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Abstract

Chemical reactions occur in a number of subsurface flow processes. Numerical mod-

eling is an essential tool for understanding and optimizing complex reactive flows in a

variety of application areas. In this work, we propose and implement chemical reac-

tion modeling capabilities in Stanford’s General Purpose Research Simulator (GPRS).

The formulations developed include a procedure based on species conservation equa-

tions and an approach based on element conservation equations. The species-based

formulation is suitable for solving reactive flow problems characterized by kinetic re-

actions only. In the element-based formulation, by contrast, both equilibrium and

kinetic reactions can be treated consistently in the fully coupled system. This pro-

cedure represents a new treatment for reactive flow modeling. Additionally, in both

formulations, a new generic representation of reaction terms is developed, which al-

lows simultaneous modeling of homogeneous and heterogeneous reactions within or

among phases (i.e., gas, liquid, water and solid phases).

We apply the species-based formulation to model the in-situ upgrading of oil

shale. Oil shale is a highly abundant but difficult to produce energy resource. The

in-situ upgrading process entails heating the oil shale to about 700 ◦F, at which point

the kerogens decompose to gas and liquid hydrocarbons through a series of chemical

reactions. After adjusting a few uncertain parameters (within physical ranges), our

iv



simulation results show relatively close agreement with available field data. The other

application considered in this work is the modeling of carbon storage in deep saline

aquifers. Detailed results are presented for a fine-grid model of a benchmark study.

For this case, chemical reactions are not considered. Carbon mineralization reactions

are then modeled using the element-based reactive flow formulation. Coarse-grid

models are used for these simulations. Because the chemistry data relevant to carbon

mineralization are, to date, not fully defined, we provide simulation results using

available chemistry parameters. We discuss the remaining challenges that must be

overcome before mineralization reactions can be simulated on fine-grid models. We

note finally that the chemical reaction modeling capabilities in GPRS can be extended

to other subsurface reactive flow processes (e.g., enhanced coalbed methane recovery).
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Chapter 1

Introduction and Literature

Review

A wide variety of chemical reactions take place between fluids and minerals in reser-

voirs. In a number of subsurface processes, such as the in-situ upgrading of oil shale

and the long term geologic storage of carbon, chemical reactions are among the key

physical effects. Reservoir simulation can be used to understand these coupled flow

and reaction processes. Eventually, it may also be used to assess the uncertainty and

optimize subsurface flow processes that involve chemical reactions.

Chemical reactions occur among species. Simulation of the coupled reactive flow

processes requires simultaneous modeling of the transport and reactions of each

species of interest. In multiphase flow problems, the phase behavior may also be

tightly coupled with the transport and reactions. These aspects together lead to sys-

tems involving multiple nonlinear equations that must be solved for each grid block.

Our goal in this work is to solve the flow (including phase behavior) and reactions in

a fully coupled manner. This will result in formulations that are more robust than
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those that apply iterative coupling.

1.1 Reactive transport modeling

1.1.1 General overview of reactive-transport simulators

The numerical simulation of coupled subsurface flow and chemical reactions has been

an active area in the hydrology community, and a number of formulations have been

implemented into hydrological codes. In recent years, there has been growing inter-

est in this area within the reservoir simulation community, in part because of the

application of chemical methods for hydrocarbon extraction and also as a result of

research on geological carbon sequestration. We now discuss the recent efforts from

both communities.

In the hydrology applications, numerous efforts have been directed toward in mod-

eling coupled water flow and (bio)geochemical reactions. Tebes-Stevens et al. [60]

simulated coupled biogeochemical reactions with steady-state groundwater flow using

FEREACT. Steefel et al. [57] developed a model for reactive flow with kinetic pre-

cipitation and dissolution in single-phase hydrologic systems. Recently, Steefel et al.

[59] developed CrunchFlow, a software package that models multicomponent reactive

flow problems in groundwater systems. In a recent paper, Yeh et al. [72] described

the evolution of HYDROGEOCHEM (also named LEHGC), a software package that

currently includes thermal effects in the coupled groundwater flow and biogeochemical

problems. TOUGHREACT [70, 71] is another well known reactive-transport simu-

lator developed and constantly updated by Lawrence Berkeley National Laboratory.

Interactions between gas, minerals, and water are modeled. Other code packages
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featuring reactive-transport capabilities include, but not are limited to, GWB [4],

MIN3P [35], NUFT [44] and RETRASO [56].

The codes noted above can be roughly divided into two groups based on their solu-

tion approach. In the first group of simulators, the transport and reactions are solved

iteratively. This approach is referred to as the sequential iterative approach (SIA).

To exemplify this treatment, a simplified flow chart of TOUGHREACT [71] is shown

in Figure 1.1. At each time step, the flow equation (without reaction terms) is solved

first. With the updated phase velocities and mole fractions, the chemical submodel

is called to update the concentrations block by block. Some other simulators apply a

similar approach, such as FEREACT [60], HYDROGEOCHEM [72], and GWB [4].

This sequentially coupled reaction-transport formulation can provide accurate results

for many problems. However, the nested chemical reaction calculation that must be

performed at each time step may result in large computational times for complex

models. Additionally, the SIA method may be numerically unstable and the iterative

procedure may display convergence problems in some cases [58].

The second group of simulators substitute the chemical reactions into the transport

equations and solve the full system simultaneously. This approach is often referred

to as the direct substitution approach (DSA) or global implicit approach (GIA).

The GIA method is believed to be more numerically stable than the SIA method.

However, it requires much more computational resources per time step than SIA. In

fact, because it is very memory intensive, the GIA method has not been applied as

widely as the SIA method [58]. A recently developed simulator that uses GIA is

RETROSO [56], which can simulate gas-water-mineral systems with both kinetic and

equilibrium reactions.
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Assign initial state t=0

Solve flow
equations over next �t1

Calculate concentration 
change over �t2<�t1

Fluid Velocity

Call chemical module 
block by block till converge

�t1 reached?

no

Update values after 
chemical convergence

yes

end

tfinal reached?

yes

no

Figure 1.1: Simplified flow chart of TOUGHREACT program (adapted from [71]).

Reactive-transport simulation in hydrologic systems has evolved into a relatively

mature set of techniques for modeling a variety of subsurface phenomena. However,

most of these developments not directly applicable to oil production because they do

not treat hydrocarbons. For example, the complex phase behavior of mixed hydro-

carbon systems is not addressed in these simulators.

Chemical reaction modeling in the context of oil reservoir simulation has been

studied by several research groups in recent years. Two representative simulators

are STARS [37] and ECLIPSE 300 [21]. STARS is a K-value based (in contrast to
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equation of state-based) thermal-compositional simulator developed by the Computer

Modelling Group. ECLIPSE 300 is another equation of state-based compositional

simulator developed by Schlumberger. The Computer Modelling Group is also de-

veloping chemical reaction modeling capabilities in another simulator, GEM, which

is based on generalized equations of state. Extensions were introduced to model the

chemical reactions related to asphaltene precipitation and greenhouse gas (GHG)

sequestration. Specifically, Nghiem et al. [43] enhanced GEM to include mineral

dissolution and precipitation kinetics. UTCHEM [39], a simulator developed at The

University of Texas at Austin, includes reactive-transport with chemical and biolog-

ical reactions. Recently, the same group added some chemical flooding capabilities

(e.g., surfactant phase behavior) to a fully coupled equation-of-state compositional

simulator GPAS [27].

In the reservoir simulators mentioned above, only UTCHEM applies a sequential

iterative approach. The other simulators solve the fully coupled system simultane-

ously. In STARS, ECLIPSE 300 and GEM, various implicit schemes can be used.

UTCHEM has a relatively complete treatment of chemical reactions in multiphase

flow. It is, however, expected to have the same drawbacks as the SIA method de-

scribed above. The other simulators, by contrast, do not have comprehensive chemical

reaction modeling implementations. Specifically, only kinetic reactions can be mod-

eled by STARS and ECLIPSE 300. GEM treats all of the aqueous phase reactions

as equilibrium reactions and all of the mineral reactions as kinetic reactions. GEM

does not model chemical reactions involving hydrocarbons. Thus a fully general GIA

implementation does not yet exist.

In summary, hydro-geochemical simulators typically do not model hydrocarbons.
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The equation-of-state compositional simulators designed for reservoir simulation have

limited capabilities in modeling chemical reactions. There is thus a need to develop a

unified formulation that provides a general treatment of chemical reactions within an

equation-of-state compositional simulation framework. Additionally, the GIA method

is preferred over the SIA method in order to gain better numerical stability. Our

proposed method, described in the next section, will address these issues.

1.1.2 Species-based reactive-transport formulation

To gain insight into previous reactive-transport simulators, and to understand their

limitations, we now discuss the model formulations in some detail. We first consider

the species mass balance equation, which represents the basis of all of the simulators

mentioned above. The mass balance equation for a species i over a grid block is

represented as follows:

Fi =
∂Ni

∂t
+ Li −

(
nk∑
k=1

νi,krk +
nr∑

q=nk+1

νi,qrq

)
= 0, (1.1)

where ∂Ni/∂t is the accumulation term, Li is the flow term, νi,k is the stoichiometric

coefficient of species i in kinetic reaction k, νi,q is the stoichiometric coefficient of

species i in equilibrium reaction q, rk is the rate of the kinetic reaction k, rq is the

rate of the equilibrium reaction q, nk is the number of kinetic reactions, nr is the

total number of reactions, and Fi is the residual that we seek to drive to zero (these

terms will be discussed in full detail in Chapter 2). From the modeling point of view,

chemical reactions can be divided into two classes, specifically, equilibrium reactions

and kinetic reactions [17], which is why the reaction source terms are written in two

separate parts. By conventions we define equilibrium reactions as chemical reactions
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that are sufficiently fast and reversible, and kinetic reactions as those that are slow

or irreversible.

All of the simulators discussed in Section 1.1.1 are based on species balance equa-

tions equivalent to (1.1). The accumulation and flux terms are essentially the same for

the various simulators. However, the treatments of the reaction terms are different.

We now discuss the treatments of rk and rq in detail. The discussion below holds for

both SIA and GIA methods, and for both groundwater and oil reservoir applications.

If the reactions considered are all kinetic reactions, a rate equation can be formu-

lated for each reaction. Each reaction rate rk can be expressed explicitly as a function

of the unknown variables. Substituting the reaction rates prescribed by specific rate

laws into (1.1) eliminates rk and thus does not incur additional unknowns. If there

are equilibrium reactions in the system, the term rq must be addressed. In contrast to

kinetic rates, the equilibrium reaction is typically expressed by an algebraic equation.

There is not an explicit function for equilibrium reaction rates. It is possible to treat

each equilibrium reaction rate as an additional unknown and add the algebraic equa-

tion to the governing equation set. This method incurs additional and unnecessary

computational complexity, as the equations can become difficult to solve due to the

fast equilibrium reaction rates [34].

In hydrogeochemical applications, the concept of a “component” not only elimi-

nates equilibrium reaction rates in the aqueous phase, but also reduces the number

of conservation equations to be solved. Nearly all hydrologic simulators apply this or

an equivalent approach. A component is a linear combination of species not affected

by intra-aqueous equilibrium reactions [41]. For example, if M1 is in equilibrium with
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M2, then M1 + M2 is considered as a component (note this “component” is differ-

ent than the definition of component used in reservoir simulation). A conservation

equation is then written for the component M1 + M2 [41]. If there are nqa intra-

aqueous equilibrium reactions in the system, the number of conservation equations

can be reduced by nqa. The intra-equilibrium rates do not appear in the new equa-

tions. The simulator GEM applies a very similar approach referred to as equilibrium

rate annihilation (ERA) [42]. Using the component concept to reduce the number of

conservation equations is, however, difficult to apply in a complex multiphase (e.g.,

gas-water-mineral) system with various cross-phase equilibrium reactions. In the next

section, we propose an element-based formulation that treats rk and rq in the same

manner regardless of whether the reaction is homogeneous or heterogeneous.

1.1.3 Element-based formulation

In contrast to the simulators discussed above, we formulate the problem based on

elements. The potential use of elements as the basis for defining chemical systems and

for conservation equations has been noted previously (e.g., [4], [56]), though extensive

development or implementation within the context of multiphase flow simulations has

not, to our knowledge, been reported. Instead of solving the species conservation

equations in (1.1), we solve the conservation equations for each element:

Fe =
∂Ne

∂t
+ Le = 0, (1.2)

where Fe, ∂Ne/∂t and Le are the residual term, accumulation term and flux term of

element e, respectively. Equation (1.2) states that the total mass of element e over

the modeling domain is conserved. This is true regardless of whether the reactions are
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equilibrium or kinetic. The advantage of element balances over species balances is due

to the fact that the reaction terms rk and rq do not appear in the element conservation

equations. Because the total mass of element e is summed over all phases and all

species, we do not need special treatments for heterogeneous equilibrium reactions

(e.g., gas-water, gas-rock, or water-rock equilibrium reactions).

Within the element-balance context, the set of governing equations is closed by

adding nr reaction relations. For kinetic reactions, these relations are characterized by

differential equations. For equilibrium reactions, the reaction relations are algebraic.

In order to model a wide range of chemical reactions, a novel generic representation

of chemical reaction terms is developed, which allows us to define homogeneous and

heterogeneous reactions in a consistent manner. The characterization of different

types of reactions will be described in detail in Chapter 2.

In cases when the elements in the system are not balanced (e.g., some of the ele-

ments are not of interest and thus not tracked), we use species conservation equations.

We note that, in such cases, the limitations that arises as a result of the treatment of

rq (described earlier) apply.

In this work, we implement both element and species-based formulations within

Stanford’s General Purpose Research Simulator (GPRS). GPRS was initially devel-

oped by Cao [10] in the Department of Petroleum Engineering at Stanford University

and was further extended by Jiang [26]. Because of the special treatment required

for rq in the species-based formulation, we will not incorporate equilibrium reactions

in our species-based formulation. The element-based formulation, by contrast, has

a complete treatment of kinetic and equilibrium reactions. The chemical reaction

modeling capability is compatible with most of the advanced features in GPRS (e.g.,
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fully compositional simulation, unstructured model, CPR preconditioned GMRES

solver). We apply a fully implicit method (equivalent to the GIA method) for both

the element and species-based formulations in GPRS.

1.1.4 Decoupling of the governing equations

We now discuss procedure for problem size reduction in the reactive-transport for-

mulation. The full set of nonlinear governing equations include (species or element)

conservation equations, reaction relations, and phase equilibrium relations. The sys-

tem is solved using Newton’s method. Simultaneous solution of these equations (in

the GIA method) is generally CPU and memory intensive. Properly decoupling them

can reduce the number of equations to be solved simultaneously. The reduced set of

equations is referred to as the set of primary equations.

In compositional reservoir simulation, the phase equilibrium relations can be de-

coupled from the set of governing equations under the local equilibrium assump-

tion [10]. At the implementation level, this decoupling is equivalent to building a

Schur complement to the Jacobian matrix (the Jacobian is required for the Newton’s

method). Because the decoupling of the phase equilibrium relations is readily accom-

plished, nearly all compositional reservoir simulators adopt this (or an equivalent)

procedure. Applying only this decoupling, the number of primary variables in each

block is equal to nc, where nc is the number of species (including nf fluid species

and ns solid species). For a problem with nc species and nb grid blocks, the size of

the linear system that must be solved is ncnb × ncnb (note that the total number of

unknowns is nfnp + 2np + ns, and the numbers of primary and secondary unknowns

are nc and nf (np − 1) + 2np, respectively, where np is the number of fluid phases).
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In hydrogeochemical simulators, because full hydrocarbon phase behavior is not

generally modeled, there have been a number of other approaches suggested for de-

coupling. We now describe a recent and representative scheme. Molins et al. [41]

proposed an advanced decoupling scheme for reactive-transport problems. In [41], the

decoupling is based on component matrices in a water-rock system. Through algebraic

considerations, the authors proved the existence of a formulation in which the number

of coupled nonlinear equations is nc−nq−nki, where nq is the number of equilibrium

reactions and nki is the number of kinetic reactions involving one immobile (solid)

species. The method proposed in [41] is an effective decoupling approach that can

reduce the number of primary components. This approach is not, however, directly

applicable for our formulation. This is because the method assumes that each kinetic

reaction with minerals only involves one mineral. Thus reactions involving more than

one solid are not considered. In addition, the method emphasizes mobile species and

only solves fluid conservation equations. For cases in which we are interested in both

fluid and solid concentrations, this approach may not be suitable. Furthermore, the

complex component matrices introduced in [41] may be very difficult to implement

for multiphase systems (note that in [41] a full implementation is not presented).

In this work, we propose a two-step decoupling scheme. The first step is to

decouple the phase equilibrium relations. This step follows the same procedure as

in most compositional simulators, and is applied for both species and element-based

formulations GPRS. In the second step, we decouple all the localized reaction relations

from the conservation equations. This decoupling, described below, proceeds very

naturally with the element-based formulation.
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The second decoupling is based on the nature of each reaction. In the element-

based formulation, the conservation equations do not have any reaction terms, and

each reaction is described by a separate equation. If the reaction is a localized reaction

(either an equilibrium reaction or a kinetic reaction involving minerals), the equation

describing this reaction does not have a flux term. As a result, this equation can

be mathmatically decoupled from the element conservation equations. If, however,

the reaction is a kinetic reaction that involves purely fluid (i.e., flowing) species, the

equation describing it will have a flux term. In this case, this equation must be solved

along with the conservation equations. We denote nks to be the number of kinetic

reactions involving minerals, and nkf to be the number of kinetic reactions involving

purely fluid species. Applying this decoupling, the number of primary equations

becomes nc − nq − nks. We note that, if every mineral kinetic reaction involves only

one mineral, this decoupling yields the same number of primary variables as in [41].

In the species-based formulation, if all reactions are kinetic, the number of primary

equations after the second decoupling is nc − nks.

Finally, it is worth noting that the procedure to decouple the localized reactions

incurs extra CPU cost. However, because nc− nq − nks can be much smaller than nc

in complex problems, the reduction in linear solution time more than compensate for

the extra time used in the decoupling.

1.1.5 Scope of this work

Table 1.1 summarizes the various treatments described above and indicates the meth-

ods that have been implemented in GPRS in this work. There are two types of for-

mulations available when modeling a specific problem. If the reactions in the system
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are all kinetic reactions, we can apply either the species or element-based formula-

tion. If the elements in these reactions are not balanced, however, we must apply the

species-based formulation. If there are both kinetic reactions and equilibrium reac-

tions, then the element-based formulation should be used. In this case, we assume all

of the elements are balanced. It is possible to formulate and element-based approach,

though it is not considered here. In both the species and element-based approaches,

the phase equilibrium relations are decoupled from the conservation equations. The

localized reaction relations can also be decoupled.

We apply both the species and element-based formulations to model problems of

practical interest. Specifically, as an application of the species-based formulation, we

model the in-situ upgrading of oil shale. We also apply the element-based formulation

to model long-term carbon mineralization resulting from CO2 injection in deep saline

aquifers. These applications are described in more detail in the two sections that

follow.

Table 1.1: Species and element-based formulations implemented in GPRS

Formulation Species-based Element-based
Kinetic reactions Yes 1 Yes
Equilibrium reactions – Yes
Phase equilibrium decoupling Yes Yes
Localized relation decouping Optional Optional
1 Elements in reactions can be unbalanced.
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1.2 In-situ upgrading modeling

Oil shales are organic-rich sedimentary rocks that contain significant amounts of kero-

gen and generate oil upon pyrolysis or retorting [50]. Oil shale deposits are found in

many parts of the world, and the kerogen in oil shales is recognized as one of the most

abundant energy resources. A conservative estimate suggests that the total worldwide

oil shale resources are equivalent to around 3 × 1012 barrels of oil [15]. The Green

River formation in the western US is the largest known oil shale deposit in the world,

containing approximately 1.5×1012 barrels of shale oil [15]. Although technologies for

oil shale processing have been actively investigated in past decades [5], there has been

renewed interest in recent years, due to both high oil prices and the promising field

test results of Shell’s In-situ Conversion Process [13]. Assuming oil shale production

technologies are able to successfully address issues related to water use and carbon

dioxide emissions [6], it is quite possible that oil shales may contribute to the future

oil supply.

Kerogen in oil shales is believed to originate from the same types of organic matter

that generated existing oil and gas accumulations. In the case of the oil shales,

however, the natural maturation process, which would eventually lead to oil and

gas, is at a very early stage and may still require millions of years. This process

can be accelerated through either surface retorting or in-situ upgrading. Surface

retorting requires that the oil shale be mined, followed by surface pyrolysis and further

processing. This method is only suitable for shallow formations that can be mined

economically. In-situ upgrading, by contrast, entails heating the oil shale in-situ using

downhole heaters. Once the temperature reaches the appropriate window, chemical

reactions occur and high quality products (with chemical composition resembling that
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of light oil) can be produced. Since the in-situ upgrading process does not require

mining, it is applicable for deeper oil shale deposits.

There are many technical, environmental and economic challenges associated with

the in-situ upgrading and production of oil shales. In order to better understand

these issues, and to design optimal production processes that minimize environmental

impact, it is essential that we develop an accurate and efficient modeling capability.

This represents a challenge, however, as the model must, at a minimum, entail a

fully-compositional formulation that includes thermal effects and chemical reactions.

Additional capabilities, such as thermal well models and geomechanical models, may

also be required.

There have been a number of previous studies that are relevant to this work.

A single-block kinetic model for oil shale pyrolysis was developed by Burnham and

Braun [8]. This model provides predictions for oil generation given the pressure-

temperature history. In later work, Braun et al. [7] presented a general chemical

reaction model for oil and gas generation and compared model results to pyroly-

sis data. This model was a general chemical kinetic formulation that included 83

species and 100 reactions and was coupled with the Redlich-Kwong-Soave equation of

state. Later, Burnham et al. [9] developed a simpler model consisting of 13 chemical

species and ten chemical reactions to simulate the oil generation and expulsion from

petroleum source rocks. This model was mainly applied to the oil generation process

at geologic conditions. To our knowledge, it has not been implemented into a flow

simulator for modeling coupled in-situ upgrading and flow processes.

Shell has applied the commercial thermal reservoir simulator STARS to model

their in-situ upgrading field tests [62]. STARS is a generalized thermal-compositional
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simulator coupled with chemical kinetics [37]. The phase equilibrium calculations in

STARS are based on K-values and thus require a significant amount of experimental

data if the number of species is large. Our formulation, by contrast, uses an equation

of state (EOS) to calculate phase behavior. By assuring full consistency between the

K-values and the EOS description, it is in principle possible to compare the results

from STARS against our model. However, because much of Shell’s work on in-situ

upgrading is proprietary, detailed descriptions of their use of STARS for this problem

are not available. Thus we will not attempt to compare our simulation predictions

with theirs.

We apply our species-based formulation to simulate the Mahogany Demonstration

Project-South, conducted by Shell [18]. This field test entails the use of 16 downhole

electrical heaters placed in a pattern along with three production wells. Data for

the kerogen and the kerogen decomposition products are taken from measurements

of the pyrolysis of Green River oil shales reported by [7]. After tuning of uncertain

input parameters constrained to fall within physical ranges, our simulations provide

results for oil and gas production that are in reasonably close agreement with the

Mahogany Demonstration Project-South. This provides a degree of validation for

our chemical reaction modeling capability. We then perform a sensitivity analysis to

study the impact of heater temperature, pattern type, and pattern spacing on oil and

gas production. Such assessments will be essential for the optimization of this process

in practice.
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1.3 Modeling geologic carbon sequestration

We apply the element-based formulation to model the geochemical reactions relevant

to geologic CO2 sequestration in deep saline aquifers. Because the chemical reac-

tions between dissolved CO2 and the solid phase are mostly localized reactions, the

element-based formulation with the localized reactions decoupled is well-suited for

this application. However, the mineralization of CO2 represents only one trapping

mechanism. We now briefly review the various CO2 trapping mechanisms in saline

aquifers.

Deep saline aquifers are being actively studied for use in CO2 sequestration because

of their large storage capacity. After the CO2 is injected into saline aquifers, the

carbon is confined through a series of trapping mechanisms. In the order of increasing

storage security, these mechanisms are (a) structural trapping, (b) residual trapping,

(c) solubility trapping and (d) mineral trapping [23]. At early time, because most of

the CO2 remains in the gaseous (typically supercritical) phase, the major trapping

mechanism is structural trapping. Due to buoyancy effects, the gas plume migrates

upwards, resulting a certain percentage of CO2 that is residually trapped. Within

the same time frame, CO2 dissolves into the water, which is referred to as solubility

trapping. Over long times, significant amounts of carbon is stored in the minerals.

This mineralization is described by CO2-water-mineral reactions.

There are a number of numerical simulators that handle the first three trapping

mechanisms. Class et al. conducted a benchmark study on the CO2 sequestration in

saline aquifers [12]. The simulators represented in the benchmark study are indicative

of the capabilities of current simulation tools. The third problem in [12] is a model of

a large heterogeneous reservoir with a fault. For simulations in which hysteresis is not
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included (only structural and solubility trapping are modeled), the results from GPRS

can be compared to those from COORES [32], ECLIPSE [21], GEM [36], MUFTE

[1], TOUGH2 [52], VESA [19], and IPARS-CO2 [65]. The simulators yielded results

that were in fairly close agreement. Only four of the simulators, GPRS, ECLIPSE,

GEM, and VESA, include hysteresis (and thus residual trapping). It is interesting to

note that the results from GPRS fall in the middle of the curves generated by these

four simulators (see Figure 10 in [12]). This provides a degree of verification of the

modeling capabilities for the first three trapping mechanisms in GPRS.

To quantify the long-term fate of CO2 due to mineral trapping, geochemical re-

actions must also be included. Historically, simulations were mostly performed for

batch reactions (single grid block) or for 1D reservoir models with detailed water-rock

interactions (e.g., [66], [68], [69]). An ideal approach would be to model a field-sized

aquifer with realistic minerals and reactions, though this will be very CPU intensive.

Accurate carbon mineralization requires sufficient knowledge of the underlying

reaction laws. There are many challenges associated with quantifying the reaction

laws for CO2 mineralization. In high-salinity aquifers when the traditional activity

models (e.g., ideal solution model, B-dot model [22]) no longer hold, the Pitzer model

[51] should be used. However, because of absence of data for temperatures beyond

room temperature, this approach has rarely been applied except for simple chemical

systems [4]. In addition, the kinetic parameters associated with precipitation and

dissolution of each mineral are subject to a wide range of uncertainty. Both the

kinetic rate constant and the surface reactive area can vary over one to three orders

of magnitude under reasonable assumptions [20]. Because the rate law generally

includes the product of the kinetic rate and the surface area, the estimated reaction
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rate can vary over six orders of magnitude. Thus it is important that the uncertainty

associated with these parameters be reduced considerably.

Nevertheless, using available geochemical parameters, a few groups have suc-

ceeded in modeling the coupled reactive-transport processes for CO2 mineral trapping.

Nghiem et al. [42] modeled a 3D homogeneous reservoir containing 20×20×5 =2,000

grid blocks with six reactions using the commercial simulator GEM [36]. Their re-

sults show that the dissolved CO2 in the aqueous phase promotes calcite dissolution.

Audigane et al. [2] presented a 2D model (with 22 × 52 × 1 =1,144 blocks) that is

representative of the Sleipner aquifer. The model in [2] contains three equilibrium

minerals and six kinetic minerals. This model was simulated with TOUGHREACT

for 10,000 years, and the results did not show much geochemical reactivity. Thus the

authors concluded that mineral trapping was a minor effect.

In this work, we intend to provide a simulation tool for modeling model CO2 stor-

age in deep saline aquifers. Fine grid simulations can be achieved when modeling the

structural, residual, and solubility trapping mechanisms without geochemical reac-

tions. The element-based formulation can be applied to additionally model mineral

trapping, though this is currently possible only for coarse-grid models. Much of the

required data, though highly uncertain, are taken from available sources. This type

of modeling capability will be essential for the eventual understanding and design of

the CO2 storage operations.

1.4 Dissertation outline

This dissertation proceeds as follows. In Chapter 2, the full set of governing equations

is presented. Starting from the species-based conservation equations, we describe in
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detail how the element-based formulation is achieved. In order to model a wide range

of chemical reactions, a novel generalized reaction term is implemented. Then, nu-

merical solution techniques are described, and two numerical examples are presented.

In Chapter 3, we apply the species-based reactive-transport formulation to model

the in-situ upgrading of oil shale. The energy equation is also included in the system.

We present detailed simulation results of a representative model based on Shell’s Ma-

hogany Demonstration Project-South. Then a sensitivity study is performed to assess

the effects of heater temperature and heater locations on hydrocarbon production.

The work presented in Chapter 3 will appear in SPE Journal.

In Chapter 4, we present simulation results from GPRS for a fine-grid bench-

mark study. The mechanisms considered in the fine-grid simulation include struc-

tural, residual and solubility trapping. We then apply the element-based approach to

simulate geochemical reactions on a coarse grid. Verification of the geochemical mod-

eling capability is accomplished by comparing our results to those of CMG’s GEM

simulator [36]. Because of the difficulties described in Section 1.3, the field scale

reactive-transport modeling of CO2 mineralization is not yet possible. We provide

some explanation of the remaining difficulties.

Finally, in Chapter 5, we provide detailed conclusions and recommendations for

future research directions.



Chapter 2

Chemical Reaction Modeling

In this chapter, we propose and implement a novel formulation for modeling coupled

subsurface flow and chemical reactions. This formulation entails solving element

conservation equations and includes treatment of kinetic and equilibrium reactions.

We also develop a generalized scheme for implementing reaction laws within the

context of a general purpose flow simulator. We apply Newton’s method to solve the

linear system derived from the governing equations. The size of the linear system is

reduced using local constraint equations, including phase equilibrium relations, and

in some cases, localized reaction relations. The resulting linear system is then solved

with an iterative solver with proper preconditioners. Two examples are present to

demonstrate the capabilities of this new formulation.

21
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2.1 Governing equations and numerical formula-

tion

The full set of governing equations consists of conservation equations, reaction rela-

tions, phase equilibrium relations and phase constraint equations. When the reac-

tions are all kinetic reactions, we can write the conservation equations based purely

on species (e.g., components). In such cases, the reaction rates expressed by the re-

action relations are substituted into the conservation equations. We then solve the

full set of governing equations in a manner similar to traditional compositional sim-

ulations without chemical reactions. We refer to this formulation as a species-based

formulation.

When there are both kinetic and equilibrium reactions, we propose a new formu-

lation that entails writing the conservation equations based on elements. The system

is closed by adding one reaction relation for each chemical reaction. The element

conservation equations are obtained from a matrix transformation of the existing

species conservation equations. It is also possible to formulate the element conser-

vation equations directly. This new formulation represents a unified framework for

handling kinetic and equilibrium reactions. It can be applied as long as the elements

in the reactions are balanced, which is the case if the full set of reactions is included

in the model. Formulations exist in which one or more elements can be unbalanced.

This is permissible when certain species do not need to be tracked. If the elements are

not balanced, the formulation becomes equivalent to the species-based formulation.

In the following sections, we assume all of the reactions are balanced.
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2.1.1 Species and element conservation equations

We consider nc species, including nf fluid (or mobile) species and ns solid (or im-

mobile) species. We denote the unknown variable set by x. In this dissertation, we

consistently use the natural variable set as the unknowns:

x = (pj, Sj, Cs, Xij)
T , (2.1)

where pj is pressure of phase j, Sj is the saturation of fluid phase j, Cs is the volu-

metric concentration of solid species s in the rock phase, and Xij is the mole fraction

of fluid species i in fluid phase j. Usually the pressure for one phase is solved to-

gether with the other unknowns, and the pressure of the other phases are calculated

by capillary relations. Therefore, we use p to represent the pressure of the target

phase. The transport of all fluid species is determined based on the Darcy flow field,

and local phase equilibrium is assumed throughout the entire computational domain.

We now suppose the model includes nr reactions, of which nq reactions are treated

as equilibrium reactions and nk reactions are treated as kinetic reactions (nr = nk +

nq). This mixed set of reactions can be represented by:

nf∑
i=1

νi,kMi +
ns∑
s=1

ν̄s,kMs
rk←→ 0, (k = 1, · · · , nk), (2.2)

nf∑
i=1

νi,qMi +
ns∑
s=1

ν̄s,qMs
rq←→ 0, (q = nk + 1, · · · , nr), (2.3)

where Mi and Ms are the chemical symbols for fluid species i and solid species s, νi,k

and ν̄s,k are stoichiometric coefficients of fluid species i and solid species s in kinetic

reaction k, and νi,q and ν̄s,q are stoichiometric coefficients in equilibrium reaction q.
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We use rk and rq to represent the rates for kinetic reactions and equilibrium reactions.

The generalized mass balance equations for a multiphase reactive-transport prob-

lem are represented by (adapted from [30]):

∂Ni

∂t
+ Li =

nk∑
k=1

νi,krk +
nr∑

q=nk+1

νi,qrq, (2.4)

∂Cs
∂t

=

nk∑
k=1

ν̄s,krk +
nr∑

q=nk+1

ν̄s,qrq. (2.5)

In (2.4), Ni is the total molar mass of fluid species i in each block:

Ni =

np∑
j=1

(ρjφSjXij) , (2.6)

where np is the number of fluid phases, ρj is the density of phase j (which is a function

of pressure, temperature, and molar fractions,) and φ is porosity. The flux term Li

includes advective flux, diffusive and dispersive flux, and the well source term:

Li = ∇ ·
np∑
j=1

(ρjXijuj − ρjφSjDij∇Xij) + qWi , (2.7)

where uj is the Darcy velocity for phase j, Dij is the dispersivity tensor for fluid

species i in phase j, and qWi is the well rate of species i. The units of all of the terms

and the reaction rates are [mol][m]−3[s]−1 (in field units, [lb mol][ft]−3[day]−1). The

units of the dispersivity tensor are [m][s]−1 (in field units, [ft][day]−1).

For the sake of simplicity, we now write (2.4) and (2.5) in matrix-vector form:

∂N

∂t
+ L = SR. (2.8)
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In (2.8), the vector N consists of the total molar mass of both fluid species and solid

species; i.e., N = (N1, · · · , Nnf
, C1, · · · , Cns)

T . The flux vector L has non-zero values

for fluid species and zeros for solid species, i.e., L = (L1, · · · , Lnf
, 0, · · · , 0)T . The

dimensions of both N and L are (nf+ns) = nc, where nc is the total number of species.

The reaction term vector R consists of the kinetics term rk and the equilibrium term

rq:

R =

 rk

rq

 = (r1, · · · , rnk
, rnk+1, · · · , rnr)T . (2.9)

The stoichiometric matrix S has nc×nr stoichiometric coefficients for each species in

each reaction:

Snc×nr =

[
Sk Sq

]
=

 Sfk Sfq

Ssk Ssq

 , (2.10)

where the stoichiometric submatrix Sk corresponds to kinetic reactions and Sq to

equilibrium reactions. Further, Sfk corresponds to fluid species in kinetic reactions,

Sfq to fluid species in equilibrium reactions, Ssk to solid species in kinetic reactions,

and Ssq to solid species in equilibrium reactions:

Sfk =


ν1,1 · · · ν1,nk

· · · · · · · · ·

νnf ,1 · · · νnf ,nk

 , Sfq =


ν1,nk+1 · · · ν1,nr

· · · · · · · · ·

νnf ,nk+1 · · · νnf ,nr

 , (2.11)
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Ssk =


ν̄1,1 · · · ν̄1,nk

· · · · · · · · ·

ν̄ns,1 · · · ν̄ns,nk

 , Ssq =


ν̄1,nk+1 · · · ν̄1,nr

· · · · · · · · ·

ν̄ns,nk+1 · · · ν̄ns,nr

 . (2.12)

Without loss of generality, we now assume that the set of reactions is linearly in-

dependent. In fact, if a reaction can be expressed by a combination of other reactions,

this reaction becomes redundant and should be eliminated [41]. We further assume

that all of the elements involved in the reactions are balanced. For nr independent

reactions involving nc species and ne elements, it can be shown that nc = ne + nr. If

all the elements in the reactions are balanced, it can be further shown that

Ene×ncSnc×nr = 0ne×nr , (2.13)

where E is the element stoichiometric matrix consisting of all the stoichiometric values

for each element in each species:

E =


E1,1 · · · E1,nc

· · · Eei · · ·

Ene,1 · · · Ene,nc

 . (2.14)

Here Eei represents the number of atoms of element e in species i. Equation (2.13)

holds for both fluid and solid species and for both kinetic and equilibrium reactions.

We now illustrate (2.13) with an example.

Consider the reaction network involving five species, CO, H2O, H2, CO2, and O2,
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and two independent balanced reactions:

2 CO + O2 ←→ 2 CO2, (2.15)

CO + H2O ←→ CO2 + H2. (2.16)

These two reactions can be either kinetic or equilibrium reactions. The elements

involved are C, H, and O. The element stoichiometric and reaction stoichiometric

matrices are:

E =


1 0 0 1 0

0 2 2 0 0

1 1 0 2 2

 , S =



−2 −1

0 −1

0 1

2 1

−1 0


⇒ ES =


0 0

0 0

0 0

 . (2.17)

The fact that ES = 0 means that, in general, we can project the nc species

conservation equations in (2.8) to ne element conservation equations. This eliminates

the reaction terms from the right hand side of (2.8); i.e.,:

∂(EN)

∂t
+ EL = ESR (2.18)

⇒ ∂(EN)

∂t
+ EL = 0. (2.19)

Equation (2.19) is in effect the system of conservation equations for each element

involved in the reactions. The dimension of the new accumulation term ∂(EN)/∂t
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and flux term EL are ne×1. In our element-based approach, instead of solving (2.8),

we solve (2.19) plus nr reaction relations, which will be described next.

2.1.2 Reaction characterization

As shown in the previous section, the nc species conservation equations may have

both kinetic or equilibrium terms rk or rq. The new element conservation equations,

by contrast, do not have any reaction terms. The system is fully defined by adding

nr relations, one for each independent reaction. Each relation is written as a function

of the unknown variable set x.

For nc species involving nk independent kinetic reactions, it can be shown that a

canonical stoichiometric matrix S̄k can be defined [42]:

S̄k =

 −Ink×nk

S̃(nc−nk)×nk

 , (2.20)

where I is the identity matrix and S̃ contains the remaining stoichiometic kinetic

coefficients. When the kinetic stoichiometric matrix is written in this form, each of

the first nk species can be expressed in terms of the remaining (nc − nk) species; i.e.,

Mς
rk←→

nc∑
ξ=nk+1

ν̃ξ,kMξ, (ς = 1, · · · , nk), (2.21)

where ς is the species index for the first nk species and ξ is the species index for the

remaining species.

The canonical stoichometric matrix S̄k is equivalent to Sk in (2.10). For a given

chemical system, Sk can be written in the form of (2.20) by appropriate ordering of
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the species and through linear combination of reactions [41]. For example, consider

the reaction network defined by (2.15) and (2.16), with both reactions assumed to be

kinetic reactions. When the species are ordered as CO, H2O, H2, CO2, and O2, the

kinetic stoichiometric matrix Sk is given in (2.17), with each column representing a

reaction. The canonical form can be obtained in this simple case by reordering the

species as O2, H2O, H2, CO2, and CO:

Sk =



−2 −1

0 −1

0 1

2 1

−1 0


⇒ S̄k =



−1 0

0 −1

0 1

2 1

−2 1


. (2.22)

Because S̄k and Sk are equivalent, from here on we assume that the kinetic stoi-

chiometric matrix is in canonical form. The reaction relations corresponding to the

kinetic reactions (2.21) are essentially the mass conservation equations for each species

ς. The kinetic rate rk is a function of the unknowns; i.e., rk = rk(x). We note that

species ς can either be a fluid species or a solid species. If species ς is a fluid species,

this reaction relation is a partial differential equation (PDE):

rk(x) =
∂Nς(x)

∂t
+ Lς(x). (2.23)

We refer to this type of reaction as a “fluid kinetic reaction” and denote nkf as the

number of fluid kinetic reactions. In the reaction network given by (2.15) and (2.16)

with the stoichiometry given in canonical form in (2.22), we can write (2.23) for both
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reactions in terms of O2 and H2O:

r1(x) =
∂NO2

(x)

∂t
+ LO2

(x), r2(x) =
∂NH2O(x)

∂t
+ LH2O(x). (2.24)

In contrast to (2.23), if species ς is a solid species, the relation for this reaction is

an ordinary differential equation (ODE):

rk(x) =
dCς(x)

dt
. (2.25)

We refer to the reaction described by (2.25) as a “solid kinetic reaction,” and denote

nks to be the number of solid kinetic reactions. The solid kinetic reaction is an ODE

rather than a PDE because the solid phase does not have a flux term associated with

it.

For equilibrium reactions, we can write nq algebraic equations (AE) to describe

the equilibrium reactions:

Qq(x)−Kq = 0, (2.26)

where Qq is the product of species concentrations or activities and Kq is the equilib-

rium constant that may depend on temperature or pressure.

We note that the reactions described in (2.25) and (2.26) are localized relations.

When solving fully coupled reactive-transport problems, all localized reactions can be

solved separately. Thus the problem size of the system will be significantly reduced

if most or all of the reactions are equilibrium or mineral kinetic reactions.
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A useful way to differentiate equilibrium and kinetic reactions in transport prob-

lems is through the dimensionless Damköhler number Da, which measures the ratio

of the characteristic timescale for transport to that of chemical kinetics. Here we

define a block Damköhler number as Da = K∆x/u, where K is the kinetic reaction

rate constant in units of 1/day, ∆x is the characteristic block length in ft, and u is

the Darcy velocity in ft/day. Figure 2.1 shows a set of simulation results for one-

dimensional single-phase flow at constant u, with a reversible reaction, A↔B, where

A and B are passive-tracer components which are fully dissolved in the water phase.

The simulation with Da = 0 corresponds to a pure tracer flow scenario and K = 0.

Figure 2.1 also shows four scenarios in which the kinetic rates are nonzero. For these

runs the values of Da are 0.1, 1, 10 and 100.

(a) component A concentrations (b) component B concentrations

Figure 2.1: Dimensionless component concentrations for different values of Da.

We can see from Figure 2.1 that the Damköhler number is a good indicator of

kinetic rates compared to transport rates. When Da > 100, the concentrations of

components A and B are identical over almost the entire domain, suggesting that the

reaction may be treated as an equilibrium reaction. In contrast, when Da < 100, the
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reaction should be treated as a kinetic reaction.

Although the Damköhler number does provide a means for classifying reactions,

the critical value (100 in this case) will depend on the particular scenario. In addition,

for a heterogeneous reservoir under transient flow conditions, it is usually difficult to

define a unique critical value of Da. In Section 2.4.2, we will show a transient flow

case in which the Damköhler number varies in space and time; such a case cannot

be classified in terms of a single Damköhler number. Therefore, in this work, rather

than classify reactions as kinetic or equilibrium based on Da, we adopt the practice

common in groundwater modeling of treating all of the intra-aqueous reactions as

equilibrium and all others as kinetic reactions.

2.1.3 Phase equilibrium calculation

Phase equilibrium calculations are the same as in traditional compositional modeling.

Local phase equilibrium is assumed throughout this formulation. The phase equilib-

rium is calculated using an equation of state (EOS). The phase equilibrium relation

for each fluid species is expressed as:

f gi − f li = 0, (2.27)

where f gi and f li are the fugacities of fluid species i in the gaseous and liquid phases.

We apply the Peng-Robinson EOS to compute the thermodynamic equilibrium state.

If all of the fluid species can exist in both the gaseous and liquid phases, the

number of equations in (2.27) is nf . If some fluid species can exist in only one

phase, the number of equations in (2.27) will be less than nf . In such cases, the

number of unknowns corresponding to Xij will also decrease so that the total number
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of equations is always equal to the total number of unknowns. In addition to the

equations above, np composition constraints are added to the governing equation set

as follows:

∑
i

Xij = 1, for each j. (2.28)

For systems consisting of np fluid phases, there are (np− 1) independent capillary

pressure relations. For example, in a system composed of oil and gas phases, the

capillary relation is

po − pg = Pc,og, (2.29)

where po and pg are pressures for the oil and gas phases and Pc,og is the gas-oil capillary

pressure. One saturation constraint equation should be added when np > 1:

∑
j

Sj = 1. (2.30)

2.1.4 Summary of governing equations

In summary, the governing equations in our method include (2.19), (2.23), (2.25),

(2.26), (2.27), (2.28), (2.29) and (2.30). If wells are also modeled, the governing

equations for each well will also appear. The well equations are described in detail

in [10] and [26]. The major difference between this element-based method and other

formulations is that the element conservation equations developed here do not have

reaction terms. As a result, the localized reactions (i.e., solid kinetic reactions and

equilibrium reactions) decouple. In addition, the equilibrium reaction rates rq do not
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appear in any equations.

According to (2.1), the total number of unknowns for isothermal simulations is

2np + ns + npnf , where np is the number of fluid phases, ns is the number of solid

species, and nf is the number of fluid species. The set of governing equations is

summarized in Table 2.1. Given that nr = nkf+nks+nq, the total number of equations

is ne + nr + (np − 1)nf + 2np. We note that in a fully characterized system, nc =

nf +ns = ne+nr. Therefore, the total number of equations becomes 2np+ns+npnf ,

which is equal to the number of unknowns.

Table 2.1: Summary of governing equations

Description Equation Number
Element balance equations (2.19) ne
Fluid kinetics reactions (2.23) nkf
Solid kinetic reactions (2.25) nks
Equilibrium reactions (2.26) nq
Phase equilibriums (2.27) (np − 1)nf
Mole fraction constraints (2.28) np
Capillary equations (2.29) np − 1
Saturation constraint (2.30) 1

2.2 Generalized reaction implementation

Scientists and engineers have used several different conventions to describe compo-

nents in mixtures when proposing reaction laws. Concentrations or partial pressures

are the most commonly used variables in reaction laws (for both kinetic and equi-

librium reactions). However, when describing solution mixtures, especially aqueous

solutions involving electrolytes, activities are often used instead of concentrations.
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Though activity is a measure of the “effective concentration” of a given component

in a mixture, it is often inconvenient to convert activities to concentrations. In our

formulation, generic representations of reaction terms are used in order to model a

wide range of problems. With this approach, both concentration and activity of fluid

species and solid species are included in the fully coupled algorithm. All of the non-

linear reaction terms are taken to be functions of the unknown variable set described

in (2.1).

2.2.1 Generic nonlinear reaction terms

The unknown variable set x consists of one pressure p, saturations Sj, mole fractions

Xij, and mineral concentrations Cs. In our global implicit scheme, we apply Newton’s

method. Thus, the derivatives of the nonlinear reaction terms (rk or Qq) with respect

to the unknowns are required. The reaction terms can be represented in the following

generalized form

rk = rk(σij, σs), (2.31)

Qq = Qq(σij, σs), (2.32)

where σij represents either the concentration or the activity of fluid species i in phase j

and σs represents either the concentration or the activity of mineral species s. We use

C to represent concentration and a to represent activity; e.g., Cij is the concentration

of fluid species i in phase j. The derivatives of rk and Qq with respect to the unknowns
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are calculated using the chain rule:

∂rk
∂x

=

np∑
j=1

nf∑
i=1

[
∂rk
∂σij

∂σij
∂x

]
+

ns∑
s=1

[
∂rk
∂σs

∂σs
∂x

]
, (2.33)

∂Qq

∂x
=

np∑
j=1

nf∑
i=1

[
∂Qq

∂σij

∂σij
∂x

]
+

ns∑
s=1

[
∂Qq

∂σs

∂σs
∂x

]
. (2.34)

Equations (2.33) and (2.34) have been implemented using object-oriented pro-

gramming techniques. This provides a unified platform to assemble all the derivatives

regardless of the specific reaction type or the reaction law. This representation can

also handle heterogeneous reactions characterized by a combination of concentrations

or activities; e.g., the species in the gaseous phase can be described by activities

and the species in the liquid phase by concentrations. In a given application, only

non-zero derivatives in (2.33) and (2.34) need to be calculated and assembled.

We now illustrate the assembly procedure with two examples. The first example

entails chemical reactions that are characterized by fluid and solid concentrations.

The second example, by contrast, involves fluid and solid activities.

2.2.2 Concentration type reaction

If a reaction is characterized in terms of both fluid and solid concentrations, we take

σij as Cij and σs as Cs. Thus (2.33) and (2.34) are treated as

∂rk
∂x

=

np∑
j=1

nf∑
i=1

[
∂rk
∂Cij

∂Cij
∂x

]
+

ns∑
s=1

[
∂rk
∂Cs

∂Cs
∂x

]
, (2.35)

∂Qq

∂x
=

np∑
j=1

nf∑
i=1

[
∂Qq

∂Cij

∂Cij
∂x

]
+

ns∑
s=1

[
∂Qq

∂Cs

∂Cs
∂x

]
. (2.36)
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If the reaction is a kinetic reaction, (2.35) should be used; if the reaction is an

equilibrium reaction, (2.36) should be used. We now provide an example involving rk.

The specific forms of the derivatives ∂rk/∂Cij and ∂rk/∂Cs depend on the expression

for rk. For example, if the reaction follows the law of mass action, the reaction rate

can be represented by

rk = Kk

∏
i,j

C
νij,k

ij

∏
s

C
νs,k
s , (2.37)

where Kk is the reaction rate constant. The derivatives of rk with respect to Cij and

Cs in this case are represented by

∂rk
∂Cij

=
νij,krk
Cij

,
∂rk
∂Cs

=
νs,krk
Cs

. (2.38)

Since the fluid concentration Cij is related to the unknown variable set by

Cij = ρjSjφXij, (2.39)

it is straightforward for us to obtain the derivatives of fluid concentration with respect

to the unknown variable set:

∂Cij
∂p

=
∂ρj
∂p

SjφXij + ρj
∂φ

∂p
SjXij, (2.40)

∂Cij
∂Sβ

= ρjδjβφXij, (2.41)

∂Cij
∂Xαβ

=
∂ρj
∂Xαβ

SjφXij + ρjφSjδiαδjβ, (2.42)
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where α and β are target phase and species derivative indices and δ is the Kronecker

delta function.

We now calculate the derivatives of Cs with respect to the unknown set x. We

note that because Cs is taken as one of the unknown variables, only the derivatives

of Cs with respect to itself are nonzero; i.e.,

∂Cs
∂p

= 0,
∂Cs
∂Sj

= 0,
∂Cs
∂Cχ

= δsχ,
∂Cs
∂Xij

= 0, (2.43)

where χ is a mineral component index.

Substituting equations (2.38), (2.40)-(2.42) and (2.43) into (2.35), we can obtain

all required derivatives of the reaction term rk. A similar procedure can be followed

to obtain the derivatives of Qq in (2.36).

2.2.3 Activity type reactions

As stated above, the derivatives of rk and Qq depend on the specific form of the

reaction law. For activity type reaction laws, equations (2.33) and (2.34) are taken

as:

∂rk
∂x

=

np∑
j=1

nf∑
i=1

[
∂rk
∂aij

∂aij
∂x

]
+

ns∑
s=1

[
∂rk
∂as

∂as
∂x

]
, (2.44)

∂Qq

∂x
=

np∑
j=1

nf∑
i=1

[
∂Qq

∂aij

∂aij
∂x

]
+

ns∑
s=1

[
∂Qq

∂as

∂as
∂x

]
. (2.45)

We now use a mineral precipitation and dissolution rate law as an example. In this

example, the activities of minerals are set to unity by convention. Thus ∂as/∂x = 0.
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The kinetic law of mineral precipitation and dissolution is represented by:

rk = KkAk

(
1−

∏
i,j a

νij,k

ij

Keq,k

)
, (2.46)

where Kk is the kinetic rate constant, Ak is the reactive surface area used for reaction

k, and Keq,k is the equilibrium constant for reaction k. The derivative of rk with

respect to aij can be obtained from equation (2.46):

∂rk
∂aij

= −KkAk

(
νij,k

∏
i,j a

νij,k

ij

aijKeq,k

)
. (2.47)

The derivatives ∂aij/∂x depend on the specific definition of activity. Heteroge-

neous reactions involving more than one phase may have different definitions of activ-

ity in each phase. By convention, the activity of gaseous species is often represented

by fugacity:

aig =
fig
P 0

=
φigXigp

P 0
, (2.48)

where fig is the fugacity of species i in the gaseous phase, P 0 is standard pressure

(often taken as 1 bar), and φig is the dimensionless fugacity coefficient for species i.

If the gas species behaves ideally, then φig = 1.

In contrast to the gaseous phase, the activity of aqueous species is often written in

terms of molality: aiw = γiw(miw/m
0), where γiw is the activity coefficient for species

i in the aqueous phase, miw is the molality of species i in the aqueous phase, and m0

is standard molality. Both activity and activity coefficients are dimensionless. Since

the standard molality of solute species m0 is often taken as 1 mol·kg−1, it is common
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to drop m0 from the activity definition. The molality miw is further related to molar

fractions by miw = 55.508Xiw/Xww, where the value 55.508 is the number of moles

of H2O per kilogram, Xiw is the mole fraction of each solute species, and Xww is the

molar fraction of H2O in the aqueous phase. Therefore, we can write the activity of

aqueous species (except water) as:

aiw = 55.508

(
γiwXiw

Xww

)
, (i 6= w). (2.49)

Various models can be applied to calculate the activity coefficients γiw (e.g., ideal,

B-dot [22], or Pitzer [51] models). The results shown below were obtained from the

B-dot model:

log γiw = − Az2
i

√
I

1 + âiB
√
I

+ ḂI, (2.50)

where A, B, and Ḃ are temperature-dependent constants, zi is the ion electrical

charge for species i, I is the ionic strength of the aqueous phase, and âi is the ion size

of species i.

Following these definitions, we can write the non-zero derivatives of the activities

as:

∂aig
∂p

=
1

P 0

(
∂φig
∂p

Xigp+ φigXig

)
, (2.51)

∂aig
∂Xαg

=
1

P 0

(
∂φig
∂Xαg

Xigp+ φigδiαp

)
, (2.52)

∂aiw
∂Xαw

=
aiwδiα
Xww

, (i 6= w, α 6= w), (2.53)

∂aiw
∂Xww

= − aiw
Xww

, (i 6= w). (2.54)
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Substituting (2.47) and (2.51)-(2.54) into equation (2.44) completes the specification

of the derivatives of rk for activity type reactions. A similar procedure is followed to

calculate the derivatives in equation (2.45).

2.3 Numerical solution techniques

We apply Newton’s method to solve the coupled equations. Figure 2.2 shows the

flow chart for solving the coupled multiphase flow and reaction problems. The fully

coupled system requires calculation of the derivatives of the residuals of all of the

governing equations with respect to the unknown variables. The resulting derivatives

are inserted into the Jacobian matrix. We then reduce the number of equations

and variables to a set that is solved simultaneously. This reduction procedure is

performed at the Jacobian level. The first step of the reduction procedure is to build

a Schur complement of the full Jacobian matrix using the phase equilibrium relations.

The second step is optional. When there are localized reactions in the system, we

can decouple the localized reaction relations from the conservation equations. The

reduced set of equations (variables) are referred to as primary equations (variables).

In general, advanced linear solvers are required to solve the primary equations. The

remaining secondary variables are recovered after each Newton iteration.

2.3.1 Application of Newton’s method

The full set of governing equations (2.19)-(2.28) is solved in time using Newton’s

method at each time step. A fully implicit scheme is applied. We denote F to be the

residual vector of all of the governing equations. Given the variables at time t, we
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Figure 2.2: Flow chart for the solution of the fully coupled multiphase flow and
reactive problems.

now proceed to calculate the unknowns at time t + ∆t. The nonlinear equation set

can be expressed as:

F(xt+∆t) = 0. (2.55)

In most cases, an appropriate initial guess for Newton’s method is the solution at the

previous time step, which we designate as xt:

x0 = xt. (2.56)
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Here we view the initial guess x0 as the value of x at 0-th Newton iteration. We

denote δx to be the difference in x at iteration υ+ 1 from x at the previous iteration

υ: δx = xυ+1 − xυ. At iteration υ, we calculate the derivatives of F with respect to

the unknowns, which gives the Jacobian matrix J:

J =

(
∂F

∂x

)υ
. (2.57)

Newton’s method requires the solution of the following linear equation:

Jδx = −F(xυ), (2.58)

which gives δx and thus xυ+1 by:

xυ+1 = xυ + δx. (2.59)

Once equation (2.55) converges, we set xυ+1 to xt+∆t, and proceed to the next time

step.

2.3.2 Reduction of the problem size

The representation of the governing equations in terms of primary and secondary

equations reduces the total number of variables in the linear solution. In a typical

compositional simulation, a significant amount of CPU time is required for the (typi-

cally iterative) linear solution of the primary equations in (2.58). It is thus desirable

to solve the problem with the minimum number of primary equations.
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The selection of primary equations depends on the nature of the governing equa-

tion set. By solving the primary equations, we obtain the values for the primary

unknowns at the specific Newton iteration. The secondary equations are then ap-

plied to calculate the remaining unknowns. The governing equations being solved are

the same for any selection of primary versus secondary equations, so the solution is

the same for any selection. However, although the solution accuracy is not affected by

different choices of primary equations, the simulator performance can be significantly

impacted by the selection of primary equations.

Selection of primary equations

We now illustrate how we select primary equations from the full set of equations.

As will be shown in the next section, the governing equations without flux terms

can be treated as secondary equations. For our element-based method, there are two

ways to split the full set of equations. The first approach treats element conservation

equations (2.19) and reaction relations (2.23)-(2.26) as primary equations, and the

phase equilibrium relations (2.27) and constraints (2.28) as secondary equations. The

benefit of this treatment is that its implementation is easier to accomplish, because

most compositional reservoir simulators already separate the phase equilibrium and

constraints into secondary equations. Thus a developer only needs to properly define

element conservation equations and reaction relations as primary equations. We refer

to this approach as “reactions coupled,” because all the reactions are coupled with

the conservation equations.

The second approach further differentiates reaction relations based on flux terms.
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Because mineral kinetic reactions and equilibrium reactions are localized, their reac-

tion relations described by (2.25) and (2.26) can be classified as secondary equations.

Therefore, the primary equations now only have element conservation equations (2.19)

and fluid kinetic relations (2.23). We will refer to this approach as the “local reac-

tions decoupled” method. The benefit of decoupling local reactions is that the linear

system is further reduced. Table 2.2 summarizes the selection of primary equations

for the two approaches.

Table 2.2: Primary and secondary equations for the two approaches

Description Reactions coupled Local reactions decoupled
Primary equations (2.19), (2.23), (2.25), (2.26) (2.19), (2.23)
Secondary equations (2.27), (2.28) (2.25), (2.26), (2.27), (2.28)

When there are two fluid phases present, in the “reactions coupled” method, the

number of primary equations (or variables) is ne+nr, and the number of secondary

equations (or variables) is nf+2. In the “local reactions decoupled” method, the

number of primary equations (or variables) is ne+nkf , and the number of secondary

equations (or variables) is nks+nq+nf+2. Recall that ne is the number of elements,

nkf is the number of fluid kinetic reactions, nks is the number of solid kinetic reactions,

nq is the number of equilibrium reactions, and that there are nc+nf+2 total equations

and unknowns. It is of interest to note that when all reactions are local reactions, the

second method will only have ne primary variables. In some cases, ne can be much

smaller than ne+nr. As a result, the linear solution in the second approach will be

much less expensive than in the first approach.
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Implementation procedure

The reduction of the full set of equations to primary equations is performed at the

Jacobian level. In order to minimize the code complexity, the two approaches de-

scribed above are implemented in the same work flow, as shown in Figure 2.2. In

both approaches, we first decouple the phase equilibrium and constraint equations

and construct a Schur complement of the full Jacobian matrix J in (2.58). This step

treats (2.19), (2.23), (2.25) and (2.26) as primary equations and (2.27) and (2.28)

as secondary equations. Only in the second (“local reactions decoupled”) approach

do we perform an additional Schur complement construction procedure. The second

step is essentially the same as the first step except we now treat (2.19) and (2.23) as

primary equations, and (2.25) and (2.26) as secondary equations. Thus, these two

steps share the same code and reduction procedures, which we now describe.

The set of equations to be reduced is divided into primary equations Fp and

secondary equations Fs:

F(x) =

 Fp(x)

Fs(x)

 = 0. (2.60)

Correspondingly, we can split the unknowns into primary variables and secondary

variables:

x =

 xp

xs

 . (2.61)

In the simulator, the transport terms are treated using a connection list. In the two-

point flux approach, which is applied here, each connection involves two blocks, and
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the transmissibility at the block interface. The benefit of using a connection list is

that one can treat structured or unstructured grids, in 1-D, 2-D or 3-D problems, in

a consistent manner. An example of a connection is shown in Figure 2.3.

Figure 2.3: Illustration of one connection involving blocks a and b and one interface.

We now consider a single connection and describe how the reduction is accom-

plished. In the simulator, we loop through the connection list and perform the same

reduction process for each connection. We first define twelve matrices:

A11 =
∂Fa

p

∂xap
, B11 =

∂Fa
p

∂xas
, C11 =

∂Fa
s

∂xap
, D11 =

∂Fa
s

∂xas
,

A22 =
∂Fb

p

∂xbp
, B22 =

∂Fb
p

∂xbs
, C22 =

∂Fb
s

∂xbp
, D22 =

∂Fb
s

∂xbs
,

A12 =
∂Fa

p

∂xbp
, B12 =

∂Fa
p

∂xbs
, A21 =

∂Fb
p

∂xap
, B12 =

∂Fb
p

∂xas
,

where Fa
p are the primary equations written for block a, xap are the primary variables

for block a, etc. With these matrices, we can write the portion of the Jacobian matrix
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J related to one connection as:



A11 B11 A12 B12

C11 D11 0 0

A21 B21 A22 B22

0 0 C22 D22





δxap

δxas

δxbp

δxbs


= −



Fa
p

Fa
s

Fb
p

Fb
s


. (2.62)

Note that C12 = D12 = C21 = D21 = 0 because the secondary equations for block a

are only functions of variables in block a, so derivatives of Fa
s with respect to xbp and

xbs are zero (and similarly for block b).

Gaussian elimination can be applied in order to eliminate all of the B matrices.

This procedure has been documented in detail in [10]. The inverses of matrices D11

and D22 are calculated and a linear transformation is performed to the first and third

rows in (2.62). Specifically,

row1 ←− row1 −B11D
−1
11 · row2 −B12D

−1
22 · row4,

row3 ←− row3 −B21D
−1
11 · row2 −B22D

−1
22 · row4.

As a result, we obtain a linear system that is equivalent to (2.62):



Ā11 0 Ā12 0

C11 D11 0 0

Ā21 0 Ā22 0

0 0 C22 D22





δxap

δxas

δxbp

δxbs


= −



F̄
a
p

Fa
s

F̄
b
p

Fb
s


, (2.63)
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where the new submatrices are given by:

Ā11 = A11 −B11(D−1
11 C11), (2.64)

Ā12 = A12 −B12(D−1
22 C22), (2.65)

Ā21 = A21 −B21(D−1
11 C11), (2.66)

Ā22 = A22 −B22(D−1
22 C22), (2.67)

and

F̄
a
p = Fa

p −B11(D−1
11 Fa

s)−B12(D−1
22 Fb

s), (2.68)

F̄
b
p = Fb

p −B22(D−1
22 Fb

s)−B21(D−1
11 Fa

s). (2.69)

It is evident that, after Gaussian elimination, the primary equations are decoupled

from the secondary equations. Thus we can first solve for the primary variables via:

 Ā11 Ā12

Ā21 Ā22


 δxap

δxbp

 = −

 F̄
a
p

F̄
b
p

 . (2.70)

The procedure above is performed for each block and each connection. If a block

has multiple connections (which is typically the case), the procedure is performed for

each of its connections. The resulting Jacobian matrix, consisting of only primary

equations and variables, is a Schur complement to the original full Jacobian matrix J

shown in (2.58). We denote this Schur complement as J̄. The linear solver now only
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needs to solve:

J̄δxp = −F̄p(x
υ
p). (2.71)

Once δxp is obtained, the secondary variables can be updated block by block:

δxas = D−1
11 (Fa

s −C11δx
a
p), (2.72)

δxbs = D−1
22 (Fb

s −C22δx
b
p). (2.73)

Illustration of reduction procedure

We now use a simple example to illustrate the reduction process. We have five species,

O2, H2O, H2, CO2, and CO, and two independent reactions, 2 CO + O2 ←→ 2 CO2

and CO + H2O←→ CO2 + H2. We assume the first reaction is a kinetic reaction and

the second reaction is an equilibrium reaction. The kinetic rate of the first reaction is

denoted as r, and the equilibrium constant for the second reaction is Q. For the sake

of simplicity, we use subscript numbers 1 through 5 to represent each species, ordered

as above. The full set of equations described by (2.19)-(2.28) for this case becomes:

∂(N4 +N5)

∂t
+ (L4 + L5) = 0, (2.74)

∂(2N2 + 2N3)

∂t
+ (2L2 + 2L3) = 0, (2.75)

∂(2N1 +N2 + 2N4 +N5)

∂t
+ (2L1 + L2 + 2L4 + L5) = 0, (2.76)

∂N1

∂t
+ L1 − r = 0, (2.77)

C3C4

C2C5

−Q = 0, (2.78)
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and

f g1 − f l1 = f g2 − f l2 = f g3 − f l3 = f g4 − f l4 = f g5 − f l5 = 0, (2.79)

X1g +X2g +X3g +X4g +X5g − 1 = 0, (2.80)

X1l +X2l +X3l +X4l +X5l − 1 = 0. (2.81)

Here (2.74)-(2.76) are element conservation equations for C, H and O, (2.77) is the

reaction relation for the first reaction, (2.78) is the reaction relation for the second

reaction, (2.79) are phase equilibrium relations, and (2.80)-(2.81) are phase constraint

equations. There are thus 12 equations for each block. The number of unknowns for

each block is also 12:

x = (p, Sg, X1g, X2g, X3g, X4g, X5g, X1l, X2l, X3l, X4l, X5l)
T .

If the “reactions coupled” method is applied, equations (2.74)-(2.78) are treated

as primary equations. Correspondingly, the primary variables are selected as the first

five unknowns, p, Sg, X1g, X2g, and X3g. If the “local reactions decoupled” method is

used, we can further decouple the equilibrium reaction relation, which means we shift

(2.78) to the secondary equations. There are now only four primary variables: p, Sg,

X1g, and X2g. We note that if the gas phase disappears, these primary variables will

be adjusted accordingly (see [10] for details).
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2.3.3 Solution strategies

The performance of the simulator when modeling chemical reactions is strongly af-

fected by the convergence of Newton’s method and the linear solver. In our dis-

cussion below, we consider the convergence performance of the linear solver as the

linear aspect of the problem. By contrast, we consider the convergence performance

of Newton’s method as the nonlinear aspect of the problem.

We now first consider the linear aspect of the solution strategy. As the prob-

lem size grows, the size of the linear system grows proportionally. Iterative solvers

must be applied for large problems. The generalized minimum residual solver (GM-

RES) has been widely used in reservoir simulation [55]. It guarantees convergence

within a limited number of iterations. Our numerical experiments show that the

blockwise GMRES solver provides a reliable and efficient solution technique for gen-

eral multiphase reactive-transport problems. Furthermore, for large linear systems,

preconditioning is essential for iterative solvers. In GPRS, a number of precondi-

tioners are available. Full documentation of the available preconditioners is provided

in [26]. We chose two of the preconditioners compatible with blockwise GMRES for

testing. The first preconditioner is blockwise incomplete lower-upper factorization

(BILU(0)). The BILU(0) preconditioner was implemented with the same algorithm

used for incomplete lower-upper factorization (ILU), which has been used effectively

with many iterative solvers [54]. The second preconditioner is based on the two-stage,

constrained pressure residual (CPR) approach [63]. We will present comparisons of

the performance of these two preconditioners in Section 2.4.

The nonlinear aspect of the solution is due to the convergence performance of

Newton’s method. The convergence criteria for Newton iterations in multiphase
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reactive-transport simulations are mostly the same as those used in compositional

reservoir simulation. In general compositional simulation without chemical reactions,

the simulator checks the relative change of the mass of any species in each block over

a time step. With chemical reactions, by contrast, we perform mass balance check for

elements. When the mass change of any element in any block over a time step is less

than a prescribed limit, we consider it converged. To ensure stable modeling, we also

check the relative changes of all of the unknowns, including pressure, saturations, and

mole fractions. This is consistent with standard practice in compositional reservoir

simulation.

2.3.4 Computational complexity of coupled and decoupled

formulations

We now consider the computational complexity of the coupled and decoupled formu-

lations. The total CPU cost τ for either approach per Newton iteration consists of

three major components, the time to calculate properties τprop, the time to construct

and reduce the Jacobian matrix τJac, and the time to solve the resulting linear system

τsolver:

τ = τprop + τJac + τsolver. (2.82)

We do not include overhead (e.g., input and output, initialization) in this discussion,

as the associated CPU cost is small. The Jacobian construction time can be further
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decomposed to:

τJac = τfull + τAdec + τBdec, (2.83)

where τfull is the time to construct the full Jacobian matrix, τAdec is the time to decouple

the phase equilibrium relations, and τBdec is the time to decouple the localized reactions.

Note that τBdec is equal to zero in the reaction coupled approach. Thus, we have:

τ = τprop +
(
τfull + τAdec + τBdec

)
+ τsolver. (2.84)

If we solve a given problem with both the coupled and decoupled approaches

described in Section 2.3.2, the values for τprop, τfull, τ
A
dec are essentially the same for

the two approaches. Thus, the difference in timing for the two methods ∆τ involves

only τBdec and τsolver:

∆τ = (τsolver)rc −
(
τBdec + τsolver

)
rd , (2.85)

where the subscript ‘rc’ designates reaction coupled, and ‘rd’ indicates reaction de-

coupled. We consistently observe ∆τ to be positive; i.e., the decoupled formulation

runs faster than the coupled method. This can be explained as follows.

First, the the size of the linear system in the decoupled method is smaller than that

in the coupled method. Specifically, Nrc = nbnc, and Nrd = nb(nc − nkf − nq), where

N is the number of linear equations solved at each iteration, and nb is the number of

blocks. Given that τsolver is generally proportional to Nθ, where θ is a value typically

between 1.1 and 2, it is evident that (τsolver)rd will be much less than (τsolver)rc. Some
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of this advantage is lost, however, because of τBdec in the reactions decoupled approach.

It is important to note that τBdec ∼ Nrd; i.e., these operations are linear in N. Thus,

the reactions decoupled procedure replaces some amount of computation that scales

super-linearly with problem size with computation that scales linearly.

In addition, the linear solution in the reactions decoupled procedure is more ro-

bust, which results in fewer convergence problems and, as a result, fewer time step

cuts. Consistent with these calculations, the reactions decoupled approach will be

shown to require less computation time in the examples in Section 2.4.2.

2.4 Numerical examples

We now present two numerical examples. The first example shows that the solution

of a kinetic system converges to an equilibrium system as the kinetic rate increases

to a sufficiently large value. The second example demonstrates the application of the

formulation described above to CO2 mineralization processes in deep saline aquifers.

For this example, we test various combinations of the numerical treatments.

2.4.1 Kinetic versus equilibrium reactions

Every reaction is essentially a reversible kinetic reaction. Thus it is conceptually

allowable to model every reaction as a kinetic reaction. However, such an approach

requires all of the data for every reaction mechanism, which is commonly very com-

plex and frequently unavailable. In practice, depending on the time scale of interest,

reactions are divided into two groups, equilibrium and kinetic reactions. When mod-

eling reactive-transport problems, it is very useful for the modeler to have sufficient
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prior knowledge to enable the classification of all of the reactions. Often, but not

always, such a classification is clear to the modeler. We now present an example that

illustrates the effects of classification of kinetic reactions and equilibrium reactions

on the results.

We consider a batch reactor (modeled using a single grid block) containing two

species, CO2 and N2, in the gas phase. There is a sufficient amount of solid in the

batch system to selectively adsorb or desorb CO2. We model the process of adsorption

and desorption as a reversible reaction:

CO2(g)
r←→ CO2(s), (2.86)

where CO2(g) represents free CO2 in the gas phase, CO2(s) represents adsorbed CO2

in the solid, and the reaction rate is defined as:

r = K
(
CCO2(g) − CCO2(s)

)
. (2.87)

This reaction in effect drives the concentrations of CO2(g) and CO2(s) to be the

same. When there is more CO2 in the gas phase, the reaction rate is positive and

more CO2(g) will convert to CO2(s). Similarly, when there is more CO2 in the solid

phase, the reaction rate is negative, and the excessive CO2(s) will convert to CO2(g).

Eventually, the rate approaches zero and the concentrations of CO2(g) and CO2(s)

will be equal. The reaction in (2.86) can also be modeled as an equilibrium reaction,

which forces the concentrations of CO2(g) and CO2(s) to be the same:

CCO2(g)

CCO2(s)

= 1. (2.88)
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We now model (2.86) as both an equilibrium and a kinetic reaction at various ki-

netic rates. The initial condition is an equilibrium state between CO2(g) and CO2(s),

both of which contain 2.7 moles of CO2. We then inject CO2(g) at a constant rate of

5 mol/hr for 2.4 hours, after which the total CO2 in the batch reactor is 17.4 moles.

After injection stops, we allow the reversible reaction to occur for a sufficiently long

time.

Figures 2.4(a) and 2.4(b) show the evolution of CO2(g) and CO2(s) with time. The

lines with symbols represent the case in which we model the reaction as an equilibrium

reaction, and the lines without symbols are the results at different kinetic rates. If

the reaction is modeled as an equilibrium reaction, we observe that the amount of

CO2(g) and CO2(s) are identical throughout the entire simulation. If the reaction

is modeled as a kinetic reaction, some amount of time is required for the system to

return to equilibrium. As expected, the smaller the reaction constant, the more time

it takes for CO2(g) and CO2(s) to reach equilibrium. When the kinetic rate constant

is 10−2/s, the results are indistinguishable from those in the equilibrium case.

From the results, it is evident that the reaction can be treated as equilibrium if

K ≥ 10−2/s. The benefit of treating a fast reaction as an equilibrium reaction is that

we no longer need to track the reaction rate at each iteration. In addition, because

equilibrium reactions are considered as local reactions, they can be decoupled from

the conservation equations, as described in Section 2.3.2. However, if the modeler

chooses to classify the reaction as an equilibrium reaction, it is clear that it can still

be safely treated as a kinetic reaction.

The time step sizes and the number of Newton iterations are shown in Figure 2.5.

Figure 2.5(a) shows that the time stepping essentially the same for the various cases.
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(a) CO2(g) variations (b) CO2(s) variations

Figure 2.4: CO2(g) and CO2(s) variation with time for different runs. Lines with
symbols are results if the reaction (2.86) is modeled as an equilibrium reaction. Lines
without symbols are the cases when (2.86) is modeled as a kinetic reaction.

Figure 2.5(b) shows that the number of total Newton iterations varies over only about

a factor of two, even though K varies by six orders of magnitudes. It is important

to note, however, that the relation between the number of Newton iterations and

the magnitude of kinetic rates is case dependent. Finally, it is also of interest to

note that if the modeler chooses to represent this reaction as a kinetic reaction with

K = 10−2/s, correct results will be obtained with only a small increase in the number

of Newton iterations.

2.4.2 Application to carbon mineralization

This example is designed to model geochemical trapping of CO2 following CO2 injec-

tion into saline aquifers. Geochemical trapping of CO2 in mineral form is considered

to be the most stable long-term storage mechanism for geologically sequestered CO2

[46]. The CO2 mineralization process in saline aquifers involves a large number of

species and chemical reactions. The resulting Jacobian matrix is generally more
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(a) time stepping (b) cumulative Newton iterations

Figure 2.5: Time step sizes and cumulative Newton iterations for various runs.

complex than that for compositional simulations. To observe effective CO2 mineral-

ization, the modeling time must typically be on the order of 103 years. Therefore,

computational efficiency is essential. In this section, we first describe the example

base case. Then we will demonstrate the importance of a fast preconditioner, and

present the long-term CO2 mineralization results. Finally, we discuss the effect of

mineral selection on model performance.

Model description

We developed a 2D rectangular cross-sectional (x-z) model to simulate CO2 injection

into saline aquifers. The model represents a saline aquifer that is 1 km in the x

direction, 10 m in y, and 100 m in z. The model contains 100 grid blocks in x and 50

in z. We apply no-flow boundary conditions. The model contains one injection well

perforated in a single grid block located 25 m from the top of the aquifer (see Figure

2.8(a)). A pure CO2 stream is injected at a constant bottom hole pressure of 24.5

MPa (3553 psi) for one year. Under reservoir conditions, the injected CO2 forms a
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supercritical phase, which we refer to as the gas phase. The aquifer is initially filled

with saline water, which constitutes the liquid phase. During the injection period,

as the gas phase displaces the liquid phase near the injector, a small amount of CO2

dissolves into the liquid phase, though most of the CO2 remains in the gas phase.

After injection stops, the CO2 migrates to the top of the reservoir to form a thin gas

phase layer, where it gradually dissolves into the liquid phase. Because the water

with dissolved CO2 is more dense than that without CO2, the water with dissolved

CO2 begins to settle under gravity. This process occurs very slowly, so the simulation

must be run out to long times.

Geochemical reactions, which occur between the dissolved CO2, water, ions and

minerals, were determined based on [61]. In the first set of runs (base case), we model

21 species, specifically CO2 and H2O, 11 ions and eight minerals. There are nine

elements involved in these reactions. All of the reactions included in the simulation

are summarized in Table 2.3. The chemical formulas for the minerals are provided in

Table 2.4. According to [42], we treat the reactions involving only aqueous species as

equilibrium reactions and those involving minerals as kinetic reactions. With reference

to Table 2.3, reactions (1), (2), (3) and (4) are treated as equilibrium reactions, while

the remainder are treated as kinetic reactions. The activities of ions, used in both

equilibrium and kinetic reactions, are calculated using the B-dot model, as described

in (2.50). The mineral precipitation and dissolution rates are calculated based on the

kinetic laws in [42]. The parameters required for mineral reactions, shown in Table

2.4, are taken from [61].

We perform the simulation under isothermal conditions. The temperature of the

reservoir is 50◦C. Initial pressure at the top of the reservoir is 11.8 MPa. The aquifer
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Table 2.3: Chemical reactions for CO2 mineralization

No. Reaction
(1) CO2(aq) + H2O = H+ + HCO−3
(2) CO−−3 + H+ = HCO−3
(3) OH− + H+ = H2O
(4) Al(OH)+

2 + 2 H+ = Al+++ + 2 H2O
(5) Annite + 10 H+ = 3 Fe++ + 3 SiO2(aq) + Al+++ + 6 H2O + K+

(6) Anorthite + 8 H+ = 4 H2O + Ca++ + 2 Al+++ + 2 SiO2(aq)
(7) Calcite + H+ = Ca++ + HCO−3
(8) Chalcedony = SiO2(aq)
(9) Dolomite + 2 H+ = Ca++ + Mg++ + 2 HCO−3
(10) Illite + 8 H+ = 5 H2O + 0.6K+ + 0.25Mg++ + 2.3Al+++ + 3.5SiO2(aq)
(11) Kaolinite + 6 H+ = 5 H2O + 2 Al+++ + 2 SiO2(aq)
(12) Siderite + H+ = HCO−3 + Fe++

Table 2.4: Mineral formula, precipitation and dissolution parameters

Mineral Formula log10(K) Surf. Area log10(Keq)
(mol/m2/s) (m2/m3)

Annite AlKFe3Si3O10(OH)2 -14.0 4400 28.61
Anorthite CaAl2Si2O8 -12.0 88 25.82
Calcite CaCO3 -8.80 88 1.60
Chalcedony SiO2 -13.9 7128 -3.62
Dolomite CaMg(CO3)2 -9.22 88 2.25
Illite Mg0.25K0.6Al2.3Si3.5O12H2 -14.0 26400 9.07
Kaolinite Al2Si2O5(OH)4 -13.0 17600 6.82
Siderite FeCO3 -9.22 88 -0.37
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is modeled as a homogeneous porous medium with constant porosity of 0.18 and

constant isotropic permeability of 100 md. The phase equilibrium between the gas

and liquid phases is represented using the Peng-Robinson equation of state. After

one year of injection at a bottom hole pressure of 24.5 MPa, the well injected a total

of 1389.6 metric tons of CO2. For our first study, we simulate for five years (including

four years of post-injection period) with different combinations of preconditioners and

coupling methods. Next we use the most efficient procedure to simulate this model

for 500 years (one year of injection and 499 years of post-injection period).

Assessment of solution methods

The full set of governing equations contains nine element conservation equations, 12

reaction relations, 2 phase equilibrium relations for both CO2 and H2O, and two

phase constraints for gas and liquid phases. As discussed in Section 2.3, there are

two methods we can use to reduce the size of the resulting linear system. In the

“reactions coupled” method, all of the reaction relations are coupled with element

conservation equations. The number of primary equations (and variables) is 21. In

the “local reactions decoupled” method, we can decouple the localized reactions. In

our model, because all reactions are equilibrium and mineral kinetic reactions, we can

decouple them from the conservation equations. Therefore, the number of primary

equations (and variables) is the same as the number of elements, which is nine in this

case.

The blockwise GMRES iterative solver with different preconditioners is used to

solve the linear system. We tested both the BILU(0) and CPR preconditioners for

both the “reactions coupled” and “local reaction decoupled” methods. Figure 2.6
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compares the CPU cost for each combination versus simulation time. In our results,

the total CPU time is the sum of the linear solver time, Jacobian construction time

(time to build the Jacobian matrix J and to reduce it to J̄) and property calculation

time (time to calculate phase and species properties). The overhead due to input and

output are not included, because these typically account for less than 1% of the total

simulation time in large problems.

Figure 2.6 clearly shows that the CPR preconditioner outperforms the BILU(0)

preconditioner for both methods. This is consistent with observations for multiphase

compositional simulations without chemical reactions [26]. With the BILU(0) pre-

conditioner, at the end of the simulation, the solver time accounts for 88% of the

total CPU cost in the “reactions coupled” method and 73% in the “local reactions

decoupled” method. With the CPR preconditioner, the solver time only accounts

for approximately one third of the total simulation time. Table 2.5 lists the per-

formance data for the various runs. We can see that the BILU(0) preconditioning

requires many more Newton iterations and linear solver iterations than the CPR

preconditioned runs. The increase in Newton iterations occurs because the BILU(0)

preconditioned GMRES solver fails from time to time, which forces the simulator to

cut the time step. As a result, the number of time steps for BILU(0) is larger than

that for CPR. Thus, the linear solver times for BILU(0) are much larger than those

for CPR, regardless of whether or not the reaction relations are coupled.

We also note that the CPU cost of the decoupled runs is always less than that

of coupled runs. As shown in Table 2.5, when the same preconditioner is used,

the number of Newton iterations and solver iterations are very similar for the two

methods. The major difference is in the linear solution time. If all of the reactions are
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solved coupled with the conservation equations, each linear solution entails a matrix

system of size 21nb×21nb in size, where nb is the number of blocks. If the local

reactions are decoupled from the conservation equations, the matrix is only 9nb×9nb.

Therefore, the linear solution of the decoupled Jacobian matrix requires less time.

Because the amount of time required by the reduction procedure is less than the

savings in the linear solution, decoupled approach is overall faster.

Figure 2.6: Total CPU time for various runs with BILU(0) preconditioners. Total
CPU time plotted is the sum of linear solver time, Jacobian construction time, and
property calculation time. Actual total CPU time includes overhead due to input
and output.

We now simulate this model for a 500 year time frame. Based on the findings

above, we apply the CPR preconditioner. Figure 2.7 shows the total CPU cost and

its three major components–the solver time, Jacobian construction time, and the

property calculation time. The decoupled method outperforms the coupled method,

with the difference increasing with simulation time. The major gain is in the linear
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solver time. At the end of 500 years, the linear solver time for the decoupled run

is 67% less than that for the coupled run. As expected, Jacobian construction time

for the decoupled case is more than that for the coupled run because of the extra

CPU cost required to decouple the local reactions. Overall, the decoupled method is

more appealing, as the Jacobian construction and property calculation are easier to

parallelize than the linear solver for very large problems.

Figure 2.7: CPU time breakdown for 500 year runs with CPR preconditioner. Total
CPU time plotted is the sum of solver time, Jacobian construction time, and property
calculation time. Actual total CPU time includes overhead due to input and output.
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Table 2.5: Performance summary for carbon mineralization base case runs

Simulated Newton Solver Solver Total
Time (yrs) Iterations Iterations Time (s) Time (s)

BILU, coupled 5 1550 154165 80005.3 91260
BILU, decoupled 5 1520 152116 33981.7 46726
CPR, coupled 5 319 914 360 1006
CPR, decoupled 5 319 914 104 839
CPR, coupled 500 1962 12990 2688 6288
CPR, decoupled 500 1886 13268 897 4687

CO2 mineralization results

We now present the CO2 mineralization results for the 500 year simulation. Figure

2.8 shows the gas saturation and the mole fraction of dissolved CO2 in the water

phase at 5 years and 500 years. At 5 years, the injected CO2 forms a plume as the

gas phase rises to the top of the reservoir. The water is saturated with CO2 in the

blocks containing a free gas phase, as shown in Figure 2.8(c). At 500 years, most of

the CO2 has dissolved into water at the interface between the gas and water phases

at the top of the reservoir. Figure 2.8(d) shows the saturated water with dissolved

CO2 slowly sinking toward the bottom of the reservoir.

Most mineral changes occur as the saturated water phase moves downward. At

500 years, noticeable precipitation or dissolution is observed for the eight simulated

minerals. Annite, anorthite and illite dissolve into the liquid phase, and dolomite,

calcite, kaolinite and siderite precipitate as a result of CO2 injection. Chalcedony also

changes because of silicate dissolution. Figure 2.9 shows the molar density changes

of four representative minerals at 500 years.

Figure 2.10(a) shows the net changes of each mineral in the reservoir. We can



CHAPTER 2. CHEMICAL REACTION MODELING 67

(a) Gas saturation at 5 years (b) Gas saturation at 500 years

(c) Dissolved CO2 at 5 years (d) Dissolved CO2 at 500 years

Figure 2.8: Gas saturations and dissolved CO2 mole fractions in aqueous phase at 5
and 500 years.

Figure 2.9: Selected mineral molar density changes at 500 years (mol/m3). Positive
values indicate precipitation, and negative values indicate dissolution.

see that the changes in the various minerals increase slowly at first, though they

increase nearly linearly with time after about 250 years. It may not be appropriate

to extrapolate these results out to later times, because continuous dissolution of

silicates may result in the disappearance of specific minerals in some blocks. When
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the mineralogy changes, the reaction pathway will also change.

Figure 2.10(b) shows the distribution of carbon over time. The amount of CO2 in

the gas phase decreases with time as CO2 dissolves into water and reacts with ions

and minerals. In the water phase, most of carbon remains in the molecular form of

CO2(l). At the end of 500 years, about 7.3% of the carbon is stored in ionic forms,

HCO−3 and CO−−3 . Mineralized carbon accounts for 22.4% of the injected CO2. This

large percentage of mineralized CO2 may be due to the enhanced reactive surface

areas of the clay minerals (our data is from [61]). Accurate quantification of the

reactive surface areas of minerals remains a challenge for geochemists, and the values

used for these parameters in simulations can strongly impact mineralization results.

(a) Mineral evolution (b) CO2 distribution

Figure 2.10: Mineral net molar changes and evolution of CO2 in time.

Effect of mineral selection

We now assess the impact of mineral selection on simulation results and simulator

performance. In the base case described above, we considered eight minerals. In

practice, depending on the rock type, one might include more or fewer minerals. It
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is of course desirable to include as few minerals as possible, as this will reduce both

the number of ions and the number of reactions, which will lead to a reduction in

computation time.

We now consider two additional cases. The first case contains three minerals,

anorthite, calcite, and kaolinite. There are then six reactions (reactions (1), (2), (3),

(6), (7) and (11) in Table 2.3). In the second case, we take calcite to be representative

of a typical carbonate reservoir and consider only it. The reactions required for this

model are further reduced to (1), (2), (3) and (7). The number of ions involved in

these cases are seven and five, respectively. The total number of unknowns is 25 for

the base case, 16 for the three-mineral case and 12 for the one-mineral case. The

other model parameters are the same as those used in the base case.

Figure 2.11 and Table 2.6 present the carbon distribution over time for the three-

mineral and one-mineral cases. In both cases, the trendlines of the gaseous CO2 and

dissolved CO2 are similar to the base case. At 500 years, the mineralized carbon

in the three-mineral case is 6.07%, which is significantly less than that in the base

case (22.4%). The aqueous phase carbon is higher than the base case. In the one-

mineral case, more CO2 dissolves into the water phase than in the other cases. At

500 years, -1.85% for carbon uptake by calcite indicates that the injection of CO2

actually promotes calcite dissolution. At 500 days, only 7.88% of the injected carbon

is in the gas phase.

Table 2.7 presents the performance data for these cases together with the base

case. We observe that the total CPU time is quite sensitive to the number of minerals

modeled. For all cases, the decoupled method is consistently faster than the coupled

method. Similar to the base case, the major gain is from the solver time. These allow



CHAPTER 2. CHEMICAL REACTION MODELING 70

us to estimate values for the θ parameter described in Section 2.3.4. Specifically, the

solver time per Newton iteration is proportional to N1.77
rc in the coupled approach,

and to N1.27
rd in the decoupled approach. Note that these scaling include the effect of

lack of convergence by the linear solver. These scalings explain the advantage of the

decoupled method for more large and complex models.

(a) CO2 distribution in three-mineral case (b) CO2 distribution in one-mineral case

Figure 2.11: CO2 evolution in time.

Table 2.6: Final carbon distribution in various phases at 500 years

C in CO2(g) C in CO2(aq) C in Ions C in Minerals
Base case 18.05 % 52.22 % 7.32 % 22.41%
Three-mineral case 18.68 % 69.77 % 5.48 % 6.07 %
One-mineral case 7.88 % 78.14 % 15.83 % -1.85 %

2.5 Concluding remarks

In this chapter, we developed an element-based formulation to model general chem-

ical reactions coupled with subsurface flow. The conservation equations are written
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Table 2.7: Impact of mineral selection on simulator performance

Cases No. of Newton Solver Solver Total
Pri. Var. Iterations Iterations Time (s) Time(s)

Base case, coupled 21 2160 13845 2689 6211
Base case, decoupled 9 2072 14104 856 4663
Three-mineral, coupled 12 1915 10590 667 1805
Three-mineral, decoupled 6 1882 11333 383 1554
One-mineral, coupled 8 1860 11056 432 1198
One-mineral, decoupled 4 1849 12275 271 1025

for each element, and thus the reaction terms do not appear in these equations. The

implementation of chemical reactions is accomplished in a novel and generic manner

that can be readily extended to a wide range of reaction mechanisms. The current

modeling capability includes both homogeneous and heterogeneous reactions, equi-

librium and kinetic reactions, and concentration and activity-based reactions. The

reaction modeling modules have been built within the context of Stanford’s General

Purpose Research Simulator. The advanced features of GPRS (e.g., unstructured

grids, multisegment wells, and CPR preconditioned blockwise GMRES solver) are

compatible with the chemical reaction modeling capabilities.

We applied the formulation to model CO2 mineralization problems. The BILU(0)

preconditioned blockwise GMRES solver appears to be impractical for large-scale

problems with a large number of species and reactions. Use of the CPR preconditioner

provides a much faster solution method. By decoupling local reactions from the global

conservation equations, we can achieve further reduction in the linear solution time

and overall simulation time. The results presented here indicate that the benefits of

this decoupling increase as more reactions are included.



Chapter 3

Modeling the In-situ Upgrading of

Oil Shale

Oil shale is a highly abundant energy resource, though commercial production has

yet to be realized. In this chapter we present detailed numerical simulations of the in-

situ upgrading process. The key physical effects that must be represented in models

of in-situ upgrading include strongly temperature-dependent kinetic reactions, fully-

compositional flow and transport, and downhole heating. We apply a species-based

formulation for this problem, because the elements in the reactions considered here

are not balanced. After a relatively modest degree of parameter adjustment (with

parameters restricted to physically realistic ranges), our results for oil and gas produc-

tion will be shown to be in reasonable agreement with available field data. We then

demonstrate how production is impacted by heater temperature and location. The

ability to model these effects will be essential for the eventual design and optimization

of in-situ upgrading operations.

72
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3.1 Modeling techniques

The simulation of in-situ upgrading involves (primarily) the modeling of chemical

kinetics, phase equilibrium between the gas and liquid phases, mass transport, and

heat conduction. The chemical kinetics are highly temperature-dependent and thus

are strongly coupled with both the mass and energy balance equations. The actual

in-situ upgrading process is very complicated and there are some physical effects

not incorporated in our model. These include geomechanical effects and porosity

and permeability evolution (which occur as the kerogen decomposes). Rather than

simulate these effects in detail, our model applies ‘average’ or ‘effective’ values for

porosity and permeability. It may be useful to develop more sophisticated treatments

for these effects in future work. We now describe the specific treatments included in

the in-situ upgrading model.

3.1.1 Mass and energy balance equations

In Chapter 2, we presented the species mass balance equations for both fluid and solid

species (2.4) and (2.5). The reactions involved in the in-situ upgrading processes

are typically all kinetic reactions. We now rewrite (2.4), dropping the equilibrium

reaction rates and also neglecting diffusion and dispersion (which are not included in

the in-situ upgrading model):

Fi =
∂

∂t

[
φ
∑
j

(SjρjXij)

]
+∇ ·

∑
j

(ρjXijuj) + qWi −
∑
k

νi,krk = 0, (3.1)

where Fi represents the residual of the mass balance equation for fluid species i, φ is

the porosity, Sj is the saturation of phase j, Xij is the mole fraction of fluid species
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i in phase j, k is the kinetic reaction index, νi,k is the total stoichiometric coefficient

for component i in reaction k, rk is the reaction rate of reaction k, uj is the Darcy

velocity for phase j, ρj is the density of phase j, and qWi is the well rate of species

i. These and the following variables are as defined in Chapter 2; the definitions are

repeated here for completeness.

The Darcy velocity is given by:

uj = −K
krj
µj

(∇pj − γj∇D), (3.2)

where K is the permeability tensor, krj is the relative permeability for phase j, µj is

the viscosity of phase j, pj is the pressure of phase j, γj = ρjg/gc (g is gravitational

acceleration and gc converts from lbm to lbf) and D is depth.

Similarly, we rewrite (2.5) without equilibrium reaction rates as:

Fs =
∂Cs
∂t
−
∑
k

ν̄s,krk = 0, (3.3)

where Cs is the molar concentration of solid s and ν̄s,k is the total stoichiometric

coefficient of solid s in reaction k. When modeling in-situ upgrading processes, kero-

gens are treated as solid components governed by (3.3). Some oil shale formations

contain multiple types of kerogens and thus may require more than one solid mass

balance equation. The simulator can treat chemical reactions involving multiple solid

components, though for simplicity only one type of kerogen is modeled in this work.

In order to account for the effects of thermal convection and heat conduction, the

energy balance equation for the system is required. The energy equation is given by
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(adapted from [30]):

Fe =
∂

∂t

[
φ

(∑
j

UjρjSj

)
+ (1− φ)UR

]
−∇ ·

(∑
j

Hjρjuj

)
−∇ · (κ∇T ) +

∑
j

Hjρjq
W
j + qH = 0, (3.4)

where Uj is the internal energy for phase j, UR is the internal energy of the rock,

Hj =
∑

iXijHi is the enthalpy of phase j, κ is the thermal conductivity of oil shale,

and qH is the rate of energy input from downhole heaters. We do not include heat of

reaction terms in (3.4), as these effects are very small relative to heat input [47].

3.1.2 Phase equilibrium and properties

Upon heating, the kerogen decomposes to a multi-component mixture. The mixture

may contain non-condensable gases, hydrocarbons, water, and prechar. These com-

ponents constitute at least four phases – a gas phase, an oil phase, a water phase and a

solid prechar phase. In general, each phase is a mixture of multiple components, with

the partitioning of the components between the phases described by thermodynamic

relationships.

In this work, we assume that the prechar phase is created and retained in the solid

phase. Therefore, the prechar phase is assumed not to occupy the pore space. Under

this assumption, we do not need to consider the prechar in the transport equations.

Although the water and oil phases are immiscible, water vapor and hydrocarbon gases

are miscible. These assumptions together require that three-phase flash calculations

be performed. Such flash calculations require significant computational effort and

will impact the performance of our simulator. In typical in-situ upgrading processes,
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however, the reactions of interest occur mostly above the boiling point of water.

Also, if possible, water in the formation is produced prior to heating in order to avoid

expending energy to heat and vaporize water. For these reasons, only gas-oil phase

equilibrium is considered here. The gas phase may contain non-condensable gases and

hydrocarbons while the oil phase may contain condensable gases and hydrocarbons.

This treatment is reasonable when the amount of water produced during the in-situ

upgrading process is small. If this is not the case, then the water phase (and three-

phase calculations) must be included in the model.

Thermodynamic equilibrium requires the equality of component fugacities in the

gas and oil phases determined by (2.27). The phase densities are calculated by the

Peng-Robinson equation of state. The viscosity of the gas phase is modeled using a

standard mixing rule for EOS calculation due to [28]. The viscosity of the oil phase

is determined using the representation given by [40]:

log10 µo(T ) = b

(
1 +

T − 30

303.15

)−s
+ c, (3.5)

where b, c and s are parameters evaluated from measurements for the oil under study.

Note that T is here temperature in ◦C. In the simulations presented in this chapter,

we use b = 4.1228, s = 3.5640 and c = −3.002.

3.1.3 Kinetic reactions

In this chapter, the reaction rate rk in (3.1) is characterized by species concentrations.

Considering reactions in which reactants can be either fluid components or solid

components, and assuming that all reactions follow the elementary rate law, the
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reaction rate (given previously in (2.37)) is

rk = Kk

∏
i,j

C
νij,k

ij

∏
s

C
νs,k
s . (3.6)

The rate constant Kk is given by:

Kk = Ak exp

(
− Ek
kBT

)
, (3.7)

where Ek is the activation energy for reaction k, kB is the Boltzmann constant, T is

absolute temperature and Ak is the frequency factor for reaction k. The concentration

of fluid component Cij is given by Cij = ρjφSjXij.

In the in-situ upgrading process, the kinetic reactions and transport equations

are coupled and solved within the Newton (nonlinear) iterations. Since the fluid

component concentrations are expressed in terms of other variables in (2.39), when

(3.1) is discretized, the fluid component concentrations are not represented directly.

Nonetheless, at each Newton iteration, fluid component concentrations are updated,

as are their derivatives with respect to the unknowns. In this way the kinetic reactions

are fully coupled to the rest of the governing equations. The derivatives required to

build the Jacobian matrix are presented in Section 2.2.2.

3.1.4 Reaction stoichiometry

Chemical reactions have been implemented in a generalized form in the simulator.

Reactions can occur between components within a phase (gas, oil or solid) or be-

tween components in different phases. Because of this generality, our implementation

requires a larger number of stoichiometric coefficients to be input than are required by
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traditional treatments (e.g., STARS [37]). The advantage of our approach, however,

is that it allows us to define reactions as occurring between particular components

within specified phases.

Kerogen is a complex mixture of large carbon-number components. Following

common practice, we represent it here in a ‘normalized’ form; i.e., in terms of a single

carbon atom, with the number of atoms of other elements scaled appropriately. The

specific formula applied here is CH1.5N0.026O0.05, which was used by [7] to represent

Green River oil shale kerogen. The model developed here can treat multiple types

of kerogen and the initial richness of kerogen can vary in space. For simplicity, we

considered just one type of kerogen in this work.

We now consider a decomposition reaction from kerogen (designated KER) to

other fluid components:

KER(s)→0.0096 IC37(o)+0.0178 IC13(o)+

0.0089 IC13(g)+0.04475 IC2(g) +0.0054 CO2(g),

where IC indicates lumped components (explained below). In this reaction, the total

number of reactive fluid components is four and the number of reactive solid com-

ponents is one. Note that IC13(o) and IC13(g) are treated separately for purposes

of reaction modeling, though they are treated as the same fluid component in the

transport equations. The stoichiometric coefficients corresponding to this reaction

are listed in Table 3.1. We note that the maximum number of coefficients that can be

specified for any reaction is npnf + ns. Recall that np is the number of fluid phases,

nf is the number of fluid species, and ns is the number of solid species.
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Table 3.1: Example of stoichiometric coefficient input

KER(s) IC37(o) IC13(o) IC2(o) CO2(o) IC37(g) IC13(g) IC2(g) CO2(g)
-1 0.0096 0.0178 0 0 0 0.0089 0.04475 0.0054

3.1.5 Heat injection

Heat injection is the key driving force for in-situ upgrading. In this work, consistent

with the actual process, we specify that the downhole heaters operate at constant

temperature. In practice, accurate control of downhole temperature is essential as

the upgrading reactions are very sensitive to temperature. The constant temperature

heaters are approximated here by specifying the initial temperature of grid blocks

containing heaters to be the target heater temperature Th. These blocks are also

assigned very large specific heat capacities (e.g., 108 Btu/ft3/◦F). Our results show

that this is a reasonable approach for modeling constant temperature heaters, as the

heater-block temperatures stay well within 1◦F of Th. A limitation of this treatment

of heat injection is that we do not differentiate between heater temperature and heater

block temperature (though grid blocks in our model are quite small, typically ∼ 1

ft or less in areal dimension). In reality the heater temperature will be higher than

the block temperature. Therefore, the appropriate value for Th in our model may not

coincide exactly with the value used in an actual field case. A more comprehensive

treatment of heat injection will be required to model more complex heaters that can

operate under a variety of settings.

To simulate heat convection and heat conduction, the model requires representa-

tions for thermal diffusivity and component enthalpy. The rate of heat conduction is
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primarily determined by thermal diffusivity α, where α = κ/(ρRcp). Here ρR is rock

density and cp is the specific heat capacity of the rock. Thermal conductivity κ is in

general a function of oil shale grade and temperature, and ρR and cp are functions

of kerogen content. The values of both rock density ρR and the rock specific heat

cp decrease slightly when the formation is heated and kerogen decomposes to hydro-

carbons [33]. For Green River oil shale that is rich in organic matter, the thermal

conductivity was reported to vary between 3.5 and 8.7 Btu/ft/day/◦F over the tem-

perature range 170◦F to 720◦F [45]. In this work, we treat ρR and cp as constants

though we treat κ as a history-matching parameter which we allow to vary over the

range 3.5-8.7 Btu/ft/day/◦F. Thus our value for κ should be viewed as an average

or ‘effective’ value. The data we are attempting to match is that reported for Shell’s

pilot test, as discussed in the next section.

The enthalpy of each fluid component is represented as a function of temperature

[48]:

Hi = Hai +HbiT +HciT
2 +HdiT

3 +HeiT
4 +HfiT

5, (3.8)

where Hi is the enthalpy of component i and Hai through Hfi are enthalpy coefficients

for component i, with the enthalpy in Btu/lb and temperature in ◦R.

3.1.6 Solution method

In the species-based formulation applied in this chapter, (3.1), (3.3), (3.4) and (2.27)

are discretized and solved fully implicitly. The unknowns to be computed are pressure,

temperature, mole fractions of each fluid component, and solid concentrations.

We apply Newton’s method to solve the coupled equations (see Figure 2.2). After



CHAPTER 3. MODELING THE IN-SITU UPGRADING 81

the Jacobian matrix is formed at each Newton iteration, we reduce the number of

equations and variables to a set that is solved simultaneously. This reduced set

of variables are the primary variables. We note that we do not decouple localized

reactions. Thus the number of primary variables is nc. The remaining (secondary)

variables are recovered from the primary variables after each Newton iteration.

The new time step is prescribed based on changes in the unknowns over the

previous time step as follows:

∆tn+1 = ∆tn min

[
(1 + ω)ηv
δv + ωηv

]
, (3.9)

where ∆tn+1 is the next time step, ∆tn is the current time step, ω is a tuning factor

between 0 and 1, δv is a parameter for each variable v, ηv is the desired change for each

variable, and the minimum is over all grid blocks [10]. The key parameter affecting

simulator performance is the parameter ηv. Our numerical experiments show that

the desired variable change in in-situ upgrading simulations should be specified to be

much smaller than in compositional simulations without reactions. This is because,

when the concentration of a specific component is small, for example 10−3 lbmol/ft3, a

desired change of 5×10−4 lbmol/ft3 corresponds to a 50% change, and this may hinder

convergence. Suggested parameter values for the in-situ upgrading simulations are

listed in Table 3.2.

3.2 Modeling the MDP-S project

In this section we describe the Mahogany Demonstration Project-South and then

present our detailed modeling procedure and simulation results for this project.
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Table 3.2: Suggested values for time step control parameters

Parameter Value (no reactions) Value (with reactions)
δ 0 0
ω 0.5 0.5

η for pressure 200 psi 10 psi
η for saturations 0.02 0.01

η for molar fractions 0.02 0.001

3.2.1 Mahogany Demonstration Project-South

Mahogany Demonstration Project-South (MDP-S) is a pilot in-situ conversion project

conducted by Shell in the Green River formation from 2003 to 2005 [18]. MDP-S is a

follow-up to the original Mahagony Demonstration Project. Sixteen vertical heaters

were drilled in three rings, and two producers were placed in the center of the heating

pattern. One additional perimeter producer hole was drilled outside the pattern [18].

Heating was conducted over a 113 ft interval. The top of this interval was at a depth

of 280 ft.

3.2.2 Description of MDP-S model

In order to validate our in-situ upgrading modeling capability, we developed a 3D

model of MDP-S based, to the extent possible, on the information provided in [18]

and [62]. Because much of the necessary data is proprietary, some parameters are

estimated based on available publications and some are determined through history

matching.

The model area is shown in Figure 3.1. The model contains two regions, a central

flow region and a surrounding heat loss region. The central region, designated by AA′
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in Figure 3.1(a) and 3.1(b), is approximately 47 ft in diameter and 113 ft in depth.

This is the heated interval. Because heat loss is a key concern in in-situ upgrading

processes, a much larger heat loss region is also included in the model. This region

allows us to capture both peripheral heat loss and heat loss to the overburden and

underburden. The heat loss region is designated by CC ′ in Figure 3.1(a) and 3.1(b).

The overall model (central flow and heat loss regions) is approximately 202 ft in

diameter and 273 ft in depth.

The initial porosity and permeability of the oil shale formation are very low [33],

though as the kerogen decomposes both porosity and permeability increase. Reason-

able values for the initial porosity and horizontal permeability are 0.0001 and 1 md,

which are rounded from the data reported in [64]. An appropriate value for initial

vertical permeability would therefore be about 0.1 md, which accounts for a typical

degree of anisotropy.

In the central flow region, we expect the porosity and permeability to be much

higher than these initial values because of kerogen decomposition. As indicated above,

we do not model porosity and permeability evolution, so ‘effective’ values must be

assigned for these parameters in the central flow region. For a typical (rich) oil shale

formation with 15 weight percent kerogen, we estimate that the porosity generated

by kerogen decomposition is approximately 0.10. However, a significant fraction of

the decomposition products are solids (e.g., prechar and char), and these can refill

half or more of the pore space generated by kerogen decomposition. In this work

we therefore use 0.05 as the effective porosity for the central flow region. We assign

the permeability for this region to be 300 md, which we calculate using the Carman-

Kozeny formula presented in [64] with a value of 0.05 for porosity. Because this
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permeability value is of course just an estimate, we performed a sensitivity study to

assess the impact of permeability on simulation results. We observed relatively small

changes in oil and gas production for permeability over the range of 80 md - 600

md. Therefore, our general findings can be expected to hold under the reasonable

assumption that the true effective permeability is indeed within this range.

Since very little kerogen decomposes in the heat loss region, we assign the initial

porosity and permeability to the blocks in this region. Because there is very little

fluid flow in the heat loss region, the major physical process there is heat conduction.

Our simulation results clearly demonstrate that the heat loss region is sufficiently

large to capture the key heat loss effects. More specifically, as will be shown below,

the region boundaries remain at essentially the initial formation temperature over the

course of the entire simulation, indicating that they are not affected by the downhole

heaters.

We note finally that the authors of [18] refer to the presence of pre-existing frac-

tures in the formation. However, in the absence of quantitative data (e.g., fracture

length, density and aperture distributions, etc.), it is impossible to gauge the effects

of these fractures on porosity and permeability, either before or after kerogen decom-

position. Thus we have not attempted to account for these fractures in our model of

MDP-S.

Within the central flow region, we place the 16 heaters and three producers as

described in [18]. As shown in Figure 3.2(a), the heaters are placed in three rings.

The outer two rings form hexagon patterns, with heater spacing of 14 ft and 19.5 ft,

respectively. The spacing of the four heaters in the inner ring is taken to be 10 ft. This

spacing was estimated from Figure 8 in [18]. The heater temperature (or specifics
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Figure 3.1: Model area for Mahogany Demonstration Project-South.

regarding power input) for MDP-S are not specified in [18]. In our simulation we

apply constant temperature heating with Th = 700◦F. This value is within the range

for target formation temperatures for in-situ upgrading processes [5]. The central

producers are placed 5 ft apart and the perimeter producer is located 4 ft south of

the southern-most heater. All producers are specified to operate with a bottomhole

pressure of 30 psi. We represent the system using a polar grid, shown in Figure 3.2(b).

Because of symmetry, we model only half of the region and then multiply the total

production data by two to obtain full-field results. A limited grid refinement study

demonstrated that the general level of grid resolution used here is sufficient.
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Figure 3.2: Heater positions and gridding of the simulation model for Mahogany
Demonstration Project-South.

3.2.3 Model components, reactions and other parameters

Modeling of the in-situ upgrading process for MDP-S requires phase component data,

chemical kinetics data, initial formation conditions, and thermal properties of the

rock. We now describe our models for these data.

The reactions included in the model were determined based on the data provided

by [64]. Because these reactions are defined in terms of generic components (e.g.,

heavy oil, light oil, hydrocarbon gas), whose properties are not defined, we must relate

these ‘pseudo-components’ to actual components and then apply lumping procedures

to determine properties. We proceed as follows.

The reactions included in the model and the associated kinetic data are listed

in Table 3.3. We use pseudo-species IC37 to represent heavy oil, IC13 to represent

light oil, and IC2 to represent the hydrocarbon gas referred to in [64]. The reactions

in Table 3.3 were modified slightly from those presented in [64]. Specifically, we
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eliminated water and prechar from the reactions (water is not included in our model

and prechar is assumed to stay in the solid phase, as discussed above). In addition,

we combined the two parallel kerogen decomposition reactions in [64] to one reaction

(Reaction 1 in Table 3.3). Our numerical results show that this combination reduces

computation time and does not affect hydrocarbon production rates. The reactions in

Table 3.3 are not in exact element balance because we do not include the prechar and

char products, which are not considered in the transport equations. This imbalance

is not a problem for our species-based formulation because this mass originates from

the solid phase, which is treated as the hydrocarbon source.

Table 3.3: Kinetic reactions in MDP-S case (adapted from [64])

No. Reactions and Parameters
1 KER(s)→0.0096 IC37+0.0178 IC13+0.04475 IC2+0.00541 CO2

A = 3.74×1012, Ea = 161.600 kJ/mol
2 IC37(g)→1.853 IC13+ 0.045 IC2

A = 2.65×1020, Ea = 206.034 kJ/mol
3 IC37(o)→0.2063 IC13+ 2.365 IC2

A = 6.25×1016, Ea = 206.034 kJ/mol
4 IC13(g)→5.73 IC2

A = 3.82×1020, Ea = 219.328 kJ/mol
5 IC13(o)→0.573 IC2

A = 9.85×1016, Ea = 219.328 kJ/mol

The components used in our model are taken from the pyrolysis analysis of Green

River oil shale in [7]. These experiments identified 31 components, consisting of 22

oil species and nine gas species. As a simplification, we consider only the 11 most

abundant oil species and the four most abundant gas species. Because the available set

of kinetics data (Table 3.3) is in terms of only three hydrocarbon species, we performed



CHAPTER 3. MODELING THE IN-SITU UPGRADING 88

a component lumping process to map the 13 hydrocarbon species to the three pseudo-

components appearing in Table 3.3. The original components and the lumped pseudo-

components used in the model are listed in Table 3.4 and Table 3.5. The gas species

CH4 and CHx were lumped to one component and mapped to pseudo-species IC2,

the oil species Oil-1 to Oil-6 were lumped and mapped to IC13, and the oil species

Oil-7 to Oil-11 were lumped and mapped to IC37. The interaction coefficients for

these lumped components, for use in the equation of state, are provided in Table 3.6.

The enthalpy coefficients for the individual oil and gas species are determined from

[48]. Enthalpy coefficients for the lumped components are listed in Table 3.7. The

lumping process was accomplished using the software package WinProp [38]. The

other parameters used in the MDP-S simulation are given in Table 3.8 (two of these

parameters are established through history matching, as described below).

The pore space of oil shale formations can initially be saturated with brine or

gases. Here we specify the pore space to be initially saturated with nitrogen and

carbon dioxide. These gases are produced from the central producer at early time.

As the kerogen decomposes, the pore space becomes saturated with hydrocarbons.

As discussed above, we do not include porosity and permeability evolution in our

model.

The parameters described above are treated as fixed. Two other parameters in

the model, initial kerogen concentration and thermal conductivity, are treated as

adjustable parameters because they are not reported. Data are available, however,

which prescribe reasonable physical ranges for these quantities. Commercially feasible

oil shale deposits contain between about 10 and 20 weight percent kerogen [15]. The
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Table 3.4: Compositions and properties – Green River oil shale pyrolysis components
(from [7])

Species Molar Critical Critical Accentric
Name Weight Pressure Temperature Factor

(g/mol) (psi) (R)
CO2 44.01 1070.40 547.53 0.239
N2 28.01 491.68 227.13 0.039

CH4 16.04 667.18 342.33 0.011
CHx 44.10 616.42 666.33 0.153
Oil-1 86 493.14 979.53 0.227
Oil-2 114 426.42 1103.73 0.300
Oil-3 142 374.20 1218.93 0.307
Oil-4 177 333.59 1323.33 0.379
Oil-5 212 292.98 1413.33 0.426
Oil-6 261 253.82 1506.93 0.511
Oil-7 317 213.21 1595.13 0.594
Oil-8 380 174.05 1674.33 0.664
Oil-9 464 133.44 1751.73 0.762
Oil-10 562 92.82 1793.13 0.941
Oil-11 703 92.82 1830.93 1.31

Table 3.5: Green River oil shale pyrolysis components and lumped components
Species Molar Critical Critical Accentric
Name Weight Pressure Temperature Factor

(g/mol) (psi) (R)
CO2 44.01 1070.40 547.53 0.239
N2 28.01 491.68 227.13 0.039
IC2 30.07 668.48 519.74 0.008
IC13 169.52 348.82 1287.65 0.365
IC37 465.83 135.69 1732.11 0.818
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Table 3.6: Interaction coefficients for components

CO2 N2 IC2 IC13 IC37

CO2 0 0.00003 0.00411 0.04309 0.1006
N2 0.00003 0 0.0035 0.04561 0.10602
IC2 0.00411 0.0035 0 0.02462 0.07449
IC13 0.04309 0.04561 0.02462 0 0.0150
IC37 0.1006 0.10602 0.07449 0.0150 0

Table 3.7: Enthalpy coefficients for components

CO2 N2 IC2 IC13 IC37

Hai, Btu·lb−1 4.78E+00 -6.89E-01 -3.40E+00 0.00E+00 0.00E+00
Hbi, Btu·lb−1·(◦R)−1 1.14E-01 2.54E-01 3.73E-01 -5.97E-02 -1.56E-02
Hci, Btu·lb−1·(◦R)−2 1.01E-04 -1.45E-05 -1.08E-04 4.01E-04 3.90E-04
Hdi, Btu·lb−1·(◦R)−3 -2.65E-08 1.25E-08 3.34E-07 -6.22E-08 -5.56E-08
Hei, Btu·lb−1·(◦R)−4 3.47E-12 -1.71E-12 -1.39E-10 0.00E+00 0.00E+00
Hfi, Btu·lb−1·(◦R)−5 -1.31E-16 -8.24E-17 1.93E-14 0.00E+00 0.00E+00
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Table 3.8: Summary of input parameters used in MDP-S model

Parameter Value
grid (nr, nθ, nz) (33, 19, 16)

overburden thickness 80 ft
heated interval 113 ft

underburden thickness 80 ft
initial temperature 70 ◦F

initial pressure 101 psi
initial kerogen 1.3 lbmol/ft3

rock compressibility 3×10−6/psi
rock volumetric heat capacity 25 Btu/ft3/◦F

porosity (heat loss region) 0.0001
permeability (heat loss region) kr=kθ=10kz=1 md
porosity (central flow region) 0.05

permeability (central flow region) kr=kθ=kz=300 md
thermal conductivity 7 Btu/ft/day/◦F
heater temperature 700 ◦F

producer BHP 30 psi
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density of oil shale is about 2 g/cm3, so the kerogen content should be about 0.2-

0.4 g kerogen/cm3 oil shale. Given that we represent kerogen as CH1.5N0.026O0.05, this

range corresponds to 0.85-1.7 lbmol/ft3. As indicated above, thermal conductivity

was reported to vary from 3.5-8.7 Btu/ft/day/◦F for organic-rich oil shale formations

[45].

We varied the initial kerogen concentration and thermal conductivity over these

physical ranges in order to establish a reasonable level of agreement between our sim-

ulation results and the MDP-S pilot data. The parameter values thus determined

are 1.3 lbmol/ft3 for the initial kerogen concentration and 7 Btu/ft/day/◦F for the

rock thermal conductivity. Using these parameters, the model predicts total oil pro-

duction of 1,834 bbl and total hydrocarbon production of 2,529 bbl of oil equivalent

(boe) after 500 days of production (in computing boe, we take 5.478 mcf of gas to

be equivalent to one barrel of oil). The reported field test results are 1,813 bbl of

oil and 2,659 boe, respectively [62]. The simulation predictions for total production

are within 5% of the field test results. The cumulative oil and total productions as a

function of time are shown in Figure 3.3(b). It is evident that there is a reasonable

agreement between the MDP-S results and our simulation over the entire production

period.

Although these MDP-S model parameters are physically realistic, this ‘history

match’ is of course nonunique, and it is likely that other sets of parameters would

provide comparable agreement with the field data. We further expect that the level

of agreement could be improved by treating more parameters as adjustable (e.g.,

effective porosity and permeability). Nonetheless, the fact that we are able to achieve

acceptable agreement with the test results, using realistic parameter values, provides
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a degree of validation for our implementation.

3.2.4 Simulation results

The oil and gas production results for the MDP-S case are shown in Figure 3.3(a) and

Figure 3.3(b). Figure 3.3(a) illustrates some characteristics of the in-situ upgrading

process. The initial high gas production rate is due to the decomposition of the kero-

gen in the heater blocks – this kerogen breaks down quickly after the simulation starts

(the heaters are operated at a temperature of 700 ◦F). The reservoir temperature then

gradually increases, and both gas and oil production ramp up approximately 50 days

after heat injection is initiated. Peak hydrocarbon production is reached at about

220 days. Then, as the kerogen is consumed, oil and gas production rates decrease.

As discussed earlier, the porosity was set to 0.0001 in the heat loss regions. Because

this very low value for porosity necessitates small time steps and thus leads to high

computation times, we investigated the impact of deactivating the cells in the heat

loss regions with respect to flow by setting permeability to zero (these cells are still

active in terms of heat conduction). Simulation results for this case are very similar to

those for the previous case; e.g., kerogen concentration maps are essentially identical

and there is only a difference of 0.2% in total hydrocarbon production between the

two cases. By deactivating these cells, however, we achieved a speedup factor of

two relative to the previous case. Therefore, in all of the following simulations, we

consistently set permeability to zero in the heat loss regions.

Figure 3.4 shows a cross-sectional view of the temperature in the MDP-S model

after 500 days of heat injection. Most of the central flow region is above 600 ◦F except

for the portion adjacent to the surrounding heat loss region. The simulation results
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(a) oil and hydrocarbon gas production rates (b) cumulative oil and total production

Figure 3.3: Hydrocarbon production results for the MDP-S project. Solid lines are
simulation results from our model. Symbols are MDP-S field test results from [62].

indicate that the temperature change far from the heaters is not significant. In the

figures that follow, we therefore show only the central flow region and a small portion

of the heat loss region. This region is designated as BB′ in Figure 3.1(a).

Figure 3.4: Cross-sectional view of temperature (◦F) at 500 days (region between CC ′

in Figure 3.1(b) shown).

Figures 3.5-3.7 depict the formation temperature, kerogen concentration and oil

saturation at various times during the in-situ upgrading process. The heating of the
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central flow region is evident from Figure 3.5. From Figure 3.6 we see that kerogen

first decomposes near the heaters and eventually throughout the entire heated region.

After 500 days, the kerogen is almost fully depleted. At 60 days, the oil saturation

map (Figure 3.7) is more or less the inverse of the kerogen map, except that the oil

is impacted by gravity. The producers are completed at the bottom of the heated

interval, so it is from here that oil and gas are produced. Figure 3.7 also shows that

the oil within the heating pattern is completely produced at 500 days. However, some

oil just outside the heating pattern has not yet been produced. This is because the

viscosity of this oil is higher due to the lower temperature in this region.

Overall oil and gas production rates are shown in Figures 3.3(a) and 3.3(b). It

is, however, also of interest to consider the composition of the produced oil and gas.

These compositions are presented in Figure 3.8. Here we see that the largest gas

component is IC2 and the largest oil component is IC13. The production rate of the

heavy oil species IC37 in both the gas and oil phases is close to zero due to the fact that

this component decomposes very quickly once it is generated. The overall produced

oil can be classified as high-quality light oil, with an average API gravity of 45. This

value is of course strongly dependent on the components lumped into IC13. It is of

interest to note that the API gravity of the MDP-S oil is also reported to be 45 [62].

3.3 Sensitivity analysis

We now assess the sensitivity of the in-situ upgrading procedure to key engineering

parameters, specifically heater temperature, heater pattern and heater spacing effects.

For this assessment, we model infinite systems containing repeated patterns of heaters

and producers. For such models, we need only simulate a single symmetry element
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Figure 3.5: Temperature (◦F) for MDP-S simulation over region BB′ (shown in Figure
3.1(b)).

Figure 3.6: Remaining kerogen (lbmol/ft3) for MDP-S simulation over region BB′.

Figure 3.7: Oil saturation for MDP-S simulation over region BB′.
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(a) gas component rates (b) oil component rates

Figure 3.8: Hydrocarbon component production rates from MDP-S model.

(or a portion of a symmetry element).

The patterns considered are shown in Figures 3.9(a) - 3.9(c). The base case here

is the hexagonal heater arrangement (Figure 3.9(a)) with the heaters operated at a

constant temperature of 700◦F. The heater spacing is 8 ft. The simulation area within

one hexagon pattern in the base case is approximately 183 ft2. The thickness of the

overburden and underburden are both 80 ft (these are included to account for heat

loss). We use Cartesian grids with cell dimensions ∆x = ∆y = 0.5 ft and ∆z = 11.3

ft in the heated interval and ∆z = 26.7 ft in the overburden and underburden.

A limited grid refinement study showed that production results are insensitive to

further refinement. Peripheral heat loss does not occur in any of the sensitivity

cases because the patterns are considered to be repeated indefinitely. Except where

otherwise specified, the other model parameters are the same as those used in the

MDP-S simulation discussed above.
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(a) hexagon pattern (b) square pattern (c) triangle pattern

Figure 3.9: Top view of heaters and producers for sensitivity analysis.

3.3.1 Temperature effect

We first consider the effect of heater temperature on the in-situ upgrading process.

For these results we consider only the hexagon pattern. Due to symmetry, we simulate

half of the pattern and then reconstruct results for the full pattern (in all cases we

report results for the full pattern). Temperature results for the base case (Th =

700 ◦F) are shown in Figure 3.10. We also considered Th = 650 ◦F and Th = 600 ◦F.

Results for these cases appear in Figure 3.11 and Figure 3.12. As expected, formation

temperatures are consistently lower for the Th = 600 ◦F case.

Results for gas and oil rates and cumulative production for the three cases are

presented in Figure 3.13. We observe that the hydrocarbon production is very sensi-

tive to temperature – with these decreases in Th, the peak oil and gas rates decrease

significantly. The peak production times are also delayed, and the peaks are not as

sharp, as the heater temperature decreases. This is due to the strong dependency of

the reaction rates on temperature. In addition, at lower Th the cumulative hydrocar-

bon production is consistently below that for the base case over the entire simulation.

This is again due to the slower kinetics. The ultimate production for all three cases

is expected to be the same if the simulations were run for very long times.
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t = 100 days t = 200 days t = 400 days t = 800 days

Figure 3.10: Temperature variation for repeated hexagon pattern (heater temperature
is 700 ◦F, heater spacing is 8 ft). This model represents the base case.

t = 100 days t = 200 days t = 400 days t = 800 days

Figure 3.11: Temperature variation for repeated hexagon pattern (heater temperature
is 650 ◦F, heater spacing is 8 ft).

t = 100 days t = 200 days t = 400 days t = 800 days

Figure 3.12: Temperature variation for repeated hexagon pattern (heater temperature
is 600 ◦F, heater spacing is 8 ft).
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(a) oil and hydrocarbon gas production rates (b) cumulative oil and total production

Figure 3.13: Effect of heater temperature on hydrocarbon production.

3.3.2 Heater pattern effect

We now evaluate the effect of heater pattern by considering two additional cases – a

square heater pattern and a triangular heater pattern, as shown in Figures 3.9(b) and

3.9(c). All parameters are otherwise the same as in the base case (e.g., Th = 700 ◦F).

These patterns contain fewer heaters than the base case, but the total areas of all

three patterns are essentially the same (within a few percent). The heater spacing is

13 ft in the square pattern and 20 ft in the triangular pattern.

Temperature results for the square and triangle patterns are shown in Figures 3.14

and 3.15. Production results for these patterns, along with those of the base case, are

presented in Figure 3.16. As would be expected, with fewer heaters per volume of oil

shale, more time is required for the formation temperature to approach Th (compare

Figures 3.10, 3.14 and 3.15), and the peak production times for both oil and gas are

correspondingly delayed. It is also evident that, over the 2000 days of simulation, the

cumulative hydrocarbon production for the square and triangle patterns is always
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lower than that for the hexagon pattern.

These results are of interest as they illustrate the sorts of tradeoffs that must be

considered in designing a field-scale in-situ upgrading process. Specifically, the trian-

gle pattern entails fewer heaters so it will be less expensive to implement. The oil and

gas produced from this pattern are delayed considerably, however, relative to that pro-

duced from the more expensive hexagon pattern – thus the value of the hydrocarbons

produced from the triangle pattern must be discounted. The relative advantages and

disadvantages of these and other patterns can best be assessed through a systematic

study. It will also be useful to apply formal optimization strategies to this problem.

t = 100 days t = 200 days t = 400 days t = 800 days

Figure 3.14: Temperature variation for repeated square pattern (heater temperature
is 700 ◦F, heater spacing is 13 ft).

t = 100 days t = 200 days t = 400 days t = 800 days

Figure 3.15: Temperature variation for repeated triangle pattern (heater temperature
is 700 ◦F, heater spacing is 20 ft).
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(a) oil and hydrocarbon gas production rates (b) cumulative oil and total production

Figure 3.16: Effect of heating pattern on hydrocarbon production.

3.3.3 Heater spacing effect

The effect of the distance between adjacent heater wells is now studied by considering

two additional cases for the hexagon pattern. The heater spacings in these cases are

10 ft and 12 ft. We note that the simulation areas increase when the heater spacing

is increased. All other system parameters are the same as in the base case. The tem-

perature variation for the cases with 10 ft and 12 ft spacings is shown in Figure 3.17

and Figure 3.18. Results for hydrocarbon production are shown in Figure 3.19. We

observe that increases in heater spacing have a noticeable impact on reservoir tem-

perature. Peak oil and gas production occurs later, and the peaks are less sharp,

than in the base case (similar effects were observed above for the square and triangle

patterns). With larger heater patterns, more total kerogen is available, though the

decomposition requires more time. The ultimate cumulative hydrocarbon production

in these cases is proportional to the pattern area. However, because of heat loss to

the underburden and overburden, larger heater spacing requires more total energy
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input (per energy produced) than smaller spacings. We quantify this effect in the

next section.

t = 100 days t = 200 days t = 400 days t = 800 days

Figure 3.17: Temperature variation for repeated hexagon pattern (heater temperature
is 700 ◦F, heater spacing is 10 ft).

t = 100 days t = 200 days t = 400 days t = 800 days

Figure 3.18: Temperature variation for repeated hexagon pattern (heater temperature
is 700 ◦F, heater spacing is 12 ft).

3.3.4 Energy ratios for the various scenarios

A key efficiency measure for the in-situ upgrading process (or for any production

operation that requires very substantial energy input) is the ratio of energy produced

to energy expended. This ratio, which we refer to as Eout/Ein, should be significantly

larger than unity for a cost-effective operation. Here we measure energy output as the



CHAPTER 3. MODELING THE IN-SITU UPGRADING 104

(a) oil and hydrocarbon gas production rates (b) cumulative oil and total production

Figure 3.19: Effect of heater spacing on hydrocarbon production.

chemical energy content of the cumulative hydrocarbon production, with each barrel

of oil equivalent yielding 5.6×106 Btu. The energy input considered here includes only

thermal energy – we do not account for energy losses associated with, e.g., generating

the electricity required to power the heaters. Since we use very large specific heat

capacities for the heater blocks, the internal energy in the heater blocks at initial

time is very large. Over the course of the simulation, thermal energy diffuses from

heater blocks to the formation. The thermal energy introduced into the formation is

computed from the total energy decrease in the heater blocks:

Ein =

nh∑
h=1

(E0
h − Eh), (3.10)

where h is heater block index, nh is the number of heater blocks, Eh is the total

internal energy in heater block h, and E0
h is the initial heater block energy.

In practice, it will not be economic to operate an in-situ upgrading process once
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hydrocarbon production falls below some threshold. Here we assume that produc-

tion proceeds until 90% of the hydrocarbons are produced. The total hydrocarbon

production is computed based on a Fischer Assay of the kerogen. This means that

different scenarios will operate for different periods of time. This procedure for com-

puting Eout/Ein will generally benefit scenarios in which hydrocarbon production

occurs quickly and shows sharp (rather than diffused) peaks.

Results for Eout/Ein are presented in Table 3.9. These energy ratios fall within a

range of 6.2-6.9. The highest energy ratio is obtained for the base case and for the

hexagon pattern with 8 ft heater spacing and Th = 650 ◦F. The results in Table 3.9

indicate that the energy ratio decreases when the heater spacing increases. This can

be explained in terms of heat loss to the overburden and underburden, as prolonged

operating time results in increased energy loss.

It is of interest to compare these values with those computed in Brandt et al. [6],

where a high-level (system) analysis of the in-situ upgrading process was performed.

In his paper, Brandt considered a number of effects not included here, such as energy

losses associated with electricity generation, so his values for Eout/Ein are much lower

than those in Table 3.9. Considering only thermal energy inputs, as in the energy

ratio results presented here, Brandt (personal communication) arrived at values for

Eout/Ein of 6.1-7.4, which are in close agreement with the results presented in Ta-

ble 3.9. This lends further credence to our in-situ upgrading modeling capability.

We note finally that the existence of significant amounts of in-situ water will act to

reduce Eout/Ein, as energy must be expended to heat and vaporize this water. This

effect is not included in our model.
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Table 3.9: Energy ratios for the sensitivity study cases (at 90% recovery efficiency)

Pattern Heater Heater Thermal Energy Chemical Energy Eout/Ein
Temperature Spacing Input (Btu) Output (Btu)

Hexagon 700 ◦F 8 ft 3.346E+08 2.296E+09 6.9
Hexagon 650 ◦F 8 ft 3.345E+08 2.296E+09 6.9
Hexagon 600 ◦F 8 ft 3.367E+08 2.296E+09 6.8
Square 700 ◦F 13 ft 3.396E+08 2.283E+09 6.7

Triangle 700 ◦F 20 ft 3.646E+08 2.261E+09 6.2
Hexagon 700 ◦F 10 ft 5.175E+08 3.480E+09 6.7
Hexagon 700 ◦F 12 ft 7.560E+08 4.914E+09 6.5

3.4 Concluding remarks

In this chapter, we applied the species-based chemical reaction formulation to model

the in-situ upgrading of oil shale. In our model, chemical kinetics is fully coupled with

a thermal-compositional formulation. We applied this modeling capability to simulate

a system based on Shell’s in-situ upgrading pilot test, the Mahogany Demonstration

Project-South. These simulations used Green River oil shale data, 16 heaters and

three producers. The downhole heaters were simulated as constant temperature heat

sources. After modest tuning of some uncertain system parameters, the results from

our model demonstrated reasonable agreement with data reported for the field test.

This provides a degree of validation for the in-situ upgrading simulation capability.

A sensitivity analysis showed that the oil and gas production are highly dependent

on the heater temperature. Over the range 600 ◦F to 700 ◦F, higher heater temper-

ature was shown to provide faster overall hydrocarbon production. Heater pattern

can also affect oil and gas production rates and cumulative production. The hydro-

carbon yield is additionally impacted by the distance between adjacent wells. The
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ratio of energy output to energy input was found to be in the range of 6.2-6.9 for all

sensitivity cases considered. This ratio is impacted by heat loss to the overburden

and underburden. In total, we believe that the simulation procedure developed here

may, after further validation and extension, find use in the design and optimization

of in-situ upgrading processes.



Chapter 4

Modeling Carbon Storage in Deep

Saline Aquifers

The IPCC Special Report on Carbon Dioxide Capture and Storage [23] states that

carbon dioxide constitutes the largest contribution to atmospheric greenhouse gases

from human activities. Subsequent studies provide further evidence that carbon diox-

ide is a dominant cause of global climate change, particularly temperature increases

[24]. Large-scale carbon capture and storage (CCS) in deep saline aquifers is being

considered as an option for reducing anthropogenic CO2 emissions to the atmosphere

[3, 24]. Engineering models will be essential to all phases of the sequestration op-

eration. In this chapter, we present a compositional simulator that models all of

the known trapping mechanisms associated with CO2 sequestration in deep saline

aquifers, namely, structural, residual, solubility, and mineral trapping. The model-

ing of mineralization is achieved using the element-based nonlinear chemical reaction

formulation described in Chapter 2.

108
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4.1 Modeling techniques

Numerical simulation of the CO2 sequestration process in deep saline aquifers in-

volves modeling the complex interactions between the injected CO2, the resident

fluid, and the rock. The transport involves gaseous species (e.g., CO2(g), H2O(g)),

electrically neutral species in the aqueous phase (e.g., CO2(aq), SiO2(aq)), and elec-

trically charged ions (e.g., H+, HCO−3 ). Geochemical reactions occur among these

species. The actual physical and chemical processes that occur during CO2 injection

and migration are quite complex, and some effects are not incorporated in our model.

Specifically, we do not include an energy balance to account for dynamic thermal

effects, though we account for the presence of a geothermal gradient. Moreover, ge-

omechanical effects are not included, and we assume that changes in the porosity due

to mineral reactions are small [20]. We now describe our model in detail.

4.1.1 EOS based compositional simulation

Before CO2 injection, the pore space in the aquifer is assumed to be fully saturated

with brine, which consists of H2O and a number of ions. The salinity of the brine is due

to high concentrations of dissolved salts. Because the injected CO2 and the resident

brine are not completely miscible at typical reservoir conditions, two separate phases

are formed, a gaseous phase (which is typically a supercritical fluid) consisting of CO2

and vaporized H2O and an aqueous phase consisting of H2O, dissolved CO2, ions, and

mineral compounds dissolved from rocks. We assume the ions do not partition into

the gaseous phase.

In this work, we extended GPRS to simultaneously model systems with four

phases, namely, gas, oil, water, and solid. Because the water phase in the current
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version of GPRS is treated as an immiscible single-component phase in GPRS, for

convenience we label the aqueous phase as the ‘oil’ phase in the simulator in order to

model the transport of various ions.

Local phase equilibrium is assumed for each grid block. The species that can par-

tition into both the gas and aqueous phases are CO2 and H2O. The phase equilibrium

described by (2.27) can be written as:

f gi = faqi , (i = CO2,H2O), (4.1)

where f denotes fugacity. We use the Peng-Robinson equation of state (EOS) [49]

to model the phase equilibrium and to calculate the densities for both phases. The

viscosities of the gaseous and liquid phases are modeled using a standard mixing rule

for EOS calculations [28]. The parameters for EOS calculations involving CO2 and

H2O are summarized in Table 4.1. These parameters are given in both SI and field

units.

Table 4.1: Properties of CO2 and H2O for equation of state (EOS) calculations

CO2 H2O
SI field units SI field units

Crit. Temp. 304.13 K 547.43 R 647.09 K 1164.77 R
Crit. Pres. 7.38 MPa 1071.33 psi 22.06 MPa 3200 psi
Crit. Vol. 0.094 m3/kmol 1.506 ft3/lbmol 0.056 m3/kmol 0.898 ft3/lbmol

Acc. Factor 0.22394 0.22394 0.344 0.344
Molar weight 44.01 kg/kmol 44.01 lb/lbmol 18.02 kg/kmol 18.02 lb/lbmol

In addition to the parameters listed in Table 4.1, the EOS calculations also require

the so-called volume shift parameter Vs for CO2 and H2O, and the binary interaction

coefficient Ψ for the CO2-H2O pair. We take Vs,CO2
= 0.024668 and treat Vs,H2O and
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Ψ as adjustable parameters to fit the field (or experimental) data of the aqueous phase

density and CO2 solubility for specific injection sites. If field data are not available,

Vs,H2O and Ψ can be estimated from the average reservoir temperature and salinity

using the following expressions [29]:

Vs,H2O = 0.179 + 2.22× 10−4(T − 113) + 4.9867× 10−7SNaCl, (4.2)

ΨCO2−H2O = −0.093625 + 4.861× 10−4(T − 113) + 2.29× 10−7SNaCl, (4.3)

where T is temperature in ◦F and SNaCl is salinity in ppm of NaCl.

4.1.2 Hysteresis models

Residual trapping of CO2 takes place when the brine (assumed to be the wetting

phase in the presence of a supercritical CO2 phase) imbibes into regions previously

invaded by CO2. In order to properly represent the dynamics of residual trapping, a

hysteresis model for the relative permeability is required. Various hysteresis models

have been implemented and verified in GPRS [16]. Specifically, these models are the

Land [31], Carlson [11] and Jerauld models [25]. We now discuss these hysteresis

models.

Figure 4.1 illustrates a set of relative permeability curves for a gas-brine system.

We assume that the maximum relative permeabilities of both the gas and aqueous

phases are unity. The independent variable in the figure is the normalized gas phase

saturation S∗g , where

S∗g =
Sg

1− Swr
. (4.4)
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Here Sg is gas saturation and Swr is the irreducible aqueous phase saturation. In

Figure 4.1, AB is the primary drainage curve for the gas phase. The curve BC is

one of the scanning imbibition curves. If the CO2 is injected near the bottom of

the aquifer, the gas saturation in regions close to or above the injection location

typically follows a process that can be described by the path A-B-E in Figure 4.1.

At point E, the gas saturation S∗g,E consists of a residually trapped portion of gas

due to capillary forces and free gas (the remaining mobile gas that is free to flow).

The mobile gas saturation is determined by the effective relative permeability at E

projected to the primary drainage curve (i.e., S∗g,F ). Therefore, the residually trapped

CO2 is S∗g,E − S∗g,F . We note that during the post-injection period, the amount of

residually trapped CO2 varies as a function of space and time.

Figure 4.1: Illustration of gas-brine relative permeabilities and residual trapping.
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4.1.3 Geochemical modeling

Geochemical simulation of CO2 storage in saline aquifers entails modeling the trans-

port of fluid species, the evolution of minerals, and chemical reactions between CO2,

H2O, ions and minerals in the rock. The transport equations in GPRS are extended

to handle the various fluid phases. The conservation equation for the solid is also a

new development, as described in Chapter 2 (e.g., see Equation (2.5)).

The activity coefficients of electrically charged ions are calculated by the B-dot

model (given earlier in (2.50)):

log γiw = − Az2
i

√
I

1 + âiB
√
I

+ ḂI, (4.5)

where the temperature-dependent constants A, B, and Ḃ are given in Table 4.2. We

interpolate these values for the temperature in each control volume (grid block) in

our model. The ionic strength I is calculated by I = 0.5
∑

imiz
2
i , where that mi and

zi are the molality and electrical charge of each ion, respectively. The ionic size âi is

taken from the EQ3/6 thermodynamic database [67].

Table 4.2: B-dot model parameters from the EQ3/6 database [67]

T (◦C) 25 60 100 150 200
A 0.4939 0.5465 0.5995 0.6855 0.7994
B 0.3253 0.3346 0.3421 0.3525 0.3639

Ḃ 0.041 0.0438 0.046 0.047 0.047

In this work, we take the activities of H2O(aq) and of all minerals to be unity.

Moreover, the activity coefficients of electrically neutral species (e.g., CO2(aq), SiO2(aq))

in the aqueous phase are also taken as unity. We note that, as indicated in Chapter 1,
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the Pitzer activity model [51] may be required for systems with high salinity.

The geochemical reactions relevant to CO2 mineralization include both equilib-

rium and kinetic reactions. The equilibrium reactions are characterized in terms of

fluid and solid species activities. The reaction laws describing mineral precipitation,

or dissolution, are taken from Nghiem et al. [42]. We apply the element-based formu-

lation described in Chapter 2 to model the CO2 mineralization processes. Newton’s

method is used to solve the resulting nonlinear system. Because the use of the GM-

RES solver preconditioned with CPR is the best solution strategy available in GPRS,

we apply this approach for all simulations presented in this chapter.

4.2 Geochemical model verification

A verification case was carried out to compare the results from GPRS with GEM-

GHG [36], a commercial simulator. This comparison case is designed to verify the

various modules implemented in GPRS, including the B-dot activity model, chemical

equilibrium calculations, mineral kinetic laws, and the numerical solution algorithm.

We note that GEM-GHG uses a formulation equivalent to our species-based formu-

lation, while we apply the element-based formulation here.

We consider a one-dimensional horizontal reservoir extending 306 m in the x

direction and 3 m in both the y and z directions. The reservoir is discretized uniformly

into 102 blocks. Initially, the reservoir is saturated with brine. We inject a pure CO2

stream from the left-most block at constant bottomhole pressure (BHP). A producer

under BHP control is located at the right-most block to maintain injectivity. The

relevant parameters for this problem are given in Table 4.3.

This case involves eight minerals and 12 chemical reactions. The parameters
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Table 4.3: Summary of input parameters for the verification case

Parameter Value
grid (nx, ny, nz) (102, 1, 1)
grid block size 3 m × 3 m × 3 m

reservoir temperature 50 ◦C
initial pressure 3.46 MPa (502 psi)

porosity 0.10
permeability kx=ky=kz=9.869×10−14 m2 (100 md)

injector location (1,1,1)
injector BHP 4.14 MPa (600 psi)

producer location (102,1,1)
producer BHP 0.69 MPa (100 psi)

associated with the ions are listed in Table 4.4. The initial molalities of the ions are

obtained by simulating a batch system (one grid block) for 5,000 years to ensure that

chemical equilibrium is honored at initial conditions. The chemical reactions and

mineral kinetic data were specified earlier in Tables 2.3 and 2.4.

Table 4.4: Input parameters for each ion for the verification case

Ion symbol charge size (Å) initial molality (mol/kg)
H+ 1 9 5.71E-07

Al+++ 3 9 3.13E-12
Fe++ 2 6 2.73E-04

SiO2(aq) 0 3 4.73E-04
K+ 1 3 9.89E-03

Ca++ 2 6 2.52E-02
Mg++ 2 8 2.62E-03
HCO−3 -1 4.5 2.14E-03
CO−−3 -2 4.5 4.23E-07
OH− -1 3.5 4.49E-08

Al(OH)+
2 1 5 1.28E-09

Figures 4.2 and 4.3 present the ion molalities and mineral net changes after 50
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days of injection. The symbols represent the results from GPRS and the lines rep-

resent the results from GEM-GHG. It is evident that the results from these two

simulators are in very close agreement. We note that at 50 days, the injected CO2

has flooded approximately 65% of the reservoir. The chemical system ahead of the

CO2 front is essentially not affected. This case provides a degree of verification of

CO2 mineralization modeling capabilities implemented in GPRS.

Figure 4.2: Comparison of ion molalities (mol/kg) from GPRS and GEM-GHG for
1-D case at 50 days. Symbols represent GPRS results, lines represent GEM-GHG
results.

4.3 Simulation results of a benchmark case

We now present detailed results for a benchmark study of CO2 injection into a large

saline aquifer. For this study, we constructed two models: a fine-grid model with

300,000 grid blocks and a coarse-grid model with 1,500 blocks. We simulate the
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Figure 4.3: Comparison of mineral changes (mol/m3) from GPRS and GEM-GHG
for 1-D case at 50 days. Symbols represent GPRS results, lines represent GEM-GHG
results.

CO2 migration, dissolution, and residual trapping on the fine-grid model. On the

coarse-grid model, we also consider geochemical reactions.

4.3.1 Model description

The basic benchmark study was proposed by Dahle et al. [14]. The original bench-

mark model is a homogeneous aquifer with 1% dip that extends for 200 km in the

dip direction and 100 km in the direction perpendicular to the dip. The thickness of

the aquifer is 50 m. The aquifer is confined by impermeable barriers from above and

below. Constant-pressure conditions are applied on the horizontal boundaries. Our

initial numerical tests show that it is not necessary to use the entire reservoir model.

This is because the injected CO2 is confined in the central area far from the bound-

aries for the time frame of interest (which is 20,000 years). Therefore, we model a
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fraction of the aquifer, which is 15 km in the dip direction and 10 km in the direction

perpendicular to the dip. The horizonatal boundary conditions in the new model are

also taken to be constant pressure conditions. The other model parameters, unless

otherwise specified, are the same as those defined in [14].

Because of symmetry, we simulate only half of the domain; i.e., our model is 5 km

in the y direction (shown in Figure 4.4). A horizontal well is perforated at the bottom

of the aquifer, 5 km updip from the lowest point of the aquifer. The orientation of

the well is perpendicular to the dip. The total length of the well completion zone is

1 km. Due to symmetry, we model only half of this total length. The well injects

pure CO2 at a rate of 1 Mt/yr for 20 years, after which the well is shut-in.

The relative permeabilities of the gas and aqueous phases are given by:

krg = 0.4[1− (S∗w)2](1− S∗w)2, krw = (S∗w)4 , (4.6)

where S∗w is the normalized aqueous phase saturation given by:

S∗w =
Sw − Swr
1− Swr

. (4.7)

Here, the irreducible aqueous phase saturation Swr is taken to be 0.20. Hysteresis is

modeled using Land’s relation, in which the irreducible gas saturation in the bounding

(primary) imbibition curve is taken to be 0.20. The other parameters are summarized

in Table 4.5.
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Figure 4.4: Schematic of model adapted from [14].

Table 4.5: Summary of input parameters for benchmark model

Parameter Value
initial reference depth 2500 m

initial reference pressure 24.6 MPa (3568 psi)
initial reference temperature 72.5 ◦C (162.5 ◦F)

porosity 0.15
permeability kx=ky=kz=10−13 m2 (101 md)

geothermal gradient 25 ◦C/km
rock thermal conductivity 3 W/m/K
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4.3.2 Fine-grid results without geochemistry

We discretize the aquifer model shown in Figure 4.4 using 300,000 Cartesian grid

blocks, specifically, 150 cells in the x direction, 50 cells in the y direction, and 40

cells in the z direction. The size of each grid block is 100 m× 100 m × 1.25 m.

Figure 4.5 shows the evolution of gas phase saturation with time. We see that the

gas (i.e., supercritical CO2) migrates upwards, then slowly moves outwards in the

updip direction due to buoyancy effects. During this migration, some amount of the

gas phase is residually trapped by capillary forces. Figure 4.6 shows the residually

trapped gas at four different times. In this case, residual trapping occurs mostly as

the CO2 plume moves from the bottom to the top of the aquifer. The difference

between the saturation values in Figure 4.5 and those in Figure 4.6 represent the free

gas saturation. At 20,000 years, there is essentially no free gas, because most of the

CO2 has either dissolved or is residually trapped.

Figure 4.5: Gas phase saturation variation over time for the benchmark model.
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Figure 4.6: Residually trapped gas over time.

Figure 4.7 shows the dissolved CO2 molar fraction in the aqueous phase. Because

the supercritical CO2 phase and the aqueous phase are immiscible, the dissolved

CO2 mole fractions varies from zero to approximately 0.05. In the first 100 years,

CO2 dissolves into the aqueous phase along the gas plume, and the aqueous phase

becomes saturated with CO2 in regions contacted by the gas. At later time, CO2

dissolution occurs mostly at the interface of the gas plume, particularly into the

underlying aqueous phase. Because the brine with dissolved CO2 is more dense than

that without CO2, the aqueous phase with dissolved CO2 gradually settles under

gravity [53]. At 20,000 years, all of the CO2 in the gas plume is fully dissolved in the

brine.

Figure 4.8 shows the evolution of the aqueous phase density during this process.

It is evident that the density of the aqueous phase is closely related to the amount of

dissolved CO2. Figure 4.8 also indicates that at later time, the water with dissolved
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Figure 4.7: Solubility trapping of CO2. Values shown are molar fraction of dissolved
CO2 in the aqueous phase.

CO2 moves in the downdip direction, which effectively increases the storage security.

Figure 4.9 shows the distribution of the injected CO2 over time. The CO2 in the

gas phase is the sum of the CO2 in the free gas phase and the residually trapped gas.

We can see that most of the system dynamics occurs in the first 10,000 years. The

CO2 in the aqueous phase increases as the CO2 in the free gas phase decreases. The

CO2 in free gas phase approaches zero after approximately 8,000 years.

4.3.3 Coarse-grid results with carbon mineralization

Carbon mineralization entails the fixation of carbon as stable carbonate minerals. To

form carbonate minerals, divalent cations (e.g., Ca++, Fe++) are generally required

[46]. These cations can be provided by silicate minerals in the saline aquifer. Although

carbonate phases are thermodynamically more favored than silicate minerals (e.g.,
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Figure 4.8: Aqueous phase density (g/cm3) variation with time.

Figure 4.9: Carbon distribution in the fine-grid model of the benchmark study.
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anorthite, forsterite), the dissolution of silicate minerals is very slow [20]. Thus the

overall mineralization process occurs over very long time scales.

We constructed a coarse-grid model for the benchmark case described earlier. The

model contains 30 grid blocks in the x direction, 10 in the y direction, and 5 in the

z direction. Because we have mineral kinetic data available for a temperature of

50 ◦C, we specify this to be the reservoir temperature. The other parameters remain

unchanged. The geochemical reactions included in this model are listed in Table 4.6.

We consider three equilibrium reactions and three mineral reactions. Overall, the

anorthite provides the Ca++, which facilitates calcite precipitation during the CO2

injection and migration processes. The kinetic data for anorthite, calcite, and kaoli-

nite were given previously in Table 2.4.

Table 4.6: Chemical reactions for CO2 mineralization in the benchmark study

No. Reaction
(1) CO2(aq) + H2O = H+ + HCO−3
(2) CO−−3 + H+ = HCO−3
(3) OH− + H+ = H2O
(4) Anorthite + 8 H+ = 4 H2O + Ca++ + 2 Al+++ + 2 SiO2(aq)
(5) Calcite + H+ = Ca++ + HCO−3
(6) Kaolinite + 6 H+ = 5 H2O + 2 Al+++ + 2 SiO2(aq)

We simulate this case for 20,000 years. Figures 4.10 through 4.12 depict the

evolution of anorthite, calcite and kaolinite. It is evident that the injection of CO2

promotes anorthite dissolution. As a result, calcite and kaolinite precipitate.

We also performed a coarse-grid simulation without geochemistry. Figure 4.13(a)

shows the evolution of injected CO2 over time for this model. By comparing Fig-

ure 4.9 and Figure 4.13(a), we observe that in the coarse-grid model, the free gas
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Figure 4.10: Evolution of the molar density change (mol/m3) of anorthite in the
coarse-grid model.

Figure 4.11: Evolution of the molar density change (mol/m3) for calcite in the coarse-
grid model.
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Figure 4.12: Evolution of the molar density change (mol/m3) for kaolinite in the
coarse-grid model.

saturation disappears much later in the coarse model. This is because the fine-grid

model captures the gravity fingering evident in Figure 4.7, which expedites the dis-

solution of CO2 in the aqueous phase. The coarse-model, however, is not able to

capture this convective-driven dissolution.

Figure 4.13(b) shows the carbon distribution with time for the case with geo-

chemical reactions. The free gas saturation is qualitatively similar to that in the case

without geochemistry. However, there is much less dissolved CO2 in Figure 4.13(b)

than in Figure 4.13(a) due to mineral carbonization. The residually trapped CO2 is

also consumed by the mineralization process. At the end of 20,000 years, 17% of the

CO2 remains in the gas phase (mostly residually trapped), 23% of the CO2 remains

in the aqueous phase (solubility trapped), and 58% of the CO2 is stored in mineral

form (minerally trapped). These results indicate the potential importance of miner-

alization in CO2 storage operations, although extensive fine-grid simulations will be
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required to accurately quantify the impact of this mechanism.

(a) without geochemical reactions (b) with geochemical reactions

Figure 4.13: Distribution of injected carbon CO2 over time.

We note that there remain many challenges in the modeling of coupled flow and

CO2 mineralization reactions. First, the mineral kinetic data are subject to significant

uncertainty. Under reasonable assumptions, the estimated kinetic rates can vary by

six orders of magnitude [20]. Numerical experiments show that the use of high kinetic

values are more likely to cause numerical difficulties. In addition, the phase behavior,

here determined by an equation of state, does not account for the effects of ions.

Therefore, a modified equation of state accounting for ions is required.

Furthermore, numerical difficulties arise when a fine-grid model with geochemistry

is simulated. This may be caused by the existence of small molar fractions, as we

now illustrate with an example. The equilibrium relation describing the reaction

H+ + CO−−3 = HCO−3 is:

a3

a1a2

−Qq = 0, (4.8)
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where a denotes activity, Qq is the equilibrium constant and the subscripts 1 through 3

represent H+, CO−−3 and HCO−3 , respectively. Given that ai = 55.508γiXi/Xw (where

γi, Xi and Xw are activity coefficient, molar fraction for ion i and molar fraction

for H2O in the aqueous phase, respectively), as described in (2.49), the equilibrium

relation becomes:

1

55.508

(
γ3

γ1γ2

)(
X3Xw

X1X2

)
−Qq = 0. (4.9)

Equation (4.9) enters as a constraint (secondary) equation for each block. We assume

X1, X2, and Xw are among the primary variables computed from the linear solution

at each Newton iteration. A local update is then performed to obtain X3. In the

blocks where the converged molar fractions of H+ or CO−−3 (X1 or X2) are very small

(e.g., O(10−15)), the numerical error in the first term of (4.9) can be significant, as we

are at the limit of machine precision. These errors then propagate to other unknowns

(X3) when performing local updates. When the errors become large, the program

may cut the time step repeatedly. In fine-grid cases, numerical errors can accumulate

rapidly and Newton’s method may divergence. We note that these very low molar

fractions cannot simply be set to zero as they are required to compute the reaction

equilibrium states and kinetic rates.

The coarse-grid model considered in this section represents a typical size of prob-

lem for which GPRS shows some degree of robustness. The models with more than

a few thousand grid blocks typically give rise to significant numerical difficulties, es-

pecially when the simulations are run out to long times (e.g., 1,000 years). A set

of techniques is thus required to increase the simulation stability for cases in which

the molar fractions of species can vary by many orders of magnitude. One of the
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possible solutions is to impose different (nonlinear and linear) convergence criteria

for ion species. Currently, the convergence criteria are the same for all species. An-

other technique entailing variable switching has been reported to be a possible way

to increase numerical stability in geochemistry problems [4]. However, this approach

will require a systematic treatment and thus will significantly impact the GPRS code.

4.4 Concluding remarks

In this chapter, we described the integration of geochemical modeling capabilities

into the GPRS compositional simulation framework. The properties of the CO2-

brine system are determined using an equation of state. Several hysteresis models

have been implemented in GPRS, which allows us to model residual trapping of CO2.

For geochemical modeling, we applied the element-based formulation developed in

Chapter 2. The properties of ions are calculated by the B-dot model. Geochemical

capabilities in GPRS were verified by a case involving eight minerals and 12 reactions.

The results from GEM-GHG and GPRS for a one-dimensional example showed very

close agreement.

A benchmark problem defined in [14], with some modifications, was used to simu-

late CO2 storage. We constructed a fine-grid model and a coarse-grid model for this

study. On the fine-grid model, we simulated the CO2 injection and migration pro-

cesses for 20,000 years. Chemical reactions were not included in this model. The re-

sults showed the distribution of the geologically stored carbon in time. We accounted

for mineral trapping in the coarse-grid model. These simulation results showed that

mineral trapping can be very significant over long time scales. Future work should be

directed toward enhancing the stability and robustness of the geochemical modeling
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procedure. This will enable the simulation of fine-grid models that include mineral-

ization reactions.



Chapter 5

Conclusions and Future Work

This thesis developed chemical reaction modeling formulations within the context

of a general subsurface flow simulator, GPRS. Applications in the areas of in-situ

upgrading and carbon mineralization were also presented. We now summarize this

work and offer recommendations for future research directions.

5.1 Summary and conclusions

In Chapter 2, we presented a formulation based on element conservation equations.

This formulation treats equilibrium and kinetic reactions, and homogeneous and het-

erogeneous reactions, in a unified framework. The reaction terms (for both equilib-

rium and kinetic reactions) do not appear in the conservation equations. The system

is then fully described by one additional reaction relation for each chemical reaction.

If the reaction is localized (i.e., the reaction is either an equilibrium or a mineral

kinetic reaction), then the associated reaction can be decoupled from the full set of

equations. As a result, the linear solution time and overall simulation time can be

131
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reduced compared to the formulation in which the reaction relations are included in

the set of equations. Note that in both cases flow, reaction and phase behavior are

fully coupled and a fully-implicit solution strategy is employed.

We also implemented a species-based formulation and applied it to model in-situ

upgrading of oil shale. In the species-based formulation, the elements can be unbal-

anced. Because the driving force in the in-situ upgrading process is heat injection,

the energy equation is also included. Based on available information, we applied

GPRS to model Shell’s Mahogany Demonstration Project-South. Following tuning of

a few uncertain parameters, our results show reasonable agreement with field results.

A sensitivity analysis showed that the oil and gas production are highly dependent

on the heater temperature. The heater pattern can also affect the production pro-

files. The ratio of output chemical energy to input thermal energy was found to vary

between 6.2 and 6.9 in the cases considered.

In Chapter 4, we modeled CO2 storage in deep saline aquifers. We constructed

two models, a fine-grid model and a coarse-grid model. With the fine-grid model, we

presented detailed results for various CO2 trapping mechanisms, including structural

trapping, residual trapping and solubility trapping but not mineral trapping. We then

applied the element-based formulation to model the geochemical reactions relevant

to CO2 mineralization. Using available chemistry data, we demonstrated the ability

of our formulation to model long-term mineral trapping.

5.2 Recommendations for future work

The following directions should be considered for future work.
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• In the element-based formulation, we assume the elements in the chemical reac-

tions are balanced. If some elements are not balanced, extensions are required

for the formulation. A mixed formulation in which the species containing un-

balanced elements are described by species conservation equations and the re-

mainder are described by the element-based formulation could be investigated.

• The element-based formulation has been implemented and verified with isother-

mal simulations. The energy equation may also need to be included in some

cases. This is not expected to pose significant complications.

• As indicated in Chapter 3, we apply “average” or “effective” porosity and per-

meability in modeling the in-situ upgrading processes. A more complete ge-

omechanical model is required for modeling the evolution of porosity and per-

meability during the in-situ upgrading of oil shale or similar processes.

• A complete treatment of heat injection wells is also needed. In our model, we

designate the entire heater block as the “heater” and fix the temperature of

the block. This approach is, however, approximate and is limited to constant-

temperature heaters. A general heater well model is required to simulate both

constant-temperature and constant-wattage heaters and to capture transient

effects, which may be important in some problems.

• Using available values for CO2 mineralization reactions, we observe significant

numerical difficulty in modeling the reactions involving the disappearance of

the aqueous phase and the ions in the aqueous phase. Variable switching could

be a useful approach for improving performance. We note that this will require

a systematic treatment and will have a significant impact on GPRS code.
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• As indicated in Chapter 1, realistic modeling of CO2 mineralization is not yet

possible. This is in part because the required parameters (e.g., reaction rate

constants and reactive area of minerals) are generally not accurately quanti-

fied. Experiments relevant to CO2 mineralization should be performed to better

quantify the parameters used in numerical modeling. For each mineral dissolu-

tion and precipitation reaction, the product of the reaction rate constant and

reactive surface area should be measured at temperatures representative of sub-

surface conditions. In addition, a systematic reaction lumping procedure should

be developed, as the computational demands will decrease if fewer reactions are

modeled.

• The linear and nonlinear solution strategies used in this work have been devel-

oped especially for compositional reservoir simulation without chemical reaction

modeling. Thus, a focused research effort on the details of nonlinear coupling

of reactions to multiphase flow and transport in heterogeneous formations is

necessary in order to model the behavior of large-scale subsurface systems.

• Finally, because the formulations in GPRS can be readily extended to other

subsurface reactive flow problems, it will be useful to investigate other processes

of interest such as enhanced coalbed methane recovery.



Nomenclature

a = activity

â = ionic size

Ak = frequency factor in kinetic reactions

b = viscosity coefficient

c = viscosity coefficient

cp = rock specific heat capacity, Btu/lb/◦F

C = concentration, lbmol/ft3 [mol/m3]

D = diffusion and dispersion tensor

D = depth, ft

Da = dimensionless Damköhler number

E = element stoichiometric matrix

Ek = activation energy, Btu/lbmol [kJ/mol]

Ein = thermal energy input, Btu

Eout = chemical energy output, Btu

f = fugacity

135
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F = mass or energy balance equation residual

g = gravitational acceleration, ft/day2

H = enthalpy, Btu/lbmol [Btu/lb]

I = ionic strength

J = Jacobian matrix

krg = drainage gas relative permeability

krgh = imbibition gas relative permeability

krw = drainage water relative permeability

K = permeability tensor, md

K = reaction constant

L = flux term

m = molality, mol/kg H2O

M = chemical symbol

Ni = total mass of species i

nc = number of fluid and solid components

nf = number of fluid species

nh = number of heater blocks

nk = number of kinetic reactions

nkf = number of fluid kinetic reactions

nks = number of mineral kinetic reactions

np = number of fluid phases

nq = number of equilibrium reactions
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ns = number of solid components

p = pressure, psi [MPa]

Pc = capillary pressure, psi

Q = activity or concentration product

qH = energy source term, Btu/day

qW = well source term, ft3/day

rk = kinetic rates vector

rq = equilibrium rates vector

r = reaction rate, lbmol/ft3/day

R = reaction term vector

s = viscosity coefficient

S = stoichiometric matrix

Sk = kinetic reactions stoichiometric matrix

S̄k = canonical kinetic stoichiometric matrix

Sq = equilibrium reactions stoichiometric matrix

S = saturation

S∗g = normalized gas saturation

S∗w = normalized water saturation

Swr = irreducible water saturation

t = time, day

T = temperature, ◦F[◦C, ◦R]

u = Darcy velocity, ft/day
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U = internal energy, Btu

Vs = volume shift parameter

x = unknown variable set

X = fluid component molar fraction

z = ion electrical charge

Greek

α = thermal diffusivity, ft2/day

δ = tuning factor for time step control

γ = activity coefficient

φ = porosity

η = desired variable change

κ = thermal conductivity, Btu/ft/day/◦F

µ = viscosity, cp

ν = stoichiometric coefficient

ρ = density, lbmol/ft3[lb/ft3]

σ = activity or concentration

τ = CPU time

ω = tuning factor for time step control

Ψ = binary interaction coefficient
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Superscripts

aq = aqueous phase

g = gas phase

n = time step

o = oil phase

W = well

Subscripts

c = variable index

e = element index

h = heater block index

i = fluid component index

j = fluid phase index

k = kinetic reaction index

q = equilibrium reaction index

r = relative permeability

R = rock

s = solid component index

v = unknown variable index

α = target fluid component index

β = target fluid phase index

χ = target solid component index
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ς = species index in canonical stoichiometric matrix

ξ = species index in canonical stoichiometric matrix

Constants

kB = Boltzmann constant, 1.3806503×10−23 m2kg/s2/K
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