L-38 
lower hydrate bearing formation) 
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Figure 36: The average CH4 hydrate (CH4.nH2O) concentrations at the end of 2 days and 10 

days simulation times (Hydrate saturation, SH = Concentration (ch)/Volumetric 
mole density (ρ)) (Numerical domain (200 m x 4 m x 60 m) with horizontal well) 
(Mallik 5L-38 lower hydrate bearing formation) 

 

(g
m

ol
e/

m
3 )

CO4.nH2O (t = 2 day) 

Producer

CO4.nH2O (t = 10 day) 

(g
m

ol
e/

m
3 )

CO4.nH2O (t = 2 day) 

Producer

CO4.nH2O (t = 10 day) 



 

 
Advanced Numerical Simulation of CO2 Hydrate Formation 
In Geological Reservoirs by Injection of CO2 Gas [68]  
May, 2006 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 37: Average field pressures at the end of 2 days and 10 days simulation times 

(Numerical domain (200 m x 4 m x 60 m) with horizontal well) (Mallik 5L-38 lower 
hydrate bearing formation) 
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Figure 38:  Average field temperatures at the end of 2 days and 10 days simulation times 

(Numerical domain (200 m x 4 m x 60 m) with horizontal well) (Mallik 5L-38 lower 
hydrate bearing formation) 
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Figure 39: History Plots for Methane-Hydrate Decomposition with Ice Formation (Mallik 

Model) 
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Figure 40:  Ice Distribution at 500 days (Mallik Model) 
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Figure 41:   Methane-Hydrate Distribution at 500 days (Mallik Model) 
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Figure 42:  Mallik field simulation strategies for CH4 hydrate decomposition and CO2 hydrate 

formation (Strategy I: vertical well system, Strategy II: horizontal well system) 
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APPENDIX I - GEOCHEMISTRY 

 
 
The most common hydro-geochemical reactions in hydrate bearing formation can be identified 
as: 
 

(aq)2SiO2AlO5H6HKaolinite6)(I

HCOCaHCalcite5)(I

(aq)2SiO2AlCaO4H)8(HFeldspar4)(I

OHHOH3)(I
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where, Feldspar, Calcite and Kaolinite are the minerals and all other species are dissolved in the 
aqueous phase. 
 
The chemical equilibrium reaction can be governed by the following equation: 
 

∏
=

=−
n

1i

ν
keq

iaK7)(I  

 
The mineral dissociation and precipitation reaction rate can be calculated from Transition State 
Theory (TST).  The reaction rate is: 

∏
=

=−
n

1i

ν
keq

iaK8)(I  
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Figure A-I-1:  Half pattern (200 m x 20 m x 4 m) numerical flow system – Initial and boundary 

conditions 
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Figure A-I-2:  CO2 and HCO3 - molality at the end of 6 years  
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Figure A-I-3:  Ca++  molality and pH condition at the end of 6 years 
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APPENDIX II – GEOMECHANICS 

 
In this geo-mechanical model, tangential modulus as well as bulk modulus varies with 
minimum principle effective stress σ3' and temperature. Poisson’s ratio in this model is, thus, 
also varied. The model has a loading path and an unloading-reloading path which are 
distinguished by the reference shear stress criteria. In this model, the Mohr-Coulomb failure 
criterion is used for the material failure due to shear stress to compute the stress level. The 
stress level is also limited by one so that the shear stress can not exceed the shear failure of the 
Mohr-Coulomb model. More details on this model can be seen in related references. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A-II-1: Stress – strain diagram (Mathematical representations for the modulus (Ei, Et 

and Eur) can be found in CMG STARS manual) 
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Figure A-II-2: Half pattern numerical flow system – Initial and boundary conditions 
 

Initial conditions:
1) P = 3000 psi and T = 20 0C
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Figure A-II-3: Pressure response with CH4 gas production and CO2 injection 
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Figure A-II-4: Effective stress and void porosity during production – injection cycle 
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Figure A-II-5: Effective stresses effective void porosity t the end of production cycle (t = 1000 

days) 
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