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Abstract

A faster transition to net zero CO, emissions increases the need for carbon
capture, utilization, and storage (CCUS). CCUS is a vital technology for
reducing anthropogenic CO, emissions and is a process which can utilize CO
for enhanced oil recovery (EOR) while simultaneously storing it. CO, EOR
technology has been used for many years to recover the remaining oil from
the reservoir and storing the CO, permanently. However, due to large vis-
cosity and density differences between CO, and the reservoir fluids, chal-
lenges such as gravity override, early CO, breakthrough, viscous fingering,
and reservoir heterogeneity result in poor volumetric sweep efficiency, poor
oil recovery, and limited CO, storage potential. These challenges can be
mitigated by foaming the injected CO, for improved mobility control.

This thesis is a part of joint industry project which has developed and field-
tested COs foam for increasing oil recovery and CO, storage potential. The
main work in this thesis involves performing numerical reservoir simulation
sensitivity studies of the CO, foam field pilot. Sensitivity of different injec-
tion strategies and experimentally derived foam model parameters were in-
vestigated to determine their impact on foam generation, CO, mobility re-
duction, oil production, sweep efficiency, and CO, utilization factor. In ad-
dition, field development strategies were also set up and analyzed to predict
the oil recovery performance if foam was implemented earlier in the field
development stage.

Results from the sensitivity studies showed strong foam generation, reduc-
tion in the CO, mobility, and good sweep efficiencies in the presence of foam
in all SAG based injection strategies. Oil production in the base case surfac-
tant alternating gas (SAG), which consisted of injecting surfactant solution
for 10 days followed by 20 days of CO, injection, was sensitive to changes
in the foam model parameters fmmob, fmdry, and fmoil. The lowest CO,
utilization factor was calculated in the base case SAG compared to all injec-
tion strategies. Results from the prediction cases indicated that SAG may
produce more oil when implemented earlier in the field’s development stage.
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1 Introduction

Climate change is a genuine concern for the public and is an active topic for
both scientific and political debate. At the recent twenty-sixth session of the
Conference of the Parties (COP26), a new global agreement was set to have
net-zero emissions by 2050 to keep the hope of limiting global warming to
1.5 °C by encouraging investment in renewable energy (IEA, 2021).

Global COs emissions declined by 5.8% or almost 2 Gt CO- due to Covid 19
pandemic. However, despite the pandemic shutdowns and economic slow-
downs, global energy-related CO, emissions remained at 31.5 Gt, which con-
tributed to COs reaching its highest-ever average annual concentration in
the atmosphere of 412.5 parts per million (ppm) in 2020 (NOAA, 2021). In
2021, the global CO» emissions are forecasted to grow by 4.8%, leaving the
global emissions 1.2% below the 2019 peak (IEA, 2021).

Technologies for mitigating industrial CO, emissions started developing and
the Intergovernmental Panel on Climate Change (IPCC) proposed a new
technology called carbon capture and storage (CCS). CCS involves in cap-
turing CO, before it is emitted into the atmosphere. The captured CO, is
then transported to a secure storage site where COs is injected deep into a
rock formation for permanent storage. CCS has been practiced in many parts
of the world, for example in Sleipner CCS project in Norway, 17 million
tons of CO2 has been captured permanently since the start of the pro-
ject in 2006 (IEA, 2016). The technology was effective and safe by cap-
turing and storing CO, permanently in reservoirs. However, CCS technology
is relatively expensive and non-profitable. Thus, to reduce the cost and in-
crease industry adoption of the technology, the CO, can be utilized in CO,
enhanced oil recovery (EOR) processes. This process is called carbon capture,
utilization, and storage (CCUS).

Carbon capture, utilization, and storage (CCUS) involves capturing anthro-
pogenic CO, emissions and utilizing it directly for enhanced oil recovery
(EOR) or for other indirect applications. CO, EOR technology has been
practiced in the US for over 40 years and has provided an economical method
to produce the remaining oil while simultaneously storing CO,. However,
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due to large viscosity and density differences between CO; and the reservoir
fluids, challenges such as gravity override, early CO, breakthrough, viscous
fingering, and reservoir heterogeneity result in poor volumetric sweep effi-
ciency, poor oil recovery, and limited CO- storage potential (Kovscek et al.,
1994; Lee et al., 2013). These challenges can be mitigated by injecting sur-
factants to form foam in CO, foam mobility control.

Surfactant-laden CO, foams are effective methods for CO, mobility control
during EOR and have shown good results in many fields in USA (Enick et
al., 2012; Lee et al., 2013). This thesis is a part of joint industry project
which has developed and field-tested CO, foam for increasing oil recovery
and COs storage potential (Alcorn et al., 2018). The main work in this thesis
involves performing numerical reservoir simulation sensitivity studies of the
CO, foam field. Sensitivity of different injection strategies and experimen-
tally derived foam model parameters were investigated to determine their
impact on foam generation, CO, mobility reduction, oil production, sweep
efficiency, and CO, utilization factor. In addition, field development strate-
gies were also set up and analyzed to predict the oil recovery performance if
foam was implemented earlier in the field development stage.
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2 Carbon Capture, Utilization, and Storage.

Carbon Capture, Utilization, and Storage/Sequestration (CCUS) is a pro-
cess in which CO»is captured, transported, utilized, and stored. (Gozalpour
et al., 2005; Hasan et al., 2015). Global warming and recent climate change
are related to carbon dioxide emissions from the combustion and consump-
tion of fossil fuels (IPCC, 2018). By capturing large amounts of carbon di-
oxide and then utilizing and /or storing it in large underground reservoirs for
storage, carbon dioxide emissions can be reduced, and climate change miti-
gation goals can be achieved. In recent years, concerns about greenhouse gas
emissions have promoted the exploration and realization of CCUS potential
as a carbon storage method.

While CCUS technologies are developing rapidly on a worldwide basis, the
need for CO, utilization on the other end is crucial. CO, EOR is one of the
utilization technologies which is used to increase oil recovery by the injection
of CO; (Laumb et al., 2013). The CO; EOR offsets emissions of the produced
oil because we can store COs at the same time as we produce oil; this means
that oil produced with CO, likely has a smaller carbon footprint than the
oil produced conventionally or using water. In addition, the CO, enhanced
oil recovery can also offset the large costs associated with CCUS and provide
revenue to the industry by increasing oil recovery to meet the growing en-
ergy demand. It will also encourage their participation in the CCUS project
to contribute to more sustainable energy production.

2.1  COg for Enhanced Oil Recovery (EOR)

To understand the details of the CCUS, it is important to see the behavior
and properties of CO,, the CO; EOR method, and the obstacles facing CO-
EOR methods.

2.1.1 CO2: EOR

CO» enhanced oil recovery (EOR) is an evolving set of technologies for in-
creasing oil production and has been used in the oil industry for over 40
years. CO, has been utilized in commercial injections in the United States
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and the technology has developed significantly (Brock et al., 1989). The
injection of CO, is proposed to improve the microscopic and macroscopic
displacement efficiency, by reducing the density and viscosity of oil for a
more favorable mobility ratio (Donaldson et al., 1989).

COs is the preferred choice for gas injection for EOR purposes because CO»
can compress and achieve miscibility with most of the reservoir crude oils at
lower pressure (Enick et al., 2012). In addition, the availability of CO, and
the low price are among the reasons why CO, is preferred over other gases.
Injecting CO, would be a great choice due to environmental concerns lately,
and this process can produce good results in the increment of the oil pro-
duction and permanent storage of CO, in geological formation(Gozalpour et
al., 2005). The solubility of CO; in oil leads to a volume increase of the oleic
phase, often known as oil swelling, by as much as 50-60%, swelling leads to
increased relative permeability and mobility, resulting in increased oil recov-
ery. The swelling of the oil and reduction in viscosity result from the reduc-
tion of Interfacial tension (IFT) between CO. and oil (Enick et al., 2012;
Firoozabadi et al., 2010). A successful CO, EOR project can recover nearly
100% of oil in the core flood. A common method to evaluate the success of
a field-scale CO, EOR project is to use a CO» utilization factor (Azzolina et
al., 2015). CO, utilization factor (UFce») is defined as the volume of CO, gas
injected under standard conditions, to produce a barrel of oil, and is calcu-
lated as:

Injected Volume of CO, (Vipz) [Mscf] .
Produced volume of oil (Q,;;) [Sth] (1)

UFco, =

In a CO; EOR project, lower values of UFco2 are preferred because it is
always required to inject the least amount of COs to recover an equivalent

amount of oil.
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2.1.2 Properties of CO;

At standard temperature (T) and pressure (P) (15 °C, 1.013 bar) CO: is a
gas. At higher temperatures and pressure, CO, changes phase into super-
critical conditions. Supercritical CO. is characterized by a higher density
and viscosity compared to other compressed gases and CO; at the gas phase
(Bachu et al., 2005). CO: becomes a supercritical fluid when the reservoir
conditions exceed the critical temperature (Terit) and critical pressure (Perit)
(31.1°C, 73.8 bar). At a supercritical state, CO, behaves like gas with the
density of a liquid (Dostal et al., 2004). Figure 2-1 demonstrates the three-
phase diagram of carbon dioxide (CO»).

1040+
’ Supercritical
Fluid
80- Region
Critical Point
60+ (31.1 °C, T73.8 bar)
p/! bar Solid
40
Yapor
20 -
Triple Point
0 J'/J (57 °C, 5.3 bar)
T ! n L) Ll
—100 =50 0 50 100

T/°C—>

Figure 2-1: A three-phase diagram for CO, (Wells et al., 2001)

2.1.3 CO2 miscibility

Minimum miscibility pressure (MMP) is the minimum pressure needed to
develop multi-contact miscibility between CO, and oil. To achieve MMP
between CO. or any other gas to mix with the reservoir oil, a minimum
miscibility pressure (MMP) is required. Because CO, has a low MMP, the
interfacial tension (IFT) between oil and COs is greatly reduced and results
in a higher recovery efficiency of oil by approximately 5 - 20% when com-
pared to conventional recovery techniques (Enick et al., 2012). Experimental
observations conducted by (Kamali et al., 2015) demonstrated that oil
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recovery during miscible and near-miscible displacements was nearly 100%
whereas the recovery in the immiscible displacement was recorded to be
approximately 18% less than that of miscible and near miscible displace-

ments.

Even though the displacement efficiency of CO, injection is high, its sweep
efficiency and oil recovery are strongly determined by the mobility of the
fluid, gravity segregation, and reservoir heterogeneity (Chung et al., 1988;
Kamali et al., 2015). An unfavorable mobility ratio in a heterogeneous res-
ervoir causes channeling and poor sweep efficiency. Gravity effects also cause
gas to override other fluids depending on the reservoir length, fluid densities,
and vertical permeability, leading to poor sweep efficiency (Y.-B. Chang et
al., 1994; Fayers et al., 1988; Kamali et al., 2015).

2.1.4 Challenges of CO, EOR

Even though the technology of using CO; EOR is good, there are problems
related to the injections of CO,. The high mobility of CO,causes early break-
through, and the low density of CO, causes gravity segregation resulting in
viscous fingering and poor sweep efficiency. Figure 2-2 illustrates the chal-
lenges of continuous injection of CO, and shows how the challenges can be
mitigated by changing injection methods including the water-alternating gas
(WAG) and the surfactant-alternating gas (SAG). The SAG injection meth-
ods by using foams sweep best and help in further reduction of gravity seg-
regation.

Challenges of Water-Alternating-Gas Surfactant
continuous CO, & (WAG) -Alternating-Gas

2

Co, CO;

injection (SAG/Foam)

* Viscous fingering * Better sweep efficiency ¢ Further sweep improvement
* Gravity segregation * Affected by gravity and * Reduction of gravity segregation
* Early gas breakthrough reservoir heterogeneity * Smoothing of heterogeneities

Figure 2-2: Challenges of CO, EOR, modified from (Sagir et al., 2018)
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2.1.5 Viscous fingering

Viscous fingering is a term used for the outbreak and progression of the
instabilities which arise in the displacement process of fluid in porous media
(Homsy, 1987). It results in an early breakthrough and poor sweep efficiency.
Viscous fingering usually occurs when the displacing fluid is less viscous than
the displaced fluid (Martel et al., 2004). The fingering of the injected fluid
can affect the flow behavior in the reservoir and adversely impact recovery.
When a low-viscosity fluid is injected into a cell containing a high-viscosity
fluid, the low-viscosity fluid begins to form fingers as it passes through the
fluid. It will not uniformly displace the higher viscosity fluid (Fanchi, 2018).
Viscous fingering is a result of the higher mobility of the gas in the reservoir.
Mobility of a fluid can be defined as the ratio of effective permeability to
viscosity. Mathematically, the mobility is expressed as:

A=

K. Kk,
moooH (2)

Where A is the mobility [m*/Pa.s],
K, is the effective permeability [m?,
K is the absolute permeability [Darcy],
k, is the relative permeability, and
U is the viscosity [Pa.s].

Upon the displacement process of a gas flooding, the gas displaces the oil,
and the ratio is given by the mobility ratio (M). Mathematically, the mobil-

ity ratio in the gas-oil displacement is given as:

9.0 Ao tg Kkry krglg (3)

Viscous fingering is a function of several parameters, like viscosity differ-
ence, injection rate, interfacial tension, and saturation changes. The longer
the growth of the fingers, the higher the injection rate is (Kargozarfard et
al., 2019).
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2.1.6 Gravity Segregation and Reservoir heterogeneity

Fluids tend to stratify into different layers due to gravitational forces and
buoyancy. Gravity segregation occurs when the heaviest fluid settles near
the bottom and the lightest fluid rises to the top, i.e., due to density differ-
ence. Gravity segregation can occur both in the reservoir and in a separator
and leads to poor sweep efficiency (Jessen et al., 2005).

Reservoir heterogeneity occurs when the property of reservoir parameters
varies in space and time which then leads to a faster decline of recovery rate
in the production stage (C. Chen et al., 2014; Tavakoli, 2020). Reservoir
heterogeneity describes the geological complexity of a reservoir by affecting
many parameters. An example of reservoir heterogeneity includes high per-
meability streaks, fractures, faults, and changes in the distribution of poros-
ity /permeability. Reservoir heterogeneity may also influence the sweep effi-
ciency as it aggravates the gravity override effect and viscous fingering (B.
Kloet et al., 2009). The impact of reservoir heterogeneity depends always on
the behavior and type of the reservoir, it is determined either from well
logging, seismic logging, or modeling. Figure 2-2 demonstrates some of the
challenges of a CO, EOR and how different methods can outcome the chal-
lenges faced.

2.2 CO2 Mobility Control

The relative CO, mobility is high when compared to other reservoir fluids,
such as water and oil. The CO, mobility and conformance control aimed to
reduce the high mobility of COs to reservoir fluids by adding chemicals. The
main focus of CO, mobility control is to achieve a favorable mobility ratio
between CO. and oil and thereby sweep efficiency is improved and oil pro-
duction is increased (Zuta et al., 2009). If the M < 1, it is considered a
favorable mobility ratio but if the M > 1, it is considered an unfavorable
mobility ratio, resulting in a poor sweep efficiency and causing viscous fin-
gering and gravity override (Talebian et al., 2014). Laboratory and field
studies show that the mobility of CO, can be reduced by using techniques
including Water Alternating Gas (WAG) and foam application and thus the
effects of gravity override, viscous fingering, and channeling in high perme-
able layers can be mitigated (Enick et al., 2012; Zuta et al., 2009). Of the
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two techniques mentioned above for mobility control, foam is very effective
to recover more oil and achieving a good volumetric sweep. Figure 2-3 illus-
trates how the foaming of the gas modifies its displacement front by lowering
gas mobility which gives a favorable M <1 and a better sweep.

Injection well Production well Injection well

1
1
1
l

¥ —— «— ¢+ +——

Figure 2-3: Schematic of gas flooding vs foam flooding
(Farajzadeh et al., 2012)
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3 Foam for Mobility Control

3.1 Characteristics of Foam

Foam is defined as a colloidal dispersion of a two-phase system, gas-liquid,
where the volume of liquid is small and is in the continuous phase while the
volume of the gas is relatively large and is in the discontinuous phase (David
et al., 1969; Sheng, 2013). Foams are thermodynamically unstable and there-
fore will collapse with time (Enick et al., 2012). Figure 3-1 shows a schematic
of a foam system illustrating different terms to describe a foam:

Gas phase

Figure 3-1: Schematic of a 2D Foam system (Sheng, 2013)

The schematic figure of the foam shows that a gas phase is separated from
a thin liquid film by an interface on both sides of the two-dimensional slice.
The region which is enclosed by a dotted square and composed of thin (on
the order of 10 - 100 nm) continuous liquid film interfaces and bordered with
a junction is called lamella. The liquid-filled prismatic region which is en-
compassed by a dotted circle and connected by three lamellae is referred to
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as the Plateau border (Rossen, 1996; L. L. Schramm et al., 1994; Sheng,
2013).

3.2 Foam Generation

Foams for EOR can be generated/formed either by a continuous injection
of gas and liquid containing foaming agents (surfactants) or by injection of
alternating slugs of liquid with surfactants and gas (Gauglitz et al., 2002;
Sheng, 2013). In porous media, foam is generated if gas bubble injection is
quicker than the drainage of the liquid between the bubbles(L. L. Schramm
et al., 1994). For an effective foam generation process in EOR, the creation
of lamellae must be greater than the destruction of lamellae. The lamella
generation rate in a porous media depends on the pore geometry and is
proportional to the flow rate, while the rate of decay depends on processes
that cause coalescence of the bubbles, e.g., limiting capillary pressure (Enick
et al., 2012). Different surfactants are used for the generation of foam and
the process of choosing suitable surfactants depends on laboratory-test and
empirical relationships (Ahmed et al., 2017).

Three fundamental foam generation mechanisms are used at the pore-scale
level: Snap-Off, Leave-behind, and Lamellae-Division (Rossen, 1996).

3.2.1. Snap-Off

Snap-off occurs when a gas bubble from the non-wetting phase passes
through a narrow pore throat and displaces the wetting phase to form a new
bubble. This mechanism puts some of the gas into a discontinuous form,
whereby the flow properties of the gas are greatly influenced due to the
blockage of the gas’s relative permeability (Kovscek et al., 1994). Figure 3-2
illustrates the foam generation of the snap-off mechanism. A snap-off mech-
anism is a predominant foam-generation mechanism, and it generates a

strong foam in the presence of a foaming agent (Ransohoff et al., 1988; Sheng,
2013).
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Figure 3-2: Schematic of Snap-Off mechanism showing gas penetrates from
A to form a new bubble in B (Ransohoff et al., 1988; Sheng, 2013)

Gas
bubble

3.2.2. Leave Behind

The leave behind mechanism begins as two gas fronts enter adjacent liquid-
filled pores from different directions. A lot of lamellae are formed due to the
squeezing of the two gas fronts (Sheng, 2013). Foams generated by the leave
behind mechanism are relatively weak and are important at low viscosities.
Continuous occurrence of the mechanism results in large numbers of lamellae
blocking the gas pathway and decreasing the relative permeability of gas
(Ransohoff et al., 1988). Figure 3-3 illustrates the foam formation by leave-
behind mechanism:

(B) Lamella

......

Figure 3-3: Schematic of leave-behind mechanism showing gas invasion
in A and forming lamellae in B
(Ransohoff et al., 1988; Sheng, 2013)
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3.2.3. Lamella Division

Lamella-division occurs when an already existing lamella (preformed foam)
enters a liquid-filled pore with multiple pore throats and is also referred to
as a secondary foam generation (Ransohoff et al., 1988). The lamella will
then spread into two or more lamellae as shown in Figure 3-4. The lamella-
division mechanism is the same as that of the snap-off mechanism where a
separate bubble is formed. The generation of foam in lamella-division is
strong due to the formation of separate bubbles (Kovscek et al., 1994).

Figure 3-4: Schematic of Lamella Division showing a lamella approaching is
the branch point A and divided gas bubbles formed at B (Ransohoff et al.,
1988; Sheng, 2013)

The rate of foam generation depends mainly on the pore sizes and should be
roughly proportional to the flow rate. Several simultaneous foaming pro-
cesses cause the bubbles to coalesce and thus result in the rate of decay,
which will be mainly decided by the effectiveness of the surfactant used
(Heller, 1994). For the effective generation of foam, the rate of lamellae

generation needs to be equal to or higher than the rate of decay (Enick et
al., 2012).
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3.3 Foam Stability

It is essential to maintain foam stability in the presence of oil. In the lab,
foam stability is usually measured by the amount of time for a certain height
to collapse by 50% (Ahmed et al., 2017). In the field, foam stability can be
evaluated by injection bottom hole pressure (BHP) and rates of generations.
As mentioned, no foams are thermodynamically stable, they generate and
collapse continuously. Foam stability is determined by several factors, in-
cluding both bulk solution and interfacial properties (Sheng, 2013). It is a
common problem that foam suffers from adsorption onto the rock matrix,
decay over time, and enhanced delay in the presence of water. The foam
stability has a major effect on the usefulness of foam injection (Schlumberger,
2016b).

3.3.1. Effect of permeability on foam generation and stability

One of the most important petrophysical properties which control foam sta-
bility is permeability (K). Permeability has a relation with pressure gradient
(AP) whereby a minimum pressure gradient is required to generate a strong
foam. During stable foam generation, permeability increases as the pressure
gradient decreases, and strong foams are generated in high permeable zones
than in low permeable zones (Gauglitz et al., 2002; Hirasaki et al., 1985;
Rossen et al., 2002). Foams have lower mobility in higher permeable zones
which results in pore blockage. The flow will hence be diverted to low per-
meability zones which sweep areas of the reservoir that previously have not
been contacted and enhance the recovery of oil (Farajzadeh et al., 2012;
Talebian et al., 2014).

3.3.2. Effect of Pressure & temperature on foam generation and
stability

Temperature and pressure in the reservoir can influence the stability of foam
in specific conditions. As temperature increases in the reservoir, the solubil-
ity of the surfactants increases which results in having fewer surfactants
dissolved in brine. The overall effect will destabilize foams (Sheng, 2013).
On the other hand, increasing the pressure to its limiting capillary pressure
will cause a denser CO, which in turn also increases the interaction between
the carbon chains of surfactant, and in stabilizing the foam. However, if the
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pressure exceeds the maximum value that will result in high stress and
causes rupture of lamella (Ahmed et al., 2017; Sheng, 2013).

3.3.3. Oil saturation effect on foam stability

The effect of foam-oil interactions is important in the application of foams
for mobility control in EOR. The existence of oil in the aqueous/gas surface
will destabilize and break foam easily after the oil spreads on both sides of
the foam film. The surfactant concentration which stabilizes the foam can
be reduced due to adsorption into the oil phase (Ross et al., 1944; Sheng,
2013). Generally, the existence of oil in the reservoir makes it very hard for
the generation of foam and maintains the stability of if foam forms. A satu-
ration of oil in the reservoir higher than a system-specific level has also been
seen to contribute to the lower efficiency of foam generation. Foams seem to
be destabilized most by lighter oils than heavy oils (L. L. Schramm, 1994).

3.4 Foam Texture and foam flow behavior

Foam texture is an important factor in understanding foam transport, but
it has been very challenging to measure it directly from an experiment at
the core scale (Zhang et al., 2009). However, on micromodel experiments
foam texture is studied by image analysis and computer technology. Foam
texture is expressed as the number of thin liquids films (lamellae) per unit
volume and is a measure of average gas bubble size (Ahmed et al., 2017;
Ibrahim et al., 2019; Zhang et al., 2009). It is not possible to estimate foam
texture without a proper understanding of the lamellae creation, rather it is
becoming a standard practice to hypothesize the texture of foam indirectly
from the pressure profile or apparent viscosity data (Zhang et al., 2009).

Foam flow behavior can be described by different properties, like foam vis-

cosity, foam quality, relative permeabilities, mobility reduction factor, and
flow resistance factor (S.-H. Chang et al., 1998; Sheng, 2013).

35



3.4.1 Foam Apparent Viscosity

Foam apparent viscosity is used to characterize foam strength and foam
stability in the laboratory. The term foam apparent viscosity, fgpyp, is de-
fined as the ratio between the flow rate and the pressure drop for foam flow
through a capillary (Hirasaki et al., 1985). The high value of apparent foam
viscosity is beneficial for a successful foam for EOR operation (Yan et al.,
2006). Mathematically, the apparent foam viscosity is calculated using
Darcy’s law, and it is given by the following equation(Musters et al., 1989):

KAAP
Qpor L (4)

Happ =
Where,
K = absolute permeability
A = cross section area
AP = pressure drop across the media
¢t = volumetric flow, and
L = length of the porous media

3.4.2 Relative permeabilities

The relative permeability of gas is notably reduced during foam flow as the
trapped foam decreases the effective permeability of gas moving through a
porous medium. Several experiments were examined to describe the foam
relative permeability and result from two researchers Kovscek and Radke
(Sheng, 2013) are given on the following equation: -

b, = S 5

Sp=X;(1=5,) (6)
S’m B S’lll(i

e ™

e
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Where,

k,.; = Relative permeability of foam
ng = Gas relative permeability without foam
S; = Average foam saturation
ng = foam texture
S,, = Average saturation of a water

S = Connate water saturation

X = the fraction of foam phase, which is flowing, X, = z—’l
The relative permeability of foam is a factor of gas relative permeability in
the absence of foam, average foam saturation, and foam texture. To find the
average foam saturation and average water saturation, equations (6) and (7)

are used.

3.4.3 Mobility Reduction Factor (MRF)

The mobility reduction factor (MRF) is a constant and dimensionless factor
that can be measured at the laboratory on how effectively foam reduces the
apparent viscosity of COs. MRF depends on foam texture, flow rate, foam
quality, and chemical composition (Schramm, 2014). The MRF is defined as
the ratio between the apparent viscosity of foam to the apparent viscosity

of pure gas:

Papp (foam)
MRF ="
Happ (Gas) (8)

Where p,,,, is the apparent viscosity for foam and pure gas. If the value of
MRF is higher, it indicates that there is a strong foam generation and a
strong reduction in gas mobility. If the value of MRF is low, it indicates a
weak foam formation and low reduction in gas mobility, and if the value of
MRF is 1, there is no indication for foam generation (Kam et al., 2009;
Zhang et al., 2009).
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3.4.4 Foam Quality

Foam quality is a very essential parameter in the foam flow process as it
influences gas mobility reduction and controls foam stability. Foam is usu-
ally characterized by the quality of the foam and the size of the bubbles
(Lake, 1989). Foam quality is expressed as a percentage and is the ratio
between the gas volume and summation of gas volume and liquid volume
over a given pressure and temperature(Chambers, 1994). Foam quality is
usually given in percentages and sometimes referred to as the “Mitchell foam
quality” (Zhang et al., 2009). Mitchell foam quality is widely recognized in
the petroleum industry to describe the foam quality in percentage.

Gas volume (V)

g

Gas volume(V,) + Liquid Volume(V;)

Foam Quality = * 100% 9)

The range of foam qualities is typically between 75% and 90%. When foam
quality is more than 90%), foams are ineffective because of loss in viscosity
and become unstable (Belyadi et al., 2019; Sheng, 2013). Figure 3-5 illus-
trates how foam tends to experience two characteristics of flow that depend
on the gas fraction (Gajbhiye et al., 2011). The flow characteristics are di-
vided into a region of low-quality and high-quality regimes.

Upon increasing the foam quality at a fixed total injection velocity, we got
two threshold values of foam quality(f;), fu1, and fgme (Gajbhiye et al., 2011).
These threshold foam qualities distinguish different characteristics of foam
flow: for f, < feu1, apparent foam viscosity (M) does not change, but in-
creases gradually with foam quality, f,. For fun < f; < fume, the viscosity
increases steadily with foam quality and reaching its maximum at f; = fyme.
For f, > fyn, foam viscosity declines rapidly with foam quality.
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Figure 3-5: A schematic showing changes in apparent foam viscosity as a
function of foam quality (Gajbhiye et al., 2011)

When the value of the apparent viscosity and the gas fraction is low, a low-
quality of wet foam develops in the low-quality regime having high mobility,
and when the value of the apparent viscosity and the gas fraction is high, a
dry foam develops in the high-quality regime having low mobility.

3.4.5 Foam Injection Strategies

The optimal injection strategies during the generation of foam are mainly
by injecting alternating slugs of surfactant solution and a gas (SAG) and
co-injection of liquid and gas at a fixed quality. Alternating injection of
surfactant and gas will diminish both gravity override and injection time
which in turn gives a minimal rise in injection-well pressure (Shan et al.,
2002). For most of the CO: projects, SAG processes are preferred to decrease
the corrosion to surface facilities and piping (Shi et al., 1998). In the south-
ern part of the Norwegian Sea, Snorre field, it is estimated that a SAG
treatment gave more production of oil giving an income of approx. U.S. $44
million (A. Skauge et al., 2002). Upon the process of the foam generation
using SAG, the injection strategy involves either constant injection pressure
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or a constant injection well rate (Kristiansen, 2018). Numerous simulation
studies show that if the surfactant solution and the gas is injected at con-
stant pressure, the generation of foam will be designated by a reduction in
its injection well rate due to the reduction in the mobility of the gas whereas
if the surfactant solution and the gas is injected at a constant rate of injec-
tion, then the foam generation would be described by the increment in the
pressure (Norris et al., 2014; Xu et al., 2004).

3.5  Surfactants (foaming agents)

Surfactants or surface-active agents are compounds that have amphiphilic
nature. Amphiphilic compounds consist of a water-soluble head group and
an oil-soluble tail group, known as hydrophilic and hydrophobic compounds,
respectively. Surfactants are designated as foaming agents since they are
vital in making foams and without foaming agents, foams are unstable and
decompose very quickly. Surfactants can adsorb onto the surfaces/interfaces
of the system resulting in decreasing the interfacial tensions and the work of
adhesion. When there is a boundary between two immiscible phases, there
is an interface; while the term surface indicates an interface where one phase
is a gas (Kontogeorgis et al., 2016; Rosen, 2004).

At a certain concentration, called the Critical Micelle Concentration (CMC)
single surfactant molecules (monomers) aggregate to form so-called micelles.
The process of forming micelles by aggregation of monomers happens spon-
taneously (Kontogeorgis et al., 2016). At CMC, several physical properties
show distinct changes in behavior and thus IFT does not reduce above the
CMC due to the limited amount of free energy. The generation of foams will
increase therefore with increasing concentration of surfactants up to the
CMC above which the generation of foam is not effective.

Surfactants are classified into four groups that are determined by their polar-
group (headgroup) identity as Anionic, Cationic, Nonionic, and Amphoteric.
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Figure 3-6: Classification of surfactants according to their Head’s composi-
tion (retrieved from Roland. chem)

Anionic surfactants are mostly used in the EOR process due to their low
adsorption compared to the other types of surfactants. Cationic surfactants
are used to change the wettability formation. Nonionic surfactants have no
charge and are less sensitive to electrolytes in aqueous solutions, but they
can be used as cosurfactants at times (Kontogeorgis et al., 2016; Sheng,
2013). Zwitterionic surfactants carry both positive and negative charges and
can easily adsorb onto both positively and negatively charged surfaces with-
out changing the charging of the surface. The adsorption of these charges
on the surface will result in reducing the charges and reversing the charge
which is present on the surface itself (Rosen, 2004).

To maintain the stability of the foam, a foaming agent must be used to
stabilize the foam and give it a longer life. The selection of surfactants is
very important to consider due to surfactant’s properties to achieve different
properties which in turn affects the competence of foam, therefore the se-
lected surfactant must have a strong molecular interaction between oil and
water to maintain the stability of the foam. Surfactants that are good at
foaming may not be effective at reducing Interfacial Tension (IFT) (Larry
et al., 2014; Sheng, 2013). Upon the process of selecting and evaluating sur-
factants, we must put in mind these aspects: - Foaming ability, stability,
thermal stability, Adsorption, IFT reduction, Salinity & multivalent ion
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resistance, and compatibility with the formation fluids. In addition, we must
be aware of the surfactant’s ability to form viscous structures and rigid in-
terfaces which might disturb flow through the pores (Heller et al., 1987,
Larry et al., 2014).

In this thesis, a water-soluble nonionic surfactant, Surfonic, 1.24-22( C,,_1,E>,)

is selected as a foaming agent in the selected pattern of the East Seminole
field pilot.

42



4 FKast Seminole CO,; Foam Pilot

4.1 Project Background

In the Permian Basin, tertiary CO, Enhanced Oil Recovery (EOR) is a ma-
ture technology with more than 40 years of experience(Alcorn et al., 2019).
Unfortunately, the gas injection can suffer from poor volumetric sweep effi-
ciency due to the unfavorable mobility ratio of CO, to reservoir fluids and
reservoir heterogeneity resulting in gravity segregation and viscous finger-
ing(Hanssen et al., 1994; Larry et al., 2014). The geological heterogeneity of
the field can be addressed by foam which can mitigate the unfavorable mo-
bility ratio and adverse CO, properties, in particular density and viscos-
ity(Bernard et al., 1980). Foam is mainly responsible for reducing the rela-
tive permeability and takes effect in low viscosity of the injected CO,, it can
also channel flow from high-permeability well-swept zones to low permeabil-
ity unswept zones (Rossen, 1996). The main work in this thesis investigates
a CO, foam field pilot in the East Seminole field focusing on sensitivity
studies of injection strategies including foam model parameter variation,
foam injection strategies, and field development strategies. In addition, the
CO; utilization factor (UFco2), which is commonly used for the evaluation
of field projects is calculated for the different injection strategies tested in
this thesis.

4.2  Development History

East Seminole field is located in the Permian Basin of West Texas, USA
(Figure 4-1) and it is among one of the 20 largest oil fields in the USA(Ho-
narpour et al., 2010). The field was discovered in the early 1940s, with an
estimated OOIP of 38 million barrels (bbl.), and was developed throughout
the 1960s, producing 12% of OOIP through pressure depletion. Waterfloods
began in the early 1970s and continued into the 1980s with strategic infill
drilling, reducing the well spacing from 40 to 20 acres(Alcorn et al., 2019).
Waterflooding proved to increase oil recovery, with characteristics of in-
creased reservoir pressure, decreased gas-oil ratio (GOR), and short fill-up
time resulting in cumulative primary and secondary recoveries of 22% of
OOIP(Gary, 1989).
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Figure 4-1: Seminole San Andres Unit (SSAU) Paleogeographic location
map (Honarpour et al., 2010)

4.2.1 Collaboration Research Program

An international collaboration was started in 2015 including 13 universities
and 10 industry partners in Europe and the USA. The research program is
led by the University of Bergen in the Department of Physics and Technol-
ogy where the group has combined expertise into the common objective. The
main aim is to develop and test the CO, foam mobility control system at
laboratory and field pilot scale and to co-optimize CO, EOR and CO, stor-
age. A CO, foam system for mobility control was developed and tested in
an onshore field pilot in a carbonate reservoir which is in East Seminole field,
Texas. Data from the field pilot has become available to begin evaluating
the technical aspects of the foaming process at the field-level. This thesis

will focus on the numerical simulation work and sensitivity analysis method.
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4.2.2 Pilot area and selection of pilot

The study area of the field pilot is in the East Seminole field, West Texas
where the history of the field is described in section 4.1. One of the main
reasons for field selection was the existence of the infrastructure for the CO,
distribution. A low primary and secondary recovery by the late 1980s made
the operators reduce the pattern size. An infill program was run to develop
a field on a 20-acre five-spot pattern(Sharma, 2019). The infilling program
initially gave an increase in oil production, however, a steep decline of pro-
duction in the reservoir rock indicated that tertiary oil recovery was needed.
Tertiary recovery by CO, injection for EOR was started in 2013 in the east-
ern part of the field targeting the oil which was remained. It gave initially a
very good recovery but rapid CO; breakthrough, a high Gas-oil ratio (GOR),
and channeling happened in many patterns in the field (Sharma et al., 2017).
The historical production of the field is given in Figure 4-2 below:
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Figure 4-2: Field Historical Production (Sharma, 2019)

Due to the heterogeneity of the reservoir and the high mobility of the CO,
the East Seminole field was selected for a foam pilot to reduce CO, mobility.
The main supportive selection criteria for the pilot pattern also includes:

» Rapid breakthrough of CO, compared to other patterns in the field

» High GOR of the pattern compared to another pattern in the field,
and
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» Good initial well injectivity, to allow injection at desired rates con-
sidering flow resistance due to foam generation in high permeability
layers (Sharma, 2019)

The selection of the pilot area to the CO, injection strategy was initiated in
inverted 40 acres 5 spots patterns. The field layout and location of the se-
lected pilot area is shown in Figure 4-3:
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Figure 4-3: Field layout and location of the selected pilot area,
modified from (Alcorn et al., 2019)

4.3 Reservoir Characterization

The field produces from the San Andres Unit which is a heterogeneous lay-
ered carbonate with high amounts of variability in horizontal and vertical
porosity and permeability (Alcorn et al., 2016). Reservoir characterization
was based on the analysis and interpretation of logging, core data, and pro-
duction data (Sharma, 2019). The objectives of the geologic modeling were
to establish reservoir structure and framework, to integrate petrophysical
data with a base geologic model, and to develop a model with a sufficient
number of layers to show the vertical and lateral heterogeneity at well and
inter-well distances without limiting flow simulation studies (Alcorn et al.,
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2018). The initial flow zone division and correlation between the well pair
are demonstrated in Figure 4-4. The reservoir and fluid properties are sum-
marized in Table 4-1.

Table 4-1: Reservoir and Fluid properties of the San Andrés Formation
(Alcorn et al., 2017)

Reservoir Characteristics Value

Average Depth 5200 feet

Average Permeability 13 mD (range: 1-300mD)
Average Porosity 12-15% (range: 3-28%)
Pay Thickness 110 feet

Reservoir Temperature 104° F

Initial Reservoir Pressure (hydrostatic) 2500 psia

Current Reservoir Pressure 3400 psia

Bubble point Pressure 1805 psia

Minimum Miscibility Pressure (MMP) 1500 psia

Average Formation Brine Salinity 70,000 ppm

Oil Gravity 31°API

Oil Viscosity (reservoir condition) 1.2 ¢cP
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Figure 4-4: Gamma-ray (GR), Effective porosity (PHIE), and Permeabil-
ity (PERM) for production well P-1 and injection well I-1. Major flow zone
divisions are shown between wells (Alcorn et al., 2019)

4.3.1 Genesis of Main Pay Zone (MPZ) and Residual Oil Zone
(ROZ)

The regional data of the hydrocarbon distribution suggested that the reser-
voir consists of two zones, the Main Pay Zone (MPZ) and the Residual Oil
Zone (ROZ). The MPZ has been produced by primary depletion and then
by waterflooding starting from the 1980s. The ROZ has considerable immo-
bile oil which was formed by structural tilting and a breach of seal over
geologic time(Honarpour et al., 2010; Sharma et al., 2017).

Figure 4-5 (Honarpour et al., 2010) shows how the original oil was accumu-
lated in the SSAU when the reservoir was under pressure depletion. The
reservoir has a free water level (FWL) which is flat, oil-water contact
(OWC), and the producing oil-water contact (POWC) where there was a
production of pure hydrocarbons without the presence of water(Honarpour
et al., 2010). Figure 4-5 (B) and (C) show how the geological activities affect
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the remaining oil saturation due to structural tilting and breach of seal,
respectively. The tilting event changes the distribution of the original HC
to a new Oil to the down surface, whereas a seal breach won’t only change
the distribution of HC but results in a thicker ROZ (Honarpour et al., 2010).

Producing
OWC (Top TZ)
Original
Spill IF'Oint owce
FWL (Pc = 0)
(A)
Producing

0Oil Down To

(B)
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Figure 4-5: Original oil accumulation (A), Tilting effect (B), and Effect of
seal breach (C) (Melzer et al., 2013)

The ROZ is an excellent target for a tertiary recovery, so it is the most
conventional of unconventional oil resources. Field results are promising in
giving good results that ROZ are economically feasible through the men-
tioned tertiary recovery(Melzer et al., 2013).
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5 Literature Review of foam mobility control for

CO2-EOR

Many research results have found that surfactant-laden CO, foams are ef-
fective methods for mobility control in CO, foam flooding at the field level.
However, these methods have some weaknesses due to the unstable behavior
of the foam, which makes them difficult to use in the field (Enick et al.,
2012). However, many have agreed that the potential of CO, mobility con-
trol is not yet fully explored in-field pilot tests after a lot of excellent lab-
based results.

Foam for injection was first proposed by Bond and Holbrook (Bond, 1958).
Their goal was to reduce the high mobility associated with gas movement
and improve the contact between oil, water, and injected gas (El-Mahdy
Osama, 2019; Talebian et al., 2014). However, the concept was not promptly
accepted due to the lack of knowledge within the mobility control mecha-
nism with foam until the use of foam for mobility control was proposed in
the 1960s (Li et al., 2008).

The first mobility control trial-test for the COs-foam pilot was conducted in
the Joffre Viking field, Alberta in 1990 (Talebian et al., 2014). The trial was
not successful due to delayed CO, breakthrough and slow foam propagation
from the injector plus a small rise in oil production (Enick et al., 2012). A
lot of COs-foam Field trials were conducted in the ’90s at the fields Wasson,
East Vacuum Field (EVGSAU), Scurry Area Canyon Reef Operators (SAC-
ROC), Wilmington, and Salt Creek where most of them had mixed results
either technically or economically. Later it was found that field EMU31,1991
gave the most appropriate results in increasing oil recovery and a good foam
effect on conformance/mobility control (Enick et al., 2012; Talebian et al.,
2014). Table 5-1 summarizes the most successful foam field applications and
their results for conformance and mobility control.
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Table 5-1: Fields that have shown great success for conformance and mo-
bility control (Grigg, 2003; Sheng, 2013; A. Skauge et al., 2002)

Field name Results

Salt Creek Field, WY Increased oil recovery, reduction of gas mobil-

ity

Snorre Field, North Sea Achieved both technical and economic aspects
when methane gas was used instead of CO2.
Good results in oil recovery by SAG

Cusiana Field, Colombia | Reduced injectivity in the targeted layer and
increased injectivity in the other layers. Re-
duction in gas mobility by foam

Slaughter Field, TX Good foam generation, increase in oil produc-

tion and decrease in gas production
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6 Reservoir Simulation

Reservoir simulation is the process whereby the behavior and performance
of a real reservoir are collected and interpreted numerically to quantify the
physical reservoir phenomena and forecast the future performance of the
reservoir (Peaceman, 2000; Schlumberger, 2016a). The use of reservoir sim-
ulation has been growing due to its ability to predict the performances of oil
and gas reservoirs over a wide range of operating conditions (Mattax et al.,
1990). A numerical model of a reservoir combines reservoir engineering,
physics, mathematics, and programming to create models that can predict

the performance of the reservoir under various operating strategies (Ertekin
et al., 2000; Ghahri, 2018).

Figure 6-1: A 3D reservoir model (Hovorka et al., 2009)
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6.1 Reservoir simulator

A reservoir simulator is a computer software we used to model the reservoir
by dividing the reservoir into several individual grid blocks into three di-
mensions. Each grid block is built aiming to turn the geological model of the
field into a separate system so that the fluid flow equations can be solved
(Mattax et al., 1990; Schlumberger, 2016a). Different reservoir properties
like porosity, permeability, relative permeability, etc. are believed to be rep-
resentative of the reservoir at that specific location. In the reservoir simula-
tor, fluids can flow in between neighboring grids and a set of equations must
be solved to calculate the flow. The set of equations solved for each cell at
each timestep is then a combination of the governing Darcy’s law and the
material balance equations (Schlumberger, 2016a) which will be described

in detail in section 6.2.
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Figure 6-2: The Real and Imaginary side of a reservoir simulation
(Ghahri, 2018)
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6.2 Basic Governing equations

The basic governing equations for all reservoir simulators are Darcy’s Law
and the material balance equation (Schlumberger, 2016a).

Darcy’s law describes the flow of fluid in a porous medium and it is found
empirically. For a single-phase in a horizontal system, Darcy’s equation is
given by: -

_ KAAP
L (10)

Q

Where Q is the volumetric flow rate, K is the absolute permeability, A is
the cross-sectional area, AP is the applied pressure drop, u is the viscosity
of the fluid and L is the length of the sample. A flow must obey all the
assumptions of Darcy’s equation and the equation where a flow is in only

one direction, laminar, linear, and one-phase flow is given by: -

KoP —K
poxr — op

u =

vP (11)

or

< is the pressure gradient

Where u is the superficial flow velocity ( u :% ),

(VP) in the horizontal direction, and the negative sign indicates the pressure
decline in the direction of the flow (Peaceman, 2000).

The material balance equation describes fluid’s continuity in a system where
the mass of hydrocarbons originally in place, m; is equal to the produced
mass, Am plus the residual mass m in the reservoir (Arne Skauge et al.,
2009).

With the assumption of a stationary flow and a constant fluid density &

viscosity, the reservoir model of the material balance equation is given as: -
V-M= g (p.¢) +
TG 2 (12)

Where M is the mass flux, p is the density, ¢ is the porosity and Q is the
cumulative flow contribution or loss from either injectors or producers.
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The combination of Darcy's law and the material balance equation leads to
a simulator flow equation that is solved for each cell unit at each time step:

VAW = p )] = 2:(5) +2 (13)

Where k, is the relative permeability and f is the volume factor. The term
is in the brackets represents the mobility of a fluid phase. In addition, a well
model (from cell to well) is also required to calculate the flow from injectors
and towards producers (Schlumberger, 2016a). The flow path between the
wellbore and a single reservoir grid block is a connection. The flow rate of a
phase p (oil, water, or gas) across a connection j is given by: -
Gy = TuiMy;(P; = P, — H,y) (14)

Where g, ; represents the volumetric flow rate of phase P in connection j, T
represents the transmissibility factor, M represents the mobility, P; is the
nodal pressure in grid blocks, B, is the bottom hole pressure (BHP) of the
well and H,,; represents the well’s pore pressure head between the connec-
tion and the depth of the well’s BHP.

The transmissibility factor in connection j is represented by T, ., which in-

e
cludes the reservoir’s property, geometrical factors, and sometimes the prop-

erties of a fluid. Mathematically, the transmissibility factor is defined as: -

cOKh
Ty = () + (15)

T'll)
Where ¢ is a unit conversion factor, # is the angle connecting with the well,
K is the effective permeability, h is the net thickness, ry is the radius equiv-
alent pressure for the unit, 7, is the radius for the wellbore and S is the skin

factor. The phase mobility of the connection j is given by: -

Bp,j“pa’ Bp,j'up,j

D,J
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Where R, is the solution gas ratio (R,) for the gas phase and the vaporized
oil ratio (R,) for the oil phase (Schlumberger, 2016a).

6.3 Categories of Reservoir Simulators

Several simulators are widely used commercially and academically. Table
6-1 summarizes the simulators which are mostly used by different oil and
gas companies: -

Table 6-1: Categories of Reservoir Simulator software (Retrieved from pet-

rofaq.org)
Categories Simulator
. CMG, Eclipse & Intersect (Schlumberger),
Commercial )
Nexus (Halliburton)
Empower (ExxonMobil), Cheers (Chevron),
In House . -
Psim (ConocoPhillips), MoRes (Shell)
Academic UT-Chem, IPARS, GPAS/UT-COMP, OPM

Reservoir simulation studies are very subjective, and the operating method
of the simulator varies from one simulator to another. Currently available
simulators can only provide very limited solutions to specific reservoir engi-
neering problems (Ghahri, 2018). In this thesis, the reservoir simulator
ECLIPSE is used as the main numerical simulation tool.

6.3.1 Overview of Eclipse

Eclipse was originally developed by Exploration Consultants Limited (ECL)
and the name ECLIPSE was an acronym for “EC’s Implicit Program for
Simulation Engineering”. Today, the Eclipse simulator is the most feature-
rich and comprehensive reservoir simulator in the market. It is used in over
800 sites in 70 countries by academia, regulatory authorities, and petroleum
financial planners (Schlumberger, 2021).
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Eclipse has two reservoir simulators usually referred to as, the Black-oil
Simulator and the Compositional Simulator. The Black-oil Simulator is de-
noted by E100 whereas the Compositional Simulator is denoted by E300.
The E100 simulator is suitable to use if the reservoir stays as a single-phase
oil or gas during its entire history, away from the critical point, e.g., water-
flood below critical point whereas the E300 simulator is used for EOR pro-
cesses that involve miscible displacement where PVT properties of oil and
gas phases are fitted to an equation of state (EoS), as a mixture of compo-
nents, e.g., CO, flood. In the modeling of foam in this thesis, the E300 sim-
ulator model is selected for the numerical simulation of the field pilot. This
is because compositional simulators include multi-component hydrocarbon
flow in the reservoir that allows the compositional change of oil and gas
components. Besides, the compositional simulator tracks each of the compo-
nents in oil and gas within the reservoir, and that allows modeling of fluids
near critical points such as bubble point pressure, temperature, and mini-
mum miscibility pressure and which can result in a large shift in fluid’s
properties (Schlumberger, 2016a).

6.4 Syntax and Data input

A computer program based on the mathematical model need always input
with all the data concerning reservoir properties, reservoir description, wells,
and phase flow rates. These properties will be simulated as a flow and often
influenced by three main parts of interest; the flow from one grid cell to
another, the flow from one grid cell to the well completion, and the flow
within the wells and surface networks (Schlumberger, 2016a). The total flow
is influenced by the combined product of transmissibility, mobility, and po-

tential difference.

Flow= Transmissibility * Mobility * Potential Difference

f f f

Geometry & Fluid Well
Properties Properties Production

Figure 6-3: Flow equation in Eclipse reservoir simulator
(Schlumberger, 2016a)
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The structure of the input in the data file is organized in a specific order of
what the simulator solves first and is split into sections. Each section is
introduced by a section header keyword. Note that all keywords in the input
file must be in proper order. It is recommended that the body sections which
are not frequently altered be held in separate files which are included in the
data by using the INCLUDE keyword, thus we can reduce the size of the
data file (Schlumberger, 2016a). Table 6-2 shows the list of all section header
keywords with their description of contents.

Table 6-2: ECLIPSE MODEL: FILE  NAME.DATA
Modified from (Schlumberger, 2016a)

Sections Status Description of content
RUNSPEC REQUIRED | General model characteristics
GRID REQUIRED | Grid geometry & basic rock properties
EDIT OPTIONAL z/iz(aiiﬁcation of the processed GRID
PROPS REQUIRED | PVT & SCAL properties
REGIONS OPTIONAL | Subdivision of the reservoir
SOLUTION REQUIRED | Initialization
SUMMARY OPTIONAL | Request output for line plots

Wells, completions, rate data, flow

SCHEDULE REQUIRED | correlations, surface facilities, simula-

tor advance, control & termination

Figure 6-4 shows the working principles in a flow chart for a simulator. The
simulation program begins with the reading of input data and initializing
the reservoir, not that this part of the model will not change through time.
Time-dependent data information must be read then that includes well and
field data. The coefficients for the flow equations and the primary unknown
variables are then calculated. Once the primary variables are found, the
process can be repeated by updating the flow coefficients that use the values
of the main variable at the new iteration level. This process of iteration will
help in improving the material balance equation. The process will continue
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until the solution of the fluid flow equations is complete. Once completed,
the flow properties are updated and output result files are created before the
start of the next timestep calculation (Fanchi, 2005).

START |——> Read Input

Initialize
A >y
Read Rates

IMPLICIT
PR oo >y

IIMPES

New Time Step

Update Physical Properties

Vv
Create Output Files —>( END

v

Figure 6-4: Typical flow chart of a simulator (Fanchi, 2005)

<

6.5 Modeling of reservoir rock and fluid properties

The multiphase flow in porous media largely depends on the nature of the
reservoir, its physical properties of fluids, and fluid interactions properties
such as capillary pressure and relative permeabilities (Ertekin et al., 2000).
After modeling the flow of water and oil and gas, the relative permeability

is expressed by two-phase and three-phase relative permeability, respectively.
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6.5.1 Two-phase relative permeability

The relative permeability data of the two-phase system are usually obtained
from laboratory measurements of suitable cores (Ertekin et al., 2000). At
times it is not possible to find the data, and therefore reasonable approxi-
mations are demanded. When these approximations are available in the al-
gebraic form, they are called models. Two-phase relative permeabilities can
be calculated based on a Modified Brooks-Corey model (Corey, 1964). This
model is composed of the power-law relationships, equations (17), (18), and
(19) to describe the relative permeabilities of oil, water, and gas: -

L =k ( So - So'r >n”
TO T0o,Tax 1 _ SO,,, _ Su)c _ Sgc (17)
k — k ( Sw - Sw(: > e
rw Tw,mar 1 _ SOT _ S(wc _ Sgc (18)
Sy — Sy "o
krg = krg,ma:r (1 _ 9 ._ S /_ S )
or we gc (19)
Where k,,, k,,,, k,, is the relative permeability for oil, water, and gas, re-
spectively. k., naxs Krwmazs Frgmaz 18 the maximum relative permeability

for oil, gas, and water which is modified by the Brooks-Corey functions.
Sy Sy S, is the saturation of oil, water, and gas, respectively. S, is the

residual oil saturation of oil whereas S

we and S, represents the critical sat-

uration of water and gas, respectively. n,, n,,, and n, are the modified

0 w)

Brooks-Corey functions for oil, water, and gas, respectively.

6.5.2 Three-phase relative permeability

To understand the overall movement of the fluid, it is vital to estimate the
three-phase relative permeabilities. As mentioned in section 6.5 two-phase
relative permeabilities are difficult to obtain and often time-consuming. In
comparison, the measurement of three-phase relative permeability has a par-
ticular challenge because it has an infinite number of different displacement
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paths, therefore it is unrealistic to measure the relative permeability for pos-
sible three-phase that is in the reservoir (Blunt, 1999). Empirical models are
then derived and proposed by H.L Stone (Stone, 1970, 1973), usually known
as Stone I & Stone II, to predict the three-phase relative permeability. These
empirical data use the data from the two-phase data to predict the relative
permeability of the three-phase system.

In many reservoirs with the three-phase flow, only gas and oil are mobile in
the upper part of the reservoir; Below, water and oil are the highly mobile
phases. The probabilistic model is designed to generate the correct two-
phase data when only two phases are flowing and to provide interpolated
data for the three-phase flow that are uniformly continuous functions of
phase saturations. It will later be shown that these interpolated values are
consistent with the three-phase data available within the experimental un-
certainty (Stone, 1970). Pore occupancy in a strongly water-wet system and
the two-phase relative permeability data were the supporting factors for the
empirical model made by Stone for the three-phase relative permeabilities,
and the model was called Stone I (Stone, 1970). The Stone I model defines
the subsequent normalized fluid saturation functions (Sorbie et al., 2005).
In this model, the three-phase relative permeability k., og relies only on
water saturation and is related to ke measured in water-oil displace-
ments.

k S, = k S

rw,woqg ~w rw,wo ~w

(20)
Where, k

three-phase models, &

rwwog 18 the relative permeability of oil in oil-water-gas flow for

rwwog 15 the relative permeability for water in oil-wa-

ter flow for three-phase models, and S, is the water saturation.

Similarly, the three-phase gas relative permeability kg o4 depends only on
gas saturation and is identical to kg4 45, measured in gas/oil displacements

at irreducible water saturation (Blunt, 1999).

k S,) =k S,)

g, Wwoq ( 79,90 (

(21)

The three-phase oil relative permeability & depends non-linearly on

70,W0g

water and gas saturations: -
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Where the oil, water, and gas saturations scaled (S,g, 9,5, and S,g) respec-

tively are defined by treating connate water and irreducible residual oil as
immobile fluids (Stone, 1973):

S -5
S,¢ = com orl—S,>S,>5,,
o5 11— S’wr: - S()m f (23)
S =S,
S’w ; — v 3 or 1 — So'm > S'w > ch
° 11— S'wc - Som f / ’ (24)
and
S ¢= % 1—S S, >8>0
gS — 1 — ch — Som f or L = Opye =™ Pom ZRg =2 (25)

Note that: S ¢ + S, +5,6 =1

Where S,
%S

we”

is the minimum oil saturation and is in the range of %4 .S, . to

we

To consider the hysteresis effects in three-phase flow, Stone suggested the
use of suitable two-phase permeabilities according to the wettability of the
reservoir. For a strong water-wet system if oil saturation is reducing, and
gas & water saturations are both increasing within the three-phase system,
then the subsequent two-phase permeabilities ought to be used: - k,,, ,,, for

decreasing oil saturation, k for increasing water saturation, and k

TW, WO 79,90

is used for increasing gas saturation.

Another model was proposed and presented by (Stone, 1973) which was
called the Stone IT model. In this model, the three-phase relative permeabil-
ity of water and gas are equal to those of measured two-phase flow as dis-
cussed earlier in equations (20) and (21). The water-oil and the gas-oil rela-
tive permeabilities are functions of water saturation (S,,) and gas saturation
(Sg)- The Stone II model’s oil relative permeability is given as follows: -
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The Stone models with all the available data were reviewed and compared
by Baker (Baker, 1988) and concluded that models based on linear interpo-
lation from the two-phase relative permeabilities worked well as the other
models. The following saturation weighting of the two-phase relative perme-

abilities are suggested by Baker: -

(Sw - Swr)kro,wo + (Sg - Sgr)kro,go

k =
rowog (Sw = Swr) + (Sg — S4r) (27)

(So - Sor)krw,ow + (Sg - Sgr)krw,gw

k =

rwed (So - Sor) + (Sg - Sgr) (28)
k _ (Sw - Swr)krg,gw + (So - Sor)krg,go

roweg (Sw - Swr) + (So - Sor) (29)

Where Sy, Sor, and Sy, are the residual saturation of water, oil, and gas,

respectively.

6.6 Foam Modeling by Numerical Simulation in Eclipse

Two general techniques are used to model foam transport in porous media;
an explicit texture population balance model and an implicit texture local
equilibrium model (Cheng et al., 2000; Farajzadeh et al., 2012). The popu-
lation balance model models the foam texture and flow in porous media by
including the mechanisms of generation and transport of foam on pore level
(Q. Chen et al, 2010). The local equilibrium (LE) models represent the
effect of bubble size by introducing factors for the reduction of gas mobility
by foam (Farajzadeh et al., 2012). These factors are functions of water sat-
uration, oil saturation, surfactant concentration, and shear thinning due to
flow rate.
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In this thesis, the LE model is selected for foam modeling as it is reported
that it is suitable for field-scale foam processes. In addition, the LE model
offers a simplified approach to reduce computational effort than the popu-
lation balance model because, for the population balance model, it is difficult
to measure the parameters needed. In the simulation of foam application
using the LE model, a decrease in gas mobility was observed and the LE
model modified the gas relative permeability in the presence of foam. To
consider the decrease in gas mobility during foam floods (kf.g), the model
scales the gas permeability for no foam floods (k;,”gf ) by a mobility reduction
factor (M, f) as given in equation (30). The water permeability in the pres-
ence of foam remains unchanged (Karakas et al., 2020; Schlumberger, 2016b;
Sharma, 2019).
kly = kif = M, (30)

The mobility reduction factor is defined by the following mathematical re-

lation:
1

M. . =
gl 1+M’I"'FS"FIH.F()'F(:

(31)

Whereby

M, = Reference mobility reduction factor (describes fmmob in the simula-
tion model) and is typically in the range of 1 to 100.

F, = mobility reduction factor component due to shear rate.

= mobility reduction factor component due to water saturation.

= mobility reduction factor component due to oil saturation.

= mobility reduction factor component due to surf-concentration

The mobility reduction factors F,, F, ,F,,and F, are all derived from la-

w

boratory experiments.

The mobility reduction factors can either be omitted or specified according
to their respective keyword is used in the specific simulation model, but it
is a must that one of these components must be available to make the model
operational (Schlumberger, 2016b).
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The mobility reduction factor F,, represents the dependence upon water sat-
uration and can be expressed as:

_ arctan|f, (S, — SL)]
F, =05+ i &)

where S, is the saturation of water, S} is the minimum water saturation
for the foam to be effective, and f, is the weighting factor which controls
the sharpness in the change in mobility

The mobility reduction factor F, represents the dependence upon foam con-
centration and can be expressed as:

Co\ s
F, = —b>

where Cl is the effective surfactant concentration, C§ is the reference sur-
factant concentration, and eg is an exponent which controls the steepness
of the transition about the point Cy = C% (Schlumberger, 2016b). The
value of F, will be decided by the concentration of the surfactant in the
effective and reference surfactant concentration. Low concentration of sur-
factants leads to weak foam formation, i.e., Cy < C§ which results in pro-
ducing a value of less than 1 for the F,. High concentration of surfactants
leads to a strong foam formation, i.e., C'y > C§ and the value of F, will be
greater than 1.

The mobility reduction factor F, represents the dependence upon oil satu-
ration as expressed in equation (34), where the oil saturation is denoted by
So, So' is the maximum oil saturation for the foam to be effective, and eq is an
exponent which controls the steepness of the transition about the point S, = Sg'.

ST — S5\
F0= <T> , fOTSOSSZ)n

34
0.0 ,for So > St (34)
The maximum value of Fy is 1 and happens when the oil saturation, Sg is
0. If the maximum oil saturation is greater than the oil saturation, then the
mobility reduction factor due to oil saturation will decrease with an increase

66



of oil saturation. The decreasing rate is controlled by the exponent eq. If the
saturation of oil is greater than the maximum oil saturation, then F, is 0
and will eliminate any gas mobility reduction (Schlumberger, 2016b).

The gas mobility reduction factor F. represents the dependence upon the
capillary number and is expressed as:

Fo = <%> (35)

Where N, is the capillary number, N is the reference capillary number, and
e, is the exponent which controls the steepness of the transition at the point
N_. = N/. The component F, controls the gas mobility for shear thinning in
the region of low foam quality. The capillary number is a dimensionless
parameter and is measured by the ratio of viscous forces to capillary forces.
The mathematical relationship is given as:

| K. VP ||

N, = C
© Y owg (36)
Where C'y is the conversion factor depending on the units used, K is the
rock permeability, P is the pressure, and oy, is the gas-water interfacial
tension (Schlumberger, 2016b).

The foam parameters used in the simulation process containing fmmob,
fmdry, epdry, fmecap, epcap, fmsurf, epsurf, fmoil, and epoil are all ob-
tained by fitting different set of data from the laboratory (Sharma, 2019).

6.7 Tracers and their working mechanism in Eclipse

Tracers in Eclipse are set up by using the keyword ‘TRACER’ to follow the
movement of a specific fluid during a simulation run. It is possible to set up
several tracers which can associate with a particular fluid of interest. In a
black oil model, fluid refers to one of the stock tank's phases whereas,
whereas in a compositional run using E300, the fluid is either one of the
hydrocarbons (HC) or water components. In this thesis, the E300 simulator
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was used to follow the movement of CO, and water components (refer to
section 7.1.8 for the usage of the tracers).
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Part II: Methods
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7 Selection of reservoir simulator and tools for

data processing

As mentioned in section 6.3, the main numerical simulation software used
in this thesis is Eclipse and additional data processing and evaluation soft-
ware (Petrel E&P) is used. This section shows the different techniques and
methods used in the simulation process and shows in-detail mechanisms of
the selected reservoir simulator model.

7.1 East Seminole Field Pilot Model

7.1.1 Reservoir model

The simulation model for the East Seminole Field Pilot shown in Figure 7-1
was developed by Dr. Zachary Alcorn and Dr. Mohan Sharma. The sector
model for the selected pilot area was history-matched to the historical water
and CO; flood before being used for CO, foam prediction studies. The geo-
logical framework of the simulation model was studied and the well data
history, core data, and all the petrophysical properties of the field along with
the reservoir characterization were performed by Dr. Alcorn (Alcorn, 2017).

The sector reservoir model has 11 CO,/water injectors which cover a cross-
section area of 1.5 km?. For the specific study, the model was extended in a
pattern containing 4 producers (P-1, P-2, P-3, and P-4) and one gas injector
(I-1) and was affected by the surrounding injectors. The selected pattern
provides an area to study the injection of foam to analyze the total oil re-
covery, the effect of foam on the mobility of CO,, and sweep efficiency.

71



Permeability J (PERMY)
Permeability J [mD]

T 100.0000

— 10.0000 { |

-— |

— 1.0000

Figure 7-1: East Seminole Sector Reservoir Model showing permeability dis-
tribution in the peripheral wells (Illustrated from a 3D visualization software
in Petrel E&P)

7.1.2 Simulation Grid Properties

The 3D reservoir model has dimensions of 59 x 58 x 28 cells in a cartesian,
corner grid system. The model constitutes a total of 95,816 grid cells with
approximately 65,000 active grid cells. Based on the reservoir flow intervals
with properties in rock type, porosity, absolute permeability, and average
layer permeability ratio (K, ), the stratigraphic layers were fixed (Alcorn
et al., 2016). The heterogeneity of the reservoir which was represented by
the enhanced permeability and average layer permeability was correlated
with intervals. On the sector model, 28 layers were used to balance the
impact of heterogeneity on the behavior of the reservoir. The dimensions for
the areal grid cell are 50 feet. The model is also divided into MPZ and ROZ
as explained in section 4.3.1, and it is based on PVT data built by Dr.
Alcorn (Alcorn, 2017). The simulation grid properties are summarized in

Table 7-1.
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Table 7-1: Simulation Grid Parameters

Parameter Value
Total number of Grid cells (x, y, z) 96,000 (59 x 58 x 28)
Number of Active Cells 62,000
Total Grid Dimensions 370 acres (1.5 km?)
Total Grid Thickness 150 ft
Individual Grid Dimensions (x, y) 2,500 ft?
Average Individual Grid Thickness (z) | 6 ft (1-30 ft)
Average Porosity 0.075
Average Permeability (x, y, z) 11 mD, 8 mD, 6 mD

7.1.3 Reservoir Fluid Model

The reservoir model was built and history matched by Dr. Alcorn (Alcorn
et al., 2017) and Dr. Mohan (Sharma, 2017). The model was history matched
to minimize the uncertainty and increase the validity of the CO, flood model.
Initially, two models were built, the waterflood model and the CO, flood
model.

a) Waterflood Model

For the waterflood model, the black oil simulator (E100) was selected be-
cause the bubble point pressure for the reservoir fluid was measured at 1400
psi, which is lower than the hydrostatic pressure of 2300 psi. Since the res-
ervoir pressure was below the critical hydrostatic pressure, a black oil fluid
model with oil was therefore found sufficient to model the waterflood. The
relative permeability data for the simulation was retrieved from the two-
phase relative permeabilities based on using the Modified Brooks-Corey re-
lation for oil and water. These data were used in the lab to find the relative
permeability for the drainage and imbibition experiments (Rognmo et al.,
2018). Sensitivity analysis and history matching were done on the water
model to match the cumulative liquid recovery (Sharma, 2017) and it was
found that pore volume, relative permeabilities, and oil-water relative per-
meabilities had uncertainties (97 experiments were run as part of the Sensi-
tivity Analysis). To match the waterflood with the cumulative liquid pro-
duction, the local MPZ was updated using the Plackett-Burmann (PB)
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design for the uncertainty parameters. Further, to improve the match on
liquid rate, four regions on the selected pattern of the East Seminole field
(producers P-1, P-2, P-3, and injector I-1) were implemented for the local
transmissibility modifications. These changes gave a successful outcome to
history match the waterflood model.

b) CO; flood model

The CO2 flood model was simulated using the compositional simulator
(E300) with the liquid rate control. For this model, the two-phase oil-water
relative permeabilities curves from the history-matched water flood model
were used along with gas-oil relative permeability endpoints. All the relative
permeabilities for the oil-water and gas-oil are derived from the Modified
Brooks-Corey relation in addition to the experimental data fetched from the
lab (Rognmo et al., 2018). The Modified Brooks-Corey model parameters
were tuned to fit available experimental data given in Table 7-2:

Table 7-2: Oil-Water and CO»water relative permeability data used
in the gas flood model (Rognmo et al., 2018)

Oil-water COs-water
Values Values
parameters parameters

ROS 0.32 ROS 0.32
Sew,con 0.15 Sg,con 0.0
e 0.15 Sge 0.05
Sorw 0.38 o 0.12
S irw 0.25 s 0.12
e e 1.0 Eyrgci 1.0
K ouw,cw 1.0 Rrog.co 1.0
L2 2.30 n, 1.0
Now 3.2 Nog 1.0
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Description of the Oil-water & COo-water parameters:

The ROS is the remaining oil saturation left behind after the natural water-
flooding. The components of water are given by S, con and S, where they
describe the connate water saturation and the critical water saturation, re-
spectively. The components of the oil are given by S,;.,, and S, ;;, Where
they describe the residual oil saturation after water flooding and the oil
saturation at irreducible oil saturation, respectively. The components of gas
are denoted by Sy con and Sy and they describe the connate gas saturation
and the critical gas saturation, respectively. S, 5 and S, ;4 describe the re-
sidual oil saturation after gas flooding and the oil saturation at irreducible
gas saturation, respectively. The relative permeabilities for the oil-water pa-
rameter are given by k., iro and Koy o Whereas for the gas-water parame-
ter, the relative permeabilities are given by Kyg o and kyogcg- Krw,iro is the
relative permeability for water at residual oil saturation and k;oy, ¢ is the
relative permeability of oil at critical water saturation. k;g4  is the relative
permeability of gas at critical liquid saturation and kyog ¢4 is the relative

permeability of oil at critical gas saturation. n,, n,,, and n, are the modified

w>
Brooks-Corey functions for oil, water, and gas, respectively as it was men-
tioned earlier in section 6.5.1. The plotted relative permeabilities for the
experimental values given in Table 7-2 and from the Modified Brooks-Corey
model are shown in Figure 7-2. The wettability of the relative permeabilities
curves below is oil-wet and it is used as a base to estimate the relative

permeability of a three-phase system by using the Stone II model.

1.0 Y 1.0 1.0 1.0
0.8 \ r 0.8 0.8 \ r 0.8
0.6 \ - 0.6 0.6 r 0.6
2 —a—Krow E ;g) ——krg Eo
5 0.4 -—Kw L 04 < 04 N —a—Krog | 04
0.2 - 0.2 0.2 \ r 0.2
\_\
0.0 —e—— 00 0.0 0.0
0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 0.6 0.8 1.0
Sw S8

Figure 7-2: Oil-water & Gas-oil relative permeabilities
(Sharma, 2017)
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7.1.4 Simulation Model

The reservoir simulation model was set up by using a tuned Equation of
State (EoS) based on the Peng-Robinson (PR) model. Normally in Eclipse,
the liquid/aqueous phase is modeled using a single component, but in this
case, a second component is introduced to model the surfactant for the local
equilibrium foam model. Foam behavior including adsorption, desorption,
and decay was modeled by using a reversible chemical reaction. Other foam
model parameters which were mentioned in section 6.6 were obtained from
core-scale laboratory studies, where lab values of foam parameters help in
determining the optimal surfactant concentration which will generate stable
and strongest foam, given economic field restrictions (Alcorn et al., 2018;
Rognmo et al., 2018; Sharma, 2019).

Oil samples were taken from the MPZ and measured in the laboratory where
the results will be useful in the PVT studies for hydrocarbon components in
the numerical simulation model (Honarpour et al., 2010; Sharma et al., 2017).
The EoS model was tuned to available PVT data with a total of 8 compo-
nent models including 4 C7+ components, where the lighter components are
grouped as CO,, No+C1, H,S+C24-C3, C4+C5+C6. The compositions were
assumed to be uniform in all cells with values based on the EoS model at
the start of the CO, simulation. The reported composition which consists of
a C7+ fraction was separated by using a Gamma distribution, followed by
Gaussian quadrature-based grouping and estimation of critical properties by
using the Lee-Kesler method. To get a match on PVT and swelling test data
factor, a shift in critical pressure, critical temperature, and volume were
made for 2 C7+ components together with the tuning of binary interaction
coefficients for CO, and hydrocarbons. To match the viscosity data for oil,
the Pedersen model was tuned but previously mentioned parameters were
excluded from regression upon tuning (Kristiansen, 2018; Sharma, 2019).
Figure 7-3 shows the fluid model fit to available experimental data from
differential liberation, swelling, and constant composition expansion tests.
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Figure 7-3: Fluid model fit to available PVT data
(Sharma, 2019)

The solid line represents the response of the tuned EoS while the dotted
circles represent experimental data (Sharma, 2019).

7.1.5 Foam Model Parameters

The foam model parameters were derived from the laboratory experiments
at the core level which includes foam quality and foam rate scans. The es-
sence of the experiment was to find the optimal gas fraction and surfactant
concentration at which strong and stable foam is generated at given eco-
nomic field restrictions (Alcorn et al., 2018). Figure 7-4 shows the plot of
the foam quality scan and the foam rate scan based on the experimental
data and empirical foam model:

77



Foam Quality Scan Foam Rate Scan

[e2]

o
(=2}
o

® Experiment Data
7 ---Empirical Model

wv
o

. 50 9

S
o
S
o

N
o
L

Apparent viscosity, cp
w
o

pparent viscosity, cp
w
o
.

N
o

e Experiment Data
1 ---Empirical Model

10 {
0 +— A — \
0 010203040506070809 1 1
Foam quality, fg Superficial Velocity, ft/d (Log scale)

[
o

\
]

o

T 71T

Figure 7-4: Experimental data and Empirical foam model fit to Foam Qual-
ity Scan & Foam Rate Scan (Sharma, 2019)

The values of the foam model parameters used to analyze the foam quality
scan and the foam rate scan were from experiment 3 in Table 7-3.

As mentioned in section 6.4/Table 6-2, the simulation data file is run by the
Eclipse simulator to simulate the performance of the reservoir. The foam
parameters in the data file are placed under the PROPS section.

FOAMFRM controls the gas mobility reduction factor that defines the level
of mobility reduction caused by the foaming of CO,. The frmmob is the ref-
erence gas mobility reduction factor that sets the reduction value. FOAM-
FSW controls the gas mobility reduction due to foam as a function of water
saturation and includes fmdry and epdry. fmdry is the water saturation in
the region where foam collapses and epdry is the parameter that controls
the abruptness of foam collapse. FOAMFCN controls the gas mobility re-
duction due to foam as a function of the capillary number and is defined by
the parameters fmcap and epcap. fmcap is the parameter which is set to
the smallest capillary number expected in the simulation and epcap captures
shear-thinning behavior in the low-quality regime. FOAMFSC controls the
gas mobility reduction as a function of foam surfactant concentration and is
represented by fmsurf and epsurf. fmsurf is the reference surfactant
concentration which is calculated by estimating the critical micellar concen-
tration and epsurf is the parameter that controls the effect of surfactant
concentration. In this model, epsurf is taken as an assumption since the
model lacks appropriate data. FOAMFST supplies tables of gas-water
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surface tension as a function of foam surfactant concentration in the water.
FOAMEFSO controls the gas mobility reduction due to foam as a function of
oil saturation and is represented by two parameters. fmoil is the reference
high oil saturation for foam collapse and was set to a base value of 0.28, and
epoil is the parameter controlling the abruptness of foam collapse and the
base value was considered as 1 due to the lack of data (Sharma, 2019).

7.1.6 Model Initialization

The reservoir pressure has not been recorded since 2017. However, it was
found that the infill wells which were drilled later in field life were around
the hydrostatic condition of the reservoir based on the drilling mud weight.
The hydrostatic reservoir pressure is 2300 psi at the top of the Main Pro-
ducing Zone (MPZ). The initial water saturation in the model was set to
0.15 based on Special Core Analysis (SCAL) studies for the MPZ and the
initial water saturation value for the Residual Oil Zone (ROZ) was 0.68
which is higher than irreducible water saturation due to natural water flood-
ing occurred during different geological periods (Sharma, 2019). The cores
extracted from the infill well suggested that the Remaining Oil Saturation
(ROS) was between 0.1 and 0.4 for ROZ with an average of 0.32 (Honarpour
et al., 2010). A compositional simulation model was then tuned on EoS to
stimulate the injection of CO,. The pressure and water saturation were ini-
tialized from the state post waterflood simulation. The oil composition was
based on data available from the PVT study. Because of reservoir pressure
staying above bubble-point pressure throughout waterflood, it was assumed
that the oil composition is uniform, and no free gas is present in the reservoir
at the start of CO; injection (Sharma, 2019).

7.1.7 Base case SAG and baseline WAG simulation cases and

injection strategy

A baseline water alternating gas (WAG), without surfactant solution, was
set up to compare reservoir response to the base surfactant alternating gas
(SAG) injection. The base case SAG was used as a starting point and was
compared to the WAG injection strategy for the effect of the foaming agent.
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To find the suitable injection method for the baseline field pilot model, dif-
ferent scenarios consisting of SAG injection were analyzed and tested in the
simulation model. The laboratory work combined with operational con-
straints and simulation work helped to determine injection strategies. It was
found that multicycle SAG might be a promising injection strategy so is
tested in this thesis. The scenarios included SAG, single-cycle SAG, multiple
cycle SAG, WAG, and rapid SAG. It was concluded that a rapid multiple
cycle SAG was chosen for the baseline field pilot model (Alcorn et al., 2018).
This system was chosen rather than simultaneous injection of CO, because
the coinjection of CO, and surfactant brine can create carbonic acid which
causes erosion in oil field casings and pipelines (Donaldson et al., 1989).
Besides, the pressure increment due to the coinjection can lead to a signifi-
cant increase in the bottom hole injection pressure, therefore it was preferred
to inject alternating slugs of CO, and surfactant solution to minimize the
mentioned issues.

A surfactant-alternating-gas (SAG) injection strategy was implemented
from May 2019 and divided into 11 SAG cycles. The SAG injection consisted
of injecting 10 days with slugs of surfactant followed by 20 days of injecting
slugs of CO,. The reason that the ratio of COs injection days is more than
that of surfactant is to get a higher volumetric foam quality (approx. 70%)
as recommended from the lab studies at a surfactant concentration of 0.5
wt.%. This results in a 10% pattern-hydrocarbon pore volume (HCPV) in-
jected by the end of the pilot (Alcorn et al., 2020; Karakas et al., 2020).
Injection well I-1 was selected to be the main pilot injector for the surfactant
slug and COs slug. The injection strategy went as planned apart from some
issues concerning the economic constraints for the operator which results in
shutting off the well for 22 days after SAG cycle 8 for about 2 months after
SAG cycle 10. After the end of the pilot injection, the post-pilot injection
phase started alternating between water and CQO,. In this thesis, results were
compared and analyzed for the effect of the Gas-oil ratio (GOR), BHP, and
the effect of oil recovery and sweep efficiency on both SAG and WAG cases.
The schematic injection sequence of the whole simulation model is given in
Figure 7-5.
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1 APR 2018 - WAG 23 MAY 2019 - SAG Firstfield shut down First field shut down 16 AUG 2020
for 22 days for 60 days (End of pilot injection)

(Sltarl date of simulation) (Start date of PILOT injection) \

Pre-Pilot injection Pilot injection consisting Post-Pilot
for history Matching (HM) of 11 cycles injection

Figure 7-5: Schematic of Pre-pilot, Pilot, and Post-pilot injection sequence

7.1.8 Tracer Implementation in the Eclipse model

Tracers were set up to monitor and evaluate the breakthrough time of CO»
between injectors and producers of the different fluid phases in the reservoir
and to assess the sweep efficiency of CO, and water. In the numerical simu-
lation model, the tracer is added by using the keyword TRACER under the
PROPS section. Tracers that are associated with water are defined by WT'1,
WT2, WT3, and tracers that are associated with CO, are defined by GT1,
GT2, and GT3. To specify the initial tracer concentration of each grid block,
the keyword TBLK is added under the SOLUTION section, and to request
the output the keyword WTPT.

7.1.9 Introducing Grid Refinement for sensitivity analysis

A local grid refinement (LGR) was introduced in the numerical model be-
tween wells I-1 and P-1 to cease the foam shear-thinning behavior at higher
rates around the near-wellbore region (Alcorn et al., 2018). The numerical
model was refined in the z-direction from 50 ft x 50 ft to 10 ft x 10 ft for
testing the sensitivity of grid resolution on gravity segregation and foam
performance. By adding the keywords CARFIN and NZFIN under the GRID
section of the numerical simulation file, we can specify the LGR model. The
CARFIN keyword specifies a cartesian LGR in the foam model and the
NZFIN keyword specifies the number of local cells in each layer of LGR in
the z-direction. The division of each original layer depends on the original
thickness of the layer since the layers have different thickness values. The
grid refinement created a total of 55 horizontal layers based on the number
of local cells available in each layer. The new local cells in the foam model
were assigned with the values for pressure, saturation, and compositions
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because the foam model is initially assigned with those values after a history
matching model for CO, water flood was run to get values of pressure, sat-
uration, and composition for each cell. Figure 7-6 shows the number of local
cells under NZFIN in each of the 28 layers on the z-direction. The figure is
a snapshot from the numerical model.

CARFIN
"LGR1* 17 34 26 30 1 28 90 25 55 1* °"GLOBAL® /

NZFIN
1333234433332 232222322333 443332

ENDFIN
O —

Figure 7-6: Local cells in each of the 28 layers on z-direction

The sensitivity study performed in this thesis includes some of the foam
models with the local grid refinement (LGR) simulation cases.

7.2 Foam Model Sensitivity Analysis

The main objective of the foam model sensitivity analysis was to investigate
the impact of different experimentally derived foam models on the genera-
tion of foam and CO, mobility reduction. Four different foam models derived
from laboratory studies were tested in the numerical simulation model to
compare the foam performance based on foam generation, foam strength,
and sweep efficiency. The foam models which are experimentally derived at
the lab are shown in Table 7-3.
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Table 7-3: Foam models from four laboratory experiments

(Alcorn et al., 2019)

Foam parameters Experiment | Experiment | Experiment | Experiment
1 2 3 4
fmmob 41.5 108 192 248
fmdry 0.595 0.27 0.4 0.313
epdry 35 100 84 46.8
Jmcap 2.14E-06 7.80E-07 9.00E-07 8.50E--07
epcap 0.87 0.65 0.59 0.71

The foam model used in the base case SAG is the foam parameters listed in
Experiment 1 as the values given in Table 7-3. The foam parameters for the
foam model were allowed to generate foam at high permeability regions,
therefore no foam was allowed to be generated on low permeability regions.

The parameters including bottom hole pressure (BHP), gas-oil ratio (GOR),
tracer breakthrough, and oil production were compared to determine how
the selected foam parameter is performing in the reservoir. High values of
BHP in the reservoir through the injection well indicated foam generation.
GOR was used to analyze how the foam reduced the mobility of CO, while
the foam strength was evaluated by tracing the fluid’s breakthrough time.

7.2.1 Sensitivity analysis of Oil saturation on SAG base case

As described in section 7.1.5, the fmoil was the foam parameter that con-
trols the high oil saturation for foam collapse, and it was set to a base value
of 0.28. The value was found through experimental tests in the laboratory
and tests showed that a maximum of 28% residual oil saturation will gener-
ate stable foam and above that the foam encountered instability. The sensi-
tivity of the SAG base case foam model on residual oil saturation was then
tested by comparing a lower value of fmoil for a reduced foam tolerance to
oil and an upper value of fmoil for increased foam tolerance to oil. The foam
parameter’s base value which controlled the abruptness of foam collapse,

epoil, was considered as 1 in all the sensitivity studies.
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Table 7-4: High and low values of fmoil for sensitivity studies with the
SAG base case’s fmoil

FOAMFSO parame- Low fmoztl ‘ Base case ‘ High fmozul
ters SAG, fmoil
fmoil 0.08 | 028 | 0.38
epoil 1 ‘ 1 ‘ 1

7.2.2 Sensitivity Analysis of Injection strategies

The following sensitivity methods were used which consisted of about 27
simulation runs. The different injection methods were labeled as injection A,
injection B, continuous CO, (CCOs), and single-cycle SAG injections. The
details of each injection strategy are given in Table 7-5:

Table 7-5: Injection Strategies for sensitivity analysis

Days of | Days of CO»
S .. .. No of cyc-
Injection Strategy Surf injec- | slug injec- | No of runs
es
tion tion
Injection A 20 days 30 days 8 8
Injection B 30 Days 40 Days 6 8
Single-cycle SAG 30 Days | Until the end 11 8
of the cycle

CCO, - Start to end 11 3

Most of the injectivity strategies were tested on the non-LGR simulation
case but the foam model parameters listed in Table 7-3 are also included in
the LGR simulation case. All in all, 30 simulation run was performed for the

whole sensitivity study of the model.

7.2.3 Estimation of the CO- utilization factor

The CO, utilization factor of the injection strategies were calculated by using
equation (1) where the injected volume of CO, was divided by the produced
volume of oil. The CO, utilization factor was given as in [Mscf/Stb] and the
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values were compared to find which injection method used minimum amount
of injected CO, to produce an equivalent oil. The lower CO- utilization factor
would point out the injection method that used minimum CO, of the in-

jected volume.

7.2.4 Sensitivity study in implementing foam at different opera-

tional stages

Prediction cases were set up to evaluate the oil recovery performance if we
implement foam earlier in the field. The foam flood was implemented after
the water flood and after the COs flood for the injections involving SAG,
WAG, and continuous CO, (CCOz) injection. The cumulative oil produc-
tion of these cases was reported, discussed, and predicted.

85



86



Part 1II: Results and Discussions
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8 Base case SAG and baseline WAG simulation

results

As described in section 7.1.7 a base case SAG and a baseline WAG simula-
tion case were established to compare the reservoir response to foam injec-
tion. This included analyzing foam generation, producing GOR, oil produc-
tion, CO> mobility reduction, and sweep efficiency.

8.1 Foam generation

To confirm whether foam was generated, the bottom hole pressure (BHP)
for the pilot injection well (I-1) was plotted as a function time and pore
volume injected (PVI). The PVI was roughly 10% per year during each
simulation case. Foam generation was indicated in the base case SAG by an
increase in the bottom hole pressure compared to the baseline WAG.

The injection of the pilot started on 23 May 2019 and ended on 16" August
2020. The pilot injection strategy had 11 surfactant-alternating gas (SAG)
cycles which consisted of injecting 10 days with surfactant solution followed
by 20 days of COs injection. This injection process took a year and five
months to reach the last pilot injection. A post-pilot water injection contin-
ued for 3 months after the end of the pilot.

Figure 8-1 shows the bottom hole pressure (BHP) as a function of time and
pore volume injected (PVI) for the base case SAG (green curve) and the
baseline WAG (blue curve). After the start of the pilot injection, the BHP
of the base case SAG increased and reached 4,633 psi after 0.36 PVI, whereas
the BHP of the baseline WAG was 4,510 psi at the same PVI. The BHP of
the baseline WAG was significantly lower compared to the BHP of the base
case SAG throughout the pilot injection because of no foam formation in
the absence of foaming agents. The BHP was continuously increasing in the
base case SAG because of the foam generation throughout the different cy-
cles which made the foam propagate into the reservoir. The pressure fluctu-
ations observed in the baseline WAG are due to the viscosity differences
between water and CO, and COs relative permeability reduction in a WAG
process. On average, the BHP of the base case SAG was 4,334.73 psi whereas
the BHP of the baseline WAG was 3,910.39 psi throughout the pilot
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injection. The higher BHP observed in the base case SAG was due to the
foam formation. In the post-pilot injection, the BHP of the base case SAG
started to fall quickly because of no foaming agent (surfactants) injection.

BOTTOM HOLE PRESSURE FOR I-1: BASE CASE ( SURF = 10 DAYS, CO2 = 20 DAYS)

START OF PILOT FIRST SHUTDOWN SECOND SHUTDOWN  END OF PILOT POST-PILOT
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Figure 8-1: Bottom hole pressure (BHP) as a function of time and pore
volume injected (PVI) for base case SAG (green curve) and baseline WAG
(blue curve) for I-1. The injection scheme described injection of base case
SAG injection (green bars), CO; injection (red bars), shutdowns (black bars),
and post-pilot injection (blue bar)

8.2  CO2 mobility reduction

Two methods were used to investigate how the foam reduced the mobility
of the COs. The first method was by analyzing the producing gas-oil ratio
(GOR) and the second method was by introducing CO, tracers to evaluate
the CO; breakthrough time (BT) and migration rate.

Figure 8-2 shows the field GOR of the base case SAG (green curve) and the
baseline WAG (blue curve) as a function of time and PVI. At the start of
the pilot injection, the GOR of the base case SAG and the baseline WAG
was 6.8 Mscf/Stb. Then, the GOR, of the base case SAG increased to 10.95
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Mscf/Sth before it significantly falling after 0.125 PVI. The increase in GOR
at the initial phase was because of the previous CO- injection, but as the
foam generation increased in the reservoir, the CO, production decreased
and resulted in decreasing the GOR of the base case SAG. The average GOR
for the entire injection for the base case SAG was 9.23 Mscf/Stb, whereas,
for the baseline WAG, it was 9.88 Mscf/Stb. The decrease in GOR in the
base case SAG was 7.11% more compared to the baseline WAG. Based upon
the lower values of the GOR in the base case SAG, less CO, was produced
with foam and hence the mobility of the CO, was reduced.

FIELD, GAS OIL RATIO FOR BASE CASE SAG and BASELINE WAG
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Figure 8-2: Field, producing gas-oil ratio (GOR) as a function of time and
pore volume injected (PVI) for base case SAG (green curve) and baseline
WAG (blue curve). The base case SAG produced a lower GOR compared
to the baseline WAG injection and reduced the mobility of COs.

The GOR of the individual producers (P-1, P-2, P-3, and P-4) were also
analyzed to see the impact of foam in reducing the producing GOR at the
well level. Only the GOR of P-1 and P-2 were impacted during the base case
SAG and the baseline WAG. This was due to their connectivity to the foam
injection well. P-3 and P-4 did not see a change in the producing GOR due
to the permeability barriers. Thus, the GOR results of P-3 and P-4 are not
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discussed further. Figure 8-3 shows the GOR of P-1 and P-2 as a function
of time and PVI. The base case SAG is denoted by the green curve and the
baseline WAG curve is denoted by the blue curve.

At P-1, the initial GOR of the base case SAG and the baseline WAG was
9.48 Mscf/Stb. Afterward, the GOR of the base case SAG and the baseline
WAG increased sharply as the foam injection continued in different cycles
and reached a peak value of 23.66 Mscf/Stb and 22.91 Mscf/Stb respectively
at 0.125 PVI. The GOR of the base case SAG decreased to 8.53 Mscf/Stb
before the first pilot shutdown. The GOR for the SAG and WAG continued
to fall after the re-opening of the second shutdown. The average GOR of the
base case SAG and baseline WAG throughout the pilot injection was 12.11
Mscf/Stb and 14.39 Mscf/Stb respectively.

At P-2, the initial GOR of the base case SAG and the baseline WAG was
10.34 Mscf/Stb. Afterward, the GOR of the base case SAG and the baseline
WAG increased sharply. Unlike the GOR in P-1, the first shutting down of
the well didn’t decrease the GOR because the field was still producing with-
out any injection. But after the second shutdown, the GOR of the base case
SAG and the baseline WAG fell significantly. On average, the GOR of the
base case SAG was 12.59 Mscf/Stb whereas the baseline WAG had a GOR
of 13.32 Mscf/Stb.

Based on the lower GOR values in the base-case SAG compared to the
baseline WAG, the mobility of the CO, was reduced by foam. Lower GOR
values in P-1 compared to P-2 indicated that P-1 saw a larger impact from

foam injection.
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Figure 8-3: Producing gas-oil ratio as a function of time and pore volume
injected (PVI) for the base case SAG (green curve) and baseline WAG (blue
curve) of P-1 and P-2. The average GOR for the base SAG case in the P-1

was lower compared to the average GOR of the base case SAG of P-2.
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8.2.1 CO2 and water tracers

Three CO; tracers (GT1, GT2, and GT3) and three water tracers (WT1,
WT2, WT3) were used to monitor and evaluate the movement of the re-
spective fluids in the reservoir. The CO, tracers were used to analyze the
reduction of CO, mobility by foam formation. The breakthrough time (BT)
of CO; was studied, where a longer delay in CO, BT indicated a larger
reduction in CO, mobility. Foam was not expected to have a direct impact
on water mobility; therefore, the water tracers are not discussed in this thesis.
CO; and water tracers were injected into well 1 (I-1) and the main producer
that was analyzed was producer 1 (P-1). The migration rate of the tracers
was calculated by dividing the distance between I-1 and P-1 in feet by the
tracer breakthrough time in days. The CO, tracers were injected on the first
day of each respective slug. The first CO, tracer (GT1) was injected at the
start of the pilot in cycle 1 whereas the second CO; tracer (GT2) was in-
jected at cycle 6 of the pilot injection, and the third CO, tracer (GT3) was
injected at cycle 11 of the pilot injection. Figure 8-4 shows the tracer re-
sponse curves of the CO, tracers GT1 and GT2. The migration rate of GT1
for the base case SAG was 5.81 ft/day and had a BT after 129 days whereas
the migration rate of the baseline WAG in GT1 was 21.43 ft/day and had
a BT of 35 days. The base case SAG’s BT was delayed by 94 days compared
to the baseline WAG. The delay in the BT of the base case SAG was because
of foam generation and reduced mobility of CO,. The baseline WAG had a
quicker CO, BT compared to the base case SAG because of a faster CO»
migration rate and higher CO, mobility.

The BT of the GT2 tracer for the base case SAG was 67 days and it had a
migration rate of 11.19 ft/day whereas the baseline WAG had a BT of 57
days with a migration rate of 13.15 ft/day. The shorter BT of GT2 in the
base case SAG compared to the previous tracer, GT1, was probably due to
the establishment of a CO, channel after alternatively injecting surfactants
and CO. in the pilot injection. Thus, the foam was weaker due to collapse
and the increased CO, saturation in the reservoir. The baseline WAG also
had a longer BT than its respective WAG in GT1 because of a slower mi-
gration rate and more amount of CO; in the reservoir. Gas tracer 3 (GT3)
did not have a BT in its baseline WAG, so the discussion was omitted in
this part.
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From the BT time of the tracers, we observed that strong foam was gener-

ated on the first COstracer, but on the second CO, tracer, the concentration

of the foam decreased due to the breaking of foam resulting from a high

amount

of CO2 in the reservoir. Based upon the delays in the CO, BT of

the SAG, the mobility of CO2 was reduced effectively with foam.
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Figure 8-4: Tracer response curves showing tracer injection for GT1 and

GT2 (red curve), base case SAG production (green curve), and baseline
WAG production (blue curve). The base case SAG showed a delay in the
breakthrough time for both CO, tracers.

95



8.3  Qil Production of the Base case SAG and the Base-
line WAG

The cumulative oil production of the whole field and the individual produc-
tion wells for the base case SAG and the baseline WAG are presented in
this section. The increase in BHP and the decrease in GOR of the base case
SAG compared to the baseline WAG suggested that an increase in oil pro-
duction was expected. Figure 8-5 shows the field oil production of the base
case SAG (green curve) and the baseline WAG (blue curve) as a function of
time and pore volume injected (PVI). The oil production of the base case
SAG and the baseline WAG was the same producing 26,462 STB until 0.30
pore volume was injected. This was because the foam took a while before it
started to mobilize the oil bank and pushed more oil to the production wells.
After 0.33 PVI, the base case SAG started to produce more towards the end
of the pilot injection. On average, the oil production of the base case SAG
was 34,404 STB whereas the baseline WAG had an average oil production
of 34,285 STB. The oil production in the SAG was slightly higher than the
WAG, and this might be because of the not so much oil left to recover in
the reservoir.
FIELD, OIL CUMULATIVE PRODUCTION FOR BASE CASE SAG AND
BASELINE WAG
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Figure 8-5: Field, cumulative oil production for the base case SAG (green
curve) and the baseline WAG (blue curve) showing that the base case SAG
produced more oil compared to the baseline WAG.
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The oil production of the individual producers (P-1, P-2, P-3, and P-4) was
also analyzed to see the impact of foam in the recovery of oil.

Figure 8-6 shows the oil production of the base case SAG (green bar) and
the baseline WAG (blue bar) for the production wells P-1, P-2, P-3, and P-
4. At P-1, the average oil production of the base case SAG was 4,473 STB
whereas the average oil production of the baseline WAG was 4,540 STB. An
average difference of only 67 STB was observed in favor of the oil production
in the baseline WAG. At P-2, the base case SAG recovered more oil com-
pared to the baseline WAG. An average of 14,900 STB oil was produced for
the base case SAG whereas 14,615 STB oil was produced at the baseline
WAG.

At P-3, the oil production in the base case SAG was 8,429 STB whereas the
baseline WAG produced 8,187 STB. At P-4, the base case SAG produced
lower oil production compared to the baseline WAG. The baseline WAG
produced 6,944 STB whereas the base case SAG produced 6,601 STB.

The foam generation had the largest impact on oil production in production
well P-2 compared to the rest of the production wells. The reason was due
to the connectivity of the P-2 with the foam injection well, I-1. In addition,
the injection of water from I-2 promoted higher oil production in P-2.

CUMULATIVE OIL PRODUCTION OF P-1, P-2, P-2, and P-4 FOR BASE
CASE SAG and BASELINE WAG
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Figure 8-6: Cumulative oil production as a function of the producers P-1,
P-2, P-3, and P-4. The green bar shows the oil production for the base case
SAG whereas the blue bar shows the oil production for the baseline WAG.
P-2 produced more oil compared to the rest of the production wells.
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8.4 Sweep efficiency

The sweep efficiency of the base case SAG and the baseline WAG were
evaluated by using two different methods. The first method was by analyz-
ing the CO, BT whereas the second method was by qualitatively observing
the gas saturation in the 3D model. Table 8-1 shows the summary of the
breakthrough time (BT) and migration rate of the CO, tracers GT1 and
GT2. The delay in BT of the base case SAG between the CO, tracers GT1
and GT2 suggested that the foam bank was propagating through the reser-
voir covering more areas of the reservoir which weren’t previously swept.
Based upon the delays in the CO, breakthroughs of the SAG, the foam
improved the sweep efficiency of the reservoir.

Table 8-1: Summary of tracer results and migration rate for the base case
SAG and the baseline WAG.

Breakthrough time (BT) Migration Rate
Tracers
[Days] [f.t./Day]
SAG |  WAG SAG | WAG
GT1 120 | 35 5.81 | 2143
GT2 67 | 57 11.19 | 13.16

The 3D visual model was also used to qualitatively evaluate the gas satura-
tion between the high permeability streaks. Figure 8-7 shows the gas satu-
ration distribution between I-1 and P-1 for the base case SAG and the base-
line WAG that were taken at three different time steps during the pilot
injection. Timestep (T0) was before the start of the pilot injection and
showed the initial gas saturation in the reservoir. Timestep (T1) was in cycle
2 of the pilot injection whereas timestep (T2) was in cycle 5 of the pilot
injection, and T3 was in the last cycle of the pilot injection, i.e., cycle 11. It
was difficult to see the change in the gas saturation that the timesteps pro-
vided. But, after analyzing and comparing the gas saturation distributions,
the base case SAG’s gas saturation was distributed more evenly than the
baseline WAG. This was because the foam in the base case SAG diverted
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the CO; flow into the low permeability regions which led to improved sweep
efficiency, compared to the baseline WAG.
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Figure 8-7: Gas saturation distribution of the base case SAG vs the baseline
WAG to demonstrate the sweep efficiency. The base case SAG propagates
with a higher gas saturation compared to the baseline WAG throughout the

timesteps provided at different cycles of the pilot injection.
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Table 8-2 showed the values for the average gas saturation (S,) for the base
case SAG and the baseline WAG along with the deviations. The values
indicated how the gas saturation changed over the injection time in the

reservoir.

Table 8-2: Average gas saturation of base case SAG and baseline WAG

Time steps Sy SAG Sy WAG
TO 0.063 £+ 0.180 0.062 £ 0.180
T1 0.065 £+ 0.172 0.063 + 0.169
T2 0.071 £ 0.184 0.067 £ 0.174
T3 0.072 £+ 0.186 0.068 £+ 0.176
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9 Sensitivity Analysis

9.1 Sensitivity analysis on the Effect of Oil saturation in the
base case SAG

The objective of this sensitivity study was to test the model sensitivity to
changes in the reference oil saturation for foam collapse (fmoil) in the foam
model. As described in section 7.2.1, the base value for fmoil was 0.28 and
the value was found through experimental tests in the laboratory. Labora-
tory tests showed that at a maximum of 28% residual oil saturation, a stable
foam could be generated, and above that oil saturation the foam encountered
instability. In the sensitivity study, a lower tolerance value of 0.08 and a
higher tolerance value of 0.38 for fmoil were tested to analyze the foam
generation, CO, mobility reduction, oil production, and sweep efficiency at
different limiting oil saturations. The sensitivity study of the two different
values of the oil saturation for foam-collapse was compared with the base
value of the fmoil. The sensitivities were named as oil sensitivity 1 (OS1)
for fmoil 0.38, oil sensitivity 2 (OS2) for fmoil 0.28, and oil sensitivity 3
(O8S3) for fmoil 0.08.

9.1.1 Foam formation

To confirm whether foam was generated in the reservoir, the BHP for the
pilot injection well was plotted as a function time and pore volume injected.
The PVI was roughly 10% per year during each simulation case. Foam gen-
eration was indicated by an increase in the bottom hole pressure. Figure 9-1
shows the BHP as a function of time and pore volume injected for case OS1
(red curve), for case OS2 (green curve), and case OS3 (blue curve). The
increase in the BHP for case OS1 indicated the strongest for generation
compared to cases OS2 and OS3. The BHP of the oil sensitivities was in-
creasing throughout the pilot injection apart from the decrease in the shut-
ting down of the reservoir. The average BHP for OS1 was 4,381.30 psi
whereas the average BHP for OS2 and OS3 was 4,340.14 psi and 4,300 psi
respectively. The increased BHP in case OS1 results showed that foam with
the highest tolerance to oil, So = 0.38, generated a stronger foam compared
to cases with lower tolerance to oil (OS2 and OS3).
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Figure 9-1: Bottom hole pressure (BHP) as a function of time and pore
volume injected (PVI) for case OS1 (red curve), for case OS2 (green curve),
and case OS3 (blue curve). Stronger Foam was generated in case OS1.

9.1.2 CO2 Mobility Reduction

Two methods were used to investigate how the foam reduced the mobility
of the CO,. The first method was by introducing CO, tracers to evaluate
the CO; breakthrough time (BT) and migration rate and the second method
was by analyzing the producing gas-oil ratio (GOR) of the field and the
producer wells. Figure 9-2 shows the tracer response for the CO, tracers GT1,
GT2, and GT3. At GT1, the BT for case OS1 was 188 days with a migration
rate of 3.99 ft/day whereas the BT for case OS2 and case OS3 was 122 days
and 42 days with a migration rate of 6.15 ft/day and 17.86 ft/day, respec-
tively. The BT of the COs for case OS1 was delayed by 66 days compared
to case OS2 and 146 days compared to case OS3. The slow migration rate
of CO, and less production of CO; in case OS1 compared to cases OS2 and
0OS3 delayed the BT significantly.

At GT2, the BT of case OS1 was 88 days with a migration rate of 8.52
ft/day whereas the BT of cases OS2 and OS3 was 61 days and 20 days with
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a migration rate of 12.30 ft/day and 37.50 ft/day respectively. The decreased
COs breakthrough from tracer GT1 and GT2 was due to collapsing of the
foam which was generated in the previous injection cycles.

At GT3, the CO, breakthrough of cases OS1, OS2, and OS3 decreased fur-
ther. The BT of case OS1 and case OS2 was 48 days and 40 days with a
migration rate of 15.63 ft/day and 18.75 ft/day. OS3 broke only after 19
days of injection and had a migration rate of 39.47 ft /day.

Based on the delays in the tracers, the mobility of the CO, was reduced

significantly in case OS1.
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Figure 9-2: Tracer response curves showing tracer injection for GT1, GT2,
and GT3 (purple curve) for case OS1 (red curve), for case OS2 (green curve),
and case OS3 (blue curve). Case OS1 showed a delay in the breakthrough
time of all the CO, tracers.

The producing gas-oil ratio (GOR) for the three reference oil saturations
was also analyzed to see the impact of foam on the gas-oil ratio (GOR).
Figure 9-3 shows the producing GOR as a function of time and pore volume
injected for case OS1 (red curve), for case OS2 (green curve), and case OS3
(blue curve). At the start of the pilot injection, the GOR of OS1, OS2, and
OS3 was 6.58 Mscf/day, 7.36 Mscf/day, and 6.94 Mscf/day. The GOR of all
the sensitivities increased throughout the pilot injection. The average GOR
of cases OS1, OS2, and OS3 throughout the pilot injection was 8.42
Mscf/day, 9.23 Mscf/day, and 9.16 Mscf/day. The GOR in case OS1 was
lower compared to case OS2 by 9.60% and lower compared to case OS3 by
8.76%. The low GOR in case OS1 indicated that the mobility of the CO,
was reduced significantly compared to cases OS2 and OS3. The lower GOR
in case OS1 matched with a higher foam generation obtained.
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FIELD GAS OIL RATIO FOR THE SENSITIVITY OF OIL SATURATION
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Figure 9-3: Field producing gas-oil ratio as a function of time and pore
volume injected (PVI) for case OS1 (red curve), for case OS2 (green curve),
and case OS3 (blue curve). Case OS1 produced lower GOR and was effective
in reducing the mobility of the CO..

The GOR for the individual production wells (P-1, P-2, P-3, and P-4) were
also analyzed to see the impact of the foam in reducing the mobility of the
CO,. Only producer wells P-1, P-2, and P-4 showed an effect in the produc-
ing GOR of the sensitivity changes made to the reference high oil saturation
for foam collapse (fmoil). P-3 did not see a change in the producing GOR
between the sensitivities, so it is omitted from the discussion. Figure 9-4
shows the GOR for P-1, P-2, and P-4 as a function of time and pore volume
injected (PVI) for the cases OS1, OS2, and OS3.

At P-1, the initial GOR of cases OS1, OS2, and OS3 was 10.57 Mscf/day,
9.48 Mscf/day, and 11.90 Mscf/day, respectively. The GOR of all oil sensi-
tivities increased sharply to reach their respective peak values after 0.12 PVI.
The peak GOR for cases OS1, OS2, and OS3 was 23.88 Mscf/day, 22.95
Mscf/day, and 27.26 Mscf/day, respectively. After that, the GOR of all oil
sensitivities started to fall throughout the pilot injection. The average GOR
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of cases OS1, OS2, and OS3 throughout the reservoir was 14.25 Mscf/day,
12.11 Mscf/day, and 13.33 Mscf/day, respectively. Case OS2 had the lowest
GOR compared to the other two oil sensitivities. Despite the strong foam
formation, case OS1 did not reduce the mobility of the CO, better compared
to case OS2. The connectivity between the foam injector well, I-1, and the

producer well, P-1, was important for the reduction of CO,’s mobility in case
082.

At P-2; the initial GOR of cases OS1, OS2, and OS3 was 10.33 Mscf/day,
10.33 Mscf/day, and 10.41 Mscf/day, respectively. The GOR of all oil sen-
sitivities increased sharply to reach their respective peak values after 0.25
PVI. The peak GOR for cases OS1, OS2, and OS3 was 23.88 Mscf/day,
14.73 Mscf/day, and 14.79 Mscf/day, respectively. After that, the GOR of
all oil sensitivities started to fall throughout the pilot injection. The average
GOR of cases OS1, OS2, and OS3 throughout the reservoir was 12.38
Mscf/day, 12.59 Mscf/day, and 12.37 Mscf/day, respectively. Case OS3 had
the lowest GOR compared to the other two oil sensitivities. Despite the
weak foam generation and early CO, BT, case OS3 reduced the mobility of
CO; better compared to the other two sensitivities. This showed that the
foam generation in cases OS1 and OS2 was not stable and collapsed quickly.
The GOR difference in case OS3 was quite small in comparison with cases
OS1 and OS2. The connectivity of the foam injector well with P-2 was im-
portant for case OS3 in reducing the CO,’s mobility.

At P-4, the initial GOR of cases OS1, OS2, and OS3 was 5.99 Mscf/day,
11.53 Mscf/day, and 7.25 Mscf/day, respectively. The GOR of the oil sensi-
tivities increased throughout the pilot injection. When the reservoir was on
its first shutdown, the GOR of cases OS1, OS2, and OS3 was 10.09 Mscf/day,
13.26 Mscf/day, and 12.46 Mscf/day, respectively. After the shutting and
reopening of the reservoir, the GOR of the oil sensitivities fell due to a
decrease in the amount of CO2 in the reservoir. The average GOR of cases
OS1, OS2, and OS3 throughout the reservoir was 8.63 Mscf/day, 12.02
Mscf/day, and 10.45 Mscf/day, respectively. Case OS1 had the lowest GOR
and had 39.35% lower GOR compared to case OS2 and 21.18% lower GOR
compared to case OS3. Based on the lower GOR, the mobility of the CO
was reduced mostly by case OS1, and this matched with the strong foam
formation in the same oil sensitivity in case OS1.
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Figure 9-4: Producing gas-oil ratio as a function of time and pore volume

injected (PVI) for case OS1(red curve), case OS2 (green curve), and OS3
(blue curve) in P-1, P-2, and P-4.
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9.1.3 Sweep Efficiency

The sweep efficiency for the three-reference oil saturations were evaluated
by analyzing the CO, breakthrough time (BT) and migration rate of the
three CO, tracers described in section 9.2.2. Table 9-1 shows the summary
of the breakthrough time (BT) and migration rate of the CO, tracers GT1,
GT2, and GT3. The delay in BT between the CO, tracers of cases OS1, OS2,
and OS3 suggested that the foam bank was propagating through the reser-
voir covering more areas of the reservoir which weren’t touched before. A
delay in the BT of case OS1 in all the three CO, tracers was due to the foam
propagating a longer distance in the reservoir compared to the other oil
sensitivities. This propagation of the foam, therefore, improved the sweep

efficiency of the reservoir.

Table 9-1: Summary of tracer results and migration rate for cases OS1,
OS2, and OS3.

Breakthrough time (BT) Migration Rate
Tracers [days] [ft/day]
OS1 0852 0S3 0OS1 082 083
GT1 188 122 42 3.99 6.15 17.86
GT2 88 61 20 8.52 12.30 37.50
GT3 48 40 19 15.63 18.75 39.47

9.1.4 Oil Production

The cumulative oil production of the three reference oil saturation cases,
0OS1, OS2, and OS3, were compared to analyze which case produced more
oil. Figure 9-5 shows the cumulative oil production of case OS1 (red curve),
case OS2 (green curve), and case OS3 (blue curve) as a function of time and
pore volume injected. Case OS3 had increased cumulative oil saturation
compared to cases OS1 and OS2. The average in the cumulative oil produc-
tion for case OS3 was 36,390 STB whereas the average in cumulative oil
production for cases OS2 and OS1 was 34,404 STB and 35,041 STB respec-
tively. Case OS3 produced on average 5.45% more oil compared to case OS2
and 3.71% more oil compared to case OS1. This showed that the oil sensi-
tivity with a minimum oil saturation (OS3) produced more oil compared to
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the others because of a more stable foam in the presence of oil in the reservoir.
Even though the foam formation in case OS3 was lower than cases OS1 and
OS2, the stability of the foam promoted to give a higher oil production
compared to the other two oil sensitivities.

FIELD, CUMULATIVE OIL PRODUCTION FOR THE SENSITIVITY OIL
SATURATIONS
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Figure 9-5: Field-level cumulative oil production for case OS1 (red curve),
case OS2 (green curve), and case OS3 (blue curve). Case OS3 recovered
more oil compared to cases OS1 and OS2.

The oil production of the individual producers (P-1, P-2, P-3, and P-4) was
also analyzed to see the impact of change in the reference oil saturation in
the recovery of oil. Figure 9-6 shows the cumulative oil production of the

four wells plotted for the reference oil saturation sensitivity cases, OS1, OS2,
0S3, and OS4.

At P-1, case OS3 recovered more oil compared to cases OS1 and OS2. The
average oil production of the cases OS1, OS2, and OS3 were 4,574.71 STB,
4,473.31 STB, and 4,694.15 STB respectively. The average oil production of
case OS3 was 4.7% better in oil production compared to case OS2 and 2.54%
better in oil production compared to OS1. At P-2, case OS3 recovered the
highest oil production. The average oil production of the cases OS1, OS2,
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and OS3 were 14,798.01 STB, 14,900.04 STB, and 15,271.60 STB respec-
tively. The recovery of oil in case OS3 was 2.43% better compared to case
082 and 3.10% better compared to case OS1. At P-3, case OS1 recovered
more oil compared to cases OS2 and OS3. The average oil production of case
OS1 was 8,935.81 STB whereas the average oil production of the cases OS2
and OS3 were 8,428.86 STB and 8,493.58 STB respectively. The recovery of
oil in case OS1 was better compared to case OS2 by 5.67% and by 4.95%
better when compared to case OS3. At P-4, case OS3 produced more oil
compared to OS1 and OS2. The average oil production of case OS3 was
7,930.51 STB whereas case OS1 produced 6732.34 STB and case OS2 pro-
duced 6601.48 STB. The recovery of oil in case OS3 was 16.76% more com-
pared to case OS2’s oil production and 15.11% more oil production compared
to case OSI.

Case OS3 produced the highest oil production in P-1, P-2, and P-4. Out of
the four production wells, P-2 recovered the highest oil production because
of the connectivity of the foam injector well with P-2. The influence of the
I-2 injector was in addition very influential in recovering more oil.

CUMULATIVE OIL PRODUCTION FOR THE OIL SENSITIVITY STUDY
OF 4 PRODUCTION WELLS

18000.00

16000.00

14000.00
12000.00
10000.00
8000.00
6000.00
4000.00
2000.00 I I
0.00 P-1 P2 p-3

Cumulative Oil Production [STB]

P-4
mOs1 4574.71 14798.01 8935.81 6732.34
m0S2 4473.31 14900.04 8428.86 6601.48
m0s3 4694.15 15271.60 8493.58 7930.51

Production Wells

E0S1 m0S2 m0S3

Figure 9-6: Cumulative oil production of P-1, P-2, P-3, and P-4 for OS1
(red bar), OS2 (green bar), and OS3 (blue bar). P-2 produced the highest
oil production in comparison with the other producer wells.
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9.2  Sensitivity study of experimentally derived foam

models

The objective of this sensitivity study was to evaluate different experimen-
tally derived foam model parameters (refer to Table 7-3) to determine their
impact on foam generation, CO, mobility reduction, oil production, and
sweep efficiency. Table 7-3, as explained in section 7.2, listed the foam mod-
els from four laboratory experiments.

Foam parameters = Experiment Experi- Experi- Experi-

1 ment 2 ment 3 ment 4

Jmmob 415 108 192 248

Jmdry 0.595 0.27 0.4 0.313

epdry 35 100 84 46.8
Jmcap 2.14E-06 7.80E-07 9.00E-07 8.50E-07

epcap 0.87 0.65 0.59 0.71

9.2.1 Foam formation

To see the response for foam generation for the experimentally derived foam
parameters, the BHP of the foam model parameters was plotted as a func-
tion of time and pore volume injected. Table 7-3 in section 7.2 listed the
foam models that were derived experimentally at the laboratory. The sensi-
tivity studies of the different foam model parameters were named Foam 1,
Foam 2, Foam 3, and Foam 4 and used the values of experiments 1, 2, 3,
and 4 respectively. The injection method used in the sensitivity study of all-
foam model parameters was 10 days of surfactant solution followed by 20
days of CO; injection. Figure 9-7 shows the BHP of I-1 as a function of time
and pore volume injected (PVI) for the Foam 1 (blue curve), Foam 2 (red
curve), Foam 3 (yellow curve), and Foam4 (green curve). At the start of the
pilot injection on the 23 of May, the initial BHP for Foam 1, Foam 2, Foam
3, and Foam 4 was 3,961.31 psi, 4,145.55 psi, 3,930.67 psi, and 4,095.09 psi
respectively. But as the pore volume injected increased, the BHP of the foam
parameters increased for all foam model sensitivities. The average BHP for
Foam 1, Foam 2, Foam 3, and Foam 4 throughout the pilot injection was
4,334.73 psi, 5,203.49 psi, 4,361.49 psi, and 5,042.61 psi respectively. Foam
2 had the highest BHP value throughout the pilot injection which indicated
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the strongest foam generation. This was due to the combined effect of the
foam parameters frmmob and fmdry .The second strongest foam generation
was observed in Foam 4 whereas the third strongest foam generation was
observed in Foam 3. Foam 1 had the least foam generation compared to the
rest of the foam model parameters. Foam 2 generated 3.09% more foam
compared to Foam 4, 16.18% more foam compared to Foam 3, and 16.70%
more foam compared to Foam 1. High BHP for Foam 2 indicated strong
foam generation compared to the rest of the foam models.
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Figure 9-7: Bottom hole pressure (BHP) as a function of time and pore
volume injected (PVI) for the Foam 1 (blue curve), Foam 2 (red curve),
Foam 3 (yellow curve), and Foam 4 (green curve). Foam 2 generated the
highest BHP values compared to the other foam models.

9.2.2 CO2 mobility reduction

Two methods were used to analyze which of the four foam models reduced
the mobility of the CO, the most. The first method was by introducing CO»
tracers to evaluate the CO; breakthrough time and migration rate whereas
the second method was by analyzing the reduction in the producing gas-oil
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ratio (GOR). Figure 9-8 shows the tracer response of the COs tracers GT1,
GT2, and GTS3.

At GT1, the BT of Foam 1, Foam 2, Foam 3, and Foam 4 was 122 days,
222 days, 199 days, and 174 days, respectively. The delay in the BT of Foam
2 with a migration rate of 3.38 ft/day indicated the strong foam generated
and propagated a longer distance in the reservoir compared to the other
foam sensitivities. The foam generation in Foam 4 was stronger than Foam
3, but Foam 3 had a delay in the BT and a faster migration rate compared
to Foam 4. The BT of Foam 3 was 199 days with a migration rate of 3.77
ft/day whereas the BT of Foam 4 was 174 days with a migration rate of
4.31 ft/day. This showed that the foam generated in Foam 4 was not stable
and collapsed quickly before new slugs of surfactants were injected. Foam 1
had the earliest BT with a faster migration rate of 3.28 ft/day compared to
the other foam sensitivities.

At GT2, the BT of Foam 1, Foam 2, Foam 3, and Foam 4 was 61 days, 147
days, 104 days, and 81 days respectively. The order of the BT of all the
foam models observed in GT2 was the same as the order observed in GT1,
but the number of days in the BT decreased significantly for all-foam models.
This was because the continuous injection of surfactant slugs allowed the
foam to reach the high-quality regime and hence the foam started to collapse.
The migration rate of Foam 1, Foam 2, Foam 3, and Foam 4 was 12.30
ft/day, 5.10 ft/day, 7.21 ft/day, and 9.26 ft/day respectively. The low mi-
gration rate in Foam 2 corresponded to a delay in the BT whereas the high
migration rate in Foam 1 corresponded to an early breakthrough time.

At GT3, the BT of Foam 1, Foam 2, Foam 3, and Foam 4 was 19 days, 48
days, 18 days, and 34 days respectively. The order of the BT for Foam 3 in
GT3 was different compared to the order observed in GT1 and GT2. The
early BT observed in Foam 3 had a fast migration rate of 41.67 ft/day. The
migration rate of Foam 1, Foam 2, and Foam 4 was 22.06 ft/day, 10.71
ft/day, and 15.96 ft/day respectively. The quickest delay observed in Foam
3 was because of a sudden collapse of the foam and more production of CO..
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Based upon the delays in the breakthroughs, Foam 2 reduced the mobility
of COs better than the other foam model parameter sensitivities due to the
influence of reference gas mobility-reduction factor fmmob and the foam pa-
rameter that controlled the water saturation in the vicinity of which foam
collapses fmdry.
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Figure 9-8: Tracer response curves showing tracer injection GT1, GT2, GT3
(purple curve), Foam 1(blue curve), Foam 2(red curve), Foam 3(yellow
curve), and Foam 4(green curve). Foam 2 showed a delay in all the CO,
tracers.
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The producing GOR for the foam models were also analyzed to see the im-
pact of foam on CO, mobility.

Figure 9-9 shows the field-producing gas-oil ratio (GOR) as a function of
time and pore volume injected (PVI) for Foam 1 (blue curve), Foam 2 (red
curve), Foam 3 (yellow curve), and Foam 4 (green curve). The initial GOR
of Foam 1, Foam 2, Foam 3, and Foam 4 was 7.37 Mscf/Stb, 8.03 Mscf/Stb,
8.18 Mscf/Stb, and 6.71 Mscf/Stb, respectively. As the injected pore volume
increased, the GOR of the foam parameters increased throughout the pilot
injection. However, the GOR of Foam 1, Foam 2, Foam 3, and Foam 4
decreased towards the end of the pilot and had a GOR of 7.37 Mscf/Stb,
8.03 Mscf/Stb, 8.18 Mscf/Stb, and 6.71 Mscf/Stb respectively. The average
producing GOR throughout the pilot injection for Foam 1, Foam 2, Foam
3, and Foam 4 was 9.22 Mscf/Stb, 7.25 Mscf/Stb, 10.15 Mscf/Stb, and 7.69
Mscf/Stb respectively. Foam 2 had the lowest GOR compared to the other
foam sensitivities. Foam 3 was the least foam parameter with a higher GOR
value which can correspond to the early CO, BT in GT3.

Foam 2 reduced the mobility of COs by 27.27% compared to Foam 1, by
40.02% compared to Foam 3, and by 6.09% compared to Foam 4. Based on
the lower GOR, the mobility of the CO, was reduced mostly by Foam 2,
and this matched with the strong foam formation and delay in the CO, BT.
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Figure 9-9: Producing gas-oil ratio (GOR) as a function of time and pore
volume injected (PVI) for the Foam 1(blue curve), Foam 2(red curve), Foam
3 (yellow curve), and Foam 4(green curve). Foam 2 produced a lower GOR

value compared to the rest of the foam parameters.
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9.2.3 Sweep Efficiency

The sweep efficiency was evaluated by analyzing and comparing the CO.
breakthrough time and migration rate of the CO, tracers for the foam model
parameters. Table 9-2 shows the summary of the breakthrough time (BT)
and migration time of the CO, tracers GT1, GT2, and GT3. The delay in
BT between the CO, tracers of GT1, GT2, and GT3 for the strongest foam
generation, Foam 2, suggested the foam parameters involved, fmmob and
fmdry , assisted the generated foam bank to propagate through the reservoir

covering more areas of the reservoir which weren’t touched before.

The delay in the BT of the CO, tracers of the all-foam model parameters
indicated that the foam was propagating forward and contributed to the
improvement of sweep efficiency of the reservoir.

Table 9-2: Summary of tracer results and migration rate for the experi-
mentally derived foam model parameters

Breakthrough time (BT) Migration Rate
Tracers [days] [ft/day]
Foam | Foam | Foam | Foam | Foam | Foam | Foam | Foam
1 2 3 4 1 2 3 4

GT1 122 | 222 199 174 6.15 | 3.38 | 3.77 | 4.31
GT2 61 147 104 81 12.30 | 5.10 | 7.21 9.26
GT3 19 48 18 34 39.47 | 15.63 | 41.67 | 22.06

9.2.4 Oil Production for the foam models

The cumulative oil production of the four foam models was compared to see

which foam model sensitivity recovered more oil.

Figure 9-10 shows the field oil cumulative production as a function of time
and pore volume injected (PVI) for Foam 1 (blue curve), Foam 2 (red curve),
Foam 3 (yellow curve), and Foam4 (green curve). The average oil production
of Foam 1, Foam 2, Foam 3, and Foam 4 was 34,429.47 STB, 35,937.99 STB,
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33,839.30 STB, and 36,134.67 STB respectively. The results from tracers,
BHP, and GOR suggested that Foam 2 would produce a better oil produc-
tion than all the foam model parameters. However, field results showed that
Foam 4 produced slightly higher oil production compared to Foam 2. An
excess of 196.68 STB of oil was produced in Foam 4 when compared to the
average of oil production in Foam 2. Foam 1 produced 4.95% less oil pro-
duction compared to Foam 4 whereas Foam 3 produced 4.95% less oil pro-
duction compared to Foam 4. Higher field production in Foam 4 compared
to the production in Foam 2 suggested that the foam generated in Foam 4

was more stable than foam generated in Foam 2.
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Figure 9-10: Field cumulative oil production as a function of time and pore
volume injected (PVI) for the Foam 1 (blue curve), Foam 2 (red curve),
Foam 3 (yellow curve), and Foam 4 (green curve). Foam 4 produced slightly
higher oil production than Foam 2 and significantly higher oil production

than Foam 1 and Foam 3.
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The oil production of the individual producers (P-1, P-2, P-3, and P-4) was
also analyzed to see the impact of foam model parameters in the recovery of
oil. Figure 9-11 shows the oil production as a function of foam parameters
Foam 1 (blue bar), Foam 2(red bar), Foam 3(yellow bar), and Foam 4(green
bar) for the production wells P-1, P-2, P-3, and P-4.

At P-1, the average oil production of Foam 1, Foam 2, Foam 3, and Foam
4 was 4,473 STB, 5,822 STB, 4,438 STB, and 5,062 STB, respectively. Foam
2 produced the highest amount of oil compared to the other three foam
model parameters. The recovery percentage of Foam 2 was 13.06% higher
compared to Foam 4, which was the second-highest oil producer well. The
recovery percentage of Foam 1 and Foam 3 was 23.17% and 23.77% less
compared to the highest oil recovery foam parameter, Foam 2.

At P-2, the average oil production of Foam 1, Foam 2, Foam 3, and Foam
4 was 14,900 STB, 14,432 STB, 14,787 STB, and 14,939 STB respectively.
Foam 4 produced a slightly higher production than Foam 1 and significantly
higher oil production than Foam 2 and Foam 3. On percentage, Foam 4
produced only 0.26% more oil compared to Foam 1 whereas an increase in
1.02% in Foam 4 compared to Foam 3 and an increase in 3.39% in Foam 4
than Foam 2 of oil production was observed.

At P-3, the average oil production of Foam 1, Foam 2, Foam 3, and Foam
4 was 5,331 STB, 8,309 STB, 7,576 STB, and 8,351 STB respectively. The
oil production in Foam 4 was 42 STB higher compared to the oil production
in Foam 2 and 775 STB higher compared to the oil production in Foam 3.
Foam 1 produced 3020 STB less oil compared to the recovery in Foam 4.

At P-4, the average oil production of Foam 1, Foam 2, Foam 3, and Foam
4 was 6,601 STB, 6,548 STB, 6,355 STB, and 7033 STB respectively. Foam
4 recovered the highest oil production compared to all the foam model pa-
rameters. On percentage, Foam 4 produced 6.14% more oil compared to
Foam 1 and 6.90% more oil compared to Foam 2. The oil recovery percent
in Foam 1 was 9.64% less than the highest oil producer foam model param-

eter, Foam 4.

Comparing the cumulative oil production with P-1, P-2, P-3, and P-4: only
the production well P-1 matched with the results of foam generation and
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producing GOR. This was mostly because of the connectivity with the foam
injector well compared to the other producer wells. The strong foam gener-
ation, a delay in BT, lower GOR, and higher oil production made Foam 2
to be the best foam model parameter among the other 3 foam models.
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Figure 9-11: Cumulative oil production of Foam 1 (blue bar), Foam 2 (red
bar), Foam 3 (yellow bar), and Foam 4 (green bar) for production wells P-
1, P-2, P-3, and P-4.
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9.3  Sensitivity Analysis of Injection strategies

In this section, the sensitivity analysis of the different injection strategies
(refer to Table 7-5) are analyzed and discussed for their impact on BHP,
COs mobility reduction, oil production, and sweep efficiency. The sensitivity
of the foam model parameters was also included for the specific injection
strategy for their impact on BHP, CO, mobility reduction, oil production,
and sweep efficiency.

9.3.1 Sensitivity study of SAG and WAG for Injection A

Injection A consisted of injecting 20 days with surfactant solution followed
by 30 days of CO. injection. A total of 8 cycles were used to complete the
pilot injection. The objective of this sensitivity study was to evaluate foam
generation, CO; mobility reduction, GOR, Oil production, and sweep effi-
ciency for the selected injection strategy A.

Foam Formation:
To confirm whether foam was generated, the bottom hole pressure (BHP)
for the pilot injection well (I-1) was plotted as a function time and pore
volume injected (PVI). The PVI was roughly 10% per year during each
simulation case. Foam generation was indicated in the SAG by an increase
in the bottom hole pressure compared to the WAG. Figure 9-12 shows the
bottom hole pressure (BHP) as a function of time and pore volume injected
(PVI) for SAG (green curve) and WAG (blue curve). At the start of the
pilot, the BHP of the SAG was 3,961.3 psi whereas the BHP of the WAG
was 3,842.9 psi. Right after, the BHP of the SAG increased sharply while
the BHP of the WAG decreased and was much lower than the SAG. The
BHP of the SAG reached its peak value at 0.19 PVI with a value of 4,466.8
psi and was significantly higher compared to the BHP of the WAG. The
BHP of the WAG was significantly lower than the BHP of the SAG through-
out the pilot injection because of no foam formation in the absence of foam-
ing agents. The pressure fluctuations observed in the WAG are due to the
viscosity differences between water and CO, and CO; relative permeability
reduction in a WAG process. The average BHP for the SAG throughout the
pilot injection was 4,303.49 psi whereas the WAG’s average BHP was
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3,863.89 psi. The higher BHP observed in the SAG was due to the foam

formation

BOTTOM HOLE PRESSURE , I-1 : INJECTION A (SURF = 20 DAYS; CO2 = 30 DAYS)
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Figure 9-12: Bottom hole pressure (BHP) as a function of time and pore
volume injected for the SAG (green curve) and the WAG (blue curve) of
Injection A. The injection scheme of the SAG injection consisted of injecting
20 days with surfactant solution followed by 20 days of CO, injection. Black
numbers indicated cycle numbers.

CO2 mobility reduction:

Two methods were used to investigate how the foam reduced the mobility
of the CO,. The first method was by introducing CO. tracers to evaluate
the CO, breakthrough time (BT) and migration rate and the second method
was by analyzing the producing gas-oil ratio (GOR) of the field and producer
wells. Figure 9-13 shows the tracer response for the CO, tracers GT1 and
GT2. GT3 was not included in this discussion because the WAG did not
have a BT until the end of the simulation period.

At GT1, the BT of the SAG was 123 days with a migration rate of 6.10

ft/day whereas the WAG’s BT was 39 days with a migration rate of 19.23
ft/day. The SAG was delayed significantly on its breakthrough time by 84
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days compared to the WAG. This was because of the foam generation and
the small amount of CO, produced.

At GT2, the SAG and the WAG had shorter breakthroughs than their re-
spective BT in GT1. The SAG had a BT of 46 days whereas the WAG broke
only after 29 days. The migration rate of the SAG was 16.30 ft/day whereas
the WAG’s migration rate was 25.86 ft/day. A faster migration rate and
more CO- produced shortened the number of breakthrough times. On both
COs, tracers, the SAG was delayed on the BT, and based on this the SAG
showed the ability to reduce the mobility of the COa.
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Figure 9-13: Tracer response curves showing tracer injection GT1 and GT?2
(red curve), SAG production (green curve), and WAG production (blue
curve). The SAG showed a delay in the breakthrough time for both CO,

tracers.

The producing GOR values of the SAG and the WAG were also analyzed
to further confirm the mobility reduction of CO,. Lower values of GOR
indicated a reduction in the mobility of the CO, while higher values of the
GOR indicate that CO, has high mobility. Figure 9-14 shows the field-pro-
ducing gas-oil ratio (GOR) as a function of time and pore volume injected
(PVI) for the SAG (green curve) and the WAG (blue curve) for injection A.
The GOR of the SAG and the WAG increased equally from the start of the
pilot injection until 0.075 PVI and a GOR of 9.1 Mscf/Stb. Afterward, the
GOR of WAG increased further and was higher than the SAG’s GOR
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throughout the pilot injection. The GOR of the SAG was significantly lower
than the WAG and had an average value of 9.95 Mscf/Stb throughout the
pilot injection whereas the WAG had 10.76 Mscf/Stb. The SAG’s GOR was
an average of 8.09% more compared to the WAG. Based on the low GOR
value in the SAG case, the mobility of CO, was reduced significantly. In
addition, the low GOR in the SAG matched the high BHP found in the
SAG for foam generation.
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Figure 9-14: Producing gas-oil ratio (GOR) as a function of time and pore
volume injected (PVI) for the SAG (green curve) and the WAG (blue curve)
in injection A. The SAG reduced the mobility of the COs.

The GOR of the individual producers (P-1, P-2, P-3, and P-4) were also
analyzed to see the impact of foam in reducing the producing GOR. Only
P-1 and P-2 showed an effect in the producing GOR of the base case SAG
and the baseline WAG. This was due to their connectivity to the foam in-
jector well. P-3 and P-4 did not see a change in the producing GOR due to
the static properties of the reservoir geology. The GOR results of P-3 and
P-4 are not included in this part.
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Figure 9-15 shows the GOR, of P-1 and P-2 as a function of time and pore
volume injected (PVI) for the SAG (green curve) and the WAG (blue curve).
At the start of the pilot injection in P-1, the GOR of the SAG and the WAG
were the same with 9.48 Mscf/Stb. The GOR of both SAG and WAG started
to increase as the injection of the SAG continued. At 0.17 PVI the GOR of
the SAG was 22.81 Mscf/Stb and started falling whereas the GOR of the
WAG increased further to reach a peak value of 24.67 Mscf/Stb. The break-
ing of the SAG at 0.17 PVI indicated the start of the reduction of the mo-
bility of COs by foam. Further injection of SAG decreased the GOR, of both
SAG and WAG. On average, the GOR of the SAG was 17.25 Mscf/Stb
whereas the GOR of the WAG was 20.20 Mscf/Stb. Lower values of GOR
in the SAG than the WAG indicated a reduction in the mobility of COs..

At P-2, the starting GOR for the SAG and the WAG was 10.34 Mscf/Stb.
The GOR of the SAG and the WAG was increasing sharply with the same
GOR until 0.14 PVI and had 13.89 Mscf/Stb. Afterward, the GOR of the
WAG increased further to reach a peak value of 18.64 Mscf/Stb whereas the
GOR of the SAG broke indicating the reduction in the mobility of CO, by
foam. The first shutting down of the reservoir didn’t influence the GOR
whereas the second shutdown affected the GOR of both SAG and WAG to
decrease for a while but increased quickly towards the last pilot injection.
On average, the GOR of the SAG was 13.16 Mscf/Stb whereas the GOR of
the WAG was 14.14 Mscf/Stb. Lower values of GOR in the SAG than the
WAG indicated a reduction in the mobility of CO..

Comparing the average GOR of the SAG in P-1 and P-2, the SAG in the P-
2 had a lower GOR compared to the SAG in P-1. This was mainly because
of the connectivity with the foam injector well and the influence of the in-
jection well I-2 that promoted in reducing the mobility of COs.
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Figure 9-15: Producing gas-oil ratio for the SAG (green curve) and the
WAG (blue curve) for production wells P-1 and P-2 in Injection A. The
SAG in production well P-2 reduced the mobility of CO, more compared
to P-1.
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Sweep Efficiency

The sweep efficiency for the SAG and the WAG in injection A was evaluated
by comparing the CO, breakthrough time (BT) and the migration rate of
the CO,. Table 9-3 shows the summary of the breakthrough time (BT) and
migration rate of the CO, tracers, GT1 and GT2. The GT1 tracer indicated
that the BT was higher than the GT2 for both SAG and WAG. The SAG
however had a longer BT compared to the WAG on both tracers. This
showed that foam generation contributed to decreasing the migration rate
and hence more areas of the reservoir will be touched by the propagating
foam. Based upon the delays in the CO, breakthroughs of the SAG, the foam
improved the sweep efficiency of the reservoir.

Table 9-3: Summary of tracer results and migration rate for the SAG and
the WAG using injection A.

Breakthrough time (BT) Migration Rate
Tracers
[Days] [f.t./Day]
SAG |  WAG SAG | WAG
GT1 123 | 39 6.10 | 1993
GT2 6 | 29 1630 | 25.86

Oil Production
The cumulative oil production of the whole field for the SAG and the WAG
are presented in this section. The increase in BHP, the decrease in GOR,
and the delay in the CO, BT of the SAG compared to the WAG suggested
that an increase in oil production was expected in the SAG case. Figure 9-16
shows the field oil production as a function of time and pore volume injected
(PVI) for the SAG (green line) and the WAG (blue line). The oil production
of the SAG and the WAG was almost similar throughout the pilot period.
The SAG production broke lately at 0.375 PVI and started to recover more
oil compared to the WAG. The average oil production of the SAG was
32,834.40 STB whereas the average oil production of the WAG was
33,034.55 STB. A slightly higher recovery of oil in the WAG was observed
where the WAG produced 200.14 STB more oil compared to the SAG. De-
spite the SAG having high BHP in foam formation, low GOR in reducing
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the CO,, and delays in the BT, the reservoir produced more oil using the
WAG. This showed that the foam generation was not strong enough to

recover more oil.
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Figure 9-16: Field cumulative oil production of the SAG (green curve) and
the WAG (blue curve). The average oil production of the WAG was slightly
higher than the SAG.

The oil production of the individual producers (P-1, P-2, P-3, and P-4) was
also analyzed to see the impact of foam in the recovery of oil.

Figure 9-17 shows the cumulative oil production of P-1, P-2, P-3, and P-4
for the SAG (green bar) and the WAG (blue bar). At P-1 and P-4, the
WAG produced more oil compared to the SAG. The average oil production
of the WAG in P-1 and P-4 was 4,577 STB and 6,564 STB respectively
whereas the SAG in P-1 and P-4 had an average production of 4,487 STB
and 6,147 STB respectively. 90 STB more oil was produced on P-1 by the
WAG compared to the SAG and 417 STB more oil was produced on P-4 by
the WAG compared to the SAG. Despite the foam formation and low values
in GOR, the producers failed to match the expectations. The connectivity
of P-4 to the foam injector well was the reason for the low production of oil
in the SAG whereas P-1’s oil production of the SAG was slightly lower than
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the WAG despite its excellent connectivity to the foam injecting well. This
implied that the foam quality was not good enough to move towards the
production wells P-1 and P-4.

At P-2 and P-3, the SAG produced more oil compared to the WAG. The
average oil production of the SAG in P-2 and P-3 was 14,094 STB and 8,106
STB respectively whereas the average oil production for the WAG in P-2
and P-3 was 13,977 STB and 7,927 STB respectively. The oil production in
P-2 was the highest of all producers whereas P-3 produced the second-high-
est oil production. The main reason was because of stable foam formation
and the influence of the well I-2. P-2’s connectivity to the foam injector
made it possible to recover more oil than any of the production wells.
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Figure 9-17: Cumulative oil production of P-1, P-2, P-3, and P-4. The SAG
is indicated by the green bar whereas the WAG is indicated by the blue bar.
Higher oil production for both SAG and WAG is observed in production
well P-2.
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Sensitivity study of experimentally derived foams: Injection A

The objective of this study was to test the sensitivity foam model parameters
that were derived experimentally (refer to Table 7-3) and to evaluate their
effect on foam generation, COs mobility reduction, oil production, and sweep
efficiency for injection strategy A.

Foam Formation:

To see the response for foam generation for the experimentally derived foam
parameters using injection strategy A, the BHP of the foam model parame-
ters was plotted as a function of time and pore volume injected. Table 7-3
in section 7.2 listed the foam models that were derived experimentally at
the laboratory. The sensitivity studies of the different foam model parame-
ters were named Foam 1, Foam 2, Foam 3, and Foam 4 and used the values
of experiments 1, 2, 3, and 4 respectively.

Figure 9-18 shows the BHP as a function of time and pore volume injected
(PVI) for the Foam 1 (blue curve), Foam 2 (red curve), Foam 3 (yellow
curve), and Foam4 (green curve). After the start of the pilot injection, the
BHP of all-foam parameters started to increase from their initial values. The
initial value of Foam 1, Foam 2, Foam 3, and Foam 4 was 3,961.31 psi,
3,963.22 psi, 3,930.67 psi, and 4,095.09 psi respectively. The BHP of all-foam
models increased as the injection of the SAG continued, and Foam 4 in-
creased its BHP significantly compared to the other foam parameters. The
average BHP throughout the pilot injection for Foam 4 was 5,045.64 psi
whereas the average BHP of the second-highest foam generated, Foam 2 was
4,560.28 psi. Foam 1 and Foam 3 with an average BHP of 4,303.49 psi and
4,331.23 psi respectively had a lower average BHP compared to Foam 2 and
Foam 4. Generally, Foam 4 generated 14.71% more foam compared to Foam
1, 9.62% more foam compared to Foam 2, and 14.16% more foam compared
to Foam 3. The curve change in the order of the BHP remained unchanged
for all foam models despite the two shutting-down of the reservoir.
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BOTTOM HOLE PRESSURE FOR FOAM PARAMETERS, INJECTION A
[SURF = 20 DAYS, CO2 = 30 DAYS]
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Figure 9-18: Bottom hole pressure (BHP) as a function of time and pore
volume injected (PVI) for Foam 1 (blue curve), Foam 2 (red curve), Foam
3 (yellow curve), and Foam 4 (green curve) in injection A.

CO2 mobility reduction:

Two methods were used to analyze which foam model reduced the mobility
of the CO,. The first method was by introducing CO. tracers to evaluate
the CO, breakthrough time and migration rate whereas the second method
was by analyzing the reduction in the producing gas-oil ratio (GOR). Figure
9-19 shows the tracer response for the CO, tracers GT1, GT2, and GT3. At
GT1, the BT of Foam 1, Foam 2, Foam 3, and Foam 4 was 123 days, 227
days, 164 days, and 154 days with a migration rate of 6.10 ft/day, 3.30
ft/day, 4.57 ft/day, and 4.87 ft/day respectively. The slow migration rate in
Foam 2 delayed the BT of the CO, compared to the other foam models.
Foam generation in Foam 4 was the highest in its BHP but results in the
tracer showed that the BT was earlier than expected. This might be because
the foam generation reached the highest quality regime and collapsed quickly.
Foam 2 was delayed in the CO, BT by 104 days from Foam 1, 63 days from
Foam 3, and 73 days from Foam 4.
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At GT2, the BT of Foam 1, Foam 2, Foam 3, and Foam 4 was 45 days, 98
days, 71 days, and 73 days. The order of CO, BT was different for Foam 4
compared to the previous CO, tracer observed in GT1. However, a signifi-
cant decrease in the BT of CO,was observed for all foam models compared
to tracer data in GT1. The decreased rate of migration and higher concen-
tration of COs in the reservoir compared to the CO, in GT1 was the main
reason for the quicker BT observed in GT2.

At GT3, the BT was the quickest of all the tracers. The BT of Foam 1,
Foam 2, Foam 3, and Foam 4 was 23 days, 55 days, 29 days, and 54 days.
The BT of all the foam parameters decreased furtherly by keeping their BT
order observed in GT2. The significant decrease in the BT might be because
of the CO, availability in the reservoir which probably dried out the injected
surfactants.

Based on tracer data, the BT of CO, in Foam 2 was delayed more than the
three other foam models, and this showed that Foam 2 reduced the mobility
of COs better than the other foam model parameters.
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Figure 9-19: Tracer response curves showing tracer injection GT1, GT2,
GT3 (purple curve), Foam 1(blue curve), Foam 2(red curve), Foam 3(yellow
curve), and Foam 4(green curve). Foam 2 showed a delay in CO, break-
through in all the CO, tracers.

The producing GOR of injection A for the foam models were also analyzed
to see the impact of foam on CO, mobility. Figure 9-20 shows the field
producing GOR as a function of time and pore volume injected for the Foam
1 (blue curve), Foam 2 (red curve), Foam 3 (yellow curve), and Foam 4
(green curve). The initial GOR of Foam 1, Foam 2, Foam 3, and Foam 4
was 7.37 Mscf/Stb, 6.84 Mscf/Stb, 8.18 Mscf/Stb, and 6.71 Mscf/Stb re-
spectively. As the injected pore volume increased, the GOR of the foam
parameters increased throughout the pilot injection. The first shutting down
of the reservoir had no influence on the producing GOR but the second
shutting down decreased the GOR for a while and again increased towards
the end of the pilot injection. The average producing GOR throughout the
pilot injection for Foam 1, Foam 2, Foam 3, and Foam 4 was 9.96 Mscf/Stb,
8.86 Mscf/Sth, 10.83 Mscf/Stb, and 7.87 Mscf/Stb respectively. Foam 4 had
the lowest GOR compared to the other foam sensitivities, and it matched
with the high BHP observed for the foam generation. Foam 2 had the next
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lowest GOR and had a slight difference with Foam 4’s GOR (only 0.99
Mscf/day). This showed that Foam 2 and Foam 4 reduced the mobility of
the CO; better than Foam 1 and Foam 3. Foam 4 reduced the mobility of
COs by 26.43% compared to Foam 1, reduced by 12.58% compared to Foam
2, and reduced by 37.52% compared to Foam 3. Based on the lower GOR,
the mobility of the CO, was reduced mostly by Foam 4, and this matched
with the strong foam formation observed.
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Figure 9-20: Producing gas-oil ratio (GOR) as a function of time and pore
volume injected (PVI) for Foam 1 (blue curve), Foam 2 (red curve), Foam
3 (yellow curve), and Foam 4 (green curve). Foam 4 reduced the mobility

of CO; compared to the other foam parameters.
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Sweep Efficiency

The sweep efficiency was evaluated by comparing the breakthrough time
and migration rate of the CO, for the foam model parameters. Table 9-4
shows the summary of the breakthrough time (BT) and migration rate of
the CO, tracers GT1, GT2, and GT3. The delay in BT between the CO.
tracers of GT1, GT2, and GT3 indicated that the generated foam bank was
propagating through the reservoir covering more areas that weren’t touched
before. The delay in the BT of the different foam model parameters contrib-
uted to the improvement of the sweep efficiency.

Table 9-4: Summary of tracer results and migration rate for the experi-
mentally derived foam model parameters of injection A

Breakthrough time (BT) Migration Rate
Tracers [days] [ft/day]
Foam | Foam | Foam | Foam | Foam | Foam | Foam | Foam
1 2 3 4 1 2 3 4

GT1 123 | 227 164 154 6.10 | 3.30 | 4.57 | 4.87
GT2 45 98 71 73 16.67 | 7.65 | 10.56 | 10.27
GT3 23 55 29 54 32.61 | 13.64 | 25.86 | 13.89

Oil Production

The cumulative oil production of the four foam models was compared to see
which foam parameter recovered more oil in the injection strategy A. Figure
9-21 shows the field oil cumulative production as a function of time and pore
volume injected (PVI) for Foam 1 (blue curve), Foam 2 (red curve), Foam
3 (yellow curve), and Foam4 (green curve). The average oil production of
Foam 1, Foam 2, Foam 3, and Foam 4 was 32,834.4 STB, 33,626.65 STB,
32,291 STB, and 34,324.44 STB respectively. On average, Foam 4 produced
4.34% more oil compared to Foam 1, 2.03% more oil compared to Foam 2,
and 5.92% more oil compared to Foam 3. Foam 4 managed to produce
slightly more oil despite earlier BT of CO, compared to Foam 2. However,
high BHP values in foam generation and lower GOR in Foam 4 matched
the high oil production observed at the field-level.
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FIELD, OIL CUMULATIVE PRODUCTION FOR FOAM PARAMETERS: INJ A
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Figure 9-21: Field cumulative oil production as a function of time and pore
volume injected (PVI) for the Foam 1 (blue curve), Foam 2 (red curve),
Foam 3 (yellow curve), and Foam 4 (green curve). Foam 4 produced higher
oil production compared to the other foam model parameters.

The oil production of the individual producers (P-1, P-2, P-3, and P-4) was
also analyzed to see the impact of foam model parameters in the recovery of
oil by using injection strategy A. Figure 9-22 shows the oil production as a
function of foam parameters Foam 1 (blue bar), Foam 2(red bar), Foam
3(yellow bar), and Foam 4(green bar) for the production wells P-1, P-2, P-
3, and P-4.

At P-1, the oil production for Foam 1, Foam 2, Foam 3, and Foam 4 was
4,487 STB, 4,339 STB, 4,444 STB, and 4,928 STB respectively. Foam 4
produced the highest oil production compared to the other foam parameters.
Despite the strong foam generation and low producing GOR values, Foam
2 recovered the lowest oil production in P-1. The recovery percentage of
Foam 4 was 9% higher compared to Foam 1, which was the second-highest
oil producer well. The recovery percentage of Foam 2 and Foam 3 was 12%
and 10% less compared to the highest oil recovery foam parameter, Foam 4.
The connectivity of P-1 with the foam injector well, I-1, was so important
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for the high foam generation observed in Foam 4 and to push more reservoir
fluids towards the production well P-1.

At P-2 and P-3, Foam 4 produced the highest amount of oil compared to
the other three foam model parameters. Foam 4 recovered 14,142 STB at P-
2 whereas at P-3 Foam 4 recovered 8,688 STB. High production of oil in

Foam 4 was expected due to strong foam generation and low production of
COs..

At P-4, Foam 2 recovered slightly higher oil than Foam 4. Foam 2 produced
6,778 STB whereas Foam 4 produced 6,566 STB. The produced oil in Foam
2 was slightly higher compared to Foam 4 because the foam generated in
Foam 2 was more stable than the foam in Foam 4 at this particular producer
well. P-4 was located at about 1,150 feet and the propagating foam traveled
50 feet more distance than P-2 to reach the producer well, and hence the oil
production would be higher.

Comparing the cumulative oil production in P-1, P-2, P-3, and P-4 by the
foam models: Foam 4 was found to be the best model for better oil produc-
tion despite the variation in the CO, BT between the CO, tracers.
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Figure 9-22: Cumulative oil production of Foam 1 (blue bar), Foam 2 (red
bar), Foam 3 (yellow bar), and Foam 4 (green bar) for production wells P-
1, P-2, P-3, and P-4.

9.3.2 Sensitivity study of SAG and WAG for Injection B

Injection B consisted of injecting 30 days with surfactant solution followed
by 40 days of CO, injection. A total of 6 cycles were used to complete the
pilot injection. The objective of this sensitivity study was to evaluate foam
generation, CO, mobility reduction, GOR, Oil production, and sweep effi-
ciency for the selected injection strategy B.

Foam Formation:
To confirm whether foam was generated, the bottom hole pressure (BHP)
for the pilot injection well (I-1) was plotted as a function time and pore
volume injected (PVI). The PVI was roughly 10% per year during each
simulation case. Foam generation was indicated in the SAG by an increase
in the bottom hole pressure compared to the WAG. Figure 9-23 shows the
bottom hole pressure (BHP) as a function of time and pore volume injected
(PVI) for SAG (green curve) and WAG (blue curve). At the start of the
pilot, the BHP of the SAG was 3,961.3 psi whereas the BHP of the WAG
was 3,842.9 psi. Later, the BHP for the SAG continued to increase through-
out the pilot injection and reached its peak value at 0.35 PVI with a BHP
of 4,444.15 psi. The BHP of the WAG was significantly lower than the BHP
of the SAG throughout the pilot injection because of no foam formation in
the absence of foaming agents. The pressure fluctuations observed in the
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WAG were due to the viscosity differences between water and oil and rela-
tive permeability effects between water and CO,. The average BHP for the
SAG throughout the pilot injection was 4,291.03 psi whereas for the WAG’s
average BHP was 3,880.88 psi. The higher BHP observed in the SAG case
was due to the foam generation.

BOTTOM HOLE PRESSURE, I-1: INJECTION B [SURF = 30 DAYS ; CO2 = 40 DAYS)
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Figure 9-23: Bottom hole pressure (BHP) as a function of time and pore
volume injected (PVI) for SAG (green curve) and WAG (blue curve) for I-
1. The injection B scheme surfactant solution (green bars), CO; injection
(red bars), well shutdowns (black bars), and post-pilot injection (blue bar).

CO2 mobility reduction:

Two methods were used to investigate how the foam reduced the mobility
of the CO,. The first method was by introducing CO. tracers to evaluate
the CO, breakthrough time (BT) and migration rate and the second method
was by analyzing the producing gas-oil ratio (GOR) of the field and producer
wells. Figure 9-24 shows the tracer response for the CO, tracers GT1 and
GT2. GT3 was not included in this part because the WAG did not have a
BT until the end of the simulation period.
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At GT1, the BT of the SAG was 111 days with a migration rate of 6.76
ft/day whereas the WAG’s BT was 33 days with a migration rate of 22.73
ft/day. The SAG was delayed significantly on its breakthrough time by 78
days compared to the WAG. This was because of the foam generation and
less amount of CO, produced.

At GT2, the SAG and the WAG had shorter breakthroughs compared to
their respective BT in GT1. The SAG had a BT of 43 days whereas the
WAG broke after only 26 days. The migration rate of the SAG was 17.44
ft/day whereas the WAG’s migration rate was 28.85 ft/day. Faster migra-
tion rate and more CO, produced slowed down the number of breakthrough
times. On both CO, tracers, the SAG was delayed on the BT, and based on
this the SAG showed the ability to reduce the mobility of the CO-
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GAS TRACER 2, INJ B

1.0E-16

8.0E-17

6.0E-17

4.0E-17

Injection/Production Rate

2.0E-17

0.0E+00 .—.—.—.—.—.—.—.—.—.—.—.—L—.—.—H—.—.—.—*

0 10 20 30 40 50
Days since injecting GT2

—@&— SAG production —@—WAG production e=@e=sGT2 injection

Figure 9-24: Tracer response curves showing tracer injection GT1 and GT2
(red curve), SAG production (green curve), and WAG production (blue
curve). The SAG showed a delay in the breakthrough time for both CO,
tracers.

The producing GOR values of the SAG and the WAG were also analyzed
to further confirm the reduction of the mobility of CO,. Lower values of
GOR indicated a reduction in the mobility of the CO, while higher values
of the GOR indicate that COs has high mobility. Figure 9-25 shows the field-
producing gas-oil ratio (GOR) as a function of time and pore volume injected
(PVI) for the SAG (green curve) and the WAG (blue curve) for injection B.
The GOR of the SAG and the WAG increased equally from the start of the
pilot injection until 0.125 PVI and a GOR of 10.22 Mscf/Stb. Afterward,
the GOR of WAG increased further and was higher compared to the SAG’s
GOR throughout the pilot injection. The GOR of the SAG was significantly
lower than the GOR of the WAG and had an average value of 9.70 Mscf/Stb
throughout the pilot injection whereas the WAG had 10.50 Mscf/Stb. The
reduction in the mobility of the CO,on the SAG was an average of 8.25%
more compared to the WAG. Based on the low GOR value in the SAG case,
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the mobility of CO, was reduced significantly. In addition, the low GOR in
the SAG matched the high BHP found in the SAG for foam generation.

FIELD, GAS OIL RATIO FOR SAG and WAG FOR INJECTION B
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Figure 9-25: Producing gas-oil ratio (GOR) as a function of time and pore
volume injected (PVI) for the SAG (green curve) and the WAG (blue curve)
in injection B. The SAG reduced the mobility of the CO..

The GOR of the individual producers (P-1, P-2, P-3, and P-4) were also
analyzed to see the impact of foam in reducing the producing GOR. Only
P-1 and P-2 showed an effect in the producing GOR of the base case SAG
and the baseline WAG. This was due to their connectivity to the foam in-
jector well. P-3 and P-4 did not see a change in the producing GOR due to
the static properties of the reservoir geology. The GOR results of P-3 and
P-4 are not included in this part.

Figure 9-26 shows the GOR of P-1 and P-2 as a function of time and pore
volume injected (PVI) for the SAG (green curve) and the WAG (blue curve).
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At the start of the pilot injection in P-1, the GOR of the SAG and the WAG
were the same with 9.48 Mscf/Stb. The GOR of both SAG and WAG started
to increase as the injection of the SAG continued. At 0.17 PVI the GOR of
the SAG was 22.66 Mscf/Stb and started falling whereas the GOR of the
WAG increased further to reach a peak value of 24.81 Mscf/Sth. The break-
ing of the SAG at 0.17 PVI indicated the start of the reduction of the mo-
bility of CO; by foam. Further injection of SAG decreased the GOR, of both
SAG and WAG. On average, the GOR of the SAG was 16.73 Mscf/Stb
whereas the GOR of the WAG was 19.42 Mscf/Stb. Lower values of GOR
in the SAG compared to the WAG indicated a reduction in the mobility of
COa.

At P-2, the starting GOR for the SAG and the WAG was 10.34 Mscf/Stb.
The GOR of the SAG and the WAG was increasing sharply with the same
GOR until 0.14 PVI and had 13.93 Mscf/Sth. Afterward, the GOR of the
WAG increased further to reach a peak value of 18.57 Mscf/Stb whereas the
GOR of the SAG broke indicating the reduction in the mobility of CO, by
foam. The first shutting down of the reservoir didn’t influence the GOR
whereas the second shutdown affected the GOR of both SAG and WAG to
decrease for a while but increased quickly towards the last pilot injection.
On average, the GOR of the SAG was 13.02 Mscf/Stb whereas the GOR of
the WAG was 13.85 Mscf/Stb. Lower values of GOR in the SAG compared
to the WAG indicated a reduction in the mobility of COs.

Comparing the average GOR. of the SAG in P-1 and P-2, the SAG in the P-
2 had a significantly lower GOR. This was mainly because of the connectiv-
ity with the foam injector well, I-1, and the influence of the injection well I-
2 that promoted in reducing the mobility of COs.
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Figure 9-26: Producing gas-oil ratio for the SAG (green curve) and the

WAG (blue curve) for production wells P-1 and P-2 in Injection B. The
SAG in production well P-2 reduced the mobility of CO, compared to P-1.
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Sweep Efficiency

The sweep efficiency for the SAG and WAG in injection B was evaluated
by comparing the CO, breakthrough time (BT) and the migration rate of
the CO,. Table 9-5 shows the summary of the breakthrough time (BT) and
migration rate of the CO, tracers GT1 and GT2. The CO, tracer indicated
that the BT in GT1 was longer than the BT in GT2 for both SAG and
WAG. The SAG however had a longer BT compared to the WAG on both
tracers. This showed that foam generation contributed to decreasing the
migration rate and hence more areas of the reservoir will be touched by the
propagating foam. Based upon the delays in the CO, breakthroughs of the
SAG, the foam improved the sweep efficiency of the reservoir.

Table 9-5: Summary of tracer results and migration rate for the SAG and
the WAG using injection B.

Breakthrough time (BT) Migration Rate
Tracers
[Days] [f.t./Day]
SAG |  WAG SAG | WAG
GT1 11| 33 676 | 2273
GT2 43 | 26 1744 | 2885

Oil Production
The cumulative oil production of the whole field for the SAG and the WAG
are presented in this section. The increase in BHP, the decrease in GOR,
and the delay in the CO, BT of the SAG compared to the WAG suggested
that an increase in oil production was expected in the SAG case. Figure 9-27

shows the field oil production as a function of time and pore volume injected
(PVI) for the SAG (green line) and WAG (blue line).

The oil production of the SAG and the WAG was similar throughout the
pilot period. The SAG production broke lately at 0.35 PVI and started to
recover more oil compared to the WAG. The average oil production of the
SAG was 32,595.34 STB whereas the average oil production of the WAG
was 32,742.55 STB. A slightly higher recovery of oil in the WAG was ob-
served where the WAG produced 147.21 STB more oil compared to the SAG.
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Despite the SAG having high BHP in foam formation, low GOR in reducing
the CO,, and delays in the BT, the reservoir produced more oil using the
WAG. This showed that the foam generation was not strong enough to

recover more oil.
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Figure 9-27: Field cumulative oil production of the SAG (green curve) and
the WAG (blue curve). The average oil production of the WAG was slightly
higher compared to the SAG.

The oil production of the individual producers (P-1, P-2, P-3, and P-4) was
also analyzed to see the impact of foam in the recovery of oil. Figure 9-28
shows the cumulative oil production of P-1, P-2, P-3, and P-4 for the SAG
(green bar) and the WAG (blue bar).

At P-1 and P-4, the WAG produced more oil compared to the SAG. The
average oil production of the WAG in P-1 and P-4 was 4,628 STB and 6,373
STB respectively whereas the SAG in P-1 and P-4 had an average produc-
tion of 4,572 STB and 5,995 STB respectively. 56 STB more oil was pro-
duced on P-1 by the WAG compared to the SAG and 378 STB more oil was
produced on P-4 by the WAG compared to the SAG. Despite the foam
formation and low values in GOR, the producers failed to match the
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expectations. The connectivity of P-4 to the foam injector well was the rea-
son for the low production of oil in the SAG whereas P-1’s oil production of
the SAG was slightly lower than the WAG despite its excellent connectivity
to the foam injecting well. This implied that the foam quality was not good
enough to move towards the production wells P-1 and P-4.

At P-2 and P-3, the SAG produced more oil compared to the WAG. The
average oil production of the SAG in P-2 and P-3 was 13,897 STB and 8,131
STB respectively whereas the average oil production for the WAG in P-2
and P-3 was 13,789 STB and 7,958 STB respectively. The oil production in
P-2 was the highest of all producers whereas P-3 produced the second-high-
est oil production. The main reason was because of stable foam formation
and the influence of the well I-2. In addition, P-2’s connectivity to the foam
injector well made it possible to recover more oil compared to any of the
production wells.

CUMULATIVE OIL PRODUCTION OF P-1, P-2, P-3, and
P-4: INJECTION B
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Figure 9-28: Cumulative oil production of P-1, P-2, P-3, and P-4. The SAG
is indicated by the green bar whereas the WAG is indicated by the blue bar.
Higher oil production for both SAG and WAG is observed in production
well P-2.
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Sensitivity study of experimentally derived foams: injection B

The objective of this sensitivity study was to test the foam model parameters
that were derived experimentally (refer to Table 7-3) and to evaluate their
effect on foam generation, COs mobility reduction, oil production, and sweep

efficiency for injection strategy B.

Foam Formation:

To see the response for foam generation for the experimentally derived foam
parameters using injection strategy B, the BHP of the foam model parame-
ters was plotted as a function of time and pore volume injected. Table 7-3
in section 7.2 listed the foam models that were derived experimentally at
the laboratory. The sensitivity studies of the different foam model parame-
ters were named Foam 1, Foam 2, Foam 3, and Foam 4 and used the values
of experiments 1, 2, 3, and 4 respectively. Figure 9-29 shows the BHP as a
function of time and pore volume injected (PVI) for the Foam 1 (blue curve),
Foam 2 (red curve), Foam 3 (yellow curve), and Foam4 (green curve). After
the start of the pilot injection, the BHP of all-foam parameters started to
increase from their initial values. The initial value of Foam 1, Foam 2, Foam
3, and Foam 4 was 3,961.31 psi, 3,963.22 psi, 3,930.67 psi, and 4,095.09 psi
respectively. The BHP of all-foam models increased as the injection of the
SAG continued, and Foam 4 increased its BHP significantly compared to
the other foam parameters. The average BHP throughout the pilot injection
for Foam 4 was 5,010.68 psi whereas the average BHP of the second-highest
foam generated, Foam 2 was 4,539.62 psi. Foam 1 and Foam 3 with an
average BHP of 4,419.13 psi and 4,319.90 psi respectively had a lower aver-
age BHP compared to Foam 2 and Foam 4. Generally, Foam 4 generated
11.81% more foam compared to Foam 1, 9.40% more foam compared to
Foam 2, and 13.79% more foam compared to Foam 3. The curve change in
the order of the BHP remained unchanged for all foam models despite the
two shutting-down of the reservoir.
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BOTTOM HOLE PRESSURE FOR FOAM PARAMETERS IN INJECTION B,
[SURF = 30 DAYS, CO2 = 40 DAYS]
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Figure 9-29: Bottom hole pressure (BHP) as a function of time and pore
volume injected (PVI) for Foam 1 (blue curve), Foam 2 (red curve), Foam
3 (yellow curve), and Foam 4 (green curve) in injection B.

CO2 mobility reduction:
Two methods were used to analyze which foam model reduced the mobility
of the CO,. The first method was by introducing CO. tracers to evaluate
the CO, breakthrough time and migration rate whereas the second method
was by analyzing the reduction in the producing gas-oil ratio (GOR). Figure
9-30 shows the tracer response for the CO, tracers GT1, GT2, and GT3.

At GT1, the BT of Foam 1, Foam 2, Foam 3, and Foam 4 was 111 days,
219 days, 153 days, and 145 days with a migration rate of 6.76 ft/day, 3.42
ft/day, 4.90 ft/day, and 5.17 ft/day respectively. The slow migration rate in
Foam 2 delayed the BT of the CO, compared to the other foam models.
Foam generation in Foam 4 was the highest in its BHP but results in the
tracer showed that the BT was earlier than expected. This might be because
the foam generation reached the highest quality regime and collapsed quickly.
Foam 2 was delayed in the CO, BT by 108 days from Foam 1, 66 days from
Foam 3, and 74 days from Foam 4.
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At GT2, the BT of Foam 1, Foam 2, Foam 3, and Foam 4 was 43 days, 87
days, 59 days, and 76 days. The order of CO, BT was different for Foam 4
compared to the previous CO, tracer observed in GT1. However, a signifi-
cant decrease in the BT of CO,was observed for all foam models compared
to tracer data in GT1. The decreased rate of migration and higher concen-
tration of COs in the reservoir compared to the CO, in GT1 was the main
reason for the quicker BT observed in GT2.

At GT3, the BT was the quickest of all the tracers. The BT of Foam 1,
Foam 2, Foam 3, and Foam 4 was 25 days, 60 days, 29 days, and 32 days.
The BT of all the foam parameters decreased furtherly by keeping their BT
order observed in GT2. The significant decrease in the BT might be because
of the CO, availability in the reservoir which probably dried out the injected
surfactants.

Based on tracer data, the BT of CO, in Foam 2 was delayed compared to
the three other foam models, and this showed that Foam 2 reduced the
mobility of CO, better than the other foam model parameters.
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Figure 9-30: Tracer response curves showing tracer injection GT1, GT2,
GT3 (purple curve), Foam 1(blue curve), Foam 2(red curve), Foam 3(yellow
curve), and Foam 4 (green curve). Foam 4 showed a delay in all the CO,

tracers.

The producing GOR of injection B for the foam models were also analyzed
to see the impact of foam on CO, mobility. Figure 9-31 shows the field
producing GOR as a function of time and pore volume injected for the Foam
1 (blue curve), Foam 2 (red curve), Foam 3 (yellow curve), and Foam 4
(green curve). The initial GOR of Foam 1, Foam 2, Foam 3, and Foam 4
was 7.37 Mscf/Stb, 6.84 Mscf/Stb, 8.18 Mscf/Stb, and 6.71 Mscf/Stb re-
spectively. As the injected pore volume increased, the GOR of the foam
parameters increased throughout the pilot injection. The first shutting down
of the reservoir had no influence on the producing GOR but the second
shutting down decreased the GOR for a while and again increased towards
the end of the pilot injection. The average producing GOR throughout the
pilot injection for Foam 1, Foam 2, Foam 3, and Foam 4 was 9.70 Mscf/Stb,
8.70 Mscf/Stb, 10.62 Mscf/Stb, and 6.70 Mscf/Stb respectively. Foam 4 had
the lowest GOR compared to the other foam sensitivities, and it matched
with the high BHP observed for the foam generation. Foam 2 had the next
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lowest GOR, and had a slight difference with Foam 4’s GOR (only 2
Mscf/day). This showed that Foam 2 and Foam 4 reduced the mobility of
the COs better than Foam 1 and Foam 3. Foam 4 reduced the mobility of
CO; by 44.79% compared to Foam 1, by 29.96% compared to Foam 2, and
by 58.61% compared to Foam 3. Based on the lower GOR, the mobility of
the CO, was reduced mostly by Foam 4, and this matched with the strong

foam formation observed.
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Figure 9-31: Producing gas-oil ratio (GOR) as a function of time and pore
volume injected (PVI) for Foam 1 (blue curve), Foam 2 (red curve), Foam
3 (yellow curve), and Foam 4 (green curve). Foam 4 reduced the mobility
of CO, mostly compared to the other foam parameters.
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Sweep Efficiency

The sweep efficiency was evaluated by comparing the breakthrough time
(BT) and the migration rate of the CO, for the foam model parameters.
Table 9-6 shows the summary of the breakthrough time (BT) and migration
rate of the CO, tracers GT1, GT2, and GT3. The delay in BT between the
COs tracers of GT1, GT2, and GT3 indicated that the generated foam bank
was propagating through the reservoir covering more areas that weren’t
touched before. The delay in the BT of the different foam model parameters
contributed to the improvement of the sweep efficiency.

Table 9-6: Summary of tracer results and migration rate for the experi-
mentally derived foam model parameters of injection A

Breakthrough time (BT) Migration Rate
Tracers [days] [ft/day]
Foam | Foam | Foam | Foam | Foam | Foam | Foam | Foam
1 2 3 4 1 2 3 4

GT1 111 | 219 153 145 6.76 3.42 4.90 5.17
GT2 43 87 99 76 1744 | 862 | 12.71 | 9.87
GT3 25 60 29 32 30 12,5 | 25.86 | 23.44

Oil Production

The cumulative oil production of the four foam models was compared to see
which foam parameter recovered more oil in injection strategy B. Figure
9-32 shows the field oil cumulative production as a function of time and pore
volume injected (PVI) for Foam 1 (blue curve), Foam 2 (red curve), Foam
3 (yellow curve), and Foam4 (green curve). The average oil production of
Foam 1, Foam 2, Foam 3, and Foam 4 was 32,595.34 STB, 33,363.16 STB,
32,048.38 STB, and 34,120.54 STB respectively.

The results from tracers, BHP, and GOR suggested that Foam 4 would
produce a better oil production compared to all the foam model parameters,
and the oil production of Foam 4 matched the expectations. On average,
Foam 4 produced 4.47% more oil compared to Foam 1, 2.22% more oil
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compared to Foam 2, and 6.07% more oil compared to Foam 3. Foam 4
managed to produce slightly more oil despite earlier BT of CO,. However,
high BHP values in foam generation and lower GOR in Foam 4 matched
the high oil production observed at the field-level.
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Figure 9-32: Field cumulative oil production as a function of time and pore
volume injected (PVI) for the Foam 1 (blue curve), Foam 2 (red curve),
Foam 3 (yellow curve), and Foam 4 (green curve). Foam 4 produced higher
oil production compared to the other foam model parameters.

The oil production of the individual producers (P-1, P-2, P-3, and P-4) was
also analyzed to see the impact of foam model parameters in the recovery of
oil by using injection strategy B. Figure 9-33 shows the oil production as a
function of foam parameters Foam 1 (blue bar), Foam 2(red bar), Foam

3(yellow bar), and Foam 4(green bar) for the production wells P-1, P-2, P-
3, and P-4.

At P-1, the oil production for Foam 1, Foam 2, Foam 3, and Foam 4 was
4,572 STB, 4,405 STB, 4,520 STB, and 4,990 STB respectively. Foam 4
produced the highest oil production compared to the other foam parameters.
Despite the strong foam generation and low producing GOR values, Foam
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2 recovered the lowest oil production in P-1. The recovery percentage of
Foam 4 was 8.38% higher compared to Foam 1, which was the second-high-
est oil producer well. The recovery percentage of Foam 2 and Foam 3 was
11.72% and 9.43% less compared to the highest oil recovery foam parameter,
Foam 4. The connectivity of P-1 with the foam injector well, I-1, was so
important for the high foam generation observed in Foam 4 and to push
more reservoir fluids towards the production well P-1.

At P-2 and P-4, Foam 2 produced the highest amount of oil compared to
the other three foam model parameters. Foam 2 recovered 13,949 STB at P-
2 whereas at P-4 Foam 2 recovered 6,610 STB. Foam 4 produced 3 STB less
in oil production compared to Foam 2 in P-2 whereas in P-4 Foam 4 pro-
duced 153 STB less in oil production compared to Foam 2. As discussed
earlier, the connectivity of the producers with the foam injector well had an
impact on the recovery of oil.

At P-3, the oil production for Foam 1, Foam 2, Foam 3, and Foam 4 was
8,131 STB, 8,398 STB, 7,932 STB, and 8,726 STB respectively. Foam 4
produced the highest oil production compared to the other foam parameters.
The recovery percentage of Foam 4 was 3.76% higher compared to Foam 2,
which was the second-highest oil producer well. The recovery percentage of
Foam 1 and Foam 3 was 6.82% and 9.10% less compared to the highest oil
recovery foam parameter, Foam 4. The oil production in P-3 matched the
high BHP for foam generation and low producing GOR by Foam 4 to pro-
duce higher oil production.

At P-4, Foam 2 recovered slightly higher oil compared to Foam 4. Foam 2
produced 6,610 STB whereas Foam 4 produced 6,458 STB. The produced
oil in Foam 2 was slightly higher than Foam 4 because the foam generated
in Foam 2 was more stable than the foam in Foam 4 at this particular
producer well. P-4 was located at about 1,150 feet and the propagating foam
traveled 50 feet more distance than P-2 to reach the producer well, and
hence the oil production would be higher.

Comparing the cumulative oil production in P-1, P-2, P-3, and P-4 by the

foam models: Foam 4 was found to be the best model for better oil produc-
tion despite the variation in the CO, BT between the CO, tracers. High
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BHP in foam formation, lower GOR in reduction of CO, mobility, delay in
CO; BT, and influence of well I-2 promoted an increase in oil production.
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Figure 9-33: Cumulative oil production of Foam 1 (blue bar), Foam 2 (red
bar), Foam 3 (yellow bar), and Foam 4 (green bar) for production wells P-

1, P-2, P-3, and P-4.
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9.3.3 Sensitivity study of Single-cycle SAG injection

The single-cycle SAG injection consisted of injecting only 30 days with sur-
factant solutions followed by injection of CO, slug until the end of the pilot.
Like the other sensitivity studies, the injection of the surfactants started at
the start of the pilot, 23" May 2019, and ended on 16" August 2020. The
objective of this sensitivity study was to evaluate foam generation, COs mo-
bility reduction, GOR, Oil production, and sweep efficiency for the single-
cycle SAG injection strategy.

Foam Formation:

To confirm whether foam was generated, the bottom hole pressure (BHP)
for the pilot injection well (I-1) was plotted as a function time and pore
volume injected (PVI). The PVI was roughly 10% per year during each
simulation case. Foam generation was indicated in the SAG by an increase
in the bottom hole pressure compared to the WAG. Figure 9-34 shows the
bottom hole pressure (BHP) as a function of time and pore volume injected
(PVI) for SAG (green curve) and WAG (blue curve). At the start of the
pilot, the BHP of the SAG was 3,961.3 psi whereas the BHP of the WAG
was 3,842.9 psi. The bottom hole pressure (BHP) of the SAG started to
increase significantly after the injection of surfactant slugs for 30 days. The
BHP of the SAG increased further after the start of CO, injection and
reached a peak BHP of 4,401.83 psi at 0.25 PVI whereas the BHP of the
WAG was significantly lower than the BHP of the SAG at the same pore
volume injected having a BHP of 3,566.57 psi. The significant increase of
the BHP of the SAG indicated foam generation. The BHP of the SAG de-
creased towards the end of the pilot injection whereas the BHP of the WAG
started to increase; this indicated that the foam was collapsed and got
weaker due to the continuous injection of CO,. The average BHP of the
SAG and the WAG throughout the pilot injection was 4,264.25 psi and
3,607.37 psi respectively. The higher BHP observed in the SAG case was
due to the foam generation.
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BOTTOM HOLE PRESSURE I-1, SINGLE-CYCLE SAG
[SURF = 30 DAYS, CO2 = REST OF THE PILOT INJECTION PERIOD]
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Figure 9-34: Bottom hole pressure (BHP) as a function of time and pore
volume injected (PVI) for SAG (green curve) and WAG (blue curve) for I-
1. The single-cycle SAG injection scheme consisted of surfactant (green bars)
followed, CO2 (red bars), shutdowns (black bars), and post-pilot injection
(blue bar).

CO2 mobility reduction:

Two methods were used to investigate how the foam reduced the mobility
of the CO,. The first method was by introducing CO. tracers to evaluate
the CO, breakthrough time (BT') and migration rate and the second method
was by analyzing the producing gas-oil ratio (GOR) of the field and producer
wells. Figure 9-35 shows the tracer response for the CO, tracers GT1, GT2,
and GT3. At GT1, the BT of the SAG was 123 days with a migration rate
of 6.10 ft/day whereas the WAG’s BT was 27 days with a migration rate of
27.78 ft/day. The SAG was delayed on its breakthrough time in over 3
months compared to the WAG (96 days). This was because of the foam
generation after the injection of the surfactants and less amount of CO»
produced.
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At GT2, the SAG and the WAG had significantly shorter breakthroughs
compared to their respective BT in GT1. The SAG broke only after 34 days
whereas the WAG broke after 19 days. The migration rate of the SAG and
the WAG was quite high due to the continuous injection of CO2 and was
22.06 ft/day and 39.47 ft/day respectively. Faster migration rate, no surfac-
tant injected, and more CO, produced slowed down the number of break-
through times. However, on both CO, tracers, the SAG was delayed on the
BT, and based on this the SAG showed the ability to reduce the mobility
of the COs..

At GT3, the CO; BT of the SAG increased further. The SAG broke after
two weeks whereas the WAG broke only after 4 days. The migration rate of
the SAG and the WAG was super-fast having 50 ft/day and 187.50 ft/day
respectively. The increased BT of the SAG in GT3 compared to GT2 was
because of an excessive amount of mobile CO» at the reservoir. The delay in
the BT of the CO, by SAG showed that the mobility of the CO, was reduced.
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GAS TRACER 3, SINGLE-CYCLE SAG
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Figure 9-35: Tracer response curves showing tracer injection GT1, GT2,
and GT3 (red curve), SAG production (green curve), and WAG production
(blue curve). The SAG showed a delay in the breakthrough time for all the
CO» tracers.

The producing GOR values of the SAG and the WAG were also analyzed
to further confirm the reduction of the mobility of CO,. Lower values of
GOR indicated a reduction in the mobility of the CO, while higher values
of the GOR indicate that CO, has high mobility. Figure 9-36 shows the field
producing gas-oil ratio (GOR) as a function of time and pore volume injected
(PVI) for the SAG (green curve) and the WAG (blue curve) for the single-
cycle SAG case. The GOR of the SAG and the WAG was 7.37 Mscf/Stb at
the start of the pilot injection. Afterward, the GOR of the SAG and the
WAG increased equally until 0.075 PVI and a GOR of 9.50 Mscf/Stb. The
surfactant broke at 0.075 PVI and had significantly lower GOR compared
to the WAG. The GOR of the WAG increased and reached a peak value of
15.77 Mscf/Stb at 0.225 PVI. The first shutdown of the reservoir didn’t
change the behavior of the GOR value of both SAG and WAG but after the
second shutdown, the GOR decreased for both cases. The average GOR of
the SAG and the WAG throughout the pilot injection was 10.62 Mscf/Stb
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and 11.69 Mscf/Stb respectively. The GOR of the SAG was on average
10.12% less compared to WAG’s GOR. The low GOR of the SAG matched
with the high BHP of the SAG observed in the foam generation. Based on
the curtailment of the GOR value in the SAG case, the mobility of CO, was
reduced significantly.
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Figure 9-36: Producing gas-oil ratio (GOR) as a function of time and pore
volume injected (PVI) for the SAG (green curve) and the WAG (blue curve)
in a single-cycle SAG. The SAG reduced the mobility of the COs.

The GOR of the individual producers (P-1, P-2, P-3, and P-4) were also
analyzed to see the impact of foam in reducing the producing GOR. Only
P-1 and P-2 showed an effect in the producing GOR of the base case SAG
and the baseline WAG. This was due to their connectivity to the foam in-
jector well. P-3 and P-4 did not see a change in the producing GOR due to
the static properties of the reservoir geology. The GOR results of P-3 and
P-4 are not included in this part. Figure 9-37 shows the GOR of P-1 and P-
2 as a function of time and pore volume injected (PVI) for the SAG (green
curve) and the WAG (blue curve). At the start of the pilot injection in P-1,
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the GOR of the SAG and the WAG were the same with 9.48 Mscf/Stb. The
GOR of both SAG and WAG started to increase as the injection of the SAG
continued. At 0.15 PVI the GOR of the SAG was 21.97 Mscf/Stb and
started falling whereas the GOR of the WAG increased further to reach a
peak value of 26.75 Mscf/Stb. The breaking of the SAG at 0.15 PVI indi-
cated the start of the reduction of the mobility of CO, by foam. Further
injection of SAG decreased the GOR of both SAG and WAG. On average,
the GOR of the SAG was 16.71 Mscf/Stb whereas the GOR of the WAG
was 21.35 Mscf/Stb. Lower values of GOR in the SAG compared to the
WAG indicated a reduction in the mobility of COs.

At P-2, the starting GOR for the SAG and the WAG was 10.34 Mscf/Stb.
The GOR of the SAG and the WAG was increasing sharply with the same
GOR until 0.10 PVI and had 13.06 Mscf/Stb. Afterward, the GOR of the
WAG increased further to reach a peak value of 18.55 Mscf/Stb whereas the
GOR of the SAG broke indicating the reduction in the mobility of CO, by
foam. The first shutting down of the reservoir didn’t influence the GOR
whereas the second shutdown affected the GOR of both SAG and WAG to
decrease on their respective GOR values. On average, the GOR of the SAG
was 12.42 Mscf/Stb whereas the GOR of the WAG was 13.42 Mscf/Stb.
Lower values of GOR in the SAG compared to the WAG indicated a reduc-
tion in the mobility of COs.

Comparing the average GOR. of the SAG in P-1 and P-2, the SAG in the P-
2 had a significantly lower GOR compared to the SAG in P-1. This was
mainly because of the connectivity with the foam injector well, I-1, and the

influence of the injection well I-2 that promoted in reducing the mobility of
COs..
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Figure 9-37: Producing gas-oil ratio for the SAG (green curve) and the
WAG (blue curve) for production wells P-1 and P-2 in single-cycle SAG.
The SAG in production well P-2 reduced the mobility of CO, more than P-
1.
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Sweep Efficiency
The sweep efficiency for the SAG and WAG in the single-cycle SAG was
evaluated by comparing the CO, breakthrough time (BT) and the migration
rate of the CO,. Table 9-7 shows the summary of the breakthrough time
(BT) and migration rate of the CO, tracers GT1, GT2, and GT2. The GT1
tracer indicated that the BT was much longer than the BT in GT2 and GT3
for both SAG and WAG. The SAG however had a longer BT compared to
the WAG on all CO, tracers. This showed that foam generation contributed
to decreasing the migration rate and hence more areas of the reservoir will
be touched by the propagating foam. Based upon the delays in the CO,
breakthroughs of the SAG, the foam improved the sweep efficiency of the

reservoir.

Table 9-7: Summary of tracer results and migration rate for the SAG and
the WAG using single-cycle SAG.

Breakthrough time (BT) Migration Rate
Tracers
[Days] [f.t./Day]
SAG |  WAG SAG | WAG
GT1 123 | 27 6.10 2278
GT2 34 | 19 2206 | 3947
GT3 15 | 4 50 | 187.50

Oil Production
The cumulative oil production of the whole field for the SAG and the WAG
are presented in this section. The increase in BHP, the decrease in GOR,
and the delay in the CO, BT of the SAG compared to the WAG suggested
that an increase in oil production was expected in the SAG case. Figure 9-38
shows the field oil production as a function of time and pore volume injected
(PVI) for the SAG (green line) and WAG (blue line). The oil production of
the SAG and the WAG was similar until 0.20 PVI with the production of
37,987.95 STB. Afterward, the SAG broke at 0.21 PVI and started to re-
cover slightly more oil than the WAG. That was because the generated foam
reached the foam-oil bank and started to push the reservoir fluids towards
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the production wells. The average oil production of the SAG was 33,517.66
STB whereas the average oil production of the WAG was 33,187.89 STB.
The higher production by the SAG compared to the WAG matched the
expectation of higher pressure observed in the BHP plot.
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Figure 9-38: Field cumulative oil production of the SAG (green curve) and
the WAG (blue curve) for the single-cycle SAG injection. The average oil
production of the SAG was slightly higher compared to the WAG’s oil pro-
duction.

The oil production of the individual producers (P-1, P-2, P-3, and P-4) was
also analyzed to see the impact of foam in the recovery of oil. Figure 9-39
shows the cumulative oil production of P-1, P-2, P-3, and P-4 for the SAG
(green bar) and the WAG (blue bar). At P-1 and P-4, the WAG produced
slightly more oil compared to the SAG. The average oil production of the
WAG in P-1 and P-4 was 4,535 STB and 6,990 STB respectively whereas
the SAG in P-1 and P-4 had an average production of 4,491 STB and 6,875
STB respectively. 44 STB more oil was produced on P-1 by the WAG com-
pared to the SAG and 115 STB more oil was produced on P-4 by the WAG
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compared to the SAG. Despite the foam formation and low values in GOR,
the producers P-1 and P-4 failed to match the expectations. The connectiv-
ity of P-4 to the foam injector well was the reason for the low production of
oil in the SAG whereas P-1’s oil production of the SAG was slightly lower
than the WAG’s oil production despite its excellent connectivity to the foam
injecting well. This implied that the foam quality was not good enough to
move towards the production wells P-1 and P-4.

At P-2 and P-3, the SAG produced more oil compared to the WAG. The
average oil production of the SAG in P-2 and P-3 was 14,140 STB and 8,011
STB respectively whereas the average oil production for the WAG in P-2
and P-3 was 13,932 STB and 7,732 STB respectively. The oil production in
P-2 was the highest of all producers whereas P-3 produced the second-high-
est oil production. The main reason was because of stable foam formation
and the influence of the well I-2. In addition, P-2’s connectivity to the foam
injector well made it possible to recover more oil than any of the production
wells.

CUMULATIVE OIL PRODUCTION OF P-1, P-2,
P-3, and P-4 : SINGLE-CYCLE SAG

16000
14000
12000
10000

8000

6000
4000
= | i
0
P-1 P-2 P-3 P-4

B SAG 4491 14140 2011 6875
BWAG 4535 13932 7732 6990

Cum Qil Pro [STB]

Production wells

HSAG mWAG

Figure 9-39: Cumulative oil production of P-1, P-2, P-3, and P-4. P-2 pro-
duced the highest oil production compared to the other production wells.
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Sensitivity study of experimentally derived foam model pa-
rameters: Single-cycle SAG

The objective of this sensitivity study was to test the foam model parame-
ters that were derived experimentally (refer to Table 7-3) and to evaluate
their effect on foam generation, CO, mobility reduction, oil production,

and sweep efficiency for the single-cycle SAG injection strategy.

Foam Formation:

To see the response for foam generation for the experimentally derived foam
parameters using injection strategy B, the bottom hole pressure (BHP) of
the foam model parameters was plotted as a function of time and pore vol-
ume injected (PVI). Table 7-3 in section 7.2 listed the foam models that
were derived experimentally at the laboratory. The sensitivity studies of the
different foam model parameters were named Foam 1, Foam 2, Foam 3, and
Foam 4 and used the values of experiments 1, 2, 3, and 4 respectively. Figure
9-40 shows the BHP as a function of time and pore volume injected (PVI)
for the Foam 1 (blue curve), Foam 2 (red curve), Foam 3 (yellow curve),
and Foam4 (green curve). At the start of the pilot, the BHP of Foam 1,
Foam 2, Foam 3, and Foam 4 was 3,961.31 psi, 3,963.22 psi, 3,930.67 psi,
and 4,095.09 psi respectively. As the pilot injection continued, the BHP of
the foam models started to increase, and Foam 4 increased in its BHP sig-
nificantly compared to the other foam models. Foam 1, Foam 2, and Foam
3 had a slight difference in their BHP. The continuous injection of CO- after
the single surfactant injection didn’t produce a huge difference in the BHP
of the foam parameters. On average, the BHP of Foam 1, Foam 2, Foam 3,
and Foam 4 was 4,264.25 psi, 4,427.76 psi, 4,243.84 psi, and 5,112.85 psi
respectively. The very high BHP in Foam 4 compared with the other foam
models indicated foam generation was strong.
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BOTTOM HOLE PRESSURE IN I-1 FOR FOAM PARAMETERS
USING SINGLE-CYCLE SAG INJECTION
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Figure 9-40: Bottom hole pressure (BHP) as a function of time and pore
volume injected (PVI) for Foam 1 (blue curve), Foam 2 (red curve), Foam
3 (yellow curve), and Foam 4 (green curve) in single-cycle SAG injection.

CO2 mobility reduction:
Two methods were used to analyze which foam model reduced the mobility
of the CO,. The first method was by introducing CO. tracers to evaluate
the CO, breakthrough time and migration rate whereas the second method
was by analyzing the reduction in the producing gas-oil ratio (GOR). Figure
9-41 shows the tracer response for the CO, tracers GT1, GT2, and GT3.

At GT1, the BT of Foam 1, Foam 2, Foam 3, and Foam 4 was 125 days,
185 days, 159 days, and 142 days with a migration rate of 6 ft/day, 4.05
ft/day, 4.72 ft/day, and 5.28 ft/day respectively. The slow migration rate in
Foam 2 delayed the BT of the CO, compared to the other foam models.
Foam generation in Foam 4 was the highest in its BHP but results in the
tracer showed that the BT was earlier than expected. This might be because
the foam generation reached the highest quality regime and collapsed quickly.
Foam 2 was delayed in the CO, BT by 60 days from Foam 1, 26 days from
Foam 3, and 43 days from Foam 4.
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At GT2, the BT of Foam 1, Foam 2, Foam 3, and Foam 4 was 36 days, 68
days, 53 days, and 57 days. The order of CO, BT was different for Foam 4
compared to the previous CO, tracer observed in GT1. However, a signifi-
cant decrease in the BT of CO,was observed for all foam models compared
to tracer data in GT1. The decreased rate of migration and higher concen-
tration of COs in the reservoir compared to the CO, in GT1 was the main
reason for the quicker BT observed in GT2. Foam 2 was delayed in the CO,
BT compared to the other foam models.

At GT3, the BT was the quickest of all the tracers. The BT of Foam 1,
Foam 2, Foam 3, and Foam 4 was 14 days, 24 days, 15 days, and 24 days.
The foam parameters had significantly lower CO, BT compared to the pre-
vious two COs tracers. Foam 1 and Foam 3 broke after two weeks whereas
Foam 2 and Foam 4 broke after 24 days. The injection of only CO, caused
the migration rate to be super-fast. The migration rate of Foam 1, Foam 2,
Foam 3, and Foam 4 was 53.57 Mscf/Stb, 31.25 Mscf/Stb, 50 Mscf/Stb, and
31.25 Mscf/Stb.

Based on tracer data, the BT of CO, in Foam 2 was delayed mostly com-
pared to the other three foam models, and this showed that Foam 2 reduced
the mobility of CO, better than the other foam model parameters.
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GAS TRACER 3 FOR FOAM PARAMETERS,
SINGLE-CYCLE SAG
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Figure 9-41: Tracer response curves showing tracer injection GT1, GT2,
GT3 (purple curve), Foam 1(blue curve), Foam 2(red curve), Foam 3(yellow
curve), and Foam 4 (green curve). Foam 4 showed a delay in all the CO

tracers.

The producing GOR, of a single-cycle SAG for the foam models was also
analyzed to see the impact of foam on CO, mobility. Figure 9-42 shows the
field producing GOR as a function of time and pore volume injected for the
Foam 1 (blue curve), Foam 2 (red curve), Foam 3 (yellow curve), and Foam
4 (green curve). The initial GOR of Foam 1, Foam 2, Foam 3, and Foam 4
was 7.37 Msct/Stb, 6.84 Mscf/Stb, 8.18 Mscf/Stb, and 6.71 Mscf/Stb re-
spectively. As the injected pore volume increased, the GOR of the foam
parameters increased throughout the pilot injection. The first and the second
shutting down of the reservoir did not influence the curves of the GOR. The
average producing GOR throughout the pilot injection for Foam 1, Foam 2,
Foam 3, and Foam 4 was 10.72 Mscf/Stb, 9.38 Mscf/Stb, 11.32 Mscf/Stb,
and 7.89 Mscf/Stb respectively. Foam 4 had the lowest GOR compared to
the other foam sensitivities, and it matched with the high BHP observed for
the foam generation. Foam 2 had the next lowest GOR and had a slight
difference with Foam 4’s GOR (only 1.49 Mscf/day). This showed that Foam
2 and Foam 4 reduced the mobility of the CO, better than Foam 1 and
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Foam 3. Foam 4 reduced the mobility of CO, by 34.59% compared to Foam
1, by 18.90% compared to Foam 2, and by 43.39% compared to Foam 3.
Based on the lower GOR, the mobility of the CO; was reduced mostly by
Foam 4, and this matched with the strong foam formation observed.

FIELD, GAS OIL RATIO FOR FOAM PARAMETERS FOR
SINGLE-CYCLE SAG INJECTION
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Figure 9-42: Producing gas-oil ratio (GOR) as a function of time and pore
volume injected (PVI) for Foam 1 (blue curve), Foam 2 (red curve), Foam
3 (yellow curve), and Foam 4 (green curve). Foam 4 reduced the mobility
of CO, mostly compared to the other foam parameters.
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Sweep Efficiency

The sweep efficiency was evaluated by comparing the breakthrough time
(BT) and the migration rate of the CO, for the foam model parameters.
Table 9-8 shows the summary of the breakthrough time (BT) and migration
rate of the CO, tracers GT1, GT2, and GT3. The delay in BT between the
COs tracers of GT1, GT2, and GT3 indicated that the generated foam bank
was propagating through the reservoir covering more areas that weren’t
touched before. The delay in the BT of the different foam model parameters
contributed therefore to the improvement of the sweep efficiency.

Table 9-8: Summary of tracer results and migration rate for the experi-
mentally derived foam model parameters of single-cycle SAG.

Breakthrough time (BT) Migration Rate
Tracers [days] [ft/day]
Foam | Foam | Foam | Foam | Foam | Foam | Foam | Foam
1 2 3 4 1 2 3 4

GT1 125 | 185 159 142 6 4.05 4.72 5.28
GT2 36 68 53 59 20.83 | 11.03 | 14.15 | 12.71
GT3 14 24 15 24 593.57 | 31.25 50 31.25

Oil Production
The cumulative oil production of the four foam models was compared to see
which foam parameter recovered more oil in the single-cycle SAG injection
strategy. Figure 9-43 shows the field oil cumulative production as a function
of time and pore volume injected (PVI) for Foam 1 (blue curve), Foam 2
(red curve), Foam 3 (yellow curve), and Foam4 (green curve). The average
oil production of Foam 1, Foam 2, Foam 3, and Foam 4 was 33,517.66 STB,
34,391.69 STB, 32,952.35 STB, and 35,351.96 STB respectively. The results
from tracers, BHP, and GOR suggested that Foam 4 would produce a better
oil production than the other foam model parameters, and the oil production
of Foam 4 matched the expectations. On average, Foam 4 produced 5.19%
more oil compared to Foam 1, 2.72% more oil compared to Foam 2, and
6.79% more oil compared to Foam 3. Foam 4 managed to produce slightly
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more oil despite earlier BT of CO,. However, high BHP values in foam gen-
eration and lower GOR in Foam 4 matched the high oil production observed
at the field-level.

FIELD, CUMULATIVE OIL PRODUCTION FOR FOAM PARAMETERS IN
SINGLE-CYCLE SAG INJECTION
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Figure 9-43: Field cumulative oil production as a function of time and pore
volume injected (PVI) for the Foam 1 (blue curve), Foam 2 (red curve),
Foam 3 (yellow curve), and Foam 4 (green curve). Foam 4 produced higher
oil production compared to the other foam model parameters.

The oil production of the individual producers (P-1, P-2, P-3, and P-4) was
also analyzed to see the impact of foam model parameters in the recovery of
oil by using a single-cycle SAG. Figure 9-44 shows the oil production as a
function of foam parameters Foam 1 (blue bar), Foam 2(red bar), Foam
3(yellow bar), and Foam 4(green bar) for the production wells P-1, P-2, P-
3, and P-4.

At P-1, the oil production for Foam 1, Foam 2, Foam 3, and Foam 4 was

4,491 STB, 4,299 STB, 4,415 STB, and 4,903 STB respectively. Foam 4
produced the highest oil production compared to the other foam parameters.
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Despite the strong foam generation and low producing GOR values, Foam
2 recovered the lowest oil production in P-1. The recovery percentage of
Foam 4 was high compared to the other three foam models; Foam 4 recov-
ered 8.41% more oil compared to Foam 1, 12.32% more oil compared to
Foam 2, and 9.96% more oil compared to Foam 3. The connectivity of P-1
with the foam injector well, I-1, and the influence of the injector well I-2,
was very important for the high oil production observed in Foam 4.

At P-2 and P-3, the oil production recovered by the individual foam models
matched with the orders observed in BHP and GOR. The highest oil pro-
ducer foam model in producers P-2 and P-3 was Foam 4 with an oil produc-
tion of 14,427 STB and 8,610 STB respectively. In P-2, the average oil pro-
duction for Foam 1, Foam 2, and Foam 3 was 14,140 STB, 14,277 STB, and
14,107 STB respectively whereas in P-3 the average oil production for Foam
1, Foam 2, and Foam 3 was 8,011 STB, 8,239 STB, and 7,799 STB respec-
tively. Higher production in the P-2 than P-3 was due to the geological
position of P-2 to the foam injector well compared to P-3.

At P-4, Foam 2 recovered slightly higher oil than Foam 4. Foam 2 produced
7,576 STB whereas Foam 4 produced 7,411 STB. The produced oil in Foam
2 was slightly higher compared to Foam 4 because the foam generated in
Foam 2 was more stable than the foam generated in Foam 4 at this partic-
ular producer well. P-4 was located at about 1,150 feet and the propagating
foam traveled 50 feet more distance than P-2 to push reservoir fluids towards
the producer well, and hence the oil production would be higher.

Comparing the cumulative oil production in P-1, P-2, P-3, and P-4 for the
foam models: Foam 4 was found to be the best model for better oil produc-
tion despite the variation in the CO, BT between the CO, tracers. High
BHP in foam formation, lower GOR in reduction of CO, mobility, delay in
CO; BT, and influence of well I-2 promoted an increase in oil production.
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Figure 9-44: Cumulative oil production of Foam 1 (blue bar), Foam 2 (red

bar), Foam 3 (yellow bar), and Foam 4 (green bar) for production wells P-
1, P-2, P-3, and P-4.
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9.3.4 Sensitivity study of Continuous CO: injection (CCO2)

The objective of this sensitivity study was to compare the simulation results
of the continuous CO, (CCO;) injection with the base case SAG and the
baseline WAG. The bottom hole pressure (BHP), gas-oil ratio (GOR), tracer
breakthrough time (BT), and oil production were compared.

To observe the pressure difference between the CCOs, the base case SAG,
and the baseline WAG, the BHP was plotted as a function of time and pore
volume injected (PVI). The PVI was the same as the other injection strate-
gies and was roughly 10% per year during each simulation case. Figure 9-45
shows the bottom hole pressure (BHP) as a function of time and pore volume
injected (PVI) for the continuous CO; (red curve), the base case SAG (green
curve), and the baseline WAG (blue curve). At the start of the pilot injec-
tion, the BHP of the CCO2, the base case SAG, and the baseline WAG were
3,815.54 psi, 3,961.31 psi, and 3,842.98 psi respectively. The BHP of the base
SAG was the highest of all due to foam generation. In the baseline WAG
and CCO2, the BHP was much lower compared to the SAG because of
missing a foaming agent. However, the BHP of the baseline WAG was higher
compared to the BHP of the CCO, because the WAG alternated water and
CO; to keep the pressure high in the reservoir whereas the CCO; injected
only carbon dioxide throughout the pilot and the pressure was almost con-
stant apart from the two shutting down. The average BHP of the CCO,, the
base case SAG, and the baseline WAG throughout the pilot injection were
3,717.64 psi, 4,334.73 psi, and 3,910.39 psi respectively. The foam generation
in the base case SAG increased the BHP significantly compared to the base-
line WAG and the CCO..
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BOTTOM HOLE PRESSURE OF CONTINOUS CO, INJECTION, BASE CASE
SAG, and BASELINE WAG, I-1
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Figure 9-45: Bottom hole pressure (BHP) as a function of time and pore
volume injected (PVI) for CCO; (red curve), the base case SAG (green
curve), and the baseline WAG (blue curve) for I-1. The CCO, produced
significantly lower BHP compared to the SAG and the WAG.

To evaluate the CO, breakthrough time (BT) and migration rate, CO, trac-
ers were used. Figure 9-46 shows the tracer response for the CO, tracers
GT1 and GT2. GT3 was not included in this part because the WAG did not
have a BT until the end of the simulation period.
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Figure 9-46: Tracer response curves showing tracer injection GT1 and GT2
(purple curve), CCO2 (red curve), SAG production (green curve), and WAG
production (blue curve). The SAG showed a delay in the breakthrough time
for both CO, tracers.

Tracer results showed that the breakthrough time (BT) of the CCOs in the
GT1 was 30 days whereas the CO, broke only after 13 days in GT2. Early
BT of the CO; in CCO, implied that the mobility of CO, was much higher
compared to the SAG and the WAG. The foam generation had given the
SAG to have a delayed CO, BT whereas the WAG had relatively better CO,
BT than the CCO; because of the injection mechanism where water and gas
were alternatively injected.

The producing GOR of the CCO, was also compared with the respective
base case SAG and baseline WAG’s GOR to observe the mobility reduction
of the COs. Figure 9-47 shows the GOR of the CCOs (red curve), SAG (green
curve), and WAG (blue curve) as a function of time and pore volume in-
jected. The GOR of the CCO, was the highest throughout the pilot injection
showing that the mobility of the CO, was the highest. The SAG had the
least GOR due to foam formation and reduced the mobility of CO.. On
average, the GOR of the CCO,, SAG, and WAG was 10.29 Mscf/Stb, 9.23
Mscf/Stb, and 9.88 Mscf/Stb respectively. Lower values of GOR in the SAG
indicated the reduction of CO,’s mobility with foam.
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FIELD GAS OIL RATIO FOR CONTINUOUS CO2 INJECTION, BASE CASE SAG and
BASELINE WAG
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Figure 9-47: Producing gas-oil ratio (GOR) as a function of time and pore
volume injected (PVI) for the CCO, (red curve), the base case SAG (green
curve), and the baseline WAG (blue curve)

The oil production of the CCO, was compared with the base case SAG,
baseline WAG, and the single-cycle SAG injection mechanism. Figure 9-48
shows the cumulative oil production of the continuous CO: injection, base
case SAG, and the baseline WAG. The oil production of the three cases was
the same until 0.16 PVI and had a cumulative oil production of 31,945.40
STB. Afterward, the CCO; started to recover slightly higher oil production
compared to the SAG and the WAG because of the availability of more gas
that reached the oil bank and started to push the reservoir fluids towards
the production well. Despite the delay in the CO, BT, the SAG and the
WAG managed to recover less oil than the CCO,. However, it is believed
that the foam generation in the SAG would impact the oil recovery in the
long run. The average oil production of the CCO,, SAG, and WAG were
34,549.20 STB, 34,403.69 STB, and 34,284.70 STB respectively.
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FIELD CUMULATIVE OIL PRODUCTION OF BASE CASE SAG, BASE LINE
WAG, and CCO2
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Figure 9-48: Field cumulative oil production as a function of time and pore
volume injected (PVI) for the CCO2 (red curve), the base case SAG (green
curve), and the baseline WAG (blue curve).

The oil production of the continuous CO» injection (CCO,) was also com-
pared with the single-cycle SAG injection. Figure 9-49 shows the cumulative
oil production of CCO, and the single-cycle SAG. The oil production of
CCO,, SAG, and WAG was the same until 0.25 PVI. Afterward, the SAG
started to recover more oil compared to the WAG and the CCQO,. The av-
erage oil production of the CCO,, the SAG, and the WAG were 34,549.20
STB, 33,740.38 STB, and 33,187.89 STB respectively. The CCO, injection
produced slightly higher oil production compared to the SAG and the WAG.
As explained earlier, upon SAG injection the foam generation might take
some time to deliver the desired high oil production
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FIELD CUMULATIVE OIL PRODUCTION for
CCO, and SINGLE-cycle SAG
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Figure 9-49: Field cumulative oil production as a function of time and pore
volume injected (PVI) for the CCO2 (red curve), the SAG (green curve),
and the WAG (blue curve) in single-cycle SAG injection.

9.4  COg; utilization factor

The CO» utilization factor of the injection strategies used in the sensitivity
study was calculated to determine how each injection strategy utilized CO,
to produce oil. The lower the CO- utilization factor tends to recover more
oil. Table 9-9 shows the CO, utilization factor of the injection mechanisms
used for the sensitivity study. The base case SAG had the lowest CO- utili-
zation factor with a value of 26.83 Mscf/Stb where the least amount of CO,
was used to produce oil. Out of the sensitivity studies performed, the single-
cycle SAG had the highest CO, utilization with 35.22 Mscf/Stb. This showed
that the single-cycle SAG used the most CO, to produce an equivalent
amount of oil compared to other injection strategies studied.
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Table 9-9: CO, Utilization factor of each injection mechanism used in the
sensitivity study.

Injection Strategy CO; utilization factor
[Mscf/Stb]
Base case SAG 26.83
Baseline WAG 28.82
Injection A, SAG 30.30
Injection A, WAG 32.57
Injection B, SAG 29.76
Injection B, WAG 32.07
Single-cycle SAG, SAG 31.68
Single-cycle SAG, WAG 35.22
CCO, 29.78

Based on the CO, utilization factor results, the base case SAG and the base-
line WAG were the most attractive injection strategies with a lower GOR
compared to the other injection strategy methods.

9.5 Oil production of the sensitivity studies

The objective of comparing the field-level cumulative oil production of the
different injection strategies was to analyze and identify which SAG injec-
tion strategy produced the highest cumulative oil production.

Figure 9-50 shows the oil production of the base case SAG (green curve),
injection A (purple curve), injection B (yellow curve), and single-cycle SAG
(red curve) as a function of time and pore volume injected (PVI). As de-
scribed earlier, the PVI was roughly 10% per year during each simulation
case. The SAG injection strategy of the sensitivity study is summarized in
Table 9-10. The average cumulative oil production of the base case SAG,
injection A, injection B, and single-cycle SAG was 34,404 STB, 32,834 STB,
32,947 STB, and 33,518 STB respectively. Based on the average cumulative
oil production, the base case SAG that injected 10 days with surfactant
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solution followed by 20 days of CO» injection was the effective method in

recovering more oil from the reservoir.

Table 9-10: Injection strategy plan of the base case SAG and injection strat-
egy for the sensitivity studies.

o Days of Surf Days of CO:
Injection Strategy . .
injection slug injection
Base case SAG 10 days 20 days
Injection A 20 days 30 days
Injection B 30 Days 40 Days
Single SAG 30 Days Rest of the cycle

CUMULATIVE OIL PRODUCTION OF THE SAG FOR SENSITIVITY STUDIES
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Figure 9-50: Field-level cumulative oil production of the base case SAG
(green curve), injection A (purple curve), injection B (yellow curve), and
single-cycle SAG (red curve) as a function of time and pore volume injected
(PVI). The base Case SAG produced more oil compared to the other injec-
tion strategies.
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10 Introducing Local grid refinement (LGR) for
the base case SAG and the baseline WAG

In this sensitivity analysis, a local grid refinement (LGR) was introduced in
the base case SAG and the baseline WAG. The objective of the sensitivity
study was to investigate how foam generation and CO, mobility reduction
in the base case SAG and the baseline WAG were sensitive to grid resolution.
The grid cells between I-1 and P-1 were refined from 50 ft x 50 ft to 10 ft x
10 ft as described in the methods section 7.1.9.

10.1 Foam generation

To confirm whether foam was generated, the bottom hole pressure (BHP)
for the pilot injection well (I-1) was plotted as a function time and pore
volume injected (PVI). The PVI was roughly 10% per year during each
simulation case. Foam generation was indicated in the base case SAG by an
increase in the bottom hole pressure compared to the baseline WAG.
Figure 10-1 shows the bottom hole pressure (BHP) as a function of time and
pore volume injected (PVI) for the base case SAG LGR (green curve) and
the baseline WAG LGR (blue curve).

After the start of the pilot injection, the BHP of the base case SAG LGR
started to increase and reached 6,687.43 psi after 0.18 PVI, whereas the
BHP of the baseline WAG was 6,204.47 psi at the same PVI. The BHP of
the baseline WAG was significantly lower compared to the BHP of the base
case SAG throughout the pilot injection because of no foam formation in
the absence of foaming agents. Further injection of foam after shutting and
reopening of the field did not give a significant increase in the BHP of the
base case SAG and the baseline WAG with LGR. The average BHP for the
SAG with LGR throughout the pilot injection was 5,860.06 psi whereas the
average BHP for the WAG with LGR was 5,619.31 psi throughout the pilot
injection. An increase of about 4.11% in the bottom hole pressure of the
SAG LGR compared to the bottom hole pressure of WAG LGR was rec-
orded. The higher BHP observed in the base case SAG was due to the foam
formation.

Comparing the BHP results of the base case SAG and the baseline WAG
with the cases in SAG and WAG with LGR, the pressure when introducing
LGR was significantly higher due to refining to smaller grids. This was due
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to a higher pressure that was formed in the smaller grids refined. On average,
the SAG LGR generated 26.03% higher BHP compared to the base case
SAG.

BOTTOM HOLE PRESSURE OF SAG AND WAG WITH LGR, I-1
[BASE CASE: SURF = 10 DAYS, CO2 = 20 DAYS]

PVI
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Figure 10-1: Bottom hole pressure (BHP) as a function of time and pore
volume injected (PVI) for the base case SAG LGR (green curve) and WAG
in LGR for I-1. The SAG has a higher BHP compared to the WAG indicat-

ing foam generation.

10.2 CO2 mobility reduction

The reduction in the mobility of the CO; by foam formation in SAG LGR
and WAG LGR was investigated by analyzing the producing gas-oil ratio
(GOR). The LGR was introduced on the production well P-1. Figure 10-2
shows the GOR as a function of time and pore volume injected for the SAG
(green curve) and WAG (blue curve) with LGR. The GOR of the SAG and
the WAG did not have much difference throughout the whole pilot injection.
The average GOR of the SAG with LGR was 18.84 Mscf/Stb whereas the
average GOR for the WAG with LGR was 18.20 Mscf/Stb. The GOR value
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of the SAG LGR was higher compared to the WAG meaning that the gen-
eration of foam in the SAG LGR was weak and unstable. The BHP results
in foam formation (refer to Figure 10-1) suggested that the foam in the
reservoir during the SAG would decrease the gas production and hence min-
imize the GOR. However, the GOR result obtained in Figure 10-2 did not
follow this trend. The foam generation was weak and collapsed quickly re-
sulted in quick breakthroughs and the high migration rate of the CO,. De-
spite the foam generation being observed in the base case SAG, the GOR in
the LGR case for the SAG did not reduce CO, mobility up to the end-time
of the simulation.
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Figure 10-2: Producing gas-oil ratio as a function of time and pore volume
injected (PVI) for the SAG (green curve) and WAG (blue curve) with LGR.
The SAG LGR produced a very weak form and have a higher average GOR
compared to the WAG with no foam produced.
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10.3 Qil production of SAG and WAG with LGR

In this section, the cumulative oil production of the P-1 for the SAG and
WAG with LGR are presented. Figure 10-3 shows the oil production of the
SAG with LGR (green curve) and the WAG with LGR (blue curve) as a
function of time and pore volume injected (PVI). The oil production of both
SAG and WAG with LGR was the same until 0.1 PVI and produced about
9,451 STB. But as the pore volume injected increased, the SAG LGR started
to recover more oil than the WAG. The average oil production for the total
pore volume injected of the SAG LGR was 11,307.87 STB whereas for the
WAG LGR it was 10,942.29 STB. The results indicated that the SAG LGR
produced 3.23% more oil on average compared to the WAG LGR. The
higher oil production in the SAG LGR was associated with the higher pres-
sure in the SAG and the connectivity of the producer well P-1 with the
injector well I-1 and foam generation.

OIL PRODUCTION CUMMULATIVE, P-1_LGR
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Figure 10-3: Cumulative Oil Production as a function of time and pore
volume injected for the SAG LGR (green curve) and the WAG LGR (blue
curve) of P-1 using LGR. The SAG LGR produced more oil compared to
the WAG LGR.
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10.4 Sweep Efficiency

The sweep efficiency of the SAG and the WAG with the LGR case was
analyzed by qualitatively observing the gas saturation in the 3D model.

Figure 10-4 shows the gas saturation distribution between I-1 and P-1 of the
SAG and the WAG with LGR that were taken at three different time steps
during the pilot injection. In the same manner, used previously, timesteps
TO0, T1, T2, and T3 corresponded to the position where the gas saturation
showed a change. TO was at the initial point of the pilot injection whereas
T1 was in cycle 2 of the pilot injection, and T2 was in cycle 5 of the pilot
injection. The last timestep, T3 was in the last cycle of the pilot injection.
The results from the 3D model, in this case having LGR, were less difficult
to see the changes in the gas saturation compared with the base case SAG.
The gas saturation distributions in the SAG LGR were evenly distributed
in the reservoir than the WAG LGR and showed that the foam generated
in the SAG LGR case swept a larger portion of the reservoir by diverting
the CO2 flow into low permeability regions providing improved sweep effi-

ciency.
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Figure 10-4: Gas saturation distribution of the SAG and WAG with LGR
demonstrating the sweep efficiency. The SAG with LGR propagates with a
higher gas saturation than the WAG with LGR in all the timesteps provided

at different cycles of the pilot injection.

Table 10-1 shows the results of the average gas saturation obtained from the
3D model and it showed that the SAG LGR had a higher gas saturation

throughout the different timesteps.

Table 10-1: Average gas saturation of the base case SAG and the baseline

WAG with LGR.

Time steps g SAG LGR g WAG LGR
TO 0.137 + 0.260 0.136 + 0.250
T1 0.157 £ 0.266 0.155 £ 0.264
T2 0.171 £+ 0.284 0.169 + 0.271
T3 0.187 %+ 0.300 0.178 £ 0.286
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11 Study of implementing foam at different opera-

tional stages

The objective of this study was to evaluate and compare the cumulative oil
production when the foam was implemented in the field development. To
achieve this study, 7 simulation cases were run to analyze the cumulative
oil production of each case. The simulation cases were implemented for 5
years of continuous COs injection (CCOs), SAG, and WAG after the water
flood was completed and 7 years of injecting SAG and WAG after the COs
flood.

5 years of injecting SAG, WAG, and CCO2 after waterflood
Figure 11-1 shows the cumulative oil production of SAG (green curve),

WAG (blue curve), and CCO; (red curve) as a function of time and pore
volume injected (PVI) after completing waterflood in the reservoir. The oil
production of SAG, WAG, and CCO; was almost similar until a pore volume
of 0.1 was injected. Afterward, the SAG produced significantly higher oil
compared to the WAG and CCO, throughout the whole period due to foam
generation. The average cumulative oil production of the SAG, WAG, and
CCO, was 35,517.68 STB, 24,698.33 STB, and 23,190.51 STB, respectively.
Injecting SAG after the waterflood increased the oil production by 30.46%
compared to WAG and a 34.71% increase in oil production compared to
CCOs..

7 years of injecting SAG and WAG after a CO, flood
Figure 11-2 (A) shows the cumulative oil production of SAG (green curve)

and WAG (blue curve) as a function of time and pore volume injected (PVI)
after completing the COs flood in the reservoir. The cumulative oil produc-
tion of the SAG and the WAG was almost similar throughout the injection
period with a small increase in the production of oil by the SAG. This was
obviously due to foam generation during the SAG injection. The average
cumulative oil production of the SAG and the WAG was 74,111.90 STB and
71,935.74 STB respectively. The SAG produced an average of 2.94% more
oil compared to the oil production of the WAG. The cumulative production
of the SAG and the WAG was again compared to their respective oil pro-
duction in the introduction of grid refinement. Figure 11-2 (B) shows the
cumulative oil production of SAG (green curve) and WAG (blue curve) with
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LGR as a function of time and pore volume injected (PVI) after completing
CO; flood in the reservoir. The cumulative oil production of the SAG and
the WAG with LGR was nearly identical throughout the injection. The SAG
had an average cumulative oil production of 79,340.23 STB whereas the
WAG had 78,530.14 STB. A slight increase in SAG oil production was ob-
served due to the foam effect. The SAG and WAG in the LGR produced
more oil compared to their respective SAG and WAG without LGR. This
was because of the grid refinement that allowed more fluids to flow very
quickly in the reservoir layers and thus produced more oil.

5 YEARS OF INJECTION AFTER WATERFLOOD FOR SAG, WAG,
and CCO2
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Figure 11-1: 5 years of field cumulative oil production as a function of time
and pore volume injected (PVI) for SAG, WAG, and CCO2 after the wa-
terflood
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7 YEARS OF INJECTION FOR SAG and WAG AFTER CO, FLOOD
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Figure 11-2: 7 years of field cumulative oil production as a function of time
and pore volume injected (PVI) for SAG and WAG after the CO; flood.

A) without LGR

B) with LGR
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12 Conclusions

This thesis presented a numerical simulation sensitivity study of a CO, foam
field pilot. The main objective was to investigate the sensitivity of different
injection strategies and experimentally derived foam model parameters to
analyze their impact on foam generation, CO, mobility reduction, oil pro-
duction, sweep efficiency, and CO, utilization factor. A conventional finite-
difference compositional model in Eclipse (E300) was used and Petrel E&P
was used for the data processing and evaluation. Foam generation was ana-
lyzed by an increase in the bottom hole pressure (BHP) whereas the CO,
mobility reduction was analyzed by the reduction in the producing gas-oil
ratio (GOR), COs breakthrough time (BT), and CO, migration rate. The
sweep efficiency was analyzed based on the CO, tracer BT data and quali-
tative observation of the gas saturation distribution in the 3D reservoir
model. In addition, the sensitivity of grid resolution was investigated by
introducing a local grid refinement (LGR).

Prediction cases were also set up and analyzed to predict the oil recovery
performance if foam was implemented earlier in the field development stage.
The following key observations and findings from this thesis are given below:

Foam generation

e The sensitivity study of injection strategy confirmed foam generation
in all cases injecting surfactant as indicated by higher bottom hole
pressure (BHP) values compared to an identical water alternating
gas (WAG) without surfactant. Foam generation in the base case
surfactant alternating gas (SAG) was the strongest whereas single-
cycle SAG had the weakest foam generation compared to the other

injection strategies.

e The sensitivity study testing foam’s tolerance to oil saturation found
that foam generation was strongest for case OS1 where the reference
oil saturation for foam collapse (fmoil) was highest compared to
cases OS2 and OS3.
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The sensitivity study of different experimentally derived foam model
parameters showed that foam generation was highest in case Foam 2
for the base case SAG. However, case Foam 4 had the strongest foam
generation for injection strategies A, B, and single-cycle SAG. The
main foam parameters impacting foam strength were fmmob (with
a value of 108 for Foam 2 and 248 for Foam 4) and fmdry (with a
value of 0.27 for Foam 2 and 0.313 for foam 4).

Foam generation in the LGR case was stronger compared to the non-

LGR cases based upon increased BHP with the introduction of LGR.

CO2 mobility reduction

All SAG injection strategies reduced CO, mobility compared to WAG
based upon lower values of GOR and delayed the CO, BT in all
injection strategies which correlated with stronger foam generation.
The base case SAG reduced CO, mobility the most by having the
lowest GOR whereas single-cycle SAG reduced CO, mobility the least
compared to the rest of the injection strategies. The base case SAG
reduced the CO, mobility by 15.06% more than the single-cycle SAG.
Production well P-1 and production well P-2 were the most affected
production wells in their GOR due to their connectivity with the

foam injector well, I-1.

The GOR and CO, BT results for the reference oil saturation for
foam collapse (fmoil) showed that case OS1 reduced the CO, mobil-
ity by approximately 9% compared to the other two cases, OS2 and
OS3. This was aligned with the higher BHP values and stronger foam

generation of case OS1.
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e The GOR and CO; BT of the experimentally derived foam model
parameters were very sensitive to the change in the injection strategy.
For the base case SAG, Foam 2 reduced the CO, mobility by 40%
more than the other foam model parameters and delayed the CO, BT
the most. In injection A (injecting 20 days with surfactant solution
followed by 30 days of CO, injection), injection B (injecting 30 days
with surfactant solution followed by 40 days of CO, injection), and
single-cycle SAG (injecting only 30 days with surfactant solutions
followed by injection of CO, slug until the end of the pilot), case
Foam 4 reduced the CO> mobility the most based on the GOR values.
However, the CO, BT results showed that Foam 2 had a delay in BT.
These findings showed foam instabilities in the injection strategies
because of the different values assigned in the foam model parameters
for the reference gas mobility reduction factor (fmmob) and for the

water saturation in the vicinity of which foam collapses (fmdry).

Sweep efficiency

e Evaluation of the sweep efficiency was based on the CO, BT, CO,
migration rate, and qualitative observations of the gas saturation
distribution. The CO, sweep efficiency was improved in all cases

with foam.

Oil production

e The field-level oil production in the base case SAG was higher
than most of the SAG-based injection strategy cases. However, in
the oil production of the injection strategies, A and B, WAG re-
covered more oil than the SAG. But comparing the oil production
of all injection strategies at the field level, the continuous CO,
injection (CCOs) injection strategy recovered 5% more oil than all

injection strategies. At the well level, P-2 recovered more oil than
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the other production wells because of the good connectivity with

the foam injector well, I-1.

o The field-level oil production for foam’s tolerance to oil showed
that case OS3 (fmoil = 0.08) produced on average 5.45% more oil
compared to case OS2 (fmoil =0.28) and 3.71% more oil com-
pared to case OS1 (fmoil = 0.38). This was because of a small
change in the oil saturation and CO, probably had outcompeted
the other cases that had stronger foam generation even though

the weak foam broke early.

e Field-level oil production of the foam model parameters in the
base case SAG showed that Foam 2 produced more oil compared
to the other tested foam model parameters due to the strong foam
generation. In the injection strategy sensitivity study, Foam 4
dominated the oil production and produced significantly higher
oil production compared to the other foam model parameters. The
main foam model parameter that impacted the oil production

most was fmmob and fmdry.

CO. Utilization factor (UFco2)
e The CO; utilization factor for the base case SAG was 26.83 Mscf/Stb

and was lower compared to the CO, utilization factor of all injection
strategies meaning the base case SAG used less CO, to produce an
equivalent amount of oil. The CO, that was not produced was stored
in the reservoir. In addition, more pore volume can become available
for CO, storage when foam displaces mobile water and oil, compared

to conventional COs injection or WAG.
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Study of implementing foam after waterflood and CO; flood

e Evaluation and comparison of the cumulative oil production when
foam was implemented in the field development stage after the wa-
terflood showed a 3% increase in the oil production compared to the

oil production achieved by the CCO, injection.

e When the SAG and WAG were injected right after the CO- flood for
7 years, the SAG produced 3% more oil production compared to the
WAG.

e The changes in the oil production after the waterflood and the CO,
flood was limited due to short period of run time in the simulation.
The foam was propagating slowly, and it would likely increase the oil

production if the run time in the simulation was longer.

To summarize, the sensitivity studies showed strong foam generation, reduc-
tion in the CO, mobility, and good sweep efficiencies in the presence of foam
in all SAG based injection strategies. Oil production in the base case SAG
was sensitive to changes in the foam model parameters fmmob, fmdry, and
fmoil. The lowest CO, utilization factor was calculated in the base case
SAG compared to all injection strategies. Results from the prediction cases
indicated that SAG may produce more oil when implemented earlier in the
field’s development stage.
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13 Future Work

The numerical reservoir simulation work presented in this thesis was a part
of joint industry project which has developed and field-tested CO, foam for
increasing oil recovery and CO, storage potential. Sensitivity studies were
performed to test how the reservoir responded to changes applied in the
model. The thesis work showed the response on which parameter the system
sensitive to. However, further sensitivity studies are recommended to study
the foam since it has a very complex behavior in the reservoir. The following
list can be used in testing the sensitivity further: -

e Setting up new injection strategies

e Study the volumetric sweep efficiency in depth to find qualitatively
how the results vary from one injection strategy to another. The
streamline simulation FRONTSIM can be used

e (O, utilization and COs retention in the reservoir must be further
investigated to control the potential storage of CO.

e Introducing a local grid refinement (LGR) on the foam injection well

to increase the resolution during foam simulation.
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Nomenclature

%
°F
A
Cs

T

Percent

Fahrenheit degree

Area

Effective surfactant concentration

Reference surfactant concentration

Centipoise

Parameter to capture shear-thinning behavior in a low-quality re-
gime

Parameter controlling the abruptness of foam collapse

Parameter controlling the effect of oil saturation

Parameter controlling the effect of surfactant concentration
Exponent which controls the steepness of the transition about the
point N, = N/

Exponent which controls the steepness of the transition about the
point So = S§*

Exponent which controls the steepness of the transition about the
point C'y = C

Parameter set to the smallest capillary number expected in simu-
lation

Water saturation in the vicinity of which foam collapses
Reference gas mobility-reduction factor for foam

Reference high oil saturation for foam collapse

Reference surfactant concentration

Mobility reduction factor component due to shear rate.

Mobility reduction factor component due to water saturation.
Mobility reduction factor component due to oil saturation.
Mobility reduction factor component due to surf-concentration
Foam quality

Threshold foam quality

Feet per day

Gigaton

Net thickness

Absolute permeability

Effective permeability

Relative permeability

Relative permeability of the gas

Relative permeability of the water

Relative permeability of the oil
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ki

ro Gas relative permeability with foam

k?gf Gas relative permeability without foam

krow,cw Relative permeability of oil at critical water saturation
krg,ci Relative permeability of gas at critical liquid saturation
krog.cg Relative permeability of oil at critical gas saturation
Ky 00g Three-phase water relative permeability

Kro wog Three-phase oil relative permeability

krgwog Three-phase gas relative permeability

K, Permeability-thickness

L Length

m; Mass of hydrocarbons originally in place

m Residual mass

M Mobility ratio

My, Mobility ratio between oil and gas

M, Reference mobility reduction factor

M., Mobility reduction factor

Mscf/Stb Thousand standard cubic feet per stock tank barrel
N, Capillary number

N7 Reference capillary number

n, modified Brooks-Corey functions for gas

n, Modified Brooks-Corey functions for oil

Ny, modified Brooks-Corey functions for water

P Pressure

P, Critical pressure

psia Pounds per square inch absolute

psi Pounds per square inch

Q Volumetric flow rate

Qrot Total volumetric flow

7o Pressure equivalent radius of a grid

Ty Wellbore radius

R, Solution gas ratio

R, vaporized oil ratio

S skin factor

S, Saturation of gas

Sye Critical gas saturation

Sor Residual gas saturation

Sys Scaled gas saturation

S Average foam saturation

S, Saturation of oil

S Maximum oil saturation for the foam to be effective
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S Minimum oil saturation

Sor Residual oil saturation

S,s Scaled oil saturation

Sk The minimum water saturation for the foam to be effective
Sy Saturation of water

S Average saturation of a water
Se Connate water saturation
Swr Residual water saturation
Syus Scaled water saturation

T Temperature

T, Critical temperature

Am Produced mass

VP Pressure gradient

671; Pressure drop

0 Angle connecting the wells
Owg Gas-water interfacial tension
0] Porosity

p Density

u Viscosity

Fapp Apparent viscosity

A Mobility

Ag Mobility of a gas

Ao Mobility of oil

207



Abbreviations

2D

3D
API
bbl.
BHP
BT
CCS
CCUS
CMC
COP26
CO;
CCO.
E100
E300
ECL
EOR
EoS
EVGSAU
FWL
GOR
GR
GT
HC
HCPV

IFT
IPCC
LE
LGR
MMP
MPZ
MRF
OO0IP
OWC

PB
PERM
PHIE

Two dimensional

Three dimensional

American Petroleum Institute

oilfield barrel

Bottom hole pressure

Breakthrough time

Carbon capture and storage/sequestration
Carbon capture, utilization, and storage/sequestration
Critical micelle concentration

26" Conference of the Parties

Carbon dioxide

Continuous carbon dioxide

Black oil simulator

Conventional finite-difference compositional model
Exploration Consultants Limited
Enhanced oil recovery

Equation of state

East Vacuum Field

Free water level

Gas oil ratio

Gamma ray

Gas tracer

Hydrocarbon

Hydrocarbon pore volume

Injector

Interfacial tension

Intergovernmental Panel on Climate Change
Local equilibrium

Local grid refinement

Minimum miscibility pressure

Main pay zone

Mobility reduction factor

Original oil in place

Oil-water contact

Producer

Plackett-Burmann

Permeability

Effective porosity
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POWC
ppm.
PR
PVI
pPVT
ROS
ROZ
SAG
SACROC
SCAL
SSAU
STB
UFco2
WAG
WT
Wt. %

Producing water-oil contact
Parts per million
Peng-Robinson

Pore volume injected

Pressure Volume Temperature
Remaining oil saturation
Residual oil zone

Surfactant alternating gas
Scurry Area Canyon Reef Operators
Special core analysis

Seminole San Andres Unit
Stock tank barrel

Utilization factor of CO»
Water alternating gas

Water tracer

Weight percent
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Data file for Foam simulation

RUNSPEC
-- NOSIM
NOECHO
TITLE
PILOT FOAM INJECTION
FIELD

OIL

GAS
WATER
COMPS

6/

COMPW

2/

START

1 APR 2018 /
DIMENS

59 58 28 /
WELLDIMS
205745/
REGDIMS
25%2 /
UNIFOUT
UNIFIN
NONNC
MESSAGES
6+ 2% 1000000 1000000 /
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710 /
UDQPARAM
4%/
SATOPTS
HYSTER /
TABDIMS
2/

K 3ROK 3Rk 3ROk skok sk sk R K KRRk R koK kkok ok

GRID
INCLUDE

'GRID.GRDECL' /

INCLUDE
'POROMODINTOLAYER16.GRDECL' /
INCLUDE
'PERMXMODINTOLAYER16.GRDECL' /
MINVALUE

PERMX 0.1 /

/
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COPY
PERMX PERMY /

PERMX PERMZ /

/

MULTIPLY

PERMY 0.7 159158128 /

/

MULTIPLY

PERMZ 0.16 159 158 11 /
PERMZ 0.6 15915822/
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PERMZ 0.6 15915845 /
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PERMZ 0.6 15915878 /
PERMZ 0.16 159158 99 /
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/

GRIDFILE

01/

INIT

MINPV

1/
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~CARFIN
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—ENDFIN

SRk ok SR sk ok sk oK SRk oK SRk SRk ok skokok kokok R

EDIT
--M1: PV AROUND P-3 (21, 42)
MULTIPLY
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PORV 7.5 17 25 38 46 4 4 /
PORV 7.5 1725 38 46 7 7 /
PORV 7.5 17 25 38 46 8 8 /
PORV 7.5 17 25 38 46 10 10 /
PORV 7.5 17 25 38 46 11 11 /
PORV 7.5 17 25 38 46 16 16 /

/

~M2: TRANSMISSBILBITY BARRIER P-3 TO I-1
_MULTIPLY

~TRANX 0.01 17 25 38 38 1 28 /
~TRANX 0.01 25 25 38 46 1 28 /
~TRANY 0.01 17 25 38 38 1 28 /
~TRANY 0.01 25 25 38 46 1 28 /
-/

—M3: TRANSMISSBILBITY BARRIER P-2 TO I-1
~MULTIPLY

~TRANX 0.01 25 259 17 1 28 /
~TRANY 0.01 25259 17 1 28 /
-/

~M4: PV FROM L-1 TO P-4
MULTIPLY

PORV 53459303844 /

PORV 53459303877/

PORV 53459303888/

PORV 5345930381010/

PORV 5345930381111/

PORV 534 59 30 38 16 16 /

/

--M5: TRANSMISSBILBITY FROM I-1 TO P4
MULTIPLY

-- LAST VALUE: 0.075
TRANX 0.2 34 59 30 39 1 16 /
TRANY 0.2 34 593039116 /

/

--M6: PV FROM I-2 TO P-4
MULTIPLY

PORV 53459405444/
PORV 53459405477/
PORV 53459405488 /
PORV 534 59 40 54 10 10 /
PORV 5345940541111/
PORV 5 34 59 40 54 16 16 /
/

--M7: TRANSMISSBILBITY FROM I-2 TO P-4

MULTIPLY

-- LAST VALUE: 0.75

TRANX 0.9 34 59 40 54 1 16 /

TRANY 0.9 34 59 40 54 1 16 /

/

-M8: TRANSMISSBILBITY FROM I-1 (33,29) TO P-1(18,27)
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MULTIPLY

-- LAST VALUE: 0.1

TRANX 0.219322531116 /
TRANY 0.219322531116 /

/

--ROZ

--R1: PV AROUND DP-1 (18, 27)
MULTIPLY

PORV 50 15 22 23 31 18 28 /

/

--R2: TRANSMISSBILBITY AROUND P-1 (18, 27)
MULTIPLY

TRANX 50 1522 23 31 18 28 /
TRANY 50 1522 23 31 18 28 /

/

--R3: PV AROUND P-2 (19, 12)
MULTIPLY

PORV 515229151828 /

/

--R4: TRANSMISSBILBITY AROUND P-2 (19, 12)
MULTIPLY

TRANX 5152291518 28 /
TRANY 515229151828 /

/

--R5: PV AROUND P-4 (42, 39)
MULTIPLY

PORV 5 39 45 36 42 18 28 /

/

--R6: TRANSMISSBILBITY AROUND P-4 (42, 39)
MULTIPLY

TRANX 5 39 45 36 42 18 28 /
TRANY 5 39 45 36 42 18 28 /

/

--R7: PV FROM 12 TO P-4
MULTIPLY

- LAST VALUE: 0.2

PORV 0.1 33 42 40 54 18 28 /

/

--R8: TRANSMISSBILBITY FROM I-1 (33,29) TO P-1(18,27) EXCLUDING WATER SOURCE
REGION

MULTIPLY

-- LAST VALUE: 0.75

TRANX 1233230391828 /
TRANY 1233230391828/

/

--R9: PV BETWEEN -2 AND I-3
MULTIPLY

PORV 0.11191111828/

/
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--R10: TRANSMISSBILBITY BETWEEN P-2 AND I-3
MULTIPLY

TRANX 051191111828 /

TRANY 051191111828 /

/

--R11: TRANSMISSBILBITY FROM I-4 (4, 28) TO P-1(18,27) EXCLUDING WATER SOURCE
REGION

MULTIPLY

-- LAST VALUE: 1.25

TRANX 1.5 5 14 25 30 18 28 /

TRANY 1.5 5 14 25 30 18 28 /

/

- LAYER 8

~-TRAN HIGH PERM LAYER (8) FROM I-1 (33,29) TO P-1(18,27)
MULTIPLY

TRANX 21932253188/

TRANY 21932253188/

/~TRAN HIGH PERM LAYER (8) FROM -4 (4, 28) TO P-1(18,27)
MULTIPLY

TRANX 2514253088 /

TRANY 2514253088 /

/

__Rsskskokoskor ok sk skokokokokkoskskskokokok ok

PROPS

NCOMPS

6/

EOS

PR /

RTEMP

104 /

STCOND

60 14.696 /

CNAMES

C0O2 N2C1 H28C2C3 C4C5C6 PC1 PC2 /
TCRIT

547.6 340.6 610.9 827.1 1374.3 1324.7 /
PCRIT

1069.9 663.8 706.3 509.8 323.0 248.9 /
VCRIT

1.506 1.583 2.625 4.719 8.746 19.607 /
MW

44.01 16.29 36.19 70.01 148.24 374.21 /
ACF

0.2250 0.0086 0.1202 0.2278 0.4133 0.9618 /
OMEGAA

6%0.45723553 /

OMEGAB

6%0.077796074 /

SSHIFT
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6*0 /

350.5 206.2 395.1 552.2 866.1 1368.1 /

78.0 76.3 122.3 217.1 416.4 865.8 /

0.0040
0.0164
0.0447

0.9456

O O O O O O o o o o

TBOIL
PARACHOR
BIC

0.1029

0.1285  0.0029
0.1156  0.0136
0.1001  0.0327
0.1146  0.0685
/

PEDERSEN
PEDTUNER
0.5120 1.1240
DENSITY

1% 624 1% /
PVTW

3400 1* 1.6E-6 0.75 /
ROCK

3400 10E-6 /
STONE

SWFN
-W->0
0.100 00
0.200 0.00001 0
0.235 0.044
0.270 0.101
0.305 0.165
0.340 0.233
0.375 0.305
0.410 0.379
0.445 0.456
0.480 0.536
0.515 0.617
0.550 0.700
1.000 10 /
-G->W
0.100 0 0
0.350 0.00001 0
0.370 0.007
0.390 0.028
0.410 0.063
0.430 0.112
0.450 0.175
0.470 0.252
0.490 0.343
0.510 0.448
0.530 0.567
0.550 0.700

o O O 0O 0O o o o o o

0.0044
0.0229

0.5832

0.0075

0.01062 /
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1.000

1 0

SGFN

0.000 0 0
0300 0 0
0310 0.01% 0
0345 0.082 0
0380 0145 0
0.415 0209 0
0.450 0273 0
0583 0515 0
0.717 0758 0
0.850 1.000 0/
0.000 00

0300 00

0310 0.018 0
0.330 0055 0
0.350  0.091 0
0370 0127 0
0390 0.164 O
0410 0200 O
0430 0236 0
0450 0273 O
0.583 0515 0
0.717 0758 0
0.850 1.000 0/

-- SORG=5%

SOF3

0.000 0 0
0.050 0 0
0183 0 0.110
0317 0 0.220
0450 0 0.329
0.485  0.000002 0.358
0.520  0.0001  0.387
0.555  0.0005  0.416
0.590  0.002 0.445
0.625  0.006 0.474
0.660  0.015 0.502
0.695  0.033 0.531
0.730  0.065 0.560
0.765  0.118 0.589
0.800  0.199 0.618
0.900  0.700 0.700 /
0 0 0
0.050 0 0
0183 0 0.110
0317 0 0.220
0450 0 0.329
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0.470  0.0000001 0.334
0.490  0.0000039 0.341
0.379

0.395
0.412
0.428
0.445
0.461
0.478
0.494
0.618
0.700

0.510  0.00003
0.530  0.0001

0.550  0.0004

0570 0.001

0.590  0.002

0.610  0.004

0.630  0.007

0.650  0.012

0.800  0.199

0.900  0.700

~SOR

~-0.05 /

~-0.05 /

~--- 70000 PPM (BASE)
~SALINITY

13/

TRACER

WT1 WATER /
WT2 WATER /
WT3 WATER /
GT1CO2 /
GT2 CO2 /
GT3 CO2 /

/

EHYSTR

1*6 1* 1* KR 1* 1* OIL /

WNAMES

WATER SURFACT /

MWW

18.015 1168.7 /
PREFW

3400 3400 /
DREFW
624624 /
CREFW
1.6E-6 1.6E-6 /
VREFW

0.75 0.75

o0 /
CWTYPE

1* SURFF /
FOAMFRM

-~ FMMOB
415/

415 )
FOAMFSW

— FMDRY EPDRY
0.595 35 /
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0.595 35 /

FOAMFCN

--FMCAT EPCAP
2.14E-6 0.87 /

2.14E-6 0.87 /
FOAMFSC

-- Ib/stb, ,Ib/sth,

1le-3 0 le-6 /

le-3 0 le-6 /

FOAMFST
--Ib/sth,Ibf/in.

0 0.0001616

3.54 0.0000418 /

0 0.0001616

3.54 0.0000418 /
FOAMFSO

0281/

0281/
Rk R KRR KRR
REGIONS

INCLUDE
'FIPNUM.GRDECL' /
--Sw Increasing

IMBNUM

95816*1 /

--Sw Decreasing
SATNUM

95816*2 /
Rk R KRRk K oK
SOLUTION

INCLUDE
PREDPRESS.GRDECL /
INCLUDE
PREDSWAT.GRDECL /
INCLUDE
PREDSGAS.GRDECL /
INCLUDE
PREDXMF.GRDECL /
INCLUDE
PREDYMF.GRDECL /
WMF

95816*1

95816*0

/

- 5300' FROM GROUND
DATUM

2047 /

RPTRST

WT1 WT2 WT3 GT1 GT2 GT3 FOAM FOAMMOB FOAMCNM FLORES PRESSURE SGAS
SOIL SWAT AMF XMF YMF ZMF /
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TBLKWT1
95816%0 |

TBLKWT2

95816%0 |

TBLKWT3

95816*0 |

TBLKGT1

95816%0 |

TBLKGT2

95816*0 |

TBLKGT3

95816%0 /
__SRskekotoksiorsokor ok skskokoskokokskokok ko
SUMMARY

RPTONLY

INCLUDE
'SUMMARYFOAM.INC' /
CGIR

1-1G /

/

WTIRWTI

/
WTPRWT1

/
WTIRWT?2

/
WTPRWT?2

/
WTIRWT3
/
WTPRWT3
/
WTIRGT1

/
WTPRGT1

/
WTIRGT?2
/
WTPRGT?2

/
WTIRGTS

/
WTPRGT3

/

__SRokekotosorsRokoskskok skskokskokokkokkokok

SCHEDULE
TUNING
1701012/

/
/
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RPTRST

WT1 WT2 WT3 GT1 GT2 GT3 FOAM FOAMMOB FOAMCNM FLORES PRESSURE SGAS
SOIL SWAT AMF XMF YMF ZMF /

-- DATUM=5300' FROM GROUND
WELSPECS

P-2 PROD 19 12 2047 OIL /

P-3 PROD 21 42 2047 OIL /

P-1 PROD 18 27 2047 OIL /

P-4 PROD 42 39 2047 OIL /

[-5W WINJ 2 57 2047 WATER /

[-3W WINJ 7 22047 WATER /

L11W WINJ 32 22047 WATER /

[-4W WINJ 4 28 2047 WATER /

-IW WINJ 33 29 2047 WATER /

I-6W WINJ 58 55 2047 WATER /

[-2W WINJ 32 55 2047 WATER /

[-5G GINJ 257 2047 GAS /

[-3G GINJ 7 22047 GAS /

[-4G GINJ 4 28 2047 GAS /

[-1G GINJ 33 29 2047 GAS /

[-2G GINJ 32 55 2047 GAS /

/

COMPDAT

P-2 2% 4 4 OPEN 2* 725 1* 0 1* Z/
P-2 2% 7 8 OPEN 2* 725 1* 0 1* Z/

P-2 2% 10 10 OPEN 2% 725 1* 0 1* Z/
P-2 2% 16 16 OPEN 2% 725 1* 0 1* Z/
P-2 2% 19 19 OPEN 2% 725 1* 0 1* Z/
P-2 2% 24 24 OPEN 2% 725 1* 0 1* Z/
P-2 2% 26 26 OPEN 2% 725 1* 0 1* Z/
P-2 2% 28 28 OPEN 2% 725 1* 0 1* Z/

P-3 2% 4 4 OPEN 2* 725 1% 0 1* Z/
P-3 2% 7 8 OPEN 2* 725 1% 0 1* Z/

P-3 2% 10 10 OPEN 2% 725 1* 0 1* Z/
P-3 2% 13 13 OPEN 2% 725 1* 0 1* Z/
P-3 2% 16 16 OPEN 2% 725 1* 0 1* Z/
P-3 2% 22 22 OPEN 2% 725 1* 0 1* Z/
P-3 2% 24 24 OPEN 2% 725 1* 0 1* Z/
P-3 2% 24 24 OPEN 2% 725 1* 0 1* Z/
P-3 2% 26 26 OPEN 2* 725 1* 0 1* Z/
P-3 2% 28 28 OPEN 2* 725 1* 0 1* Z/

P-1 2% 4 5 OPEN 2* 725 1* 0 1* Z/
P-1 2% 7 8 OPEN 2* 725 1* 0 1* Z/

P-1 2% 10 11 OPEN 2* 725 1* 0 1* Z/
P-1 2% 15 16 OPEN 2% 725 1* 0 1* Z/
P-1 2% 18 19 OPEN 2% 725 1* 0 1* Z/
P-1 2% 22 22 OPEN 2% 725 1* 0 1* Z/
P-1 2* 24 24 OPEN 2* 725 1* 0 1* Z/
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P-1 2% 28 28 OPEN 2% 725 1* 0 1* Z/
P-4 2% 3 4 OPEN 2* 725 1* 0 1* Z/

P-4 2% 7 8 OPEN 2* 725 1* 0 1* Z/

P-4 2% 10 11 OPEN 2% 725 1* 0 1* Z/
P-4 2% 13 13 OPEN 2% 725 1* 0 1* Z/
P-4 2% 15 15 OPEN 2% 725 1* 0 1* Z/
P-4 2% 22 22 OPEN 2% 725 1* 0 1* Z/
P-4 2% 24 24 OPEN 2% 725 1* 0 1* Z/
P-4 2% 28 28 OPEN 2% 725 1* 0 1* Z/
[-5W 2* 4 4 OPEN 2* 725 1* 0 1* Z/
[-5W 2* 7 16 OPEN 2* 725 1* 0 1* Z/
-3W 2* 3 4 OPEN 2* 725 1* 0 1* Z/
[-3W 2* 7 11 OPEN 2* 725 1* 0 1* Z/
[-l3W 2* 15 16 OPEN 2* 725 1* 0 1* Z/
[-3W 2* 18 19 OPEN 2* 725 1* 0 1* Z/
-4W 2*¥ 2 4 OPEN 2% 725 1* 0 1* Z/
[-4W 2* 7 8 OPEN 2* 725 1% 0 1* Z/
[-4W 2* 10 11 OPEN 2* 725 1* 0 1* Z/
[-4W 2* 16 16 OPEN 2* 725 1* 0 1* Z/
[-4W 2% 22 22 OPEN 2* 725 1* 0 1* Z/
[-4W 2* 24 24 OPEN 2* 725 1* 0 1* Z/
[-4W 2% 28 28 OPEN 2* 725 1* 0 1* Z/
[1W 2% 2 5 OPEN 2* 725 1* 0 1* Z/
[1W 2% 7 8 OPEN 2* 725 1* 0 1* Z/
1W 2* 10 11 OPEN 2* 725 1* 0 1* Z/
-[IW 2% 15 16 OPEN 2* 725 1* 0 1* Z/
[IW 2% 18 18 OPEN 2* 725 1* 0 1* Z/
1IW 2* 19 19 OPEN 2* 725 1* 0 1* Z/
1IW 2% 20 20 OPEN 2* 725 1* 0 1* Z/
IW 2% 22 22 OPEN 2% 725 1* 0 1* Z/
-[IW 2% 24 24 OPEN 2% 725 1* 0 1* Z/
1IW 2% 28 28 OPEN 2* 725 1* 0 1* Z/
-6W 2* 4 4 OPEN 2* 725 1* 0 1* Z/

I-.6W 2* 7 8 OPEN 2* 725 1* 0 1* Z/

I-.6W 2* 10 11 OPEN 2* 725 1* 0 1* Z/
[-3G 2% 3 4 OPEN 2* 725 1* 0 1* Z/

I-3G 2% 7 11 OPEN 2* 725 1* 0 1* Z/

I-3G 2* 15 16 OPEN 2* 725 1* 0 1* Z/

[-13G 2* 18 19 OPEN 2* 725 1* 0 1* Z/

[-3G 2* 22 22 OPEN 2* 725 1* 0 1* Z/

I-3G 2% 24 24 OPEN 2% 725 1* 0 1% Z/

I-3G 2% 26 26 OPEN 2* 725 1* 0 1% Z/

I-3G 2% 28 28 OPEN 2% 725 1* 0 1* Z/
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[-4G 2* 2 4 OPEN 2% 725 1* 0 1* Z/
4G 2* 7 8 OPEN 2% 725 1* 0 1* Z/

[-4G 2* 10 11 OPEN 2* 725 1* 0 1* Z/
[-4G 2% 16 16 OPEN 2* 725 1* 0 1* Z/
[-4G 2* 22 22 OPEN 2* 725 1* 0 1% Z/
[-4G 2* 24 24 OPEN 2* 725 1* 0 1* Z/
[-4G 2% 28 28 OPEN 2% 725 1* 0 1* Z/
I[1G 2¥ 2 5 OPEN 2* 725 1* 0 1% Z/
[1G 2% 7 8 OPEN 2% 725 1* 0 1* Z/
I[1G 2* 10 11 OPEN 2* 725 1* 0 1* Z/
[-1G 2* 15 16 OPEN 2% 725 1* 0 1* Z/
[-1G 2* 18 18 OPEN 2* 725 1* 0 1* Z/
[[1G 2% 19 19 OPEN 2* 725 1* 0 1* Z/
I[1G 2% 20 20 OPEN 2* 725 1* 0 1* Z/
[-1G 2% 22 22 OPEN 2* 725 1* 0 1* Z/
[-[1G 2* 24 24 OPEN 2* 725 1* 0 1* Z/
[[1G 2% 28 28 OPEN 2% 725 1* 0 1* Z/

[-2G 2% 7 8 OPEN 2% 725 1* 0 1* Z/

[-2G 2% 10 10 OPEN 2* 725 1* 0 1* Z/
[-2G 2* 13 13 OPEN 2* 725 1* 0 1* Z/
[-2G 2* 16 16 OPEN 2* 725 1* 0 1* Z/
[-2G 2% 19 19 OPEN 2% 725 1* 0 1* Z/
[-2G 2% 22 22 OPEN 2% 725 1* 0 1* Z/
[-2G 2* 24 24 OPEN 2* 725 1* 0 1* Z/
[-2G 2* 26 26 OPEN 2* 725 1* 0 1* Z/
[-12G 2% 28 28 OPEN 2% 725 1* 0 1* Z/
[-2W 2* 7 8 OPEN 2* 725 1* 0 1* Z/
[-2W 2* 10 10 OPEN 2* 725 1* 0 1* Z/
[-2W 2* 13 13 OPEN 2* 725 1* 0 1* Z/
[-2W 2* 16 16 OPEN 2* 725 1* 0 1* Z/
[-2W 2* 19 19 OPEN 2* 725 1* 0 1* Z/
[-2W 2% 22 22 OPEN 2* 725 1* 0 1* Z/
[-2W 2* 24 24 OPEN 2* 725 1* 0 1* Z/
[-2W 2* 26 26 OPEN 2* 725 1* 0 1* Z/
[-2W 2* 28 28 OPEN 2* 725 1* 0 1* Z/

I-5G 2* 1 28 OPEN 2* 725 1* 0 1* Z/

/

—-HIST WATER INJ: I-3, I-1, -2 (1 APR 2018 - 17 JUL 2018), -4 (1 APR 2018 - 22 JAN 2019) --
-- LAST LIQ PROD RATE: P-2 - 250, -3 - 100, -1 - 600, -4 - 150

WCONPROD

P-2 OPEN LRAT 3* 200 1* 1000 /

P-3 OPEN LRAT 3* 80 1* 1000 /

P-1 OPEN LRAT 3* 350 1* 1000 /

P-4 OPEN LRAT 3* 65 1* 1000 /

/

o Lo W2
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— LAST INJ RATE : L5W, 1-3W, 1-4W, -1W - 0, L11W - 100, -6W
WCONINJE

I-5W WATER SHUT RATE 0 1* 4000 /
I-3W WATER OPEN RATE 60 1* 4000 /
LI1W WATER OPEN RATE 60 1* 4000 /
[ 4W WATER OPEN RATE 120 1* 4000 /
I-1W WATER OPEN RATE 330 1* 4000 /
I-6W WATER OPEN RATE 7 1* 4000 /
[-2W WATER OPEN RATE 160 1* 4000 /
/

— LAST INJ RATE: I-3G - 700, [-4G - 1600 ,I-1G - 2000, I-2G - 700
WCONINJE

[-5G GAS OPEN RATE 230 1* 4000 /

[-3G GAS SHUT RATE 0 1* 4000 /

[-4G GAS SHUT RATE 0 1* 4000 /

[-1G GAS SHUT RATE 0 1* 4000 /

[-2G GAS SHUT RATE 0 1* 4000 /

/

WELLSTRE

SOLVENT 100000 /

/

WELLSTRW

WATONLY 1.0 0.0 /

WATSURF 0.9999 0.0001 /

/

WINJW

[-5W STREAM WATONLY /

[-3W STREAM WATONLY /

L11W STREAM WATONLY /

[-4W STREAM WATONLY /

[-1W STREAM WATONLY /

[-6W STREAM WATONLY /

[-2W STREAM WATONLY /

/

WINJGAS

[-5G STREAM SOLVENT /

3G STREAM SOLVENT /

[-4G STREAM SOLVENT /

[-1G STREAM SOLVENT /

[-2G STREAM SOLVENT /

/
WPIMULT
P-2 095/
P-3 017/
P-1 15/
P-4 04/
W 10/
-G 10 /
/
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DATES

02 APR 2018 /

05 APR 2018 /

10 APR 2018 /

01 MAY 2018 /

01 JUN 2018 /

01 JUL 2018 /

17 JUL 2018 /

/

~HIST CO2 INJ: I-1 (18 JUL 2018-20 NOV 2018), 1-2 (18 JUL 18-30 JAN 2020) AND -3 (18 JUL
18-20 NOV 18)--

- 11, -2, I-3: SWITCH TO CO2 INJECTION
WCONINJE

[-1W WATER SHUT RATE 0 1* 1* /
[-1G GAS OPEN RATE 1000 1% 1* /

[-2W WATER SHUT RATE 160 1* 1* /
[-2G GAS OPEN RATE 300 1* 1% /

[-3W WATER SHUT RATE 0 1* 1* /
[-3G GAS OPEN RATE 600 1* 1% /

/

DATES

18 JUL 2018 /

02 AUG 2018 /

05 AUG 2018 /

10 AUG 2018 /

01 SEP 2018 /

01 OCT 2018 /

01 NOV 2018 /

20 NOV 2018 /

/

Rk HIST WATER INJ: -1 (21 NOV 2018 - 22 APR 2019), 1-3 (21 NOV 2018 - 21 FEB
2019) sokoksokkeskok__

- I-1: SWITCH TO LOW-RATE WATER INJECTION
WCONINJE

I-1W WATER OPEN RATE 500 1* 1* /
[1G GAS SHUT RATE 0 1* 1%/

[-3W WATER OPEN RATE 150 1* 1* /
[-3G GAS SHUT RATE 600 1* 1* /

/

DATES

21 NOV 2018 /

25 NOV 2018 /

30 NOV 2018 /

01 DEC 2018 /

15 JAN 2019 /

21 JAN 2019 /

/

—-SWITCH I-4 TO CO2 INJ (22 JAN 2019 - 11 SEPT 2019)--
WCONINJE
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[-4W WATER SHUT RATE 120 1* 1*/

I-4G GAS OPEN RATE 600 1*1* /

/

DATES

22 JAN 2019 /

30 JAN 2019 /

14 FEB 2019 /

20 FEB 2019 /

/

—--SWITCH I[-3 TO CO2 INJ (21 FEB 2019 - 4 MAR 2019)--
WCONINJE

[-3W WATER SHUT RATE 150 1% 1%/

[-3G GAS OPEN RATE 600 1* 1* /

/

DATES

21 FEB 2019 /

27 FEB 2019 /

04 MAR 2019 /

/

-—--SWITCH [-3 TO WATER INJ (4 MAR 2019 - 21 MAY 2019 )--
WCONINJE

[-3W WATER OPEN RATE 150 1* 1* /

[-3G GAS SHUT RATE 600 1* 1*/

/

DATES

05 MAR 2019 /

30 MAR 2019 /

14 APR 2019 /

/

SRR HIS T -1 CO2 INJ (23 APR 2019 - 22 MAY 2019)##koktsk_
-- I-1: SWITCH TO CO2 INJECTION

WCONINJE

[-1W WATER SHUT RATE 0 1* 1* /

[-1G GAS OPEN RATE 1000 1* 1* /

/

DATES

15 APR 2019 /

30 APR 2019 /

01 MAY 2019 /

21 MAY 2019 /

/

—-SWITCH [-3 TO CO2 INJ (21 MAY 2019 - 30 JAN 2020)--
WCONINJE

I-3W WATER SHUT RATE 150 1* 1%/

[-3G GAS OPEN RATE 600 1* 1*/

/

S HIST -1 WATER INJ (MAY 22 2019) ook
-- I-1: SWITCH TO ONE-DAY HIGH RATE WATER INJ
WCONINJE

[-1W WATER OPEN RATE 1000 1* 1* /
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I-1G GAS SHUT RATE 0 1*1*/

/

DATES

22 MAY 2019 /

/

-7 PILOT RAPID SAG (HM MODE FOR I-1 AND PROD) ***4--

-- MAY 2019 LIQ PROD RATE: P-2 - 650, -3 - 300, P-1 - 350, P-4 - 150, ALLOCATED BELOW

~-AVERAGE CYCLE 1 PROD RATES (RATES ALLOC FOR P-2, P-3, AND P-4)
WCONHIST

----------- CTR O W G

P-1 OPEN LRAT 22 332 818 6* /

P-4 OPEN LRAT 12 62 67 6* /

P-3 OPEN LRAT 70 257 144 6% /

P-2 OPEN LRAT 4 602 135 6* /

/

WINJW

[-1W STREAM WATSURF /

/

- #%** CYCLE 1 (23 MAY 2019 - 21 JUNE 2019) ***4-
~-SURF SLUG AVG HIST INJECTION RATE (23 MAY - 02 JUNE)--
WCONINJH

[-1W WATER OPEN 492 3647 6* RATE /

[-1G GAS SHUT 1193 3574 6* RATE /

/

WCONINJE

—-SWITCH I-3 TO CO2 INJ (23 MAY 2019 - 30 JAN 2020)--
[-3W WATER SHUT RATE 150 1% 1% /

[-3G GAS OPEN RATE 600 1* 1% /

/

UDQ

DEFINE WUSCTPT WTPTWT1 P-1 / WTITWT1 [-1W /
DEFINE WUSCTPR WTPRWT1 P-1 / WTITWT1 [-1W /
/

WTRACER

-1W WT1 0.0015 /

/

DATES

23 MAY 2019 /

/

WTRACER

-1W WT1 0 /

/

DATES

25 MAY 2019 /

30 MAY 2019 /

02 JUN 2019 /

/
--CO2 SLUG (03 JUNE - 21 JUNE)--
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WCONINJH

[-1W WATER SHUT 492 3647 6* RATE /
[-1G GAS OPEN 1193 3574 6* RATE /
/

UDQ

DEFINE WUSCTPT WTPTGT1 P-1 / WTITWT1 [-1G /
DEFINE WUSCTPR WTPRGT1 P-1 / WTITWT1 I-1G /
/

WTRACER

I-1G GT1 0.0015 /

/

DATES

03 JUN 2019 /

/

WTRACER

-1G GT10 /

/

DATES

04 JUN 2019 /

05 JUN 2019 /

10 JUN 2019 /

15 JUN 2019 /

21 JUN 2019 /

/

- #¥%%% CYCLE 2 (22 JUNE 2019 - 22 JULY 2019) *** 4
~-SURF SLUG (22 JUNE - 01 JULY)--
~AVERAGE CYCLE 2 PROD RATES (RATES ALLOC FOR P-2, P-3, AND P-4)
WCONHIST

----------- CTR O W G

P-1 OPEN LRAT 19 310 681 6* /

P-4 OPEN LRAT 13 79 85 6* /

P-3 OPEN LRAT 49 200 99 6* /

P-2 OPEN LRAT 10 581 103 6* /

/

WCONINJH

I-1W WATER OPEN 581 3661 6* RATE /
[-1G GAS SHUT 1193 3574 6* RATE /
/

DATES

22 JUN 2019 /

25 JUN 2019 /

01 JUL 2019 /

/

~-CO2 SLUG (02 JULY - 22 JULY)
WCONINJH

[1W WATER SHUT 492 3647 6* RATE /
I1G GAS OPEN 1167 3581 6* RATE /
/

DATES

02 JUL 2019 /
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03 JUL 2019 /

08 JUL 2019 /

15 JUL 2019 /

22 JUL 2019 /

/

— ¥ CYCLE 3 (23 JULY 2019 - 25 AUG 2019) *** -
--SURF SLUG (23 JULY - 01 AUG)--
-AVERAGE CYCLE 3 PROD RATES (RATES ALLOC FOR P-2, P-3, AND DP-4)
WCONHIST

----------- CTR O W G

P-1 OPEN LRAT 17 226 563 6* /

P-4 OPEN LRAT 11 90 103 6* /

P-3 OPEN LRAT 40 200 134 6* /

P-2 OPEN LRAT 9 636 141 6* /

/

WCONINJH

[-1W WATER OPEN 492 3656 6* RATE /
-1G GAS SHUT 1193 3574 6* RATE /
/

DATES

23 JUL 2019 /

26 JUL 2019/

01 AUG 2019 /

/

-CO2 SLUG (02 AUG - 25 AUG)--
WCONINJH

I-1W WATER SHUT 492 3647 6* RATE /
[-1G GAS OPEN 1120 3559 6* RATE /
/

DATES

02 AUG 2019 /

03 AUG 2019 /

08 AUG 2019 /

15 AUG 2019 /

25 AUG 2019 /

/

— #*FF CYCLE 4 (26 AUG 2019 - 29 SEPT 2019) ¥¥¥4-——
~SURF SLUG (26 AUG - 4 SEPT)--
~AVERAGE CYCLE 4 PROD RATES (RATES ALLOC FOR DP-2, P-3, AND DP-4)
WCONHIST

----------- CTR O W G

P-1 OPEN LRAT 19 199 556 6* /

P-4 OPEN LRAT 12 81 120 6* /

P-3 OPEN LRAT 35 197 130 6* /

P-2 OPEN LRAT 8 583 127 6* /

/

WCONINJH

[-1W WATER OPEN 441 3663 6* RATE /
I-1G GAS SHUT 1193 3574 6* RATE /
/
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DATES

26 AUG 2019 /

29 AUG 2019 /

04 SEP 2019 /

/

~-CO2 SLUG (05 SEPT - 29 SEPT)--
WCONINJH

[-1W WATER SHUT 492 3647 6* RATE /
I-1G GAS OPEN 1166 3544 6* RATE /
/

DATES

05 SEP 2019 /

06 SEP 2019 /

11 SEP 2019 /

/

~—-SWITCH I-4 BACK TO WATER (12 SEPT 2019 - 07 NOV 2019)
WCONINJE

[-4W WATER OPEN RATE 500 1* 1* /
4G GAS SHUT RATE 600 1* 1* /

/

DATES

12 SEP 2019 /

19 SEP 2019 /

29 SEP 2019 /

/

— #¥F% OYCLE 5 (30 SEPT 2019 - 31 OCT 2019) ¥¥¥4-_-
-SURF SLUG (30 SEPT - 10 OCT)--
~-AVERAGE CYCLE 5 PROD RATES (RATES ALLOC FOR P-2, P-3, AND P-4)
WCONHIST

----------- CTR O W G

P-1 OPEN LRAT 14 152 339 6* /

P-4 OPEN LRAT 13 66 87 6* /

P-3 OPEN LRAT 30 119 65 6* /

P-2 OPEN LRAT 8 514 71 6* /

/

WCONINJH

[-1W WATER OPEN 506 3637 6* RATE /
[-1G GAS SHUT 1193 3574 6* RATE /
/

DATES

30 SEP 2019 /

03 OCT 2019 /

10 OCT 2019 /

/

~-C0O2 SLUG (11 OCT - 31 OCT)--
WCONINJH

I-1W WATER SHUT 492 3647 6* RATE /
I-11G GAS OPEN 1034 3469 6* RATE /
/

DATES
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11 OCT 2019 /

12 OCT 2019 /

17 OCT 2019 /

24 OCT 2019 /

31 OCT 2019 /

/

- 4% CYCLE 6 (01 NOV 2019 - 07 DEC 2019) ¥4
--SURF SLUG (01 NOV - 10 NOV)--

-AVERAGE CYCLE 6 PROD RATES (RATES ALLOC FOR P-2, P-3, AND P-4)
WCONHIST

----------- CTR O W G

P-1 OPEN LRAT 10 110 232 6* /

P-4 OPEN LRAT 13 76 87 6* /

P-3 OPEN LRAT 32 127 59 6* /

P-2 OPEN LRAT 7 529 62 6* /

/

WCONINJH

-1W WATER OPEN 552 3641 6* RATE /

-1G GAS SHUT 1166 3544 6* RATE /

/

UDQ

DEFINE WUSCTPT WTPTWT2 P-1 / WTITWT2 [-1W /
DEFINE WUSCTPR WTPRWT2 P-1 / WTITWT2 [-1W /
/

WTRACER

L-1W WT2 0.0015 /

/

DATES

01 NOV 2019 /

/

WTRACER

L1W WT20 /

/

DATES

04 NOV 2019 /

07 NOV 2019 /

/

-SWITCH [-4 BACK TO CO2 (08 NOV 2019 - 30 JAN 2019)
WCONINJE

1-4W WATER SHUT RATE 500 1* 1* /

[-4G  GAS OPEN RATE 600 1* 1* /

/

DATES

08 NOV 2019 /

10 NOV 2019 /

/

--C0O2 SLUG (11 NOV - 07 DEC)-

WCONINJH

-1W WATER SHUT 552 3641 6* RATE /

-1G GAS OPEN 11613560 6* RATE /
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/
UDQ

DEFINE WUSCTPT WTPTGT2 P-1 / WTITWT2 I-1G /
DEFINE WUSCTPR WTPRGT2 P-1 / WTITWT2 I-1G /
/

WTRACER

-1G GT2 0.0015 /

/

DATES

11 NOV 2019 /

/

WTRACER

-1G GT20 /

/

DATES

12 NOV 2019 /

17 NOV 2019 /

24 NOV 2019 /

01 DEC 2019 /

07 DEC 2019 /

/

_ ¥R CYCLE 7 (08 DEC 2019 - 07 JAN 2020) ***_-
--SURF SLUG (08 DEC - 19 DEC)--
~-AVERAGE CYCLE 7 PROD RATES (RATES ALLOC FOR P-2, P-3, AND P-4)
WCONHIST

----------- CTR O W G

P-1 OPEN LRAT 12 121 283 6* /

P-4 OPEN LRAT 12 64 104 6* /

P-3 OPEN LRAT 31 89 65 6* /

P-2 OPEN LRAT 7 504 76 6* /

/

WCONINJH

[-1W WATER OPEN 482 3667 6* RATE /
[-1G GAS SHUT 1166 3544 6* RATE /
/

DATES

08 DEC 2019 /

11 DEC 2019 /

19 DEC 2019 /

/

—-C0O2 SLUG (20 DEC - 07 JAN 2020)--
WCONINJH

[1W WATER SHUT 552 3641 6* RATE /
-1G GAS OPEN 1077 3505 6* RATE /
/

DATES

20 DEC 2019 /

21 DEC 2019 /

26 DEC 2019 /

03 JAN 2020 /
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07 JAN 2020 /

/

- #%** CYCLE 8 (08 JAN 2020 - 21 FEB 2020) **¥4---
--SURF SLUG (08 JAN - 17 JAN)--

~-AVERAGE CYCLE 8 PROD RATES (RATES ALLOC FOR P-2, P-3, AND P-4)
WCONHIST

----------- CTR O W G

P-1 OPEN LRAT 11 136 303 6* /

P-4 OPEN LRAT 8 65 78 6% /

P-3 OPEN LRAT 31 89 65 6* /

P-2 OPEN LRAT 12 537 71 6* /

/

WCONINJH

-1W WATER OPEN 562 3548 6* RATE /

[-[1G GAS SHUT 1166 3544 6* RATE /

/

DATES

08 JAN 2020 /

11 JAN 2020 /

17 JAN 2020 /

/

~-CO2 SLUG (18 JAN - 21 FEB)

WCONINJH

[-1W WATER SHUT 552 3641 6* RATE /

[-1G GAS OPEN 1156 3378 6* RATE /

/

DATES

18 JAN 2020 /

19 JAN 2020 /

24 JAN 2020 /

30 JAN 2020 /

/

——-SWITCH I-3 TO WATER (31 JAN - 1 MAR) AND I-4 TO WATER (31 JAN - 15 MAR) AND
-2 TO WATER (31 JAN - 15 MAR)--

WCONINJE

[-3W WATER OPEN RATE 150 1% 1* /

[-3G GAS SHUT RATE 600 1* 1% /

~-SWITCH I-4 TO WATER (31 JAN 2019 - 15 MAR) ---
[-4W WATER OPEN RATE 500 1* 1* /

[-4G  GAS SHUT RATE 600 1* 1* /

—-SWITCH 1-2 TO WATER (31 JAN 2019 - 15 MAR) ---
[-2W WATER OPEN RATE 160 1* 1* /

[-2G GAS SHUT RATE 300 1* 1%/

/

DATES

31 JAN 2020 /

07 FEB 2020 /

14 FEB 2020 /

21 FEB 2020 /

/
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—#4E4 NO 1-1 INJECTION (22 FEB 2020 - 14 MAR 2020) ##--
~-AVERAGE NO INJECTION PERIOD PROD RATES (RATES ALLOC FOR P-2, P-3, AND D-
4)

WCONHIST

----------- CTR O W G

P-1 OPEN LRAT 12 114 281 6* /

P-4 OPEN LRAT 8 65 78 6% /

P-3 OPEN LRAT 42 194 235 6* /

P-2 OPEN LRAT 10 404 44 6* /

/

WCONINJH

[-1W WATER SHUT 552 2953 6* RATE /
-1G GAS SHUT 1166 2953 6* RATE /
/

DATES

22 FEB 2020 /

23 FEB 2020 /

01 MAR 2020 /

/

—-SWITCH -3 TO CO2 (2 MAR - 08 MAR)--
WCONINJE

[-3W WATER SHUT RATE 150 1% 1* /
[-3G GAS OPEN RATE 600 1* 1% /

/

DATES

02 MAR 2020 /

03 MAR 2020 /

08 MAR 2020 /

/

——-SWITCH I-3 TO WATER (09 MAR - 29 MAR)--
WCONINJE

[-3W WATER OPEN RATE 150 1* 1%/
[-3G GAS SHUT RATE 600 1* 1% /

/

DATES

09 MAR 2020 /

12 MAR 2020 /

14 MAR 2020 /

~SURF SLUG (15 MAR - 24 MAR)--

~AVERAGE CYCLE 9 PROD RATES (RATES ALLOC FOR DP-2, P-3, AND D-4)
WCONHIST

----------- CTR O W G

P-1 OPEN LRAT 12 120 360 6* /

P-4 OPEN LRAT 5 35 78 6% /

P-3 OPEN LRAT 39 151 133 6* /

P-2 OPEN LRAT 7 426 65 6* /
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/
WCONINJH

[-1W WATER OPEN 405 3202 6* RATE /
[-1G GAS SHUT 1166 3544 6* RATE /

/

WCONINJE

~--SWITCH I-4 TO CO2 (16 MAR - 23 MAR) -
[-4W WATER SHUT RATE 500 1* 1* /

[-4G GAS OPEN RATE 600 1* 1% /
—-SWITCH I-2 TO CO2 (16 MAR - 23 MAR) —
[-2W WATER SHUT RATE 160 1* 1* /

[-2G GAS OPEN RATE 300 1* 1%/

/

DATES

15 MAR 2020 /

16 MAR 2020 /

18 MAR 2020 /

24 MAR 2020 /

/

--CO2 SLUG (25 MAR - 15 APR)--

WCONINJH

[-1W WATER SHUT 552 3641 6* RATE /
[-1G GAS OPEN 722 3260 6* RATE /

/

WCONINJE

—-SWITCH I-4 TO WATER (24 MAR - 12 APR ) —
[-4W WATER OPEN RATE 500 1* 1% /

[-4G  GAS SHUT RATE 600 1* 1* /
—-SWITCH I-2 TO WATER (24 MAR - 12 APR)
[-2W WATER OPEN RATE 160 1* 1* /

[-2G GAS SHUT RATE 300 1* 1%/

/

DATES

25 MAR 2020 /

26 MAR 2020 /

28 MAR 2020 /

/

—-SWITCH -3 TO CO2 (30 MAR - 05 APR)--
WCONINJE

[-3W WATER SHUT RATE 150 1% 1* /

[-3G GAS OPEN RATE 600 1* 1%/

/

DATES

20 MAR 2020 /

02 APR 2020 /

05 APR 2020 /

/

—-SWITCH I-3 TO WATER (06 APR - 19 APR)--
WCONINJE

[-3W WATER OPEN RATE 150 1* 1%/
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-3G GAS SHUT RATE 600 1% 1% /

/

DATES

06 APR 2020 /

12 APR 2020 /

/

—--SWITCH I-4 TO CO2 (13 APR - 19 APR) --
WCONINJE

[-4W WATER SHUT RATE 500 1* 1% /

[-4G GAS OPEN RATE 600 1* 1% /
—SWITCH I-2 TO CO2 (13 APR - 19 APR) —
[-2W WATER SHUT RATE 160 1* 1% /
[-2G GAS OPEN RATE 300 1* 1%/

/

DATES

13 APR 2020 /

14 APR 2020 /

/

—— 4% SHORT CYC 10 DUE TO FIELD SHUT DOWN (9 DAYS SURF INJECTION) #* -
--SURF SLUG (15 APR - 25 APR)--
WCONINJH

[-1W WATER OPEN 405 3292 6* RATE /
[-1G GAS SHUT 1166 3544 6* RATE /

/

DATES

15 APR 2020 /

19 APR 2020 /

/

——-SWITCH -3 TO CO2 (20 APR - 25 APR), I-4 TO WATER (20 APR - 25 APR), -2 TO WA-
TER (20 APR-25 APR)--

WCONINJE

[-3W WATER SHUT RATE 150 1% 1* /
[-3G GAS OPEN RATE 600 1* 1%/

[-4W WATER OPEN RATE 500 1* 1* /
[-4G GAS SHUT RATE 600 1* 1* /

[-2W WATER OPEN RATE 160 1* 1* /
[-2G GAS SHUT RATE 300 1* 1%/

/

DATES

20 APR 2020 /

23 APR 2020 /

24 APR 2020 /

/

--FIELD SHUT-DOWN FROM 25 APRIL - 23 JUNE 2020 (NO I-1 INJ UNTIL 24 JUNE, PROD
STARTS BACK ON 28 MAY 2020-----

WCONINJE

I-3W WATER SHUT RATE 150 1* 1%/

I-3G GAS SHUT RATE 600 1* 1*/

[-4W WATER SHUT RATE 500 1* 1* /
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[-4G GAS SHUT RATE 600 1* 1* /

[-2W WATER SHUT RATE 160 1* 1* /
[-2G GAS SHUT RATE 300 1* 1*/

L11W WATER SHUT RATE 60 1* 4000 /
I-6W WATER SHUT RATE 7 1* 4000 /

/

WCONINJH

[-1W WATER SHUT 552 3641 6* RATE /
I-1G GAS SHUT 722 3260 6* RATE /

----------- CTR O W G
WCONHIST

P-1 SHUT LRAT 12 122 366 6* /

P-4 SHUT LRAT 8 65 78 6* /

P-3 SHUT LRAT 37 162 140 6* /

P-2 SHUT LRAT & 436 65 6* /

/

DATES

30 APR 2020 /

15 MAY 2020 /

25 MAY 2020 /

27 MAY 2020 /

/

~RESTART PRODUCTION AND PERIPHERAL INJECTION ON 28 MAY 2020--
~-AVERAGE PROD RATES 28 MAY - 23 JUN 2020 (RATES ALLOC FOR P-2, P-3, AND P-4)
WCONHIST

----------- CTR O W G

P-1 OPEN LRAT 13 155 207 6* /

P-4 OPEN LRAT 14 174 150 6* /

P-3 OPEN LRAT 64 75 56 6* /

P-2 OPEN LRAT 5 446 33 6* /

/

—-1-3 STARTS WITH CO2, I-4, 1-2, L11, I-6 ON WATER 28 MAY, AVG ALLOC. INJ RATES
FROM 28 MAY TO 7 JUN

WCONINJE

-3W WATER SHUT RATE 150 1* 1* /

[-3G GAS OPEN RATE 600 1* 1%/

[-4W WATER OPEN RATE 500 1* 1% /

[-4G GAS SHUT RATE 600 1* 1* /

-2W WATER OPEN RATE 160 1* 1* /

[-2G GAS SHUT RATE 300 1* 1%/

LIIW WATER OPEN RATE 60 1* 4000 /
I-6W WATER OPEN RATE 7 1* 4000 /

/

DATES

28 MAY 2020 /

2 JUN 2020 /

7 JUN 2020 /

/
--SWITCH 1I-3 TO WATER 8 JUN TO 28 JUNE 2020, I-4 TO CO2 ON 8 JUN 2020 TO 14 JUN

246



WCONINJE
[-3W WATER OPEN RATE 150 1* 1%/

[-3G GAS SHUT RATE 600 1% 1% /

[-4W WATER SHUT RATE 500 1* 1* /

[-4G GAS OPEN RATE 600 1* 1% /

/

DATES

8 JUN 2020 /

13 JUN 2020 /

14 JUN 2020 /

/

~-SWITCH I-4 TO WATER 15 JUNE TO 28 JUNE 2020
WCONINJE

[-4W WATER OPEN RATE 500 1* 1% /

[-4G GAS SHUT RATE 600 1* 1* /

/

DATES

15 JUN 2020 /

23 JUN 2020 /

/

—**RESTART I-1 SURF INJECTION ON 24 JUNE (3 DAYS TO COMPLETE 10TH SURF
SLUG)**-

WINJW

[-1W STREAM WATSURF /

/

WCONINJH

[-1W WATER OPEN 552 3641 6* RATE /

[-1G GAS SHUT 450 3260 6* RATE /

/

—AVERAGE CYCLE 10 PROD RATES 25 JUNE - 19 JULY 2020 (RATES ALLOC FOR P-2, P-
3, AND P-4)--

WCONHIST

----------- CTR O W G

P-1 OPEN LRAT 14 182 210 6* /

P-4 OPEN LRAT 10 120 182 6* /

P-3 OPEN LRAT 39 163 40 6* /

P-2 OPEN LRAT 2 199 85 6* /

/

DATES

24 JUN 2020 /

27 JUN 2020 /

/

——10TH CO2 SLUG (28 JUN - 19 JULY)

WCONINJH

[-1W WATER SHUT 552 3641 6* RATE /

[-1G GAS OPEN 1100 3260 6* RATE /

/

~SWITCH 1I-3 AND I-4 TO CO2 ON 28 JUN TO 30 JUNE 2020
WCONINJE

[-3W WATER SHUT RATE 150 1% 1* /
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I-3G GAS OPEN RATE 600 1* 1* /

[-4W WATER SHUT RATE 500 1* 1* /

[-4G GAS OPEN RATE 600 1% 1% /

/

DATES

28 JUN 2020 /

30 JUNE 2020 /

/

--NO INJECTON 1-3 AND I-4 30 JUN TO 13 JUL 2020
WCONINJE

I-3W WATER SHUT RATE 150 1* 1%/

[-3G GAS SHUT RATE 600 1% 1* /

[-4W WATER SHUT RATE 500 1% 1% /

[-4G GAS SHUT RATE 600 1* 1% /

/

DATES

5 JUL 2020 /

12 JUL 2020 /

/

~-SWITCH 1-3 TO WATER 13 JUL TO 10 DEC AND I-4 TO WATER ON 13 JUL TO 16 AUG
2020

WCONINJE

[-3W WATER OPEN RATE 150 1% 1* /

[-3G GAS SHUT RATE 600 1% 1* /

[-4W WATER OPEN RATE 400 1* 1% /

[-4G GAS SHUT RATE 600 1* 1% /

/

DATES

13 JUL 2020 /

20 JUL 2020 /

/

-#* CYCLE 11 (21 JUL TO 16 AUG) **--

--11TH SURF SLUG I-1 (21 JUL TO 27 JUL 2020)
-~AVERAGE CYCLE 11 PROD RATES (RATES ALLOC FOR P-2, P-3, AND P-4)
WCONHIST

----------- CTR O W G

P-1 OPEN LRAT 10 134 225 6* /

P-4 OPEN LRAT 9 77 222 6* /

P-3 OPEN LRAT 32 110 85 6* /

P-2 OPEN LRAT 5 330 34 6* /

/

WINJW

[-1W STREAM WATSURF /

/

WCONINJH

-1W WATER OPEN 552 3641 6* RATE /
-1G GAS SHUT 350 3260 6* RATE /

/

UDQ

DEFINE WUSCTPT WTPTWT3 P-1 / WTITWT3 I-1W /
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DEFINE WUSCTPR WTPRWT3 P-1 / WTITWT3 [-1W /
/

WTRACER

-1W WT3 0.0015 /

/

DATES

21 JUL 2020 /

/

WTRACER

-1W WT3 0 /

/

DATES

23 JUL 2020 /

25 JUL 2020 /

27 JUL 2020 /

/

—-11TH CO2 SLUG (28 JUL TO 16 AUG 2020)
WCONINJH

[-1W WATER SHUT 552 3641 6* RATE /
[-1G GAS OPEN 1100 3260 6* RATE /

/

UDQ

DEFINE WUSCTPT WTPTGT3 P-1 / WTITWT3 [-1G /
DEFINE WUSCTPR WTPRGT3 P-1 / WTITWT3 I-1G /
/

WTRACER

I-1G GT3 0.0015 /

/

~SWITCH 1-2 TO WATER 28 JUL TO 13 SEPT 2020
WCONINJE

[-2W WATER OPEN RATE 160 1* 1* /
[-2G GAS SHUT RATE 300 1* 1%/

/

DATES

28 JUL 2020 /

/

WTRACER

-1W GT3 0 /

/

DATES

5 AUG 2020 /

7 AUG 2020 /

9 AUG 2020 /

13 AUG 2020 /

15 AUG 2020 /

/
~FHFEND OF PILOT INJECTION PHASE**--

—~AVERAGE POST-PILOT PROD RATES 16 AUG - 30 AUG (RATES ALLOC FOR DP-2, P-3,
AND P-4)

249



WCONHIST

----------- CTR O W G

P-1 OPEN LRAT 6 138 265 6* /

P-4 OPEN LRAT 12 102 232 6* /

P-3 OPEN LRAT 46 217 10 6* /

P-2 OPEN LRAT 11 492 10 6* /

/

~-SWITCH I-4 TO CO2 16 AUG TO 30 AUG 2020
WCONINJE

-4W WATER SHUT RATE 400 1* 1* /

-4G GAS OPEN RATE 600 1* 1* /

/

WINJW

[-1W STREAM WATONLY /

/

~-POST PILOT 1-1 WATER INJECTION 16 AUG TO 30 AUG
WCONINJH

-1W WATER OPEN 450 3641 6* RATE /
-1G GAS SHUT 1100 3260 6* RATE /

/

DATES

16 AUG 2020 /

30 AUG 2020 /

/

~-AVERAGE POST-PILOT PROD RATES 30 AUG - 13 SEPT (RATES ALLOC FOR P-2, P-3,
AND P-4)

WCONHIST

----------- CTR O W G

P-1 OPEN LRAT 9 120 283 6* /

P-4 OPEN LRAT 12 75 235 6* /

P-3 OPEN LRAT 31 83 0 6* /

P-2 OPEN LRAT 10 420 10 6* /

/

~SWITCH 1-4 TO WATER 31 AUG TO 11 OCT 2020
WCONINJE

[-4W WATER OPEN RATE 600 1* 1* /

[-4G GAS SHUT RATE 600 1* 1* /

/

~SWITCH I-1 TO CO2 31 AUG TO 13 SEPT 2020
WCONINJH

[-1W WATER SHUT 450 3641 6* RATE /
[-1G GAS OPEN 1100 3260 6* RATE /

/

DATES

31 AUG 2020 /

6 SEPT 2020 /

13 SEPT 2020 /

/

-AVERAGE POST-PILOT PROD RATES 13 SEPT - 09 DEC 2020 (RATES ALLOC FOR P-2,
P-3, AND P-4)
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WCONHIST

----------- CTR O W G

P-1 OPEN LRAT 9 128 275 6* /

P-4 OPEN LRAT 17 75 169 6* /

P-3 OPEN LRAT 15 50 2 6* /

P-2 OPEN LRAT 8 432 2 6* /

/

~-SWITCH I-1 TO WATER 14 SEPT TO 10 DEC 2020
WCONINJH

I 1W WATER OPEN 450 3641 6* RATE /
I-1G GAS SHUT 1100 3260 6* RATE /
/

~-SWITCH 1-2 TO CO2 14 SEPT TO 28 SEPT 2020
WCONINJE

[-2W WATER SHUT RATE 160 1* 1* /
[-2G GAS OPEN RATE 300 1* 1% /

/

DATES

14 SEPT 2020 /

28 SEPT 2020 /

/

—-SWITCH 1-2 TO WATER 29 SEPT TO 10 DEC 2020
WCONINJE

[-2W WATER OPEN RATE 100 1* 1% /
[-2G GAS SHUT RATE 300 1* 1%/

/

DATES

29 SEPT 2020 /

6 OCT 2020 /

11 OCT 2020 /

/

~SWITCH 1-4 TO CO2 12 OCT TO 25 OCT
WCONINJE

[-4W WATER SHUT RATE 600 1* 1* /

[-4G GAS OPEN RATE 600 1* 1* /

/

DATES

12 OCT 2020 /

17 OCT 2020 /

25 OCT 2020 /

/

~SWITCH I-4 TO WATER 26 OCT TO 10 DEC 2020
WCONINJE

[-4W WATER OPEN RATE 400 1* 1* /
[-4G GAS SHUT RATE 600 1* 1* /

/

DATES

26 OCT 2020 /

5 NOV 2020 /

30 NOV 2020 /
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9 DEC 2020 /

/
END
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