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Abstract. Understanding the flow and reactivity of CO2 injected into geologic
::::::::
geological reservoirs is important for many sub-

surface applications including secure geologic carbon storage (GCS), critical mineral extraction, enhanced geothermal systems

(EGS), and enhanced oil recovery (EOR). Traditionally, subsurface CO2 injection for GCS applications has focused on geologic

formations with favorable subsurface configurations for CO2 migration and trapping through non-reactive mechanisms such as

structural, solubility, and petrophysical trappingto isolate CO2 in the subsurface. Recently, CO2-reactive rocks such as mafic5

and ultramafic basalts have been investigated for their potential to react with injected CO2 in situ to simultaneously dissolve

host rock minerals and mineralize CO2 as carbonates. Engineering rapid CO2 mineralization in the subsurface is attractive

because of the increased density of stored CO2, the additional safety factors associated with solidification, and the potential to

extract valuable critical minerals. However, the limited availability of tools that are capable of modeling the associated coupled

multiphase flow and reactive transport processes, especially at scale, makes it difficult to predict the long term behavior of a10

commercial-scale CO2 injection into a reactive host rock. Here we present recent developments in the parallel flow and re-

active transport simulator PFLOTRAN to model coupled CO2-brine flow and reactive transport for a wide range of injection

and production applications involving reactive CO2-brine systems. These developments are based on the well established and

trusted CO2 flow capabilities in the STOMP-CO2 simulator. New capabilities added to PFLOTRAN include new CO2-brine

equations of state with optional thermal coupling, several new constitutive relationships like capillary pressure smoothing and15

scanning path hysteresis, a fully implicit well model, and native linkage with PFLOTRAN’s well-established reactive transport

libraries. A series of numerical benchmarks between PFLOTRAN and STOMP-CO2 verify the newly developed CO2-brine

flow capabilities, and demonstrations
:
.
:::::::::::::
Demonstrations

:
of coupled CO2-brine flow modeling and reactive transport show how

CO2 mineralization can be engineered in reactive host rocks. Finally, an example use case involving copper leaching by CO2

and critical mineral extraction is presented to showcase the strengths of this new implementation. Several limitations still re-20

main, including limited availability of field data to parameterize models. Future work should constrain the evolution of mineral

surface area during mineralization and the temperature
:::
and/

::
or

:
pH dependence of geochemical reactions for specific systems of

interest.

1 Introduction
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The fate of
:::::::::
Subsurface CO2 injected into the subsurface has been of interest

:::::::
injection

::::
has

::::
been

::::::
studied

:
for several decades25

because of
:::
for its potential utility to a variety of subsurface energy engineering challenges

::::::::::
applications, including enhanced

oil recovery
:::::::::::::::::
(Sambo et al., 2023) and geologic carbon storage .

::::::::::::::::
(Bashir et al., 2024).

::
If

:::
not

::::::::
properly

::::::::
contained,

:::::::
injected

:::::
CO2

:::
can

::::
also

:::::::::
potentially

::::::
become

:::
an

::::::::::::
environmental

::::::::::
contaminant

::::::::::::::::::
(Harvey et al., 2013).

:
More recently, CO2 has been proposed as a

potential working fluid for extracting heat from geothermal energy reservoirs using novel well configurations and for producing

heat from
:::::::::
geothermal

::::::
energy

::::
from

:::::::::::
conventional

:::
and

:
enhanced geothermal systems (Pruess, 2008; Wu and Li, 2020). It has also30

been shown that in highly CO2-reactive reservoirs composed of, e.g., mafic and ultramafic basalts, CO2 can mineralize as

carbonates on much shorter timescales than in traditional non-reactive reservoirs (McGrail et al., 2017; Pogge von Strandmann

et al., 2019). The geochemistry of these reactions is also such that the dissolution of the host rock that is promoted by enhanced

brine acidity could release valuable critical minerals; .
:
CO2 has therefore been proposed as a working fluid to promote critical

mineral recovery with the added benefit of storing CO2 :::::
carbon

:
(Stanfield et al., 2024).35

To predict the transient behavior of CO2 injected into the subsurface for any of these applications and to engineer optimal in-

jection strategies, reservoir simulation tools are required. Such tools have matured over the past few decades; recently, the Soci-

ety of Petroleum Engineers (SPE) concluded its 11th international Comparative Solution Project, which benchmarked state-of-

the-art industry and research simulators on a series of CO2 storage challenge problems in 2D and 3D (Nordbotten et al., 2024)

:::::::::::::::::::::::::
(Nordbotten et al., 2024, 2025). However, many of these tools are limited in their capacity to model coupled multiphase flow40

and reactive transport in reactive host reservoirs. Lacking these capabilities makes it difficult to predict the long term behav-

ior of a commercial-scale CO2 injection into a reactive host rock, let alone model enhanced critical mineral dissolution and

extraction using CO2 as the working fluid.

The parallel flow and reactive transport simulator PFLOTRAN
::
is

:
a
:::::::::::::
state-of-the-art,

::::::::::
open-source

::::::::::::
computational

::::::::::
framework

:::::::
designed

::
to

::::::::
simulate

:::::::::
subsurface

::::
fluid

::::
flow,

::::
heat

:::::::
transfer,

::::
and

:::::::
reactive

:::::::
transport

::::::::
processes

:::
for

:::::::::
geological

:::::::
research

:::::::::::
applications45

::::::
ranging

:::::
from

::::::::::::
environmental

::::::
science

::
to

::::::
energy

:::::::
systems

::::::::::::::::::::
(Hammond et al., 2014).

::
In

::::
this

:::::
work,

:::::::::::
PFLOTRAN has been extended

to model coupled CO2-brine flow and reactive transport for a wide range of injection and production applications involving

reactive CO2-brine-mineral systems. These developments are based on the well established and trusted CO2-brine flow ca-

pabilities in the STOMP-CO2 simulator
:::::::::::::::
(White et al., 2012). New capabilities added to PFLOTRAN include new CO2-brine

equations of state with optional thermal coupling, several new constitutive relationships like capillary pressure smoothing and50

scanning path hysteresis, a fully implicit well model, and native linkage with PFLOTRAN’s well-established reactive transport

libraries. We first present the theory behind all of this newly-implemented functionality. Then we discuss how to invoke these

capabilities in a PFLOTRAN input deck, and we present a suite of benchmark exercises and verification tests to demonstrate

how our implementation compares to other well-established simulators like
:::::::::
multiphase

::::
flow

:::::::::
simulators

:
STOMP-CO2 and

TOUGH2
:::::::::::::::
(Pruess et al., 1999). Finally, we demonstrate the

::::
these

::::
new

:
capabilities on a copper extraction problem using CO255

to induce copper leaching for critical mineral extraction.
:::
The

::::::::
objectives

::
of

::::
this

::::
work

:::
are

::
as

:::::::
follows:

:

1.
:::::::
Develop

::::::
coupled

:::::::::
CO2-brine

::::
flow

:::
and

:::::::
reactive

::::::::
transport

:::::::::
capabilities

::
in

:::
the

::::::::
massively

:::::::
parallel

::::
flow

:::
and

:::::::
transport

:::::::::
simulator,

:::::::::::
PFLOTRAN.
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2.
:::::::::
Benchmark

:::::
these

::::
new

:::::::::
capabilities

::::::
against

::::
well

::::::::::
established

:::::::::
simulators

:::::::::::
STOMP-CO2

::::
and

::::::::
TOUGH2.

:

3.
::::::::
Highlight

:
a
:::::
novel

:::
use

::::
case

:::
of

::::
these

::::::::::
capabilities:

::
a
:::::::::
large-scale

::::
CO2::::::::::::

mineralization
::::
and

::::::
critical

:::::::
mineral

::::::::
extraction

::::::
model60

::::
with

:
a
:::::::::
horizontal

:::::::
injection

:::
and

::::::::::
production

::::
well.

:

2 Theory

Simulating CO2 injection into reactive subsurface reservoirs requires solving systems of nonlinear partial differential equa-

tions describing the transport of water, CO2, and salt; heat transfer; and chemical reactions through porous media at large

scales. These equations are strongly coupled: for instance, the dissolved concentration of CO2 affects liquid water density,65

viscosity, enthalpy and pH among other state variables, which in turn affect the transport and reactivity of other species. In

PFLOTRAN, SCO2 Mode has been developed to fully implicitly solve a set of "flow" governing equations. Those equations

include conservation of water mass, conservation of CO2 mass, conservation of salt mass, conservation of energy, and well

mass flux conservation. Water, CO2, and salt components partition between three phases (liquid [aqueous], gas [CO2-rich], and

salt precipitate); water is miscible in the CO2 phase, and CO2 and salt are miscible in the aqueous phase. Transport of mass in70

the SCO2 flow mode occurs as the result of pressure gradients within each phase, concentration gradients within each phase,

buoyancy, and component sources/sinks. These equations are all solved fully implicitly within SCO2 Mode; some equations,

like the energy equation and the well equation, are optional. The governing partial differential equations, constitutive relation-

ships, equations of state, and fully implicit well model formulation were designed with base functionality that emulates the

STOMP-CO2 simulator (White et al., 2012) and expands beyond those capabilities.75

Modeling transport and reaction of dissolved aqueous species also requires solving a coupled system of mass action equa-

tions. We refer to this as the "reactive transport" step. To model multicomponent geochemistry in addition to multiphase

CO2-brine flow, PFLOTRAN’s SCO2 flow mode has been designed to sequentially couple to PFLOTRAN’s global implicit

reactive transport (GIRT) mode, a mature and comprehensive reactive transport code (Hammond et al., 2014). SCO2 Mode

first solves its set of governing equations for mass and energy fluxes over a given time step. Then, it passes certain variables80

like Darcy fluxes, porosity, and gas phase saturation to reactive transport. Reactive transport then takes as many sub-steps as are

required to complete one "flow" step. If CO2 is produced or consumed through mineralization reactions in reactive transport,

transport passes a source/sink term of CO2 back to flow. Flow and reactive transport hand this information off at every flow

time step for the duration of the simulation.

2.1 Flow
:::::
SCO2

::::::
Mode Governing Equations85

PFLOTRAN’s SCO2 Mode solves a fully coupled system of three component mass conservation equations and one energy

conservation equation. The energy conservation equation can be optionally disabled in favor of isothermal simulations at

user-defined initial temperature conditions (including temperatures read from a restart file). Additionally, an arbitrary number

of fully coupled well mass conservation equations can be solved corresponding to each well in the domain with or without
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thermal coupling. The default mass and energy conservation equations consider conservation of water, CO2, salt, and system90

internal energy. The equations take the following form:
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where � is porosity, s� is the saturation of phase �, �� is the mass density of phase �, X�
� is the mass fraction of component

� in phase �, q� is the Darcy flux of phase �, J�� is the diffusive flux of component � in phase �, q� are the sources and sinks

of component �, U� is the internal energy of phase �, Crock
p is the heat capacity of the rock, �rock is the solid rock density, T

is temperature, H� is the enthalpy of phase �, �eff is the effective thermal conductivity of the medium, and qe are the energy

sources and sinks.100

Three phases are considered in this formulation: liquid
:::::::
aqueous phase, CO2-rich phase, and salt precipitate phase. Within

the CO2-rich phase, trapped and free-phase saturations are tracked separately for performing optional hysteresis calculations.

The salt precipitate phase contains only the salt component; the salt component can also partition into the aqueous phase, but

it cannot exist in the CO2-rich phase. The state of the CO2-rich phase can be either liquid, gaseous, or supercritical CO2.
:::
The

:::::::
CO2-rich

:::::
phase

::
is
::::::
always

::::::
treated

::
as

::
a

:::::
single

:::::
phase,

::::
and

::
its

::::::::
properties

:::
are

:::::::::
computed

::::::
directly

::::
from

:::
the

::::::::::::
Span-Wagner

::::
EOS,

::::::
which105

:
is
:::::
valid

:::
for

::::::
liquid,

::::
gas,

:::
and

:::::::::::
supercritical

::::
CO2.

:::
A

::::::::
limitation

::
of

::::
this

::::::::
approach

::
is

:::
that

::
it
:::::
does

:::
not

::::::::
explicitly

::::::
model

::
an

::::::::
interface

:::::
within

::
a
::::
grid

:::
cell

::::::
where

::::
CO2:::::

may
::
be

:::::::::::
transitioning

:::::
from,

::::
e.g.,

::::::
liquid

::
to

::::
gas.

:
For convenience, the CO2-rich phase will be

labeled the "gas" phase throughout this document. This phase can contain both CO2 and water components.

2.2 Constitutive Relationships

Advective fluxes of the mobile phases are modeled using Darcy’s equation:110

q� = �kkr�
��
r(p�� 
�z) (5)

where k is the permeability of the medium, kr� is the relative permeability of phase �, �� is the viscosity of phase �, p� is the

pressure of phase �, 
� is the specific gravity of phase �, and z is vertical elevation.
::::
This

::::::::::
formulation

:::::::
assumes

:
a
:::::::
laminar

::::
flow

::::::
regime.

:

Relative permeability is computed as a function of pore fluid saturations through one of several available relative perme-115

ability function options. Please see the PFLOTRAN Documentation for a comprehensive list of available relative permeability

functions for liquid and gas phases. When considering effects of hysteresis on gas trapping, SCO2 Mode removes trapped gas

from the mobile gas phase saturation used in gas relative permeability computations.
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Diffusive fluxes in the aqueous phase are modeled using Fick’s Law:

J l
CO2

= �
:
Dl

CO2
rcCO2 (6)120

J l
salt = �

:
Dl

saltrcsalt (7)

J l
w = 1�J l

CO2
�J l

salt (8)

where Dl
� is the diffusivity of component � in the liquid and rc� is the gradient in dissolved concentration of component �.

Transport of dissolved salt through the aqueous phase is additionally weighted using the Patankar method (Patankar, 2018).

Likewise, gas phase diffusive flux is modeled as follows:125

Jg
w = Dg

CO2
�Dg

w
::::

rcCO2cw
:

(9)

Jg
CO2

= 1�Jg
w (10)

where Dg
� is the diffusivity of component � in the gas ,

::
and

:
rc� is the gradient in mass fraction of component � in the gas,

and the
:
.
:::
The

:
salt component is not present in the gas phase.

2.3 Equations of State130

Several options exist in PFLOTRAN to customize the set of equations of state (EOS) used in a simulation to fit a desired

application. Here we describe the default options available in SCO2 Mode. We refer the user to the PFLOTRAN Documentation

for more information on EOS options.

2.3.1 Density

With the exception of the salt precipitate phase, the composite density of each phase is computed by correcting the pure phase135

density as a function of component concentrations. The salt precipitate is considered to be a pure "salt" component phase. The

default density equation for salt is a function of temperature and pressure and assumes that salt is composed entirely of NaCl

(Battistelli et al., 1997).

For the aqueous liquid (non CO2-rich) phase, the density of pure water is first computed as a function of pressure and

temperature (Meyer et al., 1993). Brine density is then computed as a function of pure water density and salt mass fraction140

(Phillips et al., 1981). Finally, the composite mixture density is calculated as a function of pure water density, brine density,

and mass fractions of salt and CO2 components (Alendal and Drange, 2001).

In the gas phase, a similar approach is taken with the exception that there is no dissolved salt in the gas phase. Pure gas phase

density (Span and Wagner, 1996) and water vapor density (Meyer et al., 1993) are first calculated as functions of pressure and

temperature. Then, the gas mixture density is computed as a weighted average of the two densities weighted by gas phase145

component mass fractions. Pure CO2 thermodynamic properties (density, viscosity, internal energy, and enthalpy) can either

be computed or read in through a database for greater efficiency. A generic CO2 thermodynamic property table based off of the

5
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Span-Wagner EOS is included in the PFLOTRAN database directory and it is recommended to use this lookup table for CO2

simulations.

2.3.2 Vapor Pressure150

The liquid vapor pressure is computed as a function of temperature, salinity, and capillary pressure. Pure water saturation

pressure is �rst computed as a function of temperature (Meyer et al., 1993), and then an adjustment is applied to include the

effect of salinity (Haas, 1976). The Kelvin equation is then applied to calculate the reduced vapor pressure as a function of

capillarity (Nitao, 1988).

2.3.3 Viscosity155

Similar to density, the viscosity of each mobile phase is computed as a function of temperature, pressure, and phase compo-

sition. For the liquid phase, the viscosity of pure water is computed as a function of temperature and pressure (Meyer et al.,

1993). This pure water viscosity is then adjusted as a function of temperature and salinity (Phillips et al., 1981) to get the

brine viscosity. The viscosity of CO2 is separately calculated as a function of temperature and density (Fenghour et al., 1998),

and the �nal composite liquid viscosity is computed as a function of CO2 mass fraction, CO2 viscosity, and brine viscosity.160

In the gas phase, viscosity is calculated as a function of pure water viscosity, pure CO2 viscosity, and mass fractions of each

component in the gas phase (Poling et al., 2001).

2.3.4 Diffusion Coef�cients

Diffusion drives �uxes of dissolved CO2 and dissolved salt in the aqueous phase, and it drives water vapor diffusion in the

gas phase. Diffusive �ux is governed by concentration gradients and molecular diffusion coef�cients of each component in165

each phase. In the aqueous phase, the diffusion coef�cient of CO2 is computed as a function of temperature (Cadogan et al.,

2014) and dissolved salt mass fraction (Belgodere et al., 2015). The molecular diffusion coef�cient of salt in the aqueous phase

is computed using the Gordon method (Poling et al., 2001) and as a function of mean ionic activity (Bromley, 1973). The

diffusivity of water vapor in the gas phase is computed as a function of temperature and pressure via the method of Wilke and

Lee (Poling et al., 2001).170

2.3.5 Two-Phase Equilibrium

When dissolved CO2 exceeds its solubility in the aqueous phase, or when water vapor condenses from the CO2-rich phase, a

two-phase state can arise in a model. That is, in a given cell/location, both the liquid (water-rich) and gas (CO2-rich) phases can

coexist. In SCO2 Mode, the transition from single- to two-phase is treated as an equilibrium process. Two-phase coexistence

therefore requires an equilibrium partitioning model to determine how CO2 and water partition between phases at a given175

pressure, temperature, and salinity. This equilibrium partitioning is used to determine the solubility of CO2 dissolved in water

and the partial pressure of water vapor in the gas; these are used as conditions for determining the transition between the single-
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phase aqueous state and the two-phase state or the single phase gas state and the two phase state, respectively. At temperatures

below 100oC, the method of (Spycher et al., 2003) is used. Above 100oC, the method of (Spycher and Pruess, 2010) with

salinity correction is used.180

2.3.6 Internal Energy and Enthalpy

Enthalpy of the liquid phase is computed as a function of temperature, pressure, dissolved CO2 concentration, dissolved salt

concentration, and individual pure component enthalpies (Battistelli et al., 1997). Pure liquid water enthalpy is computed from

the pure water EOS (Meyer et al., 1993) and then adjusted as a function of salinity (Michaelides, 1981). Pure CO2 enthalpy

is computed from the CO2 EOS (Span and Wagner, 1996). In the gas phase, the composite gas phase enthalpy is computed as185

a weighted average of water vapor enthalpy and pure CO2 enthalpy, weighted by the mass fraction of each component in the

gas. Finally, the internal energy of each phase is computed by taking phase enthalpy and subtracting cell pressure divided by

phase density.

2.4 Fluid-Rock Properties

Several �uid-rock properties are computed as functions of the state of the pore �uids in the system. Separate gas phase and190

liquid phase tortuosities are computed as functions of rock porosity, liquid saturation, and gas saturation (Millington and Quirk,

1959). When dissolved salt mass becomes supersaturated in the aqueous phase, it precipitates as a solid and changes both the

effective porosity and the absolute permeability of the medium (Verma and Pruess, 1988). Relative permeability of each mobile

phase is computed as a function of phase saturations; when modeling trapped gas hysteresis, the liquid-saturated end point of the

gas phase relative permeability model adapts as a function of trapped gas saturation.The
:::::::::
Optionally,

:::
the CO2-brine-rock inter-195

facial tensionis computed
:::
can

:::
be

:::::
scaled

:
as a function of salt concentration and temperature(Abramzon and Gaukhberg, 1994)

. This results in a decrease in capillary pressure with decreasing interfacial tension
::::::::::::::::
(White et al., 2012).

2.4.1 Unsaturated Capillary Pressure Extensions

At the unsaturated end of a typical capillary pressure function (e.g., Van Genuchten or Brooks-Corey), there can exist a non-

zero residual liquid saturation toward which the capillary pressure increases asymptotically. This is due to the fact that drainage200

of the wetting (aqueous) phase by the non-wetting (gas) phase is limited by the connectivity of the liquid phase in the porous

medium. When the liquid phase is completely disconnected, the gas phase is unable to displace any more liquid and therefore

capillary pressure can theoretically become in�nite. However, under miscible two-phase �ow conditions where both the water

and the CO2 components can dissolve into both phases, it is possible to drive water saturation below the residual saturation

without displacing �uid. In the case of dry CO2 injection, continuous pumping of a pure CO2 phase into a brine-saturated205

reservoir can cause desaturation of the rock through desiccation, where water molecules evaporate from the liquid phase into

the free CO2 phase.

7



Capturing this phenomenon requires extending the capillary pressure past the residual liquid saturation. Using the approach

of Webb (2000), the capillary pressure function is divided into two regimes: above and below the matching point aqueous

saturation. The matching point saturation is the point at which the capillary pressure curve transitions between its original210

form and its extension to low aqueous saturation conditions. The matching point is computed by �nding the aqueous saturation

at which the slope of the original capillary pressure curve matches that of the extended curve given a speci�ed capillary

pressure at zero liquid saturation (i.e., the oven-dried capillary pressure) and a speci�ed extension shape. In PFLOTRAN,

several types of unsaturated extensions are available for the standard Van Genuchten capillary pressure model. Additionally,

this work developed a capillary head-based Van Genuchten model with a logarithmic extension (Fayer and Simmons, 1995)215

and a Brooks-Corey capillary pressure with a logarithmic extension, both of which are compatible with the scanning path

hysteresis model.

2.4.2 Gas Trapping Hysteresis

Gas trapping occurs when an aqueous phase imbibes through a medium that is partially saturated with a gas phase. The gas

phase can become disconnected and therefore immobilized (though, analogous to the desiccation process, CO2 can continue220

to dissolve into water and diffuse through the aqueous phase) as aqueous phase saturation increases throughout the medium.

The extent to which the free gas phase can be trapped depends on the degree to which the medium was saturated with gas

prior to imbibition. The process of gas trapping can therefore be formulated as a hysteretic phenomenon via a scanning path

hysteresis model (Parker and Lenhard, 1987).In PFLOTRAN ,
::::::::::
PFLOTRAN

::::::::::
implements

:
the simpli�ed Parker and Lenhard

modelis implemented
::::::::::
formulation

::
to

:::::
model

:::::::
trapped

:::
gas

::::::::
hysteresis

:
(Kaluarachchi and Parker, 1992). This model is compatible225

with the Brooks-Corey capillary pressure model and the capillary head-based Van Genuchten model, as well as any choice of

relative permeability functions.

2.5 Fully Implicit Well Model

An optional fully coupled well model can inject CO2 or produce reservoir �uids in user-speci�ed portions of a model domain

and dynamically adapt to changes in pressure along the wellbore, pressure in the reservoir, and physical properties of the230

formation. The well model is solved on an embedded sub-domain of the reservoir grid; where a well segment passes through a

reservoir cell, the associated �ux from well to reservoir is incorporated into the residual and Jacobian calculations.

To construct a well, the well trajectory is �rst de�ned by the user in terms of line segments and curves. The wellbore is

then discretized as a function of the reservoir grid discretization, and �nally individual well segments are each coupled to their

corresponding reservoir grid cells.235
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Figure 1. Discretized well model embedded in a layered reservoir. Blue dots mark the ends of each well segment, green dots mark well

segment centers, and red dots mark reservoir cell centers.

When embedded into a discrete reservoir, a well model is de�ned in terms of well segments, well segment centers, and the

reservoir cell center through which each well segment passes. In Figure 1, well segments are de�ned by the intervals between

blue circles. Green circles denote the well segment centers, which are de�ned by their centroids. Red circles denote the center

of each reservoir cell through which the well passes.

Invoking the well model adds one extra equation to the set of governing equations in the following form:240

X

i

Qi
w;� = qw;� (11)

whereQw is the mass �ow rate of phase� between the reservoir and the well in well segmenti , andqw is thetophole
::::::
surface

mass �ow rate of phase� into or out of the well. The �uid �ux in or out of the well at a given well segment is computed as a

function of the pressure difference between the center of each well segment and the reservoir cell that the segment occupies,

where the cell-centered reservoir pressure is adjusted by a hydrostatic correction to the same depth as the well segment:245

Qi
w;� = �

WI� �

� �
(P i

w � (P i
r + � � gzw� r )) (12)

where� � is the density of phase� , � � is the viscosity of phase� , Pw is the wellbore pressure at the center of well segment

i , P i
r is the pressure in the reservoir cell occupied by well segmenti , g is the gravity vector, andzw� r is the vertical offset

between well cell center and reservoir cell center. The well index,WI , is computed as a function of the directional permeability
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of the reservoir in addition to well properties like well orientation, skin factor, casing, and wellbore radius through a modi�ed250

3D anisotropic Peaceman equation (Peaceman, 1978, 1983) using the projection of an arbitrarily oriented well segment onto

the principal axes of the domain(Shu, 2005; White et al., 2013)
::::::::::::::::::::::::::::::::::::::::
(Shu, 2005; White et al., 2013; Nole et al., 2025a).

In the fully implicit formulation, bottomhole pressure is solved as a primary solution variable in addition to the reservoir

primary variables. Wellbore pressure in each segment is then computed as a function of well bottomhole pressure by assuming

hydrostatic pressure conditions along the well. Fluid densities in each segment of the well are computed as functions of pressure255

and temperature; the elevations of well segment centers are �xed at the beginning of a simulation.
:::
The

:::::::::
hydrostatic

::::
well

::::::
model

:
is

:::::::::::
numerically

:::::::
ef�cient

:::
but

::
is

::::::
limited

::
to

::::::::::
simulating

:::::::
injection

:::
or

:::::::::
production

:::::
only;

:::
this

::::::
model

::::::::
therefore

::::::
cannot

::::::::
simulate,

::::
e.g.,

::::::::
cross-�ow

:::::
from

:::
one

:::::::
geologic

:::::
layer

::
to

::::::
another

:::
via

:::
the

:::::
well.

Well pressure control can be imposed individually upon each well either through a speci�ed fracture pressure (injection

wells) or through a minimum pressure (extraction wells). Wells are initialized as rate-controlled until the well
::::::
bottom

::::
hole260

pressure hits either thefracturepressure
:::::::
speci�ed

:::::::
fracture

:::::::
pressure

:::::
(max

::::::::
pressure) or the minimum pressure. If one of these

pressure bounds is exceeded, the well switches to pressure controlled, whereby the pressure in the well is �xed and �ow rates are

computed accordingly. This can be used to prevent either injection wells from injecting at pressures that would fracture the host

rock or extraction wells from generating non-physical suction. Note that when a well is pressure-controlled,
::
the

::::::::::::
user-speci�ed

::::::
surface

::::
�ow

:::
rate

:::::
from Equation 11 will not besatis�ed

:::::::
imposed

:
until the well returns to

::
the

:
rate-controlled

::::::::
condition (i.e., the265

well pressure falls within the user-speci�ed bounds again).

2.6 Primary Variables and Phase States

In addition to modeling miscible coupled �ow of CO2-rich and aqueous phases, SCO2 Mode also models phase appearance

and disappearance. Depending on the phase state of the system, PFLOTRAN solves its system of governing equations for

different primary variables. When phase state changes, those primary variables are also changed accordingly. For example, if a270

grid cell begins a simulation in the aqueous state, only liquid water, dissolved CO2, and dissolved salt exist in that grid cell. In

this state, the primary variables are liquid pressure, CO2 mass fraction, salt mass fractionperunit massbrine, and (optionally)

temperature. If CO2 is injected into the cell, dissolved CO2 mass fraction increases until it exceeds the solubility of CO2. Once

this happens, dissolved CO2 mass fraction becomes �xed and another primary variable must be used to solve the system of

equations. The cell therefore transitions to the two-phase state and updates its primary variables. The transition from aqueous to275

two-phase state requires only one primary variable to change: CO2 mass fraction to gas phase pressure. SCO2 Mode considers

four phase states: an aqueous state with no free-phase CO2, a two-phase state with both aqueous and free-phase CO2, a gas

state with only free-phase CO2, and a trapped gas state with only aqueous liquid phase and immobile trapped gas phase (Table

1). When designing a model, care should be taken to identify which phase state the grid cells should be assigned at initialization

and choose the set of primary variable constraints accordingly (see Section A2 for more discussion).280
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Table 1.Primary Variables and Phase States

Phase State Primary Variables

Aqueous State Pl , X l
CO 2

, mb
NaCl , T � .

Two-Phase State Pl , Pg, mb
NaCl , T � .

Gas State Pg, PCO 2 , M b
NaCl , T � .

Trapped Gas State Pl , stg , mb
NaCl , T � .

Temperature is only required for thermal models.

2.7 Reactive Transport Governing Equations

PFLOTRAN's reactive transport process model couples multiphase, multicomponent transport and biogeochemical reaction

through the governing mass conservation equation:

X

�

�
@�s�  �

j

@t
+ r � (q� � �s � � � D � r )  �

j

�
= qj �

X

r

� j;r I r (13)

with porosity� , saturations, total component concentration , Darcy velocityq, tortuosity� , hydrodynamic dispersion tensor285

D , and source/sink termq for primary speciesj in phase� . Kinetic rates are scaled by the stoichiometry of speciesj in each

reactionr . The total component concentrations for the liquid and gas phases are de�ned, respectively, as

 l
j = cj +

X

i

� ji � i ; (14)

 g
j =

X

i 0

� g
ji 0Cg

i 0: (15)

with aqueous free ion concentrationc, secondary aqueous complex concentration� , and gas concentrationCg. � ji and� g
ji 0 are290

the stoichiometric contribution of the free ion speciesj to each secondary aqueous complex and gas.

Secondary aqueous complex and gas concentrations are de�ned, respectively, by the expressions

� i =
K i


 i

Y

j

(
 j cj ) � ji ; (16)

Cg
i 0 =

K g
i 0


 i 0

Y

j

(
 j cj ) � ji 0 (17)

through the law of mass action (Lichtner, 1985).295

2.7.1 Solubility of CO2 in the Aqueous Phase

Following Duan and Sun (2003), equilibrium is de�ned as equality of the chemical potential (� ) of CO2 in liquid and gas

phases

� l
CO2

= � g
CO2

: (18)
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For multi-component systems where CO2(aq)may not be the primary species for the CO2 component (e.g., use of HCO-
3 instead300

of CO2(aq)), equilibrium is generalized to

X

j

� ji 0� l
j = � g

i 0; (19)

where the sumj is over all primary species and� ji 0 is the stoichiometric contribution of each primary free ion species to the

secondary CO2(aq) species. Substituting the expressions for the chemical potentials equating liquid and gas potentials

� l
j = � l(0)

j + RT ln 
 j mj ; (20)305

� g
i 0 = � g(0)

i 0 + RT ln ' i 0pg
i 0; (21)

where' i 0 andpg
i 0 are respectively the fugacity coef�cient and partial pressure for speciesi 0 in the gas phase. Substituting

Eqs. 20–21 into Eq. 19 yields

X

j

� g
ji 0

�
� l(0)

j + RT ln 
 j mj

�
= � g(0)

i 0 + RT ln ' i 0pg
i 0; (22)310

and alternatively,

�
1

RT

0

@� g(0)
i 0 �

X

j

� g
ji 0�

l(0)
j

1

A = ln ' i 0pg
i 0 �

X

j

� g
ji 0 ln 
 j mj : (23)

Or in terms
:
of

:
the gas equilibrium constantK g

i 0

K g
i 0 =

' i 0pg
i 0

Qg
i 0

; (24)

with the equilibrium constant related to the standard state chemical potentials by the equation315

ln K g
i 0 = �

1
RT

0

@� g(0)
i 0 �

X

j

� g
ji 0�

l(0)
j

1

A (25)

and

Qg
i 0 =

Y

j

(
 j mj ) � g
ji 0 : (26)

Substituting Eq. 26 and the exponential of Eq. 25 into Eq. 24 results in

' i gpg
i 0

Q
j (
 j mj ) � g

ji 0
= exp

0

@�
1

RT

0

@� g(0)
i 0 �

X

j

� g
ji 0�

l(0)
j

1

A

1

A (27)320
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2.7.2 Contribution to CO2 Residual Equation

For grid cells with a nonzero CO2 gas saturation (i.e.,sg > 0), the governing mass conservation equation (i.e., Eq. 13) for CO2

is replaced by a residual equation that constrains the CO2(aq) concentration against the solubility of CO2. The residual equation

for the primary CO2 species (i.e., CO2(aq), HCO-
3 or CO-2

3 ) is then based on Eq. 27, i.e.,

f CO2 =
Y

j

(
 j mj ) � g
j CO2 �

' CO2p
g
CO2

exp
�

� 1
RT

�
� g(0)

CO2
�

P
j � g

j CO2
� l(0)

j

�� = 0 (28)325

with Jacobian entries

@fCO2

@mj 0
=

@
� Q

j (
 j mj ) � g
j CO2

�

@mj 0
8 j 0 (29)

wheref CO2 is the residual equation for the CO2 component andj 0 represents the primary species.
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3 Usage

The following sectiondescribesnew input parametersspeci�c to SCO2Mode, the well model,andcouplingwith reactive330

transport.All otherbasePFLOTRAN functionality (e.g.,gridding,materialpropertyde�nition, outputoptions,datasetI/O,

etc)canbeusedwith SCO2Modejust like all other�ow modes(seethePFLOTRANDocumentationfor moredetails).

Runningmodelswith SCO2Moderequiresinvokingthe�ow modethroughtheinputdeckandthenchoosingfrom avariety

of input optionsspeci�c to SCO2Mode.Severalnewoptionshavebeenaddedto theinput deckthatallow theuserto choose

thefunctionality theydesireandparameterizeaccordingly.Thefollowing sectionsprovidetheuserwith a descriptionof new335

inputoptions,associatedkeywords,andsnapshotsof inputdecksprovidingcontextonwherethosekeywordsareused.

2.1 NewInputs

The two highest-levelinput blocks required to run a subsurfacemodel with SCO2 Mode are the SIMULATION and

SUBSURFACEblocks. In the SIMULATION block, the userchooseswhich processmodelsthey would like to simulate.

Thosecanincludeanycombinationof �ow modes,transportmodes,geomechanics,well models,andmore.PFLOTRANwill340

coupletheseprocessestogetheraccordingto their defaultcouplingschemesandprovidecouplingoptionswhereavailable.

To selectSCO2Mode,theuserwould invokeMODE SCO2underSUBSURFACE_FLOWwithin thePROCESS_MODELS

sub-blockof SIMULATION.

Additionally, an OPTIONSblock within SUBSURFACE_FLOWcanbe usedto de�ne certainre�nementsto the process

model. Most notably, this is where the user would decidewhetherto run an isothermalsimulation or a non-isothermal345

simulation.To run isothermal,the userhastwo options:�rst, ISOTHERMAL_TEMPERATURE<temperaturevalue>sets

asingleconstanttemperatureequalto <temperaturevalue>throughouttheentiremodeldomain.Second,theusercouldinvoke

FIXED_TEMPERATURE_GRADIENTto specify initial temperatureconditionsin the modelandkeepthosetemperatures

�xed overtime.Useof theFIXED_TEMPERATURE_GRADIENTkeywordrequiresincludingthermalstatevariablesin the

FLOW_CONDITIONsandthensettingcell temperaturesthroughanINITIAL_CONDITION.350

Otheroptionsin theOPTIONSblock include:

– UPDATE_SURFACE_TENSIONscalesthe CO2-brine-rockinterfacial tensionasa function of temperatureandbrine

saturation,which in turnaffectscapillarypressure.Otherwise,no interfacialtensionscalingis used.

– MIXTURE_DENSITY providesoptionsfor computingCO2-brinemixturedensity.

– UPWIND_VISCOSITYfully upwindstheviscosityfor usein �ux calculations.355

– PHASE_PARTITIONINGcanselecttheCO2-brineequilibriumphasepartitioningcalculationmethod.

– NO_H2O_SOURCE_UPDATE_FROM_TRANSturnsoff watersource/sinkdueto mineralizationreactionsif reactive

transportis beingused
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Anotheroption in thePROCESS_MODELSblock is to invoke theWELL_MODEL. TheWELL_MODEL thenexpectsa

TYPE.Currently,TYPEHYDROSTATIC is supportedby SCO2Mode,andthewell modelcouplingstrategyis fully implicit.360

ThePROCESS_MODELSblock is alsowherea userwould requesttheSUBSURFACE_TRANSPORTfor coupling�ow, a

well model,and/orreactivegeochemicaltransport.A list of newkeywordscanbefoundin TableA1.

InputDeckKeywords.

=6pt Keyword(s) Parent Block(s) Description MODE SCO2 SUBSURFACE_FLOWInvokes the SCO2 �ow

mode.WELL_MODEL SUBSURFACE_FLOWInvokes the well model.ISOTHERMAL_TEMPERATUREMODE SCO2,365

OPTIONSSets a single model temperature.FIXED_TEMPERATURE_GRADIENTMODE SCO2, OPTIONSSets a

constant temperaturedistribution.(a)UPDATE_SURFACE_TENSIONMODE SCO2, OPTIONSTurns on surface tension

scaling.MIXTURE_DENSITYMODE SCO2, OPTIONSSets CO2-brine mixture density.(b)UPWIND_VISCOSITYMODE

SCO2, OPTIONSFully upwinds viscosity.(c)PHASE_PARTITIONINGMODE SCO2, OPTIONSSets CO2-brine phase

partitioning model.(d)NO_H2O_SOURCE_UPDATE_FROM_TRANSMODE SCO2,OPTIONSTurns off H2O source/sink370

from reaction.TYPE WELL_MODELSetsthewell modeltype.(e)WELLBORE_MODELSUBSURFACEOpenstheWellbore

modelinputblock.(f)WELL_MODEL_OUTPUTSUBSURFACESetswell variablesto output.(g)

Within the SUBSURFACEblock, severalnew optionshavebeenaddedto simulateinjection andproductionwells. The

WELLBORE_MODELblock is usedto beginde�ning thepropertiesof a well. Multiple WELLBORE_MODELblockscan

be usedto de�ne multiple wells, eachwith different properties.EachWELLBORE_MODEL block requiresa name(e.g.,375

WELLBORE_MODEL well-1, WELLBORE_MODEL well-2). Within a WELLBORE_MODEL block, severalsub-blocks

areusedto build differentpartsof thewell andapplyspeci�c constraints.The�rst sub-blockis theWELL_GRID block,which

isusedtode�ne theorientationandtrajectoryof aparticularwell. TheWELL blockde�nespropertiesof thewellboreitself, like

diameterandskin factor.Pressurelimitationscanbeimposedby theFRACTURE_PRESSUREandMINIMUM_PRESSURE

keywords.A list of keywordscanbe found in TableA3, andmoreinformationon well modelconstructioncanbe found in380

SectionA3.

2.0.1 NewCharacteristic Curve Options

A new,head-basedVanGenuchtencharacteristiccurveoptionis nowavailable.Thismodeltakesthefollowing form:

�sl = (1 + ( �� gl hgl )n ) � m ;

�sl = sl � slr
1� slr

;385

hgl =
Pg � P l

� �
l g

wherehgl is thegas-liquidcapillaryheadin meters,� is the inverseof thecapillaryentryheadin m� 1, � gl is the interfacial

tensionscalingfactor,and� �
l is a liquid referencedensity,whichby defaultis setto 998.32kg/m3.

Thisnewcapillaryhead-basedsaturationfunctionis invokedwith keywordVG_STOMP.Both theVanGenuchtencapillary

headfunctionandthedefaultBrooks-Coreycapillarypressurefunctioncannow beoptionallyextendedinto theregionbelow390
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residualliquid saturationby usingtheUNSATURATED_EXTENSIONkeyword.Bothfunctionsarealsonowcompatiblewith

thescanningpathhysteresismodelfor gastrapping.

CharacteristicCurveKeywords=5ptKeywordDescriptionUNSATURATED_EXTENSIONExtendsthecapillarypressure

function below residualsaturation.MAX_TRAPPED_GAS_SATSetssgt;max for the hysteresismodel.VG_STOMPSelects

theVanGenuchtencapillaryheadmodel.OVEN_DRIED_CAP_HEADSetsheadvalueat sl = 0. �395

Well ModelKeywords

=6pt Keyword(s) Parent Block(s) Description WELL_GRID WELLBORE_MODELDe�nes well orientation

and casing.WELL WELLBORE_MODELDe�nes well geometric properties.USE_WELL_COUPLER

WELLBORE_MODELSetsrate througha WELL_COUPLER.(a)FRACTURE_PRESSUREWELLBORE_MODELFracture

pressure limit. (b)MINIMUM_PRESSURE WELLBORE_MODELMinimum pressure limit. (c)PRINT_WELL_FILE400

WELLBORE_MODELPrints a .well �le WELL_TRAJECTORY WELL_GRIDDe�nes well

trajectory.(d)SURFACE_ORIGIN WELL_TRAJECTORYCenter of the top of the well.SEGMENT_LIST

WELL_TRAJECTORYReads well segment information.(e)SEGMENT_DXYZ WELL_TRAJECTORYDe�ne

well by line segments.(f)SEGMENT_RADIUS_TO_HORIZONTAL_X WELL_TRAJECTORYDe�ne a

kickoff radius.(g)SEGMENT_RADIUS_TO_HORIZONTAL_Y WELL_TRAJECTORYDe�ne a kickoff405

radius.(h)SEGMENT_RADIUS_TO_HORIZONTAL_ANGLEWELL_TRAJECTORYDe�ne a kickoff radius.(i)DIAMETER

WELLSetswellborediameter.FRICTION_COEFFICIENTWELLSetsaxial friction coef�cient.SKIN_FACTORWELLSets

well skin factor.WELL_INDEX_MODEL WELLSetswell indexmodel.(j)

2.1 Isothermal Injection

Settingup an isothermalmodelwith a CO2 injection requires�rst invoking the SCO2�ow mode,providing an isothermal410

temperaturein theSUBSURFACE_FLOWOPTIONSblock,providingSCO2Mode-speci�cinitial �ow conditions,andsetting

an SCO2Mode-speci�c injection �ow condition. Settingup the grid, specifyingmaterialproperties/characteristiccurves,

labelingregions,etccanall beperformedusingstandardPFLOTRANinput deckformatting.An exampleof someminimum

requirementsfor settingupanisothermalCO2 injectionmodelareshownbelow.

Thefollowing examplecontainssectionsof aninputdeckthatcanbeusedto setupasimpleCO2 injection.Completeinput415

deckscorrespondingto morecomplexbenchmarkproblemscanbefoundin thesupplementarymaterial.

SCO2Modeis invokedin theSUBSURFACE_FLOWblock with keywordsMODE SCO2.To makethemodelisothermal,

thekeywordISOTHERMAL_TEMPERATUREis usedin theOPTIONSblock. This modelwill run at a constantisothermal

temperatureof 45C.

Flow conditions for the isothermalversion of SCO2 Mode require three constraints.Constraintsshould be selected420

dependingon the phasestateof the �ow condition.For example,if the model is to be initialized at fully aqueous-saturated

conditions, a FLOW_CONDITION must be speci�ed with LIQUID_PRESSURE, CO2_MASS_FRACTION, and

SALT_MASS_FRACTION. Likewise, if an initial or boundary condition were to be in the two-phase state, a

GAS_PRESSURE,LIQUID_PRESSURE,andSALT_MASS_FRACTIONwould berequired.That is, to achievea particular
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phasestatefor a �ow condition,theconstraintsrequestedin the �ow conditionsmustmatchtheprimaryvariablesassociated425

with thatphasestate(Table1).

TheCO2 injectionis de�ned throughaRATE type�ow condition,wherewatermassrate,CO2 massrate,andsaltmassrate

arespeci�ed followed by their correspondingunits.More informationon optionsfor specifyinginjection/extractionratescan

befoundin SectionA3.

2.1 Well Model430

De�ning a well trajectory in PFLOTRAN can take severalforms (seeTable A3). The most generalform invokes the

WELL_TRAJECTORYkeywordandallowstheuserto employanarbitrarycombinationwell pathsegments(linesandcurves)

to constructawell geometryof theirchoice.Sincethewell trajectoryis de�ned�rst by asetof linesandcurvesin 3 dimensions,

usingthisoptionensuresthatif reservoirgrid resolutionis re�ned, thewell trajectorywill bere�ned accordinglyandthatwell

segmentswill properlymapto reservoircells.De�ning thewell trajectoryalwaysbeginsat thesurface<x,y,z>locationof the435

wellheadandproceedsdownwardthroughasequenceof well intervals.

As an example,constructingthe well shown in Figure A1 would require four entries to the WELL_TRAJECTORY

block: �rst, the SURFACE_ORIGIN would be de�ned (red circle in Figure A1). Then, well interval 1 would

be de�ned by SEGMENT_DXYZ and the correspondingdx, dy, and dz of that interval (green in Figure A1).

Next, the well transitions to horizontal in the x-dimension over a particular radius. This is achievedby using the440

SEGMENT_RADIUS_TO_HORIZONTAL_Xkeywordandthe desiredradiusr (greenin FigureA1). Finally, a horizontal

leg extendingin the x-directioncanbe constructedwith anotherSEGMENT_DXYZ entry. Note, this interval de�nition is

independentof thereservoirmesh.PFLOTRANwill split eachintervalinto its correspondingdiscretewell segmentform (i.e.,

therepresentationin Figure1) internallyasa functionof themesh.For curvedintervalsor intervalsthatdo not movestrictly

in oneprincipaldirection,this canresultin stair-steppingon structuredgrids,sousersshouldkeepthis in mind whenbuilding445

wells. Eachwell interval is additionallyde�ned asbeingeitherCASED or SCREENED;separatewell intervalsneedto be

de�ned accordingly.CASEDintervalsaredisconnectedfrom thereservoircells throughwhich theypass(i.e., well-reservoir

�ux is 0); SCREENEDintervalsarehydraulicallyconnectedto their reservoircells.

On very large unstructuredgrids, the algorithm for constructingdiscretewell segmentsand mappingwell segmentsto

reservoircells can be computationallycostly. Therefore,whenevera well is constructedusing the WELL_TRAJECTORY450

keyword,PFLOTRANoutputsa<well-name>_well-segments.dattext �le containingall of thenecessaryinformationto import

thediscretizedwell backinto thesimulatorfor futureruns.It is recommendedthattheuserreadin awell trajectoryby invoking

thekeywordsSEGMENT_LISTFILE <well-name>_well-segments.datwhenrunningmultiple modelson thesamereservoir

meshwith thesamewell or wells, to speedupmodelruns.If thereservoirdiscretizationchanges,or if thewell trajectoriesare

adjusted,these�les mustberegenerated.455

Examplewell trajectory.Red:the locationof thewellhead;blue:exampleorderingof well intervals;green:exampleinput

types
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The wellbore itself is de�ned by several parameters.Those include the wellbore diameter,wellbore axial friction

coef�cient, skin factor, and well index model. The default well index model is the 3D anisotropicPeacemanmodel

(PEACEMAN_3D).To de�ne anupperpressurethreshold,beyondwhichthewell is treatedaspressurecontrolled,thekeyword460

FRACTURE_PRESSUREmustbeinvokedfollowedby avaluefor fracturepressure.Likewise,aminimumthresholdpressure

canbeassignedusingthekeywordMINIMUM_PRESSURE.

It is recommendedthat the user de�ne well �ow rate and compositionfor SCO2 Mode using a WELL_COUPLER.

By invoking the USE_WELL_COUPLER keyword in the WELLBORE_MODEL block, the user can then

subsequentlyde�ne a FLOW_CONDITION to be applied to the well vis-a-vis the WELL_COUPLER block.465

Just as a BOUNDARY_CONDITION/INITIAL_CONDITION/SOURCE_SINK block links FLOW_CONDITIONs

(and TRANSPORT_CONDITIONs) to REGIONs, a WELL_COUPLER links FLOW_CONDITIONs (and

TRANSPORT_CONDITIONs)to WELLs. A FLOW_CONDITION for a well contains at minimum a TYPE RATE

MASS_RATEconstraint,wherethe RATE canbe de�ned by a singlesetof valuesor a time-dependentlist of values(see

PFLOTRAN Documentationfor a more detaileddescriptionof �ow conditionsand rate options, including interpolation470

options).

The RATE keyword expectsthe samenumberof entriesas thereare reservoirdegreesof freedom.That meansthat for

isothermalsimulations,RATE expects3 entriesfollowedby 3 units.Theordermatters:the�rst entryis awatersourceor sink,

thesecondentryis aCO2 sourceor sink,andthethird entryis asaltsourceor sink.Unitsaremasspertime.Positivenumbers

indicateinjection.Therefore,to inject1000kg/sof pureCO2, theRATE wouldappearasfollows:475

If thermaleffectsarebeingconsidered,theRATE keywordexpectsanadditionalentry for energy�ux. Note that this also

appliesto FIXED_TEMPERATURE_GRADIENT,andthattheenergysourcetermis addedon topof theenthalpyof the�uid

beinginjected.Therefore,it is mostcommonfor theenergysource/sinkto be0. Units alsoneedto beprovided,typically in

MW. For example,amodi�ed RATE whenrunningthermalsimulationslooksasfollows:

By default, injection temperatureis set equal to the reservoir temperatureat the location of the injection. Injection480

temperaturecanoptionally be modi�ed by including an additionalTEMPERATUREDIRICHLET constraintin the TYPE

blockof theFLOW_CONDITION.Also, RATEsaretreatedby defaultaspurecomponentmassrates.Theusercanoptionally

invoketheCO2_MASS_FRACTIONDIRICHLET andRELATIVE_HUMIDITY DIRICHLET constrainttypes.By invoking

these,PFLOTRAN will treat water masssourcetermsas liquid phasemasssourcesand partition betweenCO2 and H2O

massaccordingto theCO2_MASS_FRACTIONprovided;likewise,a CO2 masssourcewill betreatedasa CO2 phasemass485

sourceandpartitionbetweencomponentsaccordingto theRELATIVE_HUMIDITY fraction.This couldalsobeachievedby

supplyingtwo componentmassrateswithout the needto invoke the CO2_MASS_FRACTIONor RELATIVE_HUMIDITY

keywords.

NegativeRATE valuesextractmassfrom the reservoirthroughthe well. Reservoir�uid temperatureandcompositionare

alwaysusedwith extractionwells.Thus,thevaluesprovidedarealwaystotalmassrates.Any valuesprovidedto themassrate490

termsaresummed,andPFLOTRANappliesthat valueasthe total massextractionrateappliedto themodel.Thereforeit is
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recommendedthatuserssupplytotal massextractionratesto the�rst entryof eachRATE for simplicity. To extract1000kg/s

of totalmassin anisothermalsimulation,aRATE would look asfollows:

Forexample,if thereservoircontainsonly liquid waterwith dissolvedsaltanddissolvedCO2, applyingthis ratewill extract

water,CO2, andsalt componentswherethe sumof the componentmassratesequalsthe total productionrate.On the other495

hand,if free-phaseCO2 andliquid waterbothcoexistin thereservoircell wheretheextractionis takingplace,individualphase

massratesareweightedby theirmobility ratios(i.e., if gasphaseexistsbut it is immobile,only liquid phasewill beextracted,

andviceversa).PFLOTRANthensolvesfor well bottomholepressuresuchthatsumof totalmassof waterandCO2 extracted

from bothphasesequalstheuser-speci�edextractionrate.

When running modelswith reactivetransport,a TRANSPORT_CONDITIONwill de�ne the constraintson dissolved500

aqueousspeciesthatarenot CO2. For instance,if theuserwishesto inject 1000kg/sof waterwith a tracerin an isothermal

model,theFLOW_CONDITIONwould readasfollows:

wherethe watercomponentis being injectedat 1000kg/s. A separateTRANSPORT_CONDITIONwould prescribethe

tracerconcentrationin thewater.

The following examplecontainssectionsof an input deckthat invoke certainwell modeloptions.Completeinput decks505

correspondingto morecomplexbenchmarkproblemscanbefoundin thesupplementarymaterial.

Thewell modelis �rst requestedby invokingWELL_MODEL in thePROCESS_MODELSblockof SIMULATION:

In the WELLBORE_MODEL block in SUBSURFACE, the WELL_GRID and WELL propertiesmust be de�ned.

Optionally,USE_WELL_COUPLERlinks awell to �ow/transportconditionsandFRACTURE_PRESSUREsetsamaximum

pressurethresholdfor pressurecontrol:510

A separateWELL_MODEL_OUTPUTblockde�nescertainwell variablesto includein output�les.

Injection/extractionratesandschedulesarede�ned in a FLOW_CONDITIONandthencoupledto any/allwells througha

WELL_COUPLER.

2.1 Non-isothermalFlow

Runningnon-isothermalmodelsis thedefaultbehaviorof SCO2Mode.Thereforeto setupaCO2 modelthatconsidersthermal515

effects,no additionalOPTIONSare requiredin the SUBSURFACE_FLOWblock. However,in addition to the threemass

degreeof freedomconstraints,anadditionalconstraintfor theenergyequationis alsorequired.Thefourthprimaryvariablefor

all phasestatesis temperature;therefore,a temperatureDirichlet constraint(or energy�ux Neumannconstraint)is required

in eachFLOW_CONDITION.An exampleof someminimumrequirementsfor settingup a thermalCO2 injectionmodelare

shownbelow.520

The following examplecontainssectionsof an input deckthat canbe usedto setup a simpleCO2 injection considering

thermaleffects.Completeinputdeckscorrespondingto morecomplexbenchmarkproblemscanbefoundin thesupplementary

material.

SCO2 Mode is invoked in the SUBSURFACE_FLOWblock with keywordsMODE SCO2.No additionaloptionsare

requiredfor a thermalmodel.525
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In eachFLOW_CONDITION, a thermalconstraintmust be added.For temperatureconstraintsof TYPE DIRICHLET,

the usercaneitherspecifya constanttemperatureor the temperatureat a referencedatumin conjunctionwith a geothermal

gradient.Here,theinitial conditionspeci�esa geothermaltemperaturegradientanda temperatureat a speci�eddatum.In an

injectionwell, aconstanttemperatureis speci�ed.

2.1 ReactiveTransport Coupling530

SCO2Mode hasbeendesignedto couplewith PFLOTRAN's reactivetransportlibraries for modelingcoupledmultiphase

�ow and CO2 reactivity. Invoking this coupling only requires adding a SUBSURFACE_TRANSPORTblock to the

PROCESS_MODELSlist andincludingCO2 speciesin additionalinputblocksassociatedwith reactivetransport.

The following examplecontainssectionsof an input deck that can be usedto set up reactioncoupling with CO2 �ow.

Completeinput deckscorrespondingto more complex exampleproblems,including problemsthat involve geochemistry535

coupling,canbefoundin thesupplementarymaterial.

Here, SCO2 Mode is invoked in the SUBSURFACE_FLOW block, and GIRT Mode is invoked through the

SUBSURFACE_TRANSPORTblock. No additional options are required for reactive transport coupling, but the

FIXED_TEMPERATURE_GRADIENToption andthe WELL_MODEL block areincludedhereasan exampleof possible

combinationsof processmodels.540

The CHEMISTRY block andassociatedconstraintsmust includeCO2(aq)in order to properlyenablecouplingbetween

SCO2Mode andreactivetransport.CO2(g)mustalsobe includedasan ACTIVE_GAS_SPECIES.This exampleincludes

the mineralcalcite in its chemistryblock, which is de�ned in a chemistrydatabase.Speci�c combinationsof mineralsand

aqueousspecieswill dependonthedesiredapplication.ThePFLOTRANDocumentationcontainsmoreinformationonsetting

up reactivetransportmodels,includingadescriptionof thestructureof ageochemicaldatabase.545

3 Benchmarks

Five benchmark test cases were built to demonstrate the capability of SCO2 Mode to simulate multiple coupled processes

related to subsurface CO2 injection, brine mixing, multiphase miscible �ow with hysteresis, well modeling, and reactivity.

These models were constructed from STOMP-CO2 short course material to directly compare PFLOTRAN's results with those

produced by STOMP-CO2
:::::::::::
(White, 2023).550

3.1 Radial Flow of Supercritical CO2

:::
The

::::
�rst

:::::::::
benchmark

:::
test

::::
was

:::::::
designed

:::
to

:::::::
evaluate

::
the

::::::
ability

::
of

:::::::::
simulators

::
to

:::::::
properly

::::::
model

::::::::
two-phase

::::
�ow

:::
of

::::
CO2 :::

and
:::::
brine

:::::
under

:::::::
capillary

:::
and

:::::::
relative

::::::::::
permeability

:::::::
effects;

::
to

:::::::::
adequately

::::::
account

:::
for

:::::::::::
temperature,

:::::::
pressure,

::::
and

::::::
salinity

:::::::::
dependent

:::::
phase

::::::::
properties

::::
like

::::::
density,

::::::::
viscosity,

::::
and

::::
CO2:::::::::

solubility;
:::
and

::
to

::::::::::::
appropriately

::::::
handle

:::::
phase

:::::::
behavior

::::
like

::::
CO2::::::::

bubbling
:::
and

::::
salt

::::::::::
precipitation

::::::
during

::::::::::
desiccation.555
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This benchmark problem is equivalent to STOMP-CO2 Short Course Example Problem CO2-1. In this problem, originally

developed for the GeoSeq Project (Pruess et al., 2002), a 1D radial domain is initialized to a constant pressure of 12 MPa and

a temperature of 45
:
oC. The domain is initially water-saturated; at the beginning of the simulation a constant scCO2 injection

rate of 12.5 kg/s is applied at r = 0 m and held constant throughout the simulation. The aquifer is homogeneous and isotropic,

and the far edge of the model is placed such that the domain is essentially in�nite. Gravity effects are ignored.560

This benchmarktestwasdesignedto evaluatetheability of simulatorsto properlymodeltwo-phase�ow of CO2 andbrine

undercapillaryandrelativepermeabilityeffects;to adequatelyaccountfor temperature,pressure,andsalinitydependentphase

propertieslike density,viscosity,andCO2 solubility; andto appropriatelyhandlephasebehaviorlike CO2 bubblingandsalt

precipitationduringdesiccation.Thisproblem has two variants: �rst, the CO2 injection occurs in a freshwater aquifer; second,

CO2 is injected into a brine aquifer. Injection is simulated using a simple source term in the �rst grid cell (not a well model).565

Table 2 summarizes key properties of the model.

Table 2.Radial Flow of Supercritical CO2 : Model Properties

Property Value Units Description

� 0.12 - porosity

k 1.0E-13 m2 permeability

T 45 C temperature

� 0.5 1/m inverse entry head

n 1.84162 - Van Genuchten n

m 0.457 - Van Genuchten m

Srl 0.3 - residual liquid saturation

Srg 0.05 - residual gas saturation

Pl 12 MPa initial liquid pressure

x l
CO 2

0 kg/kg initial CO2 mass fraction

mNaCl 0.15 kg/kg initial salt mass fraction�

qCO 2 12.5 kg/s CO2 mass injection rate

� Salt mass fraction is zero for the �rst problem variant.

3.1.1 Zero Salinity

In this variant of the Radial Flow of Supercritical CO2 benchmark problem, CO2 is injected into a freshwater aquifer (no dis-

solved salt). Both PFLOTRAN and STOMP-CO2 simulators were run with the same model setup; plots of a select set of output

variables vs radial distance from the wellbore are shown below. These output variables include gas pressure(Figure2), gas sat-570

uration(Figure??), and dissolved CO2 mass fraction (Figure??
:
2). For this problem, PFLOTRAN and STOMP-CO2 results
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are nearly indistinguishable, indicating very strong agreement between the two simulators and verifying the implementation in

PFLOTRAN.
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Figure 2. Radial Flow of Supercritical CO2 without salt:
::
a) Gas Pressure,

::
b)

:::
Gas

::::::::
Saturation,

::
c)

::::
CO2:::::::

Aqueous
::::::::
Dissolved

::::
Mass

::::::
Fraction.
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RadialFlow of SupercriticalCO2 without salt:GasSaturation.

RadialFlow of SupercriticalCO2 without salt:CO2 AqueousDissolvedMassFraction.575

3.1.2 With Salinity

In this variant of the Radial Flow of Supercritical CO2 benchmark problem, CO2 is injected into a brine aquifer characterized

by an initial constant dissolved salt mass fraction. Both PFLOTRAN and STOMP-CO2 simulators were run with the same

model setup; plots of a select set of output variables vs radial distance from the wellbore are shown below. These output

variables include gas pressure(Figure3), gas saturation(Figure??), dissolved CO2 mass fraction(Figure??), and salt precipitate580

saturation (Figure??
:
3). For this problem, PFLOTRAN and STOMP-CO2 results are very close for all variables, indicating very

strong agreement between the two simulators and verifying the implementation in PFLOTRAN. PFLOTRAN and STOMP-

CO2 differ slightly in their reporting of precipitate saturation very close to the wellbore; here, both simulators show a small

amount of numerical oscillation. Under strict time step control to small time steps, this numerical oscillation can be eliminated.
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Figure 3. Radial Flow of Supercritical CO2 with salt:
:
a)

:
Gas Pressure

:
,

::
b)

:::
Gas

::::::::
Saturation,

::
c)

::::
CO2 :::::::

Aqueous
:::::::
Dissolved

:::::
Mass

:::::::
Fraction,

:
d)

::::
Salt

::::::::
Precipitate

::::::::
Saturation.
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::::
This

:::::::::
benchmark

:::::::::::
demonstrates

:::
the

::::::
ability

::
of

:::::::::::::
PFLOTRAN's

:::::
SCO2

:::::
Mode

:::
to

::::
solve

::::::::
coupled,

:::::::::
isothermal

::::
CO2::::

and
:::::
brine

::::
�ow585

::
in

:
a
::::::
radial

::::::
domain

:::::
with

:::
and

:::::::
without

:::::
fully

:::::::
implicit

:::::::
salinity

::::::::
coupling.

:::::
These

::::::
results

::::
are

::::::::
consistent

:::::
with

:::::
those

::::::::
produced

:::
by

:::::::::::
STOMP-CO2

:::
for

:::
the

:::::
same

:::
set

::
of

:::::
tests.

:::::
Since

:::
this

::
is

::
a

:::
1D

:::::
radial

::::::
model,

:::::::::
buoyancy

:::::
effects

::::
are

:::
not

::::::::
evaluated

:::
by

:::
this

::::
test.

::::
The

::::::::
following

:::::::::
benchmark

::::::::
evaluates

::::::::::::
PFLOTRAN's

::::::
ability

::
to

:::::
model

::::
CO2:::::::::buoyancy.

RadialFlow of SupercriticalCO2 with salt:GasSaturation.

RadialFlow of SupercriticalCO2 with salt:CO2 AqueousDissolvedMassFraction.590

RadialFlow of SupercriticalCO2 with salt:PrecipitateSaturation.

3.2 Discharge of CO2 Along a Fault

This benchmark
:::::
builds

:::
on

::
the

::::::::
previous

:::
test

::
by

::::::
adding

::::::
gravity

:::::::
effects.

::::
Here,

:::::::::
simulators

:::
are

:::::::::
challenged

::
to

::::::
model

::::::
buoyant

:::::::
vertical

::::
�ow

:::::
rather

::::
than

::::::
simply

::::::
radial

::::
�ow.

:::::
This

::
is

::::::::
important

:::
for

:::::::::
evaluating

:::::::
vertical

:::::::::
migration

::::
CO2 ::::

and
:::
the

::::::
sealing

::::::::
capacity

::
of

::
a

:::::::
caprock.

:::::::::::
Furthermore,

::::::
gravity

::::::
effects

:::
will

:::
be

::::::
present

::
in

:::
the

:::::::::
remainder

::
of

:::
the

:::
test

::::::::::
simulations

::::::::
presented

::
in

:::
this

:::::
work.

:
595

::::
This

:::::::::
benchmark

:
problem is equivalent to STOMP-CO2 Short Course Example Problem CO2-2. Like the Radial Flow of

Supercritical CO2 benchmark problem, this problem was also introduced as part of the GeoSeq Project (Pruess et al., 2002).

Thefocushereis onmodelingbuoyantvertical�ow ratherthanradial�ow. Here, a 1D vertical Cartesian domain is initialized

to hydrostatic conditions with pure water (no dissolved salt). This vertical model is meant to emulate loss of stored CO2 into a

freshwater aquifer along a leaky fault. This problem tests the ability of simulators to model displacement of water by buoyant600

CO2 migration, dissolution of CO2 at the gas-water interface, hydrostatic water pressure and a Dirichlet top water pressure

boundary, and a bottom gas pressure boundary that drives CO2 �ow into the domain.

Pressure at the top of the domain (500 m) is set to 10 MPa, and temperature everywhere is set to 45oC. The model is

isothermal. The model is run in two stages: �rst, an equilibration step obtains an initial pressure distribution (though the

keyword HYDROSTATIC in PFLOTRAN can also be used to apply a hydrostatic pressure distribution); second, the model is605

restarted with a
:::::::
Dirichlet

:
gas phase boundary condition imposed on the bottom boundary and characterized by a gas pressure

of 24 MPa. Table 4 summarizes key properties of the model.
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Table 3.Buoyant CO2 Flow: Model Properties

Property Value Units Description

� 0.35 - porosity

k 1.0E-13 m2 permeability

T 45
:
oC temperature

� 0.5 1/m inverse entry head

n 1.84162 - Van Genuchten n

m 0.457 - Van Genuchten m

Srl 0.3 - residual liquid saturation

Srg 0.05 - residual gas saturation

Pl 10 MPa initial liquid pressure at the top of the model

x l
CO 2

0 kg/kg initial CO2 mass fraction

mNaCl 0 kg/kg initial salt mass fraction

Pg 24 MPa gas pressure applied at the base of the model

Both PFLOTRAN and STOMP-CO2 simulators were run with the same model setup; plots of a select set of output variables

versus height of the column are shown below. These output variables include gas pressure(Figure4), gas saturation(Figure

??), aqueous dissolved CO2 mass fraction(Figure ??), and mass fraction of CO2 in the gas phase (Figure??
:
4). For this610

problem, PFLOTRAN and STOMP-CO2 results are nearly indistinguishable, indicating very strong agreement between the

two simulators and verifying the implementation in PFLOTRAN.
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Figure 4. CO2 Discharge Along a Fault:
:
a)

:
Gas Pressure

:
,
::
b)

:::
Gas

:::::::::
Saturation,

:
c)

::::
CO2:::::::

Aqueous
::::::::
Dissolved

::::
Mass

:::::::
Fraction,

:::
and

::
d)

:::::::::
Free-phase

:::
CO2::::

Gas
::::
Mass

::::::
Fraction.
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CO2 DischargeAlong a Fault:GasSaturation.
::::
This

:::::::::
benchmark

::::::::::::
demonstrates

:::
the

:::::
ability

:::
of

::::::::::::
PFLOTRAN's

:::::
SCO2

::::::
Mode

::
to

::::
solve

:::::::
buoyant

::::
�ow

:::
of

::::
CO2 ::

in
:
a
:::
1D

:::::::::
Cartesian

:::::::
domain.

:::::
These

::::::
results

:::
are

:::::::::
consistent

::::
with

::::
those

:::::::::
produced

::
by

::::::::::::
STOMP-CO2

:::
for

::
the

:::::
same

::::
test.615

CO2 DischargeAlong aFault:AqueousCO2 MassFraction.

CO2 DischargeAlong aFault:Free-phaseCO2 CO2 MassFraction.

3.3 CO2 Injection into a 2D Layered Formation

This benchmarkproblem
:
is

::::::::
designed

::
to

::::
test

:::
the

::::::
ability

::
of

:::::::::
simulators

:::
to

::::::
model

::::
CO2:::::::::

migration
::
in

:::
2D

:::::
both

::::::::
vertically

::::
and

::::::::::
horizontally

::
in

:::
the

::::::::
presence

::
of

::::::::
lithologic

::::::::::::
heterogeneity.

::::
This

:::::::
problem

::::::::
presents

:
a

:::::
more

:::::::
realistic

:::::::
scenario

:::::
where

:::::::
injected

:::::
CO2620

:::::::
becomes

::::::
trapped

:::::::
beneath

::::
low

::::::::::
permeability

::::::
sealing

::::::
layers.

:

::::
This

:::::::::
benchmark

:::::::
problem is equivalent to STOMP-CO2 Short Course Example Problem CO2-3. This problem was originally

developed for the GeoSeq project (Pruess et al., 2002). Here, a 2D Cartesian layered model was designed to be representative

of the Sleipner Vest �eld in the Norwegian North Sea. The problem contains alternating sand and shale sequences in a marine

environment (i.e., saline pore water).625

The problem is isothermal at 37oC, and a source term injects scCO2 into the bottom left corner of a sandy reservoir unit

beneath the deepest shale layer. The model is initialized to hydrostatic liquid pressure with a pressure of11.20525
::
11

:
MPa at

the elevation of the injection well, 22 m from the bottom of the domain. No �ow boundary conditions are applied on the left

as a symmetry boundary, top as an impermeable shale seal, and bottom as another impermeable seal. The right boundary is a

Dirichlet boundary at hydrostatic conditions. The domain spans 6 km horizontally and 184 m vertically, with a series of four630

3-m thick horizontal shale units at different depths and spanning the entire length of the domain.

The sand layers and shale layers are characterized by different lithologic properties, adding heterogeneity to the model. They

have different permeabilities, porosities, and capillary entry pressures. ScCO2 is injected for a period of 2 years at a single well

location in the model and at a constant rate of 0.1585 kg/s. Table 4 summarizes key properties of the model.
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Table 4.2D CO2 Injection into a Layered Formation: Model Properties

Property Value Units Description

� sand 0.35 - sand porosity

ksand 3.0E-12 m2 sand permeability

� sand 2.735 1/m sand inverse entry head

� shale 0.1025 - shale porosity

kshale 1.0E-14 m2 shale permeability

� sand 0.158 1/m shale inverse entry head

:::::
hshale : :::

3.0
::
m

:::::::
thickness

:::
of

:::
the

::::
shale

:::::
layers

:

::::::
zshale 1 ::

52
::
m

:::::
model

:::::::::
elevation

::
at

:::
the

::::
base

::
of

::::
shale

:::::
layer

:
1
:

::::::
zshale 2 ::

85
::
m

:::::
model

:::::::::
elevation

::
at

:::
the

::::
base

::
of

::::
shale

:::::
layer

:
2
:

::::::
zshale 3 :::

118
: ::

m
:::::
model

:::::::::
elevation

::
at

:::
the

::::
base

::
of

::::
shale

:::::
layer

:
3
:

::::::
zshale 4 :::

151
: ::

m
:::::
model

:::::::::
elevation

::
at

:::
the

::::
base

::
of

::::
shale

:::::
layer

:
4
:

T 37
:
oC temperature

n 1.667 - Van Genuchten n

m 0.4 - Van Genuchten m

Srl 0.2 - residual liquid saturation

Srg 0.05 - residual gas saturation

Pl 11.20525 MPa initial liquid pressure at the well elevation

x l
CO 2

0 kg/kg initial CO2 mass fraction

mNaCl 0.032 kg/kg initial salt mass fraction

qCO 2 0.1585 kg/s CO2 injection rate at the well

zwell 22 m elevation of the well

This problemwas usedto test the ability of SCO2Mode to simulatethe coupledprocessesdescribedin the previous635

benchmarksbut in 2D andwith lithologic heterogeneity.Simulation results are shown for PFLOTRAN, STOMP-CO2, and

published results using TOUGH2 (Pruess et al., 2002) at 30 days, 1 year, and 2 years (Figure 5). ScCO2 initially migrates

buoyantly upward from the injection site through the sand reservoir until it reaches a lower permeability shale layer, where

it begins to spread laterally. Over time, due to capillary entry pressure and permeability contrasts, free-phase CO2 accumu-

lates at the interface between layers in the model. Overall, there is good agreement between PFLOTRAN, STOMP-CO2, and640

TOUGH2, verifying the implementation in PFLOTRAN (Figure 5). PFLOTRAN exhibits slightly more curvature in the the

free-phase CO2 plume than STOMP-CO2, which is more plug-like. The PFLOTRAN model more closely matches TOUGH2

in this regard.
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Figure 5. TOUGH2, PFLOTRAN, and STOMP-CO2 Comparison. TOUGH2 results adopted from (Pruess et al., 2002), and STOMP-CO2

results adopted from STOMP-CO2 Short Course Problem CO2-3.
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3.4 2D Cylindrical Injection with a Fully CoupledWell Model

Thisbenchmarkproblemis equivalentto
::::
This

:::::::::
benchmark

:::::::::::
demonstrates

:::
the

::::::
ability

::
of

::::::::::::
PFLOTRAN's

:::::
SCO2

:::::
Mode

::
to

::::::
model

:::
2D645

::::::::
migration

::
of

::::
CO2::

in
::
a

::::::::::::
heterogeneous

:::::::
domain.

:::::::::::
PFLOTRAN

::::::
results

:::
are

::
in

:::::
good

:::::::::
agreement

::::
with

::::
both

::::::::
TOUGH2

::::
and STOMP-

CO2ShortCourseExampleProblemCO2-4.
::::::::
simulators

:::
run

:::
on

:::
the

::::
same

::::
test

:::::::
problem.

::::
The

:::::::::::
PFLOTRAN

::::::
results

::::::::
generally

:::
fall

:::::::
between

:::
the

:::::
results

:::
of

::::::::
TOUGH2

::::
and

::::::::::::
STOMP-CO2.

:::::
These

:::::
small

:::::::::
differences

:::::
could

:::
be

::::::::::
attributable

::
to

:::::::::
differences

::
in

:::::::::
numerical

:::::::
diffusion

::::::::
resulting

::::
from

:::::::
different

::::
time

::::::::
stepping

:::::::::
algorithms

::
or

:::::
subtle

::::::::::
differences

::
in

::::::::
numerical

:::::::::::::
implementation

:::::::
between

::::::
codes.

3.4
::
2D

::::::::::
Cylindrical

::::::::
Injection

:::::
with

:
a

:::::
Fully

::::::::
Coupled

::::
Well

::::::
Model650

In addition to the coupled processes veri�ed by the �rst three benchmark test cases, thisproblem
::::::::
benchmark

:
also tests the

ability of SCO2 Mode to model fully coupled wells with pressure control, unsaturated capillary pressure curve extensions,

trapped gas hysteresis, permeability anisotropy, �xed temperature gradient, and gravity in a 2D cylindrical domain.
:::::
These

:::
are

::
all

:::::::::
potentially

::::::::
important

:::::::
features

:::
for

::::::::::::
understanding

:::
the

:::
fate

::
of

::
a

:::::::::
subsurface

::::
CO2 ::::::::

injection.
:

::::
This

:::::::::
benchmark

:::::::
problem

::
is

:::::::::
equivalent

::
to

:::::::::::
STOMP-CO2

:::::
Short

::::::
Course

::::::::
Example

:::::::
Problem

:::::::
CO2-4. Here, a well model is used655

to inject scCO2 into a layered brine reservoir with heterogeneous permeability and capillary entry pressure.

The model consists of 1 caprock layer at the top of the domain and 24 reservoir layers of varying thickness (Table 5). The

original model, developed for STOMP-CO2, uses a mixture of Imperial and SI units; here, all units were converted to SI units.

Maximum trapped gas saturation for trapped gas hysteresis calculations is set at 0.2 for all layers in the domain. The model is

initialized to hydrostatic pressure and a geothermal gradient of 20oC/km , with a pressure of 12.34 MPa and temperature of660

43.75oC at an elevation of -1040 m. Initial salt mass fraction in the brine is set to 0.0475 kg/kg. The fracture pressure of the

reservoir is set to 16.4 MPa; if pressures in the wellbore exceed this pressure, the well becomes rate-controlled. The wellbore

diameter is set to 0.2286 m with no well skin. The well injects CO2 at a constant rate of 1.0 MMT/year for the �rst 2 years.

Then the injection well switches off and the model continues to run for a total simulation time of 10 years. The cylindrical grid

increases in the radial direction from a cell radius of 5.2 m in the innermost cell to 551.2 m at the far edge for a total of 20665

cells in the radial direction. In the vertical dimension, cell thickness varies from 1.2 m to 24.99 m in thickness over a total of

25 cells.

PFLOTRAN and STOMP-CO2 results are nearly identical (Figures6and??
:::::
Figure

:
6). They show slight differences in the

radial extent of the CO2 plume in a few of the cells at the outer edge of the plume. Other than this, the magnitude and

distribution of free phase CO2 saturation match between the two simulators, verifying the implementation of the well model670

with pressure control, trapped gas hysteresis, and capillary pressure extensions in PFLOTRAN.
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Table 5.2D Cylindrical Injection: Model Properties

Material Name � k (m 2 ) Anisotropy � Compressibility (P a � 1 ) �� Pc;entry (kPa) � S rl

Caprock 0.07 5.63E-20 1.0 1.08E-13 98 0.8311 0.0597

Reservoir24 0.13 1.91E-14 1.0 5.38E-14 11.76 0.8311 0.0597

Reservoir23 0.18 1.73E-13 1.0 5.38E-14 4.90 0.6215 0.0810

Reservoir22 0.09 1.75E-15 0.1 5.38E-14 35.28 0.8311 0.0597

Reservoir21 0.10 4.66E-15 1.0 5.38E-14 19.60 0.8311 0.0597

Reservoir20 0.08 7.03E-16 0.1 5.38E-14 49.00 0.8311 0.0597

Reservoir19 0.11 1.53E-14 1.0 5.38E-14 12.74 0.8311 0.0597

Reservoir18 0.09 2.71E-16 0.1 5.38E-14 67.62 0.8311 0.0597

Reservoir17 0.11 7.17E-15 1.0 5.38E-14 16.66 0.8311 0.0597

Reservoir16 0.08 3.75E-16 0.1 5.38E-14 60.76 0.8311 0.0597

Reservoir15 0.10 5.02E-15 1.0 5.38E-14 18.62 0.8311 0.0597

Reservoir14 0.08 1.32E-15 1.0 5.38E-14 30.38 0.8311 0.0597

Reservoir13 0.10 5.26E-15 1.0 5.38E-14 18.62 0.8311 0.0597

Reservoir12 0.12 1.57E-14 1.0 5.38E-14 11.76 0.8311 0.0597

Reservoir11 0.19 2.07E-13 1.0 5.38E-14 3.92 1.1663 0.0708

Reservoir10 0.12 1.37E-14 1.0 5.38E-14 12.74 0.8311 0.0597

Reservoir9 0.12 1.37E-14 1.0 5.38E-14 12.74 0.8311 0.0597

Reservoir8 0.13 2.07E-14 1.0 5.38E-14 10.78 0.8311 0.0597

Reservoir7 0.11 6.42E-15 1.0 5.38E-14 16.66 0.8311 0.0597

Reservoir6 0.09 2.23E-15 1.0 5.38E-14 25.48 0.8311 0.0597

Reservoir5 0.12 1.78E-16 1.0 5.38E-14 63.70 0.8311 0.0597

Reservoir4 0.12 4.69E-17 1.0 5.38E-14 104.86 0.8311 0.0597

Reservoir3 0.15 1.23E-14 1.0 5.38E-14 13.72 0.8311 0.0597

Reservoir2 0.11 2.83E-15 1.0 5.38E-14 22.54 0.8311 0.0597

Reservoir1 0.11 2.83E-15 1.0 5.38E-14 22.54 0.8311 0.0597

� Vertical : Horizontal permeability anisotropy ratio
�� linear porosity compressibility
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Figure 6. Well Model with Gas Trapping Hysteresis:
:
a)

:
2 years

::
and

::
b)

:::
10

::::
years. STOMP-CO2 results adopted from STOMP-CO2 Short

Course Problem CO2-4.
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