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Abstract

Compositional reservoir simulation studies were performed to investigate the
effect of uncertain reservoir parameters, flood design variables, and economic factors on
coupled CO, sequestration and EOR projects. Typical sandstone and carbonate reservoir
properties were used to build generic reservoir models.

A large number of simulations were needed to quantify the impact of all these
factors and their corresponding uncertainties taking into account various combinations of
the factors. The design of experiment method along with response surface methodology
and Monte-Carlo simulations were utilized to maximize the information gained from
each uncertainty analysis. The two objective functions were project profit in the form of
$/bbl of oil produced and sequestered amount of CO, in the reservoir. The optimized
values for all objective functions predicted by design of experiment and the response
surface method were found to be close to the values obtained by the simulation study, but

with only asmall fraction of the computational time.



After the statistical analysis of the simulation results, the most to least influential
factors for maximizing both profit and amount of stored CO, are the produced gas oil
ratio constraint, production and injection well types, and well spacing. For WAG
injection scenarios, the Dykstra-Parsons coefficient and combinations of WAG ratio and
dug size are important parameters. Also for a CO, flood, no significant reduction of
profit occurred when only the storage of CO, was maximized. In terms of the economic
parameters, it was demonstrated that the oil price dominates the CO, EOR and storage.
This study showed that sandstone reservoirs have higher probability of need for CO,
incentives. In addition, higher CO, credit is needed for WAG injection scenarios than
continuous CO; injection.

As the second part of this study, scaling groups for miscible CO, flooding in a
three-dimensional oil reservoir were derived using inspectional analysis with special
emphasis on the equations related to phase behavior. Some of these scaling groups were
used to develop a new MMP correlation. This correlation was compared with published
correlations using a wide range of reservoir fluids and found to give more accurate

predictions of the MMP.
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Chapter 1: Introduction

In recent years green house gases such as carbon dioxide have increased in the
atmosphere and caused some concerns about climate change (Herzog and et al. 2000).
Geological sequestration is one way to reduce the CO, content in the atmosphere. This
knowledge is based on capturing CO, from emission sources and injecting it into deep
geological structures. There are several options for sequestrating CO; in geological sinks:
Injecting CO-, into deep saline aquifers, injecting CO, into mature oil and gas reservoirs
for the purpose of both sequestration and production enhancement, injecting CO, into
depleted oil and gas reservoirs, and finaly injecting CO, into coal seams. Among these
options, the estimated storage capacity for aquifersis 109 to 2727 Gt-C (1 Gt-C= 3.7 giga
tons CO,) and for oil and gas reservoirsis 300 Gt-C (Y amasaki, 2003).

Deep saline aquifers typically have no economic value, are separated from potable
aquifers, which are much shallower, and are often located close to large CO, emission
sources such as electric power plants. A large scale and practical CO, sequestration
project in Sleipner has already been initiated and has shown the feasibility of performing
these kind of projects. Mature oilfields aso are one of the most favorable targets for the
CO, sequestration. Injecting CO; into these reservoirs can increase the amount of ail
produced, off setting some of the CO, storage expenses. Most of the CO, injection
aspects into the reservoirs for the purpose of Enhanced Oil Recovery (EOR) and
Enhanced Gas Recovery (EGR) have been known for decades (Wang, 1984, Khan, 1992,
Lim, 1994, Guler, 2001). But there are some differences between injecting CO, for the
purpose of pure EOR or EGR projects and the ones for both CO, sequestration and EOR
or EGR projects. In EOR projects, the goal is to maximize profit by minimizing the total
amount of CO, injected per each barrel of oil produced. The economics and incentives

for combined EOR and sequestration are less clear at this time, but a first step in the



development process should be to do studies to investigate ways to both produce oil

efficiently and maximize storage of the carbon dioxide.

1.1 RESEARCH OBJECTIVESAND TASKS

The goal of this research was to better understand the potential for both enhanced
oil recovery and storage of CO, in mature oil reservoirs over a wide range of conditions.
A compositional simulator was the main tool used to investigate this combined process,
but scaling analysis and statistical analysis were aso utilized as tools for this purpose.
Vikas et a. (2002), Kumar et a. (2004) and Ozah et al. (2005) studied CO, storage in
deep saline aquifers using a compositional reservoir simulator to determine the best
storage strategy and most important parameters for aquifers. This research has mainly
focused on coupled CO,-EOR and sequestration processes.

The first task was to investigate different geological as well as engineering
aspects of the reservoirs and also physical properties of CO, to find out key factors that
help to reach the maximum oil recovery and maximum CO, sequestration. In addition,
the effect of different oil compositions will determine the appropriate candidate
reservoirs for the coupled sequestration and EOR.

The second task in this research was to study effective strategies to optimize the
oil recovery and the amount of stored CO,. These strategies include employing different
injection and production schemes, applying various well control techniques, as well as
different mobility control technologies such as WAG to delay early CO, breakthrough at
production wells due to heterogeneity and its high mobility. The effect of the employing
horizontal wells in improving sweep efficiency and incremental oil recovery of a CO;
flood has been studied by Lim et al., 1994, Edwards et al., 2002 and Malik and Islam,
2000. It should be considered that due to the recent drilling technology improvements,

drilling costs for horizontal wells is not much higher than vertical wells. Combination of



horizontal and vertical wells also might help to delay the CO, breakthrough and increases
its storage.

The third task in this research was to derive dimensionless scaling groups for CO,
flooding in a three-dimensional porous medium. Unlike previous studies for performing
scaling group analysis, phase behavior equations were entered in the derivation process to
achieve comprehensive scaling groups. Scaling groups corresponding scaling groups
were then utilized to develop an al-inclusive Minimum Miscibility Pressure (MMP)
correlation for CO, flooding.

The forth task in this research was to quantify the probability of need as well as
amount of CO, incentives on coupled CO, sequestration and EOR projects. Unlike other
similar studies, combination of different reservoir and economic parameters along with
compositional simulations were employed to perform a systematic, efficient and accurate
study

As it can be realized, vast amount of sensitivity analysis and reservoir simulation
studies needed to be made to inspect the impact of different factors and their
corresponding uncertainties affecting the whole process. Therefore, some statistical
analysis by utilizing experimental design and response surface methodology were

performed to reduce the number of simulations were needed to be run.

1.2 METHODOLOGY

Few studies have been reported on how to optimize coupled oil recovery and CO,
storage. But, wide range of different reservoirs has been gone through the EOR- CO,
flooding since late 70's and vast amount of information is available in this area
Therefore our first step in performing this research was to review the CO,-EOR flooding

literature to gain a better understanding of the different aspects of the CO, flooding



process and mark up issues that can be improved or modified to lead us toward both of
our objectives.

As it can be realized, vast amount of sensitivity analysis and reservoir simulation
studies were necessary to inspect the impact of different factors and their corresponding
uncertainties affecting the whole process. Also having combination of aforementioned
factors may give different results compared to the single variables sensitivity analysis.
Therefore, performing large number of simulation runs was needed, to investigate the
effect of different variables as well as combination of variables in the form of some
scaling groups. Based on time and simulation expenses limitations, it was amost
impossible to achieve a fully inclusive understanding of the process in a reasonable
manner. For this reason performing some statistical analysis in order to reduce the
number of simulations was inevitable. Design of experiment is one of the methods to
maximize the information gained from each simulation and to investigate the significance
of the different parameters. This method can be applied to develop response surfaces that
identify the various factors that cause changes in the responses and also predicting these
variations in asimple mathematical form.

Due to the importance of economics, the objective functions in our study were
considered as profit (in the form of $/bbl of oil produced), sequestered amount of CO, (in
the form of either gas saturation inside the reservoir), or $ value of each Mscf of stored
CO,. An effective approach was developed under uncertainty for a wide range of
reservoir parameters, as well as the combination of parameters to obtain the optimum
conditions for both of objective functions or each one of them individually. By applying
these types of studies we were even able to define factors that affecting the storage and

recovery outstandingly and then carry out optimization studies utilizing them.



1.3 REVIEW OF CHAPTERS

This dissertation is divided into nine chapters. Chapter 2 includes an extensive
literature survey. Research papers are reviewed on CO, flooding projects and processes
aswell ason the limited studies on coupled CO, sequestration and EOR.

Chapter 3 presents the reservoir simulation studies that were performed to
investigate compositional effects between aquifer fluid (brine) and injected supercritical
CO, in the Frio brine formation as the first CO, sequestration pilot in the US.

In Chapter 4, the effect of hysteresis relative permeability on both CO, storage
and oil recovery in the WAG injection process was studied. Also uncertainties in WAG
ratio and sug size along with reservoir heterogeneity characteristics were studied to
achieve optimum sequestration and recovery values.

Chapter 5 explains uncertainty analysis for flood design optimization. Different
flood design parameters such as well spacing, different injection and production schemes,
various well control techniques, and different mobility control methods including WAG
were considered to optimize the flood design for coupled CO, sequestration and EOR
Processes.

Chapter 6 contains details for derivation of dimensionless scaling groups for CO,
flooding process in three-dimensional porous media in a three-phase and three-
pseudocomponent system.

Phase behavior-related scaling groups were utilized in Chapter 7 to develop a
comprehensive MMP correlation between CO, and different reservoir oils

Chapter 8 discusses the exploratory economic analysis based upon systematic
compositional simulations of CO, EOR that were performed to determine how much and
what type of economic incentive might be needed for coupled CO, sequestration and
EOR projects.

Chapter 9 summarizes the research and present conclusions of the research work

and recommendation for future work.



Chapter 2: Literature Review

CO, sequestration studies started almost a decade ago (Bradshaw et al., 2004,
Chadwick et al., 2004). Despite this fact, till vast areas of research have not been
covered in detail in the area of coupled enhanced oil recovery and sequestration. Thisis
also partly true about different aspects of aquifer storage.

The optimal operating conditions for higher oil recovery and for higher CO,
storage will not in genera be the same. Since the inception of CO, injection for enhanced
oil recovery (EOR) in the 1970s, significant reservoir engineering effort has gone into
reducing the volume of CO, required to recover a barrel of oil. The objective of
combined EOR and CO, sequestration, however, is to increase the amount of CO, left
behind when the reservoir is abandoned; thus, the engineering design objective is
significantly different. Kovscek (2002) believes that there are three principal mechanisms
by which CO, may be sequestered within an oil reservoir. The first is physica
containment or so-called hydrodynamic trapping of CO, as a gas or supercritical fluid
beneath a cap rock (Law and Bachu, 1996). Next, CO, can dissolve directly in the water
and oil phases. Thisis sometimes called solubility trapping (Reichle et al., 1999). Lastly,
CO, can react either directly or indirectly with reservoir minerals and organic matter and
be converted into a solid phase (Bachu et al., 1994). This process may be rather slow.
Kovscek did not mention capillary trapping as residua gas saturation, which has been
shown by Kumar (2004) to be still another way to store CO, and is the one that has
significant advantages over hydrodynamic trapping.

Candidate reservoirs for CO,-EOR and sequestration have diverse geology and
characteristics. For example, reservoirs near the U.S. Gulf coast overlie salt domes and
tertiary oil exists in a series of steeply dipping sandstone layers in several different fault

blocks located on the flanks of a salt dome (Nute, 1983). These reservoirs are highly
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heterogeneous with very high permeability and porosities. In contrast, some of the
reservoirs suitable for CO, flooding, e.g. Weyburn, are almost horizontal carbonate
reservoirs with low permeability and a different type of heterogeneity (Elsayed et al.
1993). Also, some studies have been reported on CO, flooding and sequestration in
fractured carbonate reservoirs (Schechter et a., 2001).

Some aspects of oil reservoirs that should be considered for combined EOR and
CO2 sequestration include reservoir depth, oil density, storage capacity, water and oil
volumes in place, and formation thickness. Usually CO, injection projects in oil
reservoirs have focused on oil with densities between 29 and 48 °API (855 to 711 kg/m?3)
and reservoir depths from 760 to 3700 m (2500 to 12,000 ft) below ground surface (Taber
et a., 1997). Formation type and thickness are not main factors that affect oil recovery,
but formation thickness is a key factor in the process of storage. On the other hand, CO,
density is aso one of the main issues; It increases with depth (Hendrinks et al., 1993) but
it has been shown that the density of pure CO, will be greatest at a given depth in a
reservoir where the fluid pressure gradient is largest while the geothermal gradient is the
least. Therefore, geothermal gradients reduce the CO, density significantly (Kovscek,
2002). The result is that in the absence of a geothermal gradient, CO, phase density
exceeds water density at a depth of roughly 2750 m (= 9450 ft). Thus, the CO, would
tend to migrate downward rather than upward for depths greater than 2750 m. With the
inclusion of the geothermal gradient, CO, will not approach water density even at depth
of 4000 m. Thisisadeterministic issue in the aquifer storage of CO,.

Reservoir capacity is another criterion for the candidate reservoirs. For this, the
specific capacity or the mass of CO, per volume of rock is a good measure to
differentiate sequestration potential among reservoirs (Kovscek, 2002). Of course, over
injecting of CO, into the reservoir based on reservoir capacity and rock and fluid
compressibility, is detrimental to the reservoir integrity. A conservative idea is that
reservoir pressure should not exceed greatly the initial reservoir pressure. Over
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pressurization of fluids within the reservoir pore space can cause a breach of any type of
barrier which will lead to the either natural hydraulic fracturing of seal or dlip of sealing
faults or both.

CO, injectivity issues for sequestration have been addressed in the context of
aquifers (Law and Bachu, 1996; Gupta et al., 1999); they have stated that in the aquifer
storage process, the high permeability pathways increase the injectivity and a high
volume of CO, can be stored. But the heterogeneous, high permeability paths are a
negative factor for CO, flooding process; because they result in lower sweep efficiency
causing lower oil recovery and early breakthrough. In the reservoirs connected to an
aquifer, the bottom water aquifer is either active or inactive. Injectivity is an important
issue in the oil reservoirs with bottom water. Bachu (2000) believes that reservoirs with
inactive bottom aquifers (so-called closed reservoirs) might be the most attractive targets
for CO, injection because there is no need to displace water that invaded from an aquifer.
Also, the initial oil saturation is likely larger compared to reservoirs with water influx,
and thus the potential for incremental recovery islarger.

Malik and Islam (2000) have investigated different scenarios for the Weyburn
field that could result in maximum oil recovery or maximum storage. Based on their
results, injecting CO; into the producing formation will give higher storage and higher
recovery, whereas in reservoirs with bottom water (presence of higher remaining oil
saturation), injecting CO, into the bottom water will result in higher mobilized oil in the
transition zone and therefore higher oil recovery (Perry, 1982). In addition, because of
utilizing the aquifer volume and formation of dissolved CO, in water, the CO, storage
will increase significantly. It should be mentioned that in some cases CO, flooding could
be done after primary production (in place of secondary oil recovery) leading to a huge
difference in terms of oil recovery and CO, sequestration.

From a pore scale perspective, when gas enters a pore containing a residua oil
globule, capillary forces sometimes cause the oil to spread between the water coating the
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pore wall and the gas bubble in the center of the pore. This condition allows the oil phase
to become a continuous oil film (Malik and Islam, 2000). If gas is injected above the
pressure that miscibility is achieved (the minimum miscibility pressure for multiple
contact miscibility), then a higher fraction of residual oil can be displaced from the pores.
Minimum miscibility pressure (MMP) is a direct function of oil and injected gas
composition (Stalkup, 1983; Lake, 1989). Injected gas composition should be designed in
away that MMP can be achieved. Nute (1983) used methane as an additive to lighten the
injected CO, in Bay St. Elaine field. He showed that addition of methane to CO, tends to
increase the MMP. To prevent the loss of miscibility, he found out that the CO,-methane
mixture could be enriched with n-butane to reduce the minimum miscibility pressure to
the original design conditions. Guler et al., (2001) also studied employing CO, and NGL
mixtures as a method to enhance oil recovery. Zhang et a. (2004) have shown that MMP
for their oil samples increased as the N2 or CH4 concentration increased in the CO,
stream. Based on their study, CO, containing 37-mol % propane reduced the pure CO,
MMP by 45%.

Since CO, sources are rarely pure and costs for separation of impurities from CO,
IS very expensive; existence of impurities in the injected stream and their role in the
process of CO, flooding is very important and deserve a broad study. Malik and Islam
(2000) has investigated the effect of nitrogen contamination in the gas stream in the
Weyburn field. They believe that the presence of contaminants decreases the solubility
and diffusivity of carbon dioxide into the oil, consequently leading to reduction in
swelling of oil by carbon dioxide. The molecular diffusion of carbon dioxide into the oil
is considered to be controlling mechanism in the carbon dioxide flood. An impure CO;
gas stream affects the diffusion rate. The negative impact on production is due to the
presence of the nitrogen content that tends to form a stagnant phase between the oil and

carbon dioxide, through which carbon dioxide has to diffuse before contacting oil. The



presence of nitrogen also increases the viscosity of the carbon dioxide-oil mixture,
resulting in an inefficient displacement from the pores.

Due to low viscosity, CO, has a high mobility, which is a mgor issue in the
optimizing oil recovery and sequestration. High mobility causes lower reservoir sweep
and early production of CO,, which can lead to lower oil recovery and lower storage.
Several different techniques such as WAG, SAG and foam have been used for controlling
the CO, mobility for the purpose of enhanced oil recovery. Prieditis and Paulett (1992)
studied the use of a surfactant-foam to reduce the CO, mobility for San Andres cores.
They have shown that injecting a slug of surfactant solution prior to CO, injection or
simultaneous injection is required to effectively generate foam in rock matrix. Wang,
(1984) believes that CO, foam can be generated in a porous media but it is unable to be
displaced. He also showed that CO,-foam generated either externally or internaly is
susceptible to fast deterioration upon contact with crude oil and, therefore, the control of
CO, mobility using a foaming agent could be effective only within a short distance form
the injector. Rossen et al. (1999) showed that fractional-flow methods indicate that the
effectiveness of foam processes that alternate injection of liquid and gas (SAG processes)
depends on foam strength at extremely high foam quality, conditions difficult to control
in the laboratory. Foams can improve oil recovery by reducing gas mobility and the
effects of reservoir heterogeneity. Numerous studies report that foam flow in porous
media comprises two regimes. In the “high-quality regime,” pressure gradient is nearly
independent of gas superficial velocity. In the “low-quality regime,” pressure gradient is
nearly independent of liquid superficial velocity. Previous published data from CO, foam
studies lay either in the high- or low-quality regime, but no single study shows both
regimes. Kim et a. (2004) delineated that the two foam-flow regimes is essential to
modeling and predicting the behavior of CO, foam in petroleum applications.

Water aternating gas (WAG) is another technique to control high mobility of
CO,. Pariani (1992), and Hill and Tinney (1994), show the optimized WAG ratio as a
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method to maximize the net present vaue for the purpose of oil recovery with CO,
flooding. The economy and project goal will play amain role in the WAG ratio design in
the process of both recovery and sequestration. Ghomian et al. (2008) studied optimized
WAG flood design for coupled CO, sequestration and EOR in two- and three-
dimensional heterogeneous reservoirs. They optimized project profit as $/bbl of oil and
amount of stored CO, using response surface and experimental design methodology. The
simultaneous flow of gas and water yields, generally, a net mobility that is less than that
of the injection gas aone.

Flood pattern and design strategy should be implemented based on the economic
and ail recovery point of view along with the sequestration objective. Different design
and strategies should be employed for different reservoirs considering various objectives.
For instance, as one of the initia steps, if the reservoir pressure is less than the MMP,
main chalenge would be to return the reservoir pressure back to its origina one to
provide the MMP (Kleinstelber, 1990).

Steeply dipping reservoirs are often suitable for downward CO, displacement to
utilize gravity forces to stabilize the displacement and increase the sweep of the injected
CO, (Kleinstelber, 1990; Perry, 1982; Nute, 1983). The critical superficia velocity to

achieve a gravity stable displacement can be calculated from:

_ kkpApgsino
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(2.2
where k is the permeability, Ay; is the end point mobility of displacing fluid, Ap is the
density difference between displacing fluid and displaced fluid, o is the reservoir dip
angle, and M° isthe end point mobility ratio.

Asit can be seen form Equation 2.1, reservoirs with high permeability will have a

higher critical rate and therefore may be candidates for gravity stable displacement,
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whereas those of lower permeability will have a critical rate too low for economically
flooding in a gravity stable mode. Effect of reservoir dip angle and injected gas mobility
is also significant. In this type of displacement process because of late CO, breakthrough
and highest sweep possible both of maximum storage and oil recovery can be achieved if
the feasibility of project is validated.

For reservoirs with no dip or low dip, as the gravity to viscous force ratio
decreases, the tendency of solvent to override decreases and vertical sweep efficiency
improves. Therefore the vertical permeability is a key factor in determining vertical
sweep efficiency and oil recovery in CO, floods (Elsayed et al. 1993). In addition to
above mentioned issues on gravity stable displacement, by adjusting the CO, density,
CO, dlug can be spread between the less dense gas cap and the more dense oil column
causing more contact between CO, and reservoir oil (Johnston, 1988).

There are some other strategies that can help to optimize recovery and storage.
Employing horizontal or combination of horizontal and vertical wells depending on the
project conditions can be one of these techniques (Lim et a. 1994). The application of
CO, flooding using horizontal wells significantly shortens project life, thus substantially
improving project economics. For very tight reservoirs where CO, and brine injectivities
strongly affect project economics, the use of horizontal injectors may be a more attractive
alternate than vertical wells. The use of horizontal injectors in conjunction with vertical
producers in tertiary CO,-WAG flood generally resulted in oil recovery that was as good
or better than using both horizontal injector and producer and always higher than using
al vertical wells (Lim et a. 1992). The injectivity of CO, and brine using horizontal
wells, and hence the oil recovery at reasonable project life, is very sensitive to the
permeability in the vicinity of the wells.

Malik and Islam (2000) believe that in the Weyburn field, horizontal injection
wells have proved to be efficient for CO, flooding process to improve recovery while
increasing the storage of CO,. Besides employing horizontal wells, applying different
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well control techniques including partial completion of both injection and production
wells can improve the amount of injected and stored CO, as well as oil recovery (Jessen
et al. 2005). Murray et al. (2001) have introduced an alternative method in the category of
well control techniques, which they call Soak Alternating Gas, to optimize oil recovery
and sequestered CO,. This method is to periodically inject CO, and shut in the well for
some time. Kovscek et a. (2004) have introduced an objective function combining

dimensionless oil recovery and reservoir utilization as follows:

*

Np VCFE)Z
OP 2 VR (2:2)

f=w

where W, (0<w;<1) and W, (=1-W;) are weights and VcRoz is the volume of CO;

stored in the reservoir and V R is the volume of pore space of the reservoir. Also OIP is
the volume of the oil in place at the start of CO, injection and Np* is the net production of
oil. The design objective will be the maximizing this function with respect to the
specified set of weights. If the main aim is to maximize oil recovery, wl is taken as 1,
whereas if the goa is to maximize CO, storage, w2 istaken as 1. The regulatory and tax
structure for sequestration remains unclear and likely will vary from nation to nation. In
practice, weights will be chosen based on the revenue produced by both oil recovery and
CO, sequestered.

As examples of severa case studies, Ghomian et a. (2008) have modeled the
storage of CO2 in Frio brine pilot, as the first US pilot study. They compared the results
from simulation model, with the actual field data and validated simulation model with a
high accuracy. Scharf and Clemens (2006) have evaluated the potential for CO, storage
in eleven largest oil and thirteen largest gas fields in Austria and have found huge
potential for CO, storage in these fields. Bank et a. (2007) have performed reservoir
simulation using detailed, representative data from magor oilfields throughout the
Appaachian basin and indicated that 1,230 million barrels may become technically
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recoverable which provide huge potential for CO, storage in this basin. This of course
depends on future oil prices and CO, costs. Ravagnani (2007) has presented a technical-
economic methodology to evaluate the feasibility of the process in a hypothetical mature
oilfield. It considers a cash-flow model besides a sensitivity anaysis considering the
main components such as revenues, investments, operating costs, taxes according the
carbon credits to be earned due to the project. The methodology takes into account the
guantification of emissions and energy used in the process, emphasizing the technology
contribution to the environment. Ghomian et al. (2007) studied the probabilities of need
for tax incentives and quantified CO2 credit which makes coupled CO2 sequestration and
EOR projects feasible. This is important because the cost of CO2 capture and

transportation dominates the economics of these type of projects.
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Chapter 3: Reservoir Simulation of CO, Sequestration Pilot in Frio
Brine Formation

3.1 INTRODUCTION

In recent years, the amount of greenhouse gas in the atmosphere has increased,
causing concerns about climate change (Herzog et a.,2000). One approach to reducing
the carbon content in the atmosphere is based on capturing CO, from large emission
sources and injecting it into deep geological formations. There are several ways to do
this: by injecting CO; into deep saline aquifers, by injecting CO, into mature oil and gas
reservoirs for the purpose of enhanced oil and gas recovery (EOR or EGR), by injecting
CO; into depleted oil and gas reservoirs, or by injecting CO, into coa seams. These are
structures that have stored crude oil, natural gas, brine and other types of gases over
millions of years. Also, many power plants and other large emission sources for CO, are
located near geological formations that are amenable to CO, storage. Furthermore, in
many cases, injection of CO, into a geological formation can enhance the recovery of
hydrocarbons, providing value-added by-products that can offset the cost of CO, capture
and sequestration.

One of the primary goals of research in the area of CO, sequestration is to
understand the behavior of CO, when it is stored in geological formations. For example,
studies are being performed to determine the extent to which the CO, moves within the
geological formation, and what physical and chemical changes occur in the formation
when CO; is injected. This information is key to ensuring that sequestration will not
impair the geological integrity of an underground formation and that CO, storage is
secure and environmentally acceptable.

In this research we have focused on CO, sequestration in deep saline aquifers. In

this method the most important issues are to monitor and simulate the injection process,
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to keep track of injected CO,, and aso to evaluate behavior of CO, plume when it
reaches the region with high vertical permeability, even in the distant future (a geological
time scale, e.g. more than 1000 years). There are also different mechanisms that can be
employed to store CO, in an aquifer. Therefore, evaluating the CO, distribution in
different phases and forms (in the form of residual gas, CO, as dissolved in agueous
phase, and CO, in the form of free gas) is crucia. Among these forms, CO; in the
residual gas phase is very important, because this portion of injected CO, will remain
immobile in the reservoir in atrapped form. Both trapped and dissolved forms of CO2 are
most desirable forms of storing CO, for long period of time. However, CO, as a free
mobile gas will be the least desirable form, because it can potentially leak from the
reservoir and ultimately return to the atmosphere. It should be mentioned that CO, also
can be stored and trapped as a mineral due to the geochemical reactions which occur
when low pH brine reacts with minerals in the host rock formation, forming insoluble
carbonate precipitates (Kumar et al., 2004). However, time scale for this process to occur
in the agquifer is significantly long (tens of thousands years) (Kumar et al., 2004), and we
decided not to include this aspect of storage in the current study which happened in a

very short time period.

3.2FRIO BRINE PILOT

Recently, attempts have been made to better understand and recognize the process
of CO, sequestration (Bachu, 2000; Gunter et a., 1997; Law and Bachu, 1996). Before
carrying out a large full-scale CO; injection for greenhouse gas emissions reduction, it is
desirable that some pilot experiments be performed in order to gather valuable data
(during monitoring) and to show and test that CO, injection in the aquifers can be
performed without any concern. The Gulf Coast, in which both sinks and sources for

CO; can be found, is one of the most desirable target areas in the United States. As
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shown in Figure 3.1, there are a high number of CO, emission source points in nearby
areas.

This pilot site was selected after a national evaluation of saline formations
(Hovorka et al., 2000), which screened large areas with high storage capacity that
underlie numerous point sources of anthropogenic CO,. Among several candidates for the
CO, sequestration pilot in the Gulf Coast, the Frio formation was chosen by the
University Of Texas Bureau Of Economic Geology (BEG) as the first field experiment in
the United States for CO, sequestration for severa reasons. First, this formation is a
brine-bearing sand in a well-known onshore oil field and 3D seismic data and well logs
data were available for reservoir characterization. In addition, the existing infrastructure
of the wells and roads could be reused for injection purposes. An existing production well
was recompleted as an observation well and a new injection well was drilled and
completed 30 meters (100 ft) down-dip (Hovorka et a., 2006).

The injection took place in brine-bearing sandstone, the Oligocene Frio
Formation, at about 1,500 m (=5000 ft) below the ground surface, on the southwestern
flank of the South Liberty salt dome. Hydrocarbon production in this part of the field
comes from sandstone of the Eocene-age Yegua/Cockfield and Cook Mountain
Formations between 2,500 and 2,750 m (8,200 and 9,000 ft) below ground level. The
interval between the production (Y egua/Cockfield) and injection (Frio) formations is a
shale-dominated section that includes the Eocene Jackson and Oligocene Vicksburg
formations. The Frio is overlain by the 75 m thick (250 ft) Oligocene Anahuac shale,
which, in turn, is overlain by an approximately 1,300 m thick (~4,200 ft) interval of
Miocene inter-bedded sandstone and shale (Knox et al., 2003).

Shale layers, varying between 3 to about 15 m (10-50 ft) in thickness, separate
various layers of sandstones at the top of the Frio Formation. The sandstone intervals
have been given some informal names (A, B, C). The shalowest layer is “A”, and the
thicker layer, “C”, is the deepest one, and was aso the injection target (Figure 3.2). The
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Frio Formation dips toward the south with a variable dip angle between 5°-25°,
decreasing with the distance from the salt dome. The salt flank has been affected by some
faults, which were mapped from 3-D seismic data, originating from the dome (Figure
3.3). Large throw faults were assumed to be sealing because of shale gouge ratio
assumptions (Hovorka et a., 2006). Several small throw faults were mapped from
seismic discontinuities; the exact placements and hydrologic function of these featuresis
unclear (Hovorka et al., 2006).

The main simulation studies for the pilot test (with some geological and modeling
simplifications) were performed by Lawrence Berkeley National Lab (LBNL) using the
TOUGH2 simulator (Doughty et a., 2005). In our study, an actual geo-cellular model
specifically constructed for the Frio aquifer (obtained from BEG), as well as accurate
PVT information to account for precise density calculations and CO, solubility in brine,
were applied to build the simulation model for the aquifer. In addition, detailed modeling
on relative permeability hysteresis, along with some measured capillary pressure data,
were utilized to simulate the CO, injection pilot before the actual field test began. The
pilot plan included injection of 3000 tons of CO; in the upper 6 m (20 ft) aquifer interval
(the upper part of the "C" sand) over aperiod of 12 days, and monitoring it in awell 30 m
(100 ft) apart from the injection well. It is important to note that 1600 tons actually were
injected in the field because CO, breakthrough occurred earlier than anticipated, and also
the data collection objectives were completed early. The objective of monitoring was to
observe the behavior of injected supercritical gas in the subsurface, investigate the
physics of the process, and obtain data for further validation of simulation results.

In order to gain experience in modeling and simulating of these type of field
experiments, our study was carried out to duplicate the field experiment, using simulation
and modeling techniques. Different scenarios besides of actua field test scenario were
simulated to investigate the ability and accuracy of current simulation models to perform
similar studiesin the future.

18



3.3 RESERVOIR MODELING AND CHARACTERIZATION:

For aquifer properties, we used the geological model obtained from BEG. The
data included corner-point gridblock coordinates. Based on existing well data and 3-D
seismic information, porosity, and horizontal and vertical permeability values had been
assigned for each gridblock. In addition, we used initial pressure, temperature, and
salinity values, which were obtained from BEG. Table 3.1 shows the summary of the
input data in more detail.

At the next stage, a new series of measured properties of the cores from the
drilling of the new injection well was obtained (BEG digital communication). Since the
measured values were core data acquired from the injection well, we did not have values
for any grids other than the ones that included the injection well. Considering the grid
sizes and also the 30m (100 ft) distance between the injection and monitoring wells, the
best estimate for the properties of other gridblocks around the injection well was based on
the values that were reasonably close to that of the injection well blocks. A deterministic
interpolation technique (inverse of distance method) was applied to assign these values.
Figure 3.4 shows the horizontal permeability distribution in the NE-SW cross sectiona
view around injection well. Because horizontal permeability and porosity had not been
measured in the whole interval of the injection well, a correlation between permeability
and porosity was established using available core data. Figure 3.5 shows a correlation
graph between porosity and permeability. By applying the following power law equation
(where permeability is in millidarcy and porosity is in fraction of pore volume),
permeability and porosity values were correlated in other gridblocks around injection and

monitoring wells.

k = 6x10° x ¢/-50% (3.1)
Two new capillary pressure measurements on core samples with two different

porosity and permeability values, obtained from the new injection well, were used as a
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part of the input file. Furthermore, Holtz's (2002) correlations for maximum residual gas
saturation and irreducible water saturation in terms of porosity and permeability

(Equations 2 and 3) were used as the main parameter in developing relative permeability

data.

-1.6349
Syirr = 5.6709x (%) (3.2)
Sgr = 0.5473-0.9696¢ (3.3)

where ¢ is porosity, k is permeability, ngrax IS maximum residual gas saturation, and

Swir iSirreducible water saturation which is same as residual water saturation (Sy) in this
study. Corey's model (Corey, 1954) was used to construct the relative permeability
curves for atwo-phase brine-gas system.

In the modeling of the relative permeability data, all gridblocks were divided into
three rock type categories based on their porosity. Therefore, for each rock type a specific
relative permeability, capillary pressure, and maximum residual gas saturation (for
hysteresis calculations) were assigned. From a geological point of view, the first rock
type was considered for shale layers, the second set corresponded to low-porosity
sandstone blocks, and the third one was assumed for high-porosity blocks of the C sand.
Figure 3.6 shows the drainage relative permeability graph along with the hysteresis
curves for the imbibition process for rock type two, which is the representative of middie
class rock type data among the three rock types. It should be noted that the same Corey’s
exponents were used for all three rock types; other parameters used in constructing
different relative permeability data are shown in Table 3.2. In our study, hysteresisin the
gas relative permeability curve was modeled using a modified Land's equation (Land,
1971). In this method, gas and water relative permeabilities during the drainage process

are calculated using Corey-type relative permeability models. But during imbibition, gas
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relative permeability is calculated by accounting for shifted gas saturation (Syesnitted)) N

the same drainage moddl, i.e.,

shifted) — S, |9
krg(i mb) = K(r)g [Sgl(_s'w _)Sgsgr } (34)
where
Sy (Shifted) = Sy, + (g = Sym) (G ~Sy) (35)

(Sgh —Sgrn)

and Sy, (hysteresis gas saturation) is the value of Sy where the shift to imbibition
occurs. By definition, the values of Sy, are the values of gas saturations corresponding to
the highest capillary pressures at al times. Hysteresis residual gas saturation (Sy) is the
value of Sy (residual gas saturation during drainage which is considered as zero in this

study) corresponding to Sy, viathe modified Land's equation given below:

11 11
S S T Sy SwhTSw S Sy

where Si™ s the user input value for the maximum residual gas saturation, and S5 is

(3.6)

the maximum gas saturation and normally is equal to 1-S,,. In this study, due to the water
dry-out effect, especialy around the injection well where the viscous forces are very high
and the dry-out effect can be observed, it was considered equal to unity. Based on this
observation, gas relative permeability values were also extrapolated below irreducible
water saturations.

Using an equation of state compositional simulator, CMG's GEM (2004), severa
steps of the preliminary simulations were performed on the Frio aquifer for the purpose
of data calibration. In the beginning, our goal was to calibrate the primary input data for
further simulations. Like the CO,, the brine was treated as an independent component
(represented by H,O in the model) in order to alow for mass transfer between these two

components. It isimportant to realize that if water had been treated as an individual phase
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and not a component, the thermo-physical interactions between CO, as a component and
water as a phase would have been impossible.

The modified Peng-Robinson equation of state (PR78-EOS) was employed to fit
the experimental data for CO, solubility and brine density (Pedersen et al., 1984,
Scharlin, 1996; Garcia, 2001; Zaytsev and Aseyev, 1992). Carbon dioxide solubility,
brine density, and brine viscosity are functions of salinity, temperature, and pressure.
Also, the brine density and viscosity depend on the CO, concentration. Brine density as
well as CO; solubility in brine were calibrated against a correlation established by Kumar
et a. (Kumar, 2004). Solubility of CO, in the brine with 100,000 ppm salinity, at 57 °C
(134.5°F) and 15.17 MPa (2200 psi), (i.e. Frio aguifer conditions), is 1.158 mole percent
(Scharlin, 1996). Figure 3.7 shows the brine density with and without CO, saturation at
different salinities. Brine densities with and without CO, a T=57 °C (134.5 °F) and
P=15.17 MPa (2200 psi), are 1025.9 kg/m® (64.05 Ibm/ft3) and 1033.2 kg/m® (64.5
Ibm/ft3), respectively (Garcia, 2001). Asit can be seen, there is a slight increase in brine
density due to dissolution of supercritical CO,. This difference is smaller for the brines
with higher salinities. The binary interaction coefficient between CO, and H,O was tuned
to match the experimental data for CO, solubility. In addition, volume shift parameters of
both components were tuned to match the experimental data for brine density. Also, by
running several simulations, brine viscosity calibration against experimental data was
performed. Based on experimental data (Zaytsev and Aseyev, 1992) for temperature,
pressure, and salinity very similar to those in the Frio formation, the brine viscosity will
be 0.593 mPass (cp). Using the Pederson et a. (Pedersen et al.,1984) correlation for
different fluids' viscosity, we found Pedersen’s coefficients, for which the brine viscosity
in the smulation and experimenta data (Scharlin, 2006) were matching. These

coefficients were then used in the simulation input data.
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3.4 RESERVOIR SIMULATIONS AND DISCUSSION:

The aquifer grid model that we obtained from BEG was very large (over 130,000
grid blocks) and contained a large area (slightly over 600 acres ~ 2.7 km?). Because the
time and computational expenses required for simulation of such a large area were
excessive, and also considering the relatively small amount of CO, to be injected in the
field, it didn't seem reasonable or necessary to perform the simulations in such a large
model. Therefore, the target area was reduced to a reasonable number of gridblocks while
honoring the nature of the real field situation. In order to achieve this, the initial model
was first established using the data for the entire field. Then, taking into consideration
some geological features like faults and other geological compartments in the origind
model, it was possible to reduce the model to asmaller target area (Figure 3.3).

Some preliminary simulations were performed to check the CO, movement in the
selected area. Even after along injection period, the new established boundaries were far
from the gas plume. Also, two sides of this area were surrounded by two major faults,
which were assumed to be sealing (i.e., impervious) by considering them as null blocks;
this helped us to assume there were no flow boundaries in the blocks adjacent to these
faults. In order to maintain the hydrostatic initial conditions (i.e.,, 15.7 MPa) at the
boundary of the simulated area to alow for fluid movements out of the model, 23
equally-spaced boundary wells were placed in the parts of the model boundary that were
not confined by these sealing faults. In the vertical direction, 5 geological layers (the A,
B, and C sands and the two intervening shale layers) were divided into 26 grid layers.
The two shale layers were each represented by one numerical layer (Figure 3.2).

Since the distance between the injection and monitoring wells was so small and
considering the amount of injected CO,, we recognized the need for Local Grid
Refinement (LGR) around the injection and monitoring wells to obtain more accurate
results. Fortunately, this was possible using the CMG's LGR option. Before carrying out

the main simulation cases, a grid refinement around the injection and monitoring wells
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was performed to determine the optimum degree of refinement necessary to carry out an
accurate and consistent simulation study. Local Grid Refinement is a useful way to
increase the numerical accuracy of the simulations without refining the entire grid, which
would take much more computer time. Severa ways of using LGR were tested and are
described below. In these simulations with LGR, the same petrophysical properties as
those of the coarse (or parent) grid block are assigned to all the refined (or child) grid
blocks.

Thelocal grid refinement option in GEM is avery practical way to quickly assess
the effect of grid block size, and should definitely be used in similar studies in order to
accurately model CO, movements. Figure 3.8 shows the average gas saturation in the
refined area at the end of the CO, injection period versus the reciprocal of the degree of
refinement for different cases. This plot is basically representative of the grid-
convergence behavior for the smulation results and its sensitivity to the number of
gridblocks used in the simulation. As can be observed, the convergence of the smulation
results is achieved by dividing each main block into nine refined grids in the X and Y
directions. Therefore, the size of each gridblock was reduced from almost 27.5 m (90 ft)
to 3 m (10 ft) in each direction. The same study was performed for the Z direction, and
the gridblock size in this direction was aso reduced from 1.52 m (5 ft) to 0.76 m (2.5 ft).
It should be noted that this was the optimum degree of refinement in terms of the
computation time and the temporary computationa memory (RAM memory) needed to
perform the simulations.

As mentioned before, the pilot plan included injection of 3000 tons of pure CO,
(1600 tons were actually injected in the field) over 12 days (250 tons per day); therefore,
al of our simulations were performed to simulate 12 days of injection and 10 years of
monitoring. Since this smulation study was performed before the field test began in
October 2004, and since the main goal was not a history matching of the field test but a
prediction of the CO, behavior underground, 3000 tons of CO, were injected in the
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simulation cases. Because the permeability in the upper part of the C sand where
injection took place is higher than in the lower part, injection of the CO, was carried out
in a6 m (20 feet) interval at the top of the Frio C unit, right below the shale layer. This
strategy was chosen in order to have a successful two-well test study (to increase the
likelihood that breakthrough would occur with less than the 3000 tons of CO, permitted)
by trying to minimize the vertical extent of the plume and by maximizing its lateral
spread by injecting high in the C sand. According to the results from previous studies on
aquifer storage of CO, by Kumar (2004) and Ozah et al. (2005), we aso decided to
simulate the CO; injection process at the bottom as well as the top of the formation and
provide a sensitivity study for future field pilot tests. We observed that in the scenarios
with injection a the top, CO, migration extends farther laterally than if injection is
performed in the lower part of the aquifer. Figures 3.9 through 3.14 show the model
predicted-gas saturation distribution around the injection and monitoring wells for both
scenarios.

Figures 3.9 through 3.11 show the model results for the injection at the top
scenario. During the injection period (first 12 days), CO, accumulates around the
injection well and gradually starts to move lateraly under the shale layer. Simulation
results predicted that after 10 years, CO, will migrate more than 300 m (1000 feet). The
reason for this elongated plume is that the CO, plume hits a permeability barrier (because
of the updated high permeability region based on new core data and keeping lower
permeability areain the rest of the original model). Cross-sectional views (NE-SW cross
sections, passing through the monitoring well block) of CO, saturation also show that the
plume movement will be up dip due to buoyancy. After the injection period ends, the
counter-current down-dip flow of aguifer brine and up-dip flow of injected gas due to
buoyancy, leads to a decrease in gas saturation around the injection well. Also, in the
blocks around the injection well, a portion of the injected gas is being trapped as residual
gas due to the relative-permeability hysteresis effect. Because of its vaue in the
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sequestration process, confidence in ability to model the amount of CO, in the trapped
form under various injection strategies is important. Figure 3.11 shows the predicted
residual gas saturation distribution after 10 years in the aguifer. This amount increases
rapidly after the CO, injection ends and the brine invasion begins.

In the case of injection at the bottom, as can be seen from Figures 3.12 through
3.14 at 12 days of simulation, the shape of the CO, plume around the injection well
(Figure 3.12) is very similar to that for the top injection case (Figure 3.9). There are some
differences in the evolution of the plume after 10 years, based on the simulated models.
In the injection at the top case, CO, tends to migrate laterally by accumulating under the
shale barrier, while in the injection at the bottom case; it spreads verticaly due to
buoyancy effects. In the cross sectional view, lateral migration of CO; is much wider if
CO, isinjected at the top rather than at the bottom of the aquifer. This difference would
be more substantial if alarge volume of CO, had been injected. Comparison of these two
scenarios shows that the effect of the vertical counter-current flow in the injection at the
top case is much smaller than the injection at the bottom scenario.

Table 3.3 shows the CPU time for different smulation cases, with and without
local grid refinements. In general, ssimulations of cases with injection at the top took more
CPU time than the cases with injection at the bottom. This is probably because of the
need for more computations to account for the wider and bigger plume evolution and
consequently more calculations because of capillary pressure and hysteresis effects.
When LGR is implemented in the models, CPU time increases more than three times
when injection occurs in the bottom case compared to an increase of less than two times
in the top injection case. Therefore, it is seen that when LGR is added, the simulation
time for both cases becomes almost the same. This change in the CPU time can be
interpreted in terms of the equal number of refined grids in these two cases, which seems
to be the most important parameter in controlling the simulation time. It is interesting to
note that ssmulation run time was approximately increased by a factor of 2-3 when the

26



number of grid blocks was increased by afactor of 9in X and Y directionsand 2 inthe Z
direction, using local grid refinement. It can be seen that gas moves farther along some
paths. Also, higher gas saturation values were seen for the grid blocks having higher
permeability values. Since CO, will preferentially move aong pathways of higher
permeability, smulations with LGR reproduce better this flow effect. The question, then,
is how small can we go using finite-difference simulators such as GEM and what happens
when we go to very small grid block size? It should also be noted that in the larger field
scale CO, sequestration projects that are under execution in the other parts of the world,
such as Sleipner (Chadwick et al., 2004; Baklid et al., 1996), alonger injection time and a
much longer modeling time period (usually on the order of athousand years) is necessary
to determine the fate of CO,, requiring much higher computational expenses.

When CO; isinjected into the aquifer, a part of it dissolves in the brine, a portion
of it is trapped as aresidual gas, and the rest will be in the form of free and mobile gas.
The distribution of CO, in three different phases was calculated for both scenarios within
the simulated time period (10 years). Figure 3.15 shows the results for both scenarios. In
both cases, most of the CO, dissolves in the agueous phase or gets trapped as residual gas
soon after injection ends. For injection at the bottom, after three years there is no free gas
in the reservoir. In contrast, in the case of injection at the top, after 10 years about 5
percent of injected CO, is in the form of free gas. After 10 years, only 5 percent of
injected CO, isin the form of free gas. Due to buoyancy effects, when CO; isinjected at
the bottom of the aguifer it will move upward and will have more contact with the brine,
resulting in more dissolved CO, in the aqueous phase. We have observed that the amount
of trapped CO, in both cases is amost the same, but in the case of injection at the bottom,
a higher amount of dissolved gas is present in the aquifer. This results in a reduction in
the free gas portion; therefore, the case of injection at the top shows a larger amount of

free gas.
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3.5SIMULATION RESULTSVALIDATION

This simulation study was carried out before the field injection began. One of the
main goals of the field pilot study was to monitor CO, movement and its behavior
underground. Breakthrough time of the injected CO, at the monitoring well is one of the
vital quantified parameters to be measured in the field. Correct modeling of reservoir
heterogeneities, such as flow channels, is crucia in quantifying the breakthrough in
simulation models, especially considering the very short distance between the injection
and monitoring wells. In our simulations, CO, breakthrough at the monitoring well
occurred in the dissolved form in 2.7 days after injection began and CO, breakthrough in
the gaseous phase occurred dightly after the breakthrough of CO; in dissolved form.
Figure 3.16 shows the mass fraction rate of CO, in the agueous and gas phases versus
time at the observation well from the simulation results. Later, the field results showed
the actual period of 2.1 days (51 hrs), which is in agreement with the simulation results.
Figure 3.16 aso shows the pH and the alkalinity of the samples taken at 1 to 2 hours
frequency from the observation well (Freifeld et al., 2005). These properties can be
interpreted as an indirect indication for CO, presence in the brine. This agreement
between field and simulation results shows the effect of accurate and comprehensive
tuning studies as well as the accuracy of the whole model. The important effect of local
grid refinement in the short distance between the monitoring and injection wells should
not be disregarded.

Monitoring CO, plume evolution after injection ended was another goa of this
pilot study. Predicting the shape of the CO, plume in the subsurface and also quantifying
the CO, saturation around the observation well was crucia in order to better understand
the CO, movement and behavior around the wells. By comparing the field results and
simulated values, the validity of the geologica model as well as the entire simulation
process can be verified. Predicted gas saturation profiles at the monitoring well after 66

and 142 days were in relatively good agreement with the saturation values calculated
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from the RST (Reservoir Saturation Tool) logs (Sakurai et al., 2005) taken from the
observation well at the same times. Figure 3.17 shows the comparison of the modeled gas
saturation profile and the values calculated from RST logs. There are some differencesin
the observed and simulated values in the lower part of the formation. This may be partly
because of errors in the interpretation and conversion of log data in calculating CO,
saturation. In addition, as was mentioned, all of the simulation studies were performed
before the field test began. Three thousand tons of CO, were injected in the simulation
cases compared to 1600 tons of CO; injected in the field. This may be another reason for
the presence of more CO, mass in the simulation results than in the actual field test
results.

Since this dissertation was prepared for publication after all field data have been
gathered, we decided to modify the ssmulation model and inject 1600 tons of CO, (same
as what was injected in the field). Since the rate of injection in the first few days of the
pilot test in the simulation model was independent of the total CO, volume injected (it
was same as in the field test), breakthrough time did not change in the case that 1600 tons
of CO, was injected compared to the original 3000 tons of injection case. Saturation
profiles at the monitoring well, inferred from RST logs, were compared to the gas
saturation profile from the ssmulation results of 1600 tons of CO2 injection. Figure 3.18
shows the results of this comparison. It is clear that much better agreement was achieved
between field data and simulation results, but there are still some discrepancies. Asit was
mentioned previously, an update in porosity and permeability values was only performed
in the blocks around injection and monitoring wells and for other blocks relatively far
from these wells, origina porosity and permeability data were kept. Therefore, it is
possible that porosity values in blocks far from wells were underestimated and
consequently CO, was not able to move and reside more and faster when it hit these
blocks. One consequence of this can be more accumulation of CO, (therefore higher
saturation values) around monitoring well after 66 and 142 days in the simulation model.
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In addition, possible errors in log data interpretation should always be taken into

consideration.

3.6 SUMMARY AND CONCLUSIONS:

The main objective of this simulation research study was to build a predictive and
accurate ssimulation model to study the injection of CO; in the Frio aquifer pilot and also
to check the validity of developed simulation models for similar future CO, sequestration
studies. The reservoir ssimulation model for the Frio sequestration pilot was developed
carefully and different injection scenarios were simulated using GEM; CMG's
compositional simulator.

Accurate and careful caibration of input data such as CO, solubility, CO,-
saturated brine density, and viscosity were performed. Three different rock types were
modeled, with their corresponding relative permeability and capillary pressure data, along
with hysteresis relative permeability, which is a very important factor to account for the
effect of trapped gas on the CO, movement. Local grid refinement, with very small
gridblock sizes in X, Y, and Z directions, was carried out around the injection and
observation wells in order to predict CO, movement accurately. This was crucial to our
simulation model because of the relatively small amount of injected CO, and the short
distance between injection and observation wells.

Two different injection scenarios, injection at the top and at the bottom of C sand,
were ssimulated. It was very inexpensive to provide comparable insight for future field
tests by simulating different injection scenarios, utilizing a validated simulation model.
The simulation outcomes for the injection at the top scenario were verified against some
of the results of the field data that were gathered by the research groups performing the
field injection. Simulations of the Frio CO, pilot were performed primarily to predict the

CO; breakthrough time and CO, plume movement and behavior underground.
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The CO; breakthrough time in the form of free gas and CO, dissolved in the brine
at the observation well were very close to each other and were predicted as 2.7 days in
the ssmulation results, compared to 2.1 days (51 hours) observed in the pilot test. Also,
the predicted gas saturation profiles after 66 and 142 days at the monitoring well were in
good agreement with the results inferred from the RST logs taken in the field.

For al simulation cases, CO, distribution in three different phases (CO, in the
agueous phase, in the trapped form and in free gas form) was calculated. Based on the
results, CO, in the trapped form has the highest value in comparison to the two other
phases in both simulation scenarios. This is an important conclusion obtained from our
simulation. This form of injected CO, will remain unaltered over along period of time,
so the main objective of CO, sequestration will be achieved. CO, in free and mobile form
has the potential for escape from the reservoir, but only 2 to 5 percent of CO, will be in
free and mobile gas form and even this small amount is far from reaching the top during

the ssmulation period.
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Table 3.1: Summary of input data for simulations.

Length, m 1072

\Width, m 700

Dip, degree [5-35

Thickness, m 30.5-61

Number of blocks 43%x28x%26

Depth at top of formation at injection well,m {1540

\/ertical to horizontal Perm. Ratio 0.1

Average horizontal permeability, m* 3.74x107

Average vertical permeability, m* 3.74x10°

Average porosity, frac 0.214

Initial pressure, MPa 15.14

Maximum injection pressure, MPa 24.82

Temperature, °C I57

Salinity, ppm 100000

Component CO; Brine

Critical P., MPa 7.38 22.09

Critical T.,°C 31.05 374.2

Critical vol., m*/mol 9.4x10” | 5.6x10”

Molecular weight 44.01 18.02

A ccentric factor 0.224 0.344

Parachor 78 52

\/olume shift parameters 0.0247 0.234

Binary interaction coefficient -0.06027385

Table 3.2: Summary of parameters for three rock types.
Rock type 1 | Rock Type 2 | Rock Type 3

Average permeability, md 5x10°" 1x10™ 1.5x10*
Average Porosity, frac. 0.145 0.22 0.33
Residual water saturation (Swr), frac. 0.43 0.15 0.135
Maximum residual gas saturation (Sgrmax), frac. 0.4 0.33 0.22
Residual gas saturation (Sgr), frac. 0 0 0
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Table 3.3: CPU time required for ssmulations with and without local grid refinement.

CPU time (second) With LGR Without LGR
Injection at the bottom 1230.1 410.9
Injection at the top 1249.5 811.3
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Figure 3.3- Contour map of formation depth from the initial geological model and its

structural features, along with targeted simulation area
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Figure 3.4- NE-SW cross sectional view of permeability distribution around injection

well
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Figure 3.9- Simulation result of areal view for CO, plume in the case of injection at top
case, 12 days (left) and 10 years after injection starts (right)

Figure 3.10- NE-SW cross sectional view of CO, plume in the case of injection at top, 12
days (left) and 10 years after injection begins (right)

Figure 3.11- Areal view of residual gas saturation in the case of injection at top, 10 years
after injection begins
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Figure 3.12- Areal view of CO, plumein the case of injection at bottom, 12 days (left)
and 10 years after injection begins (right)

Figure 3.13- NE-SW cross sectional view of CO, plume in the case of injection at
bottom, 12 days (left) and 10 years after injection begins (right)

Figure 3.14- Areal view of residua gas saturation in the case of injection at bottom, 10
years after injection begins
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Chapter 4: Hysteresisand Field-scale Optimization of WAG I njection
for Coupled f-EOR and Sequestration

4.1 INTRODUCTION

The effect of relative permeability hysteresisin modeling storage of CO, in saline
aquifers has been studied in recent years (Kumar et al., 2004; Ozah et al., 2005; Spiteri et
al., 2005). The maximum number of phases considered in these type of studies are two
(gas and agueous phases). In coupled CO, sequestration and Enhanced Oil Recovery
(EOR) processes, the degree of complexity for the case studiesis higher due to the nature
of multiphase flow in the reservoir. Usually three or more phases (Guler et al. 2001) are
present, depending on temperature and pressure in the reservoir during CO, injection.
Also, in order to account for the phase behavior effect of phenomena that occur when
CO; is injected into the reservoir, full compositional simulations should be performed.
Moreover, when the fluid saturations experience cyclic changes, relative permeabilities
and capillary pressure data show hysteresis behavior. Hysteresis is defined as path
irreversibility of relative permeability and capillary pressure curves during drainage and
imbibition periods. The imbibition oil and gas relative permeability curves are generally
lower than the drainage curve at the same saturation. But the imbibition water relative
permeability curve is dightly greater than the drainage curve. This phenomenon is more
evident in respect to the gas phase than in other phases.

In the coupled CO,-EOR and sequestration studies, one of the key issues is the
effect and importance of the trapping and hysteresis model on the amount of stored CO,
in the reservoir. If gas remainsin the reservoir in the form of trapped gas, the risk of gas
migration and its escape from the reservoir will be minimized. Some studies have been
performed to investigate the effect of hysteresis residua gas saturation on the amount of
stored CO; in the saline agquifers using compositional (Kumar et a., 2004; Ozah et al.,
2005) and black oil ssmulators (Spiteri et al., 2005). It should be noted that the degree of
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complexity of fluid flow in porous mediain the studies which are involved in the coupled
CO,-EOR and sequestration is much higher than in the aquifer storage cases; therefore
careful selection of relative permeability models and their associated parameters have an
important rolein the final results.

One of the main issues in the EOR and sequestration studies, which can
jeopardize the storage side, is early CO, break through due to its high mobility and
reservoir heterogeneity. Effective strategies should be investigated to optimize oail
recovery and the amount of stored CO,. These strategies can include employing different
injection and production schemes, and applying various well control techniques, as well
as different mobility control technologies (WAG, SAG, foam, etc.) to delay early CO,
breakthrough at production wells. Water Alternating Gas (WAG) is a common technique
that has been used for along time to control high mobility of CO,. The simultaneous flow
of gas and water generally yields a net mobility that is less than that of the injection gas
alone. This can cause some improvement in sweep efficiency during gas injection. When
complete miscibility is developed by injecting the CO,, gas starts displacing trapped oil,
while the injection of water slug increases the volumetric sweep efficiency; therefore the
residual oil saturation will be low after the miscible front has passed. It should be
mentioned that WAG ratio and slug size of the injected gas are two important factors in
any WAG process in order to achieve the highest possible oil recovery. On the other
hand, injecting water into the reservoir decreases the total volume of CO, that could be
injected as continuous slug. Therefore, the optimum amount of water should be injected
into the reservoir to satisfy the other goa of this study which is CO, storage.
Investigations should be made to co-optimize both recovery and storage by employing
the best scenario for WAG process specifications such as WAG ratio and CO, half cycle
Size.

Oil recovery and CO, storage predictions in these types of investigations are
being made by performing reservoir simulation studies. Relative permeability function
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and PVT datafor the models used in the simulators are two key factors that greatly affect
the simulation results. Careful consideration should be given in order to select the
appropriate relative permeability mode and generate accurate PVT data. More
importantly, due to the importance of mass transfer and miscibility in these types of
processes, compositional simulation should be employed to provide better estimates of
the combined fluid flow and compositional effects on oil recovery and the amount of
stored CO,. As mentioned before, because of the cyclic behavior of saturations, accurate
hysteresis relative permeability and capillary pressure models should be selected to
reduce the degree of uncertainty in the predictions. Compositional simulation of WAG
injection for EOR purposes, with and without hysteresis-included, has been proven to
predict different results in 2-D and 3-D cases (Christensen et al. 2000). In addition, they
have shown that simulations of this process can have considerable compositional effects,
therefore, applying compositional simulation will give more accurate results than using

black oil simulations.

4.2 HYSTERESISAND RELATIVE PERMEABILITY MODELS

A short description of the relative permeability as well as hysteresis models which
were used in this study is given in this section. We used experimental data and correlation
models presented by Jerauld (1996). These relative permeability data belong to Prudhoe
Bay, a mixed wet sandstone (Jerauld and Rathmell, 1997) reservoir, which has gone
through a series of successful secondary and tertiary recoveries such as WAG injection.
These data include vast amount of descent two-, and three-phase relative permeabilities
along with hysteresisin gas, oil and water phases. The correlation that has been presented
in his paper is also particularly useful in situations where both compositional effects and

gas or oil relative permeability hysteresis are important.
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Since we do not want to use only one value for maximum residual gas saturation
for al of the permeability and porosity valuesin the gridblocks, three different rock types
were defined to obtain more accurate results. Maximum residual gas saturation is used to
calculate residua gas saturation in the reservoir. Residual gas saturation is the most
important parameter in evaluating the storage performance of the flood. The effect of
trapped gas on oil recovery should also be investigated. Residual gas saturation, as well
as some of the relative permeability parameters are correlated with different rock types.
The correlations of Holltz (2002), were used to construct a relationship between
petropysical data and generated stochastic reservoir fields. These correlations were

initially developed using sandstone data and are applicable to CO, sequestration studies.

k =7E7x¢>%L (4.1)
-1.6349

Syirr = 5.6709><( 'Og(k)j 4.2)

Syt = 0.5473-0.9696¢ (4.3)

where ¢ is the porosity, k is the permeability, ngrax is the maximum residua gas

saturation, and S,ir IS the irreducible water saturation. Figure 4.1 shows the relation
between maximum residual gas saturation and porosity using experimental data from

different rock types as well as Holtz' s equation for sandstones.

4.2.1 Two-Phase Water Relative Permeability

The water relative permeability in the two-phase oil and water system was
modeled using Jerauld's (1996) correlation. This model matches experimental data for
Purdhoe Bay mixed-wet sandstone. It denotes that to fit the imbibition water relative
permeability a more S-shaped, rather than a simple Corey relative permeability moddl, is
required. i.e.,
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(4.4)

where Cyo5 and Cyoq are empirically derived constants. To calculate the residual water

saturation in the above equation we used the Holtz correlation.

4.2.2 Two-Phase Gasrelative Per meability

For this set of data we also adopted the two-phase relative permeability data
proposed by Jerauld and Rathmell (1997). Gas relative permeability data are well

represented by the equation below:
C
- gl
(1+Cqgp) Y5y
K = S 4.5
g _ Cg1(1+1/ Cgp) (4.5)
1, 3
g2
1-Sy

where Cgy; and Cy, are empirically derived constants. Residual gas saturation was taken as
zero for al three rock types. It can be shown that at low gas saturations, the numerator of
this equation dominates and approaches the conventional Corey (1954) equation. At
higher gas saturations, the second term of the denominator becomes dominant and causes

acontinuously decreasing slope of the K4 curve.

4.2.3 Two-Phase Oil relative Per meability

The oil relative permeabilities with respect to water and gas fit well with the

Corey model given below:
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krow = k?ow (ﬂj (4.6)

1-Swr — Sorw
o 1S5Sy 0
krog = krog [_1—SL _Sg ] (4.7)
rg r

4.2.4 Two-Phase Capillary Pressure

Two-phase capillary pressure for any rock type is modeled using the Leverett J-

function;

_o |9
Pc=c kj (4.8

where ¢ is the porosity, k is the permeability, o is interfacial tension between water-oil
and that of gas-liquid at reservoir temperature and pressure, and j is the dimensionless

Leverett j-function:

j=S"+e—1 (4.9)
where S is the wetting phase saturation as fraction, je is the entry value of j-function
(here equal to 0.4), and "n" isthe pore size distribution index; large "n" means well sorted
and small values mean poorly sorted rock. Data for interfacial tension were obtained from

Yang et a. (2005).

4.2.5 Hysteresisand Gas Trapping Model

In the reservoir simulation studies, hysteresis effects should be considered
whenever there is a change in the injected fluid or the displacement mechanism is
switched from drainage to imbibition, and vice versa. Figure 4.2 shows these cyclic
changes between imbibition and drainage gas relative permeability curves. The WAG

process is an example of this phenomenon. Therefore, it is critical to include a valid
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hysteresis model in order to obtain accurate results in the WAG simulations. In the
simulations in which hysteresis is not modeled and accounted for, only drainage gas
relative permeability data are being used during the drainage and imbibition processes.
This can cause the effect of trapped gas in the oil recovery to remain unaccounted for.
Moreover, residual gas saturation predictions, which are the most important factors in the
CO, sequestration studies, can only be performed by employing the hysteresis model in
the simulation.

Trapped gas saturation influences water injectivity and is the primary determinant
of the amount of miscible injected fluid retained in the reservoir, and therefore
unavailable for oil displacement. In most studies (Jerauld and Rathmell, 1997,
Christensen et a., 2000; Kumar et a., 2004) it has been shown that the trapped gas data
are poorly fit by the Land (1971) equation but are reasonably well approximated by a
modified form of the Land equation. Following, is a short description of this model.

Based on Land's equation, gas saturation is divided into two parts, residual (or
trapped) gas saturation and free gas saturation. His original empirical equation correlates
the maximum residual gas saturation to the initial gas saturation (the point where

drainage is shifted to imbibition). The equations below show this concept:

Sy =Syt +Sr (4.10)

L1 ¢ (4.11)

¥ S
where Sy is the initial gas saturation, Sy, the mobile gas saturation, C is the Land's
constant, Sy, the residual gas saturation, and Sy is the gas saturation.

In our study, hysteresis in gas relative permeability curves was modeled using a
modified Land's equation. In this method, gas relative permeability during the drainage
process is calculated using user-defined relative permeability models. During imbibition,

gas relative permeability is calculated using shifted gas saturation, i.e.,
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(1+C )LSQ (shifted) — Sy, }Cgl
92 1— Sgr
O i) 5, | O -
1+ Cg2 [ 1— Sgr ]
where
Sy (Shifted) = Sy, + (g = Sym) (G ~Syr) (4.13)

(Sgh —Syrh)

and Sy (hysteresis gas saturation) is the value of Sy where the shift to imbibition occurs.
By definition, the values of Sy, are the values of gas saturations corresponding to the
highest capillary pressures at all times. Hysteresis residual gas saturation (Syn) is also the

values of Sy corresponding to Sy, via modified Land's equation given below:

11 11
S-Sy &0 Sy SwhTSwr S Sy

where S is the user input value for the maximum residual gas saturation, and Sy is

(4.14)

maximum gas saturation which was considered equal to 1 in our study. After performing
a set of 1-D homogeneous simulations, performance and accuracy of the hysteresis
modeling in the simulator were checked. Figure 4.3 shows the relation between gas
saturation and residual gas saturation using modified Land’s equation. It is aso observed
that our simulated values as well as experimental data from Jerauld and Rathmell (1997)

follow this relation.

4.2.6 Three-Phase Relative Per meability

Since gas phase is the most non-wetting phase in a three phase oil, water and gas
system therefore, gas phase relative permeability is only function of gas saturation. The
water phase is also non-wetting phase with respect to oil and wetting-phase with respect

to the gas phase. In fact thisis the reason that shows slight hysteresis, but in our modeling
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we assumed that hysteresis effect to be negligible. Furthermore, we assumed that the
three-phase water relative permeability is only a function of water saturation, and is a
weak function of the saturations of other present phases. Relative permeability of the oil
phase, which is the intermediate wetting phase, is more influenced by interaction with
other phases. There are different correlations to predict three-phase oil relative
permeabilities, and extensive studies have been performed comparison these models
(Baker, 1988; Jerauld, 1996; Spiteri and Juanes, 2004). In this study, we selected the
saturation weighted interpolation method proposed by Baker (1988), since it has shown
better correlation with experimental data so far (Delshad and Pope, 1989). Therefore,
three-phase oil relative permeability data are constructed based on saturation-weighted

interpolation between water-oil and gas-oil data as given by Equation 4.15:

K = (Sw = Swe)Krow + (Sg —Syr)Krog
© (Sw —Swe) + (S —Syr)

Table 4.1 shows al of the parameters used to generate the two-phase relative

(4.15)

permeability and capillary pressure data for the three rock types used in the simulation

models.

4.3NUMERICAL SIMULATION STUDIES

In this section, we present the results for compositional simulation studies that
were performed in two-dimensional and three-dimensional heterogeneous generic
reservoirs. The effect of important factors in the WAG processes, on the oil recovery and
the amount of stored CO, was investigated to determine the optimum situation for a
WAG process to achieve highest possible recovery and amount of CO, trapped in the
reservoir. Since WAG injection processes are strictly dependent on reservoir
heterogeneity, the effect of reservoir heterogeneity parameters such as Dykstra Parsons

coefficient and the correlation lengths in all three spatial directions were studied to
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achieve comprehensive results for coupled CO, sequestration and WAG processes under

these uncertain variabl es.

4.3.1 Two-Dimensional Simulation M odel
4.3.1.1 Model Description

A cross sectional stochastic 2-D X-Z dipping model was built in the Cartesian
coordinate. The reservoir lithology was considered as sandstone, therefore all reservoir
properties were selected based on this important assumption. The reservoir grid was
initially set to 40x1x20. Table 4.2 shows the summary data for this reservoir. Figure 4.4
shows the reservoir stochastic permeability field. The average horizontal permeability is
110 md and the average porosity is 0.22 fraction of reservoir bulk volume. Rock-fluid
interaction parameters were also calculated using the previously explained method and
compared to data from Jerauld (1996). GEM, CMG's (2006) advanced general equation-
of-state compositional simulator was used to perform the simulations.

Accurate characterization of a crude oil and then tuning of the EOS model, used
in a compositiona EOS simulator, are important first steps in smulating WAG and CO,
flooding processes. Khan (1992) studied several light crude ails for this purpose and
reported a systematic approach for selecting pseudo components and their properties that
showed very good agreement with experimental data for conditions when both two- and
three-phase flow are formed between the CO, and crude ail. In addition, 1-D slim tube
simulations were performed to check the accuracy of the model and determine the
minimum miscibility pressure (MMP) between injected CO, and reservoir fluid. Figure
4.5 shows the comparison of simulated results and experimental data. As part of this
preliminary study, the minimum miscibility pressure of reservoir oil with CO, was
calculated using Calsep's PVTSIim (2004) using the modified Peng-Robinson EOS option

and the same components and parameters used by Khan. The computed MMP was 1224
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psia, which is in good agreement with experimental data. Table 4.3 shows the PVT

parameters used in our study.

4.3.1.2 Simulation Results and Discussion

Before carrying out the main simulation cases, grid refinement was performed to
determine the optimum number of gridblocks to carry out an accurate and consistent
study. Also, to obtain the most resemblance to real world cases, water was injected up-
dip into the reservoir to establish the initial condition for the WAG process. Using the
CMG's RESTART option, al of the WAG injection simulations were then carried out by
restarting the previous simulation. For all refinement study simulations, a WAG ratio of
0.6 and a CO; half-cycle of 3% HCPV were applied. In addition, an initial CO, dug size
was selected as 15% HCPV. Figure 4.6 shows the convergence graph for al of the
refined cases. The water flood cases converged by using 100 blocks in the X direction
and 40 blocks in the Z direction. The WAG process, with hysteresis-included, converged
by taking 60 gridblocks in the Z direction and 125 gridblocks in the X direction.
Considering the computational expenses and time, a 100x1x40 grid was chosen as the
optimum case for all 2-D simulations.

For the cases with a higher degree of refinement, it was necessary to apply a
higher-order approximation scheme to reduce the numerica dispersion of the
simulations. In addition, since very small grid sizes were used, the physical dispersion
effect also was taken into account. By inputting the physical dispersion aong with
hysteresis model in the relative permeability data in the compositional simulation run,
and due to the effect of the mathematical nature of physical dispersion (creating a second-
order derivative in the governing partia differential equation), severe numerical
instabilities such as pressure overshooting and convergence problems were observed. To

solve this problem, afully implicit formulation along with two-point up-stream weighting
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method under the control of a Total Variation Limiting (TVD) flux limiter was
employed. The TVD limiter eliminates over- and under-shoots in the caculations. The
limiter also alows the higher-order flux calculation to predominate in regions away from
the edges of saturation fronts and fluid banks, and reverts the calculations to a more stable
upstream scheme near these fronta regions where compositiona variable and saturations
were changing rapidly.

After selecting the optimum number of gridblocks to continue the study, water
was injected into the reservoir. In the water flooding stage, 48 percent of origina oil in
place (OOIP) was produced before the water cut reached 95 percent in the production
well. Average remaining oil saturation after water flooding was 39 percent. Water
breakthrough happened after amost 4.1 years and after about 12.6 years the water cut in
the producing well reached 95 percent.

The hysteresis effect is vital in obtaining accurate results for WAG process
simulations. From the sequestration point of view, including the hysteresis in the
simulation processes provides an accurate prediction for amount of trapped gas. Residual
gas is the immobile form of the gas and will reside in the reservoir for a long period of
time. This is basically the ultimate goa for storing CO, underground. By including
hysteresis in the simulation model it will be possible to calculate portions of the gas in
both residual and free forms. It should be noted that the residual gas saturation for each
gridblock will be different depending on the rock type for that gridblock. By employing a
special version of GEM provided to The University of Texas at Austin by CMG, Ltd., we
were able to calculate corresponding Sy (hysteresis gas saturation, which is the maximum
gas saturation in each gridblock at any time the during entire simulation period), as well
as Syn (residual gas saturation corresponding to its Syn value in each gridblock). Figure
4.7-a shows the hysteresis gas saturation (Sypn), Figure 4.7-b shows the residual hysteresis
gas saturation (Syh), and Figure 4.7-c shows the gas saturation (Sy) distribution at the end
of WAG injection. Residual hysteresis gas saturation data in Figure 4.7-b shows the
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actual trapped portion of the gas during simulation. The difference between gas saturation
data, shown in Figure 4.7-c and residual hysteresis gas saturation values will show the
portion of CO, in free form or mixed with the hydrocarbon phase. It can be observed that
due to the effect of higher heterogeneity, some parts of the reservoir have not been swept
by gas, resulting in avery high remaining oil saturation and low gas saturation areas.

From production perspective, hysteresis is responsible for trapping CO, in the
reservoir as residual gas, causing a higher efficiency of the flood. Figure 4.8 shows the
comparison of oil recovery factor for different simulation cases, with and without
hysteresis and at different WAG ratios, but al at the same CO, dug sizes. Injection of
water after each gas cycle causes gas to be trapped in the reservoir due to hysteresis,
reducing gas mobility. Consequently, this can make barriers to the water phase resulting
in lower water cut as well as lower gas-oil ratio. In addition, gas trapping can help
achieving better sweep, which results in higher recovery compared to the simulations
without the hysteresis model. It is aso seen from Figure 4.8 that due to the reduction in
the oil relative permeability, because of the existence of trapped gas, oil mobility reduces,
which causes better sweep but over alonger period of time.

The effect of hysteresis is more obvious from the CO, storage perspective. Figure
4.9 shows the comparison of average gas saturation in the reservoir sector for cases with
and without hysteresis, applied in the model. By applying hysteresis, the predictions for
CO; saturation are 60 percent higher than in the cases without hysteresis at the end of the
simulation. But, from a recovery viewpoint, there seems to be little difference between
these two cases. Oil recovery is amost 3 percent higher in the cases that hysteresis was
applied in the simulation. It should be noted that depending on the hysteresis parameters
used, oil recovery predictions, and more importantly CO, saturation in the reservoir, can

change.
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4.3.2 Field-scale Simulations

Based on our initial observations from the 2-D WAG injection simulation results,
guantifying the effect of WAG parameters (e.g. WAG ratio and CO, dug size),
hysteresis, and reservoir heterogeneity characteristics (e.g. Dykstra-Parsons coefficient,
dimensionless correlation length in X, Y, and Z direction) in the WAG injection
processes was crucial for coupled EOR and sequestration studies. Field-scale
compositional simulations of WAG injection were performed to investigate these effects
in a more detailed manner. In order to carry out a comprehensive study of the mentioned
parameters, an experimental design method was applied.

Design of experiment (DOE) is a tool to perform a comprehensive sensitivity
study on the factors or parameters with some range of uncertaintiesin order to understand
their individual or combined effects on pre-defined process(es), caled Response
variable(s). Responses are representatives of the objectives of the process as the output,
and the settings for the parameters and decision variables as the input. Experimental
design is based on the application of different sampling methods (e.g. Latin hyperbolic
method) to identify a subset of experiments from alarger set, according to the number of
factors that need to be analyzed. By applying this method, attempt is made to maximize
information obtained from this subset of experimentsin order to achieve a comprehensive
level of information on the whole set of necessary experiments. Results from these
limited experiments are statistically evaluated to define the significance of the different
factors on the main process(es). An experimental design study is used to generate
Response Surfaces (RS) that are able to predict the effect of variations of factors in a
simple mathematical form. There are different techniques, such as two-level factorial
design, three-level factorial design, D-optimal, and etc.,, to perform a successful
experimental design study (Montgomery, 2001).

The two-level factoria design method was used to carry out the sensitivity

analysis. It should be noted that the main goal of this study was to determine the optimum
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values or scenarios of the mentioned parameters, to achieve both maximum possible oil
recovery and the stored amount of CO,. It was also desired to investigate the interaction
between hysteresis modeling and importance of bigger scale phenomena such as area
sweep and reservoir heterogeneity. Table 4.4 shows the design parameters and their
corresponding range of variation for this study. Defined range of the variables was taken

from Jarrel et al. (2002) and Christensen et a. (2001).

4.3.2.1 Reservoir Model

A 3-D corner point reservoir grid was constructed for our simulation case studies
and then stochastic permeability and porosity values were assigned for the gridblocks.
The reservoir lithology was considered as sandstone; therefore, all reservoir properties
were based on this important assumption. The average horizontal permeability is 113 md
and the average porosity is 0.23 fraction of reservoir bulk volume for all of the stochastic
fields. Figure 4.10 shows two cases of the reservoir stochastic permeability fields. The
same hysteresis parameters were used as in the 2-D simulation cases. Reservoir geometry
comprised two anticline domes adjacent to each other with a 200 ft thickness at the depth
of 6100 ft. The reservoir grid was set to 28x40x15 gridblocks. Table 4.5 shows the
summary datafor the reservoir properties. For rock-fluid and PV T data, we used the same
relative permeability and hysteresis models as in the 2-D simulation models. The same
PVT datathat were used in the 2-D cross sectiona simulations was applied here as well.
Reservoir fluid was considered in a vertical equilibrium condition with water-oil contact
of 6400 ft. The bottom aquifer was not considered an active supporting energy source for
the reservoir. Table 4.5 shows the average oil and water saturation in the reservoir. Since
al of the reservoir blocks were classified into three different rock types, maximum
residual gas saturation values were calculated for each rock type according to the

previously stated correlations (Holtz, 2002).
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Similar to the 2-D simulations, and to obtain the most resemblance to the real
world cases, al of the WAG injection simulations restarted at the end of the waterflood.
Water was injected nearly up dip using 6 vertical wells and oil was produced by 13
vertical wells in the oil zone. Figure 4.11 shows the 3-D view of the remaining ail
saturation at the end of the water flood in one of the simulation cases. By the end of the
primary and water flooding stages, an average of 42 percent of origina oil in place
(OOIP) was produced in different simulation cases (considering 98 percent water cut as
the production limit for each well). The average remaining oil saturation after water
flooding was 31 percent. The duration of water flooding was almost 5.3 years. After
water flooding, WAG injection simulations were performed. In this stage, water and CO,
were injected aternately with three injection wells, and oil was produced using 15
production wells. The injection rate was controlled by a maximum Bottom Hole Pressure
(BHP) constraint set to 3300 psi (fracture pressure at the depth of 6000 ft). The
production wells operated under a minimum bottom hole pressure constraint of 1400 psi.
The injected volumes of the fluids at the reservoir condition were controlled for each
cycle to honor the WAG ratio and CO, dug sizes. Therefore, injection fluids were
automatically being switched during the period of simulation time. By applying extensive
well completion scenarios, it was tried to control the amount of water and CO,
production. For instance, when the water cut reached 98% or gas-ail ratio reached 20000
scf/STB, most offending layers were plugged and checked periodically to see whether
previously violated monitored constraints had ceased being violated. If so, the layer was
reopened automatically. As another well control operation for WAG injection

simulations, the total minimum production of the field was limited to 10 STB/day.
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4.3.2.2 Simulation Results and Discussion

Considering the results from 2-D simulations of the WAG flooding process, it can
be inferred that more simulations needed to be performed to examine the effect of other
factors, such as reservoir heterogeneity as well as a combination of different parameters
on the considered objective functions in field-scale cases. Ranking the effect of
considered parameters on oil recovery and the amount of stored CO, can also be made
possible by applying statistical analysis on the simulation results. This can be a powerful
tool in screening the candidate reservoirs and the flood design parameters for any WAG
process.

In this study, the oil recovery factor and the amount of stored CO, (CO;
saturation) were initially chosen as our objective functions, and the main goa was to
determine the optimal combination of design variables under the range of variation for
each one. Two-level factoriad design method was utilized to plan the number of
simulation runs and status/value of each uncertain parameter in any simulation case. If
classical sensitivity analysis was supposed to be applied, 64 simulation cases were
necessary to be performed in order to obtain the final results; but according to the number
of factors and selected experimenta design method, 16 different compositiona
simulation cases were selected out of those 64 (2°) simulation runs. Therefore, the
amount of computational time and engineering expenses was reduced by 75 % . Table 4.6
shows the selected simulation runs and status/value of different parameters in each case.
Based on this plan, 16 input data series were set up and CO,-WAG simulations were
carried out for all of them. Table 4.7 shows the results for al of the objective functions
obtained from performing those simulation runs.

It is clear from Table 4.7 that because of constraint in the GOR and water-cut
(WC) of the production wells, the duration of the simulation runs (to reach GOR/WCUT
of production wells to 20000 SCF/STB) was different for each case. Therefore, it was

necessary to enter the factor of time as another criterion to account for its effect in the
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previously considered objective functions. The best way to apply this was to consider Net
Present Value (NPV) for each simulation as the third objective function. Table 4.7 shows
the results for oil recovery, CO, saturation, and NPV as final objective functions in
different simulation cases. In order to perform the NPV calculations, the economical
parameters shown in Table 4.8 were assumed. It can be observed from Table 4.7 that the
incremental oil recovery varies from 14.7% to 25.9% for various simulation cases. CO;
saturation varies between 0.04 and 0.26 and the NPV of the simulations is changing from
20.6t041.8 SMM.

Figurel2 shows the simulation results for oil recovery factor for severd
sengitivity cases listed in Table 4.6. Run numbers 1 and 15 have hysteresis included in
the models compared to the two other runs in which hysteresis was not applied. It is seen
that in the cases with hysteresis oil recovery seems dlightly higher but over a longer
period of ssimulation time. This is due to the effect of trapped gas blocking the oil flow.
Figure 4.12 also shows that simulation runs 1 and 16 have overal lower recoveries
compared to the two other runs. This is mostly due to the effect of higher heterogeneity
(more specifically, higher Dykstra-Parson's coefficient) in the runs 1 and 16. Despite the
fact that these two runs have lower WAG ratios and slug sizes, and intuitively they
should have higher oil recoveries, however, due to the effect of higher heterogeneity they
have lower oil recoveries compared to the two other runs. This clearly shows that
reservoir heterogeneity has higher impact on oil recovery than WAG ratio and slug size.

Figure 4.13 shows the average gas saturation distribution over time in the
reservoir for aforementioned sensitivity runs. Bigger oscillations in the gas saturation in
runs 1 and 15, compared to two other scenarios, indicate higher slug sizes and WAG
ratios. Comparing runs 1 and 16, where both runs have the same WAG ratio and slug
sizes, shows that due the effect of hysteresis which has been accounted for in run 1,
higher gas saturation is achieved in the reservoir. Due to the same reason, run 15 has
higher gas saturation than run 11.
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Figure 4.14 shows the results of statistical analysis on the simulation results. It
shows the effect of all six factors on both estimated oil recovery and CO, storage
objective functions using two-level factorial design method. The effect on the X axis
represents the change in the average response when a factor varies from its low to high
value within the range of uncertainty. The effect is negative (blue colors) when the
increase in the factor from the low side to the high side decreases the response value, and
the effect is positive when the increase in the factor from the low side to the high side
increases the response value. High influential factors (first-order effects) on the recovery
and storage objective functions are shown in Figure 4.14. Based on the parameters and
the reservoir conditions studied, the order from most to least influential factors on the
recovery objective are Dykstra-Parsons coefficient, combination of WAG ratio and slug
size, and slug size by itself. Whereas, for the storage objective by far the most influential
factor is WAG ratio, then a combination of WAG ratio and hysteresis, and then hysteresis
by itself. It should be noted that some of these parameters have negative and positive
effects on the responses. For instance, it is evident from the statistical analysis that when
WAG ratio increases, it can greatly decrease the storage response. Also, if hysteresis
models were not applied in the model, the storage objective function is reduced
significantly. After defining sensitive parameters and ranking them based on their
importance on each objective function, the response surfaces are generated. Figure 4.15
demonstrates the response surfaces for CO, saturation and Figure 4.16 shows the
responses for recovery objective function. These response surfaces are presented at
different WAG ratio and slug sizes but other uncertain parameters corresponding to these
response surfaces are shown in the figure. According to Figure 4.15, storage response
shows relatively linear trend; it decreases with the increase in the WAG ratio and does
not change significantly with variation in slug size. In addition, it is shown that if
hysteresis was applied in the simulation model, storage responses have qualitatively
similar trend (function) with respect to the other parameters, but is quantitatively lower
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than the cases in which hysteresis was not applied. According to Figure 4.16, the ail
recovery response surfaces are demonstrating fairly non-linear trend. As with the storage
responses, it is shown that applying hysteresis in the model generally causes an increase
in oil recovery. It aso shows that at relatively low WAG ratios, smaler slug sizes are
needed in order to achieve higher recoveries and vice versa.

Mathematical forms of generated response surfaces were utilized to perform
optimization on oil recovery and the amount of stored CO, as well as Net Present Value
(NPV) for the WAG process. Therefore, optimization processes were performed to define
conditions for any of six uncertain factors by which the highest possible recovery,
storage, and net present value is achieved. An equally-weighted combination of recovery
and storage objective functions was also considered as another optimization scenario. It
should be noted that the dollar value of each cubic feet of stored CO, and the dollar value
of each standard barrel of oil produced as two dimensionless-type parameters were both
considered as representative for net present value of each simulation case. They were
calculated by dividing NPV of each simulation case by the total amount of stored CO,
and aso the total amount of oil produced. Table 4.9 shows the results of four different
optimization scenarios that were defined in this study. In addition, status/values for each
uncertain parameter in order to achieve optimum value for defined objective functions
were suggested by the method of response surfaces for each scenario. These results are
shown in Table 4.9 aswell.

Another advantage of applying experimental design and the method of response
surfaces to perform the optimization process is that the optimized values for all scenarios
can be predicted with a specified margin of error. In this study, these predicted values for
each scenario are shown in Tale 9. Predicted response values for each optimization
scenario were very close to the values that were acquired by performing their
corresponding simulation runs. It is also evident that the effect of hysteresis modeling is
vital in obtaining accurate results for recovery predictions and particularly for the amount
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of stored CO,. Table 4.9 shows that hysteresis has a very large impact on the behavior of
CO; interms of both oil recovery and storage in heterogeneous oil reservoirs. In addition,
it can be seen that the CO, storage is greater for oil reservoirs with low heterogeneity and
at lower WAG ratio and CO, dug sizes. Profit gained from a CO,-EOR project is
expected to be greater for oil reservoirs with low heterogeneity and at high WAG ratio

and large CO, slug sizes.

4.4 SUMMARY AND CONCLUSIONS

Two-dimensional and field-scale compositional reservoir ssimulation study was
performed to investigate the effect of hysteresis on the amount of stored CO, and ail
recovery in a coupled EOR and sequestration study. Results of this study show the effect
of hysteresis gas saturation on CO, storage as well as on the oil recovery. Hysteresis gas
saturation and residual hysteresis gas saturation are two of the main factors in performing
a CO, sequestration study, especially when cyclic saturation behavior (similar to that in
the WAG injection) is being modeled. These two parameters can be modeled when
hysteresis is taken into account. Hysteresis is responsible for trapping the CO, in the
reservoir as residua gas, causing higher efficiency of the flood. It should be mentioned
that due to the reduction in the oil relative permeability because of the existence of
trapped gas, oil mobility is reduced. This causes better sweep but takes alonger period of
time. In addition, by applying hysteresis, the predictions for CO, saturation are higher
than in the cases without hysteresis at the end of the simulation. From the recovery
viewpoint, there seem to be few differences between these two cases. In this study,
experimental relative permeability data (Jerauld, 1996) along with a modified Land's
model (to account for hysteresis) was applied in all of the ssimulation cases.

The impact of hysteresis on the ssimulation results of a vertical cross sectiona

model was investigated. Grid refinement was performed to study the convergence
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behavior of the model. Due to the application of very small grid sizes, the physica
dispersion effect also was taken into account. Because of the complicated nature of the
problem (compositional simulation with hysteresis and physical dispersion included in
the model), some numerical oscillations occurred during the simulations even while using
a higher-order approximation scheme with TVD limiter.

Field-scale 3-D compositional simulations of WAG injection were performed to
guantify the effect of WAG parameters (e.g. WAG ratio and CO, slug size), hysteresis,
and reservoir heterogeneity (such as Dykstra-Parsons coefficient and dimensionless
correlation length in three dimensions) in the WAG injection processes by applying a
two-level factorial experimental design method. After the statistical analysis of the
simulation results, the effect of all six uncertain parameters on oil recovery and CO;
storage as well as project economics was determined. Based on the parameters and the
reservoir conditions studied, the most to least influential factors for recovery objective
are Dykstra-Parsons coefficient, combination of WAG ratio and slug size, and slug size
by itself. However, for storage objective, by far the most influential factor is WAG ratio,
followed by combination of WAG ratio and hysteresis, and lastly hysteresis by itself.

The optimization process was carried out to define conditions for all six
parameters by which the highest possible recovery and storage can be achieved. All of
the optimized values for all objective functions predicted by design of experiment and
response surface method are close to the values obtained by an exhaustive ssimulation
study, but using fraction of computational time for the exhaustive simulations. It was also
shown that hysteresis has a very large impact on the behavior of CO, in terms of both ail
recovery and storage in heterogeneous oil reservoirs. In addition, it has been shown that
CO; storage is greater for oil reservoirs with low heterogeneity and at lower WAG ratio
and CO, dug sizes. Profit gained from a CO,-EOR project is expected to be greater for
oil reservoirs with low heterogeneity and at high WAG ratio and Large CO, slug sizes.
This study demonstrates that compositional reservoir simulation in conjunction with

63



experimental design and the method of response surfaces can be used efficiently in

optimization studies in coupled CO, sequestration and enhanced oil recoveries.
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Table 4.1: Parameters used in constructing the rock-fluid datafor 3 different rock types

Rock Typel | Rock type2 | Rock Type 3
Average porosity, frac. 0.16 0.25 0.34
Average permeability, md 1.82 114 2420
Maximum trapped gas saturation, frac. 0.45 0.3 0.2
End point water relative permesability, 04 0.5 0.65
K°w
End point oil relative permeability, k°y, 0.45 0.8 0.95
Irreducible water saturation, Sy 0.45 0.2 0.15
Residual oil saturation, Sy 0.35 0.3 0.25
Residual gas saturation, Sy 0 0 0
Water phase exponent, Cyos 2.5 2.5 2.5
Water phase exponent, Cyos 2 1 1
Gas phase exponent, Cy1 2.7 3.2 3.2
Gas phase exponent, Cgp 5 6.5 6.5
Water-oil interfacial tension, ¢ (dyne/cm) 25 25 25
Gas-oil interfacial tension, ¢ (dyne/cm) 18 18 18
Entry value of J-function-Gas phase, J. 0.2 0.2 0.2
Entry value of J-function-Water phase, Je 04 04 04
pore size distribution index, n 1 1 1
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Table 4.2: Summary of input datafor 2-D cross sectional reservoir cases

40x1x20
Length, ft 2000
Dip, Degree 10
Thickness, ft 200
Number of Blocks 40x1x20
Gridblock Size, ft 50x1x10
Number of Gridblocks 800
Vertical to horizontal Perm. Ratio 0.1
Average horizontal permeability, md 110
Average vertical permeability, md 11
Average porosity 0.224
Initial Pressure, psia 2200
Initial Oil Saturation, frac. 0.75
Initial Water Saturation, frac. 0.25
Residual Oil Saturation 0.3-0.35
Residual Water Saturation 0.15-0.2
End Point Mobility Ratio 12-18
Temperature, °F 110
Reservoir Aspect Ratio (R.) 3.16
Dykstra-Parsons coefficient 0.8
Correlation Length in x and y direction (Ax\y), ft 500
Correlation Length in z direction (1), ft 40
Pore Volume, M. RB 780
OOIP, M STB 520
HCPV, M RB 582

Table 4.3: Equation-of-state parameters for different components used in the simulation

study
Component C17-
CO; Cl | C2C3|C4C6| C7-Ci16 C30+
C29
Property
Mole fraction, frac. 0.0192 | 0.0693 | 0.1742 | 0.1944 | 0.3138| 0.1549 | 0.0742
Critical P, atm 72.799 | 45400 | 44.932 | 33.238| 20.676| 15.675| 15.636
Critical T, deg K 303.89 | 166.67 | 338.34 | 466.12 | 611.116 | 777.784 | 972.23
Acentric Factor 0.225| 0.008| 0.126| 0.244 0.639 1.000 | 1.281
Mw, gm/gmol 44,010 | 16.043 | 36.013 | 70.520 | 147.182 | 301.476 | 562.81
Volume Shift 0.140 | -0.154 | -0.009 | -0.041 0.064 0.179| 0.301
Parachor 49.000 | 71.000 | 135.00 | 231.62 | 439.147 | 788.222 | 1112.5
Omega A 0.4572 | 0.3496 | 0.4572 | 0.4572 | 0.45724 | 0.45724 | 0.4572
Omega B 0.0778 | 0.0680 | 0.0778 | 0.0778 | 0.07780 | 0.07780 | 0.0778
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Table 4.4: Experimental design parameters for WAG injection

Factors Type Low High
A: WAG Ratio Numeric 0.25 3
B: Slug Size, %oHCPV Numeric 0.5 8
C: Dykstra-Parsons coefficient Numeric 0.6 0.9
D: Hysteresis Categoric | D1 (Applied) | D2 (Not applied)
E: Dimensionless Correlation Length in X, NUMeric 0.2 5
Y Direction, Ay '
F: Dimensionless Correlation Lengthin Z NUMeric 04
Direction, Ap, '

Table 4.5: Summary input datafor 3-D reservoir case

Length, ft 3500
\Width, ft 2500
Thickness, ft 150
Number of Blocks 28x40x15
Gridblock Size, ft 90x90%10
Number of Gridblocks 16800
\Vertical to horizontal Perm. Ratio 0.1
Average horizontal permeability, md 113
Average vertical permeability, md 11
Average porosity 0.22
Reference Initial Pressure, psia 3000
Reference Depth, ft 6140
Initial Average Qil Saturation, frac. 0.64
Initial Average Water Saturation, frac. 0.36
Temperature, °F 110
Dykstra-Parsons coefficient 0.6,09
Dimensionless Correlation Length in X, y directions (A, Ay), ft 0.2-2.0
Dimensionless Correlation Length in z direction (1,), ft 0.3-04
Pore Volume, MM. RB 52.11
OOIP, MM STB 17.2
HCPV, MM RB 19.30
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Table 4.6: Combination of parameters for each ssimulation run

RUN Factor 1 _ Factor 2 Factor 3 Factor 4 _ Factor 5 | Factor 6
4 A: WAG Ratio | B:SlugSize | C:Vdp | D: Hysteresis | D: hpy, D: Ap;
(0.25-3.0) (0.5-8.0) (0.6-0.9) (D1-D2) (0.2-2.0) | (0.3-0.9)
1 0.25 0.5 0.9 D1 2.0 0.4
2 0.25 8.0 0.6 D2 2.0 0.3
3 0.25 0.5 0.6 D1 0.2 0.3
4 0.25 8.0 0.9 D2 0.2 0.4
5 3.0 8.0 0.9 D1 2.0 0.3
6 0.25 8.0 0.9 D1 0.2 0.3
7 3.0 8.0 0.9 D2 2.0 0.4
8 3.0 0.5 0.6 D1 2.0 0.3
9 3.0 0.5 0.9 D2 0.2 0.3
10 0.25 0.5 0.6 D2 0.2 0.4
11 3.0 8.0 0.6 D2 0.2 0.3
12 3.0 0.5 0.9 D1 0.2 0.4
13 0.25 8.0 0.6 D1 2.0 0.4
14 3.0 0.5 0.6 D2 2.0 0.4
15 3.0 8.0 0.6 D1 0.2 0.4
16 0.25 0.5 0.9 D2 2.0 0.3
Table 4.7: Results for objective functions of simulation cases
Duration Of Response 1. Response 2: Response 3:
Run WAG Flood, Oil CO, NPV,
# yrs Recovery, Saturation, $mm
%O0IP frac.
1 15 23.3 0.26 29.3
2 4.8 16.9 0.16 25.8
3 4.6 205 0.21 31.6
4 8.8 21.3 0.18 25.3
5 41 22.7 0.12 30.2
6 35 25.9 0.25 315
7 44 21.3 0.08 319
8 21 14.7 0.07 22.1
9 52 19.6 0.07 20.6
10 2.1 19.8 0.21 317
11 18 20.3 0.06 40.6
12 54 20.0 0.09 21.6
13 4.7 15.9 0.16 25.1
14 18 14.9 0.04 22.4
15 21 194 0.10 41.8
16 38 25.8 0.26 34.6
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Table 4.8: Important economical parameters for NPV calculations

Qil Price $45 /bo
Oil Price Increase 10 %
Royalty 12.5%
CO, Price $0.85 /mcf
Operational Cost Inflation 15%
Recycle Cost $0.35 /mcf
Lift Cost $0.2 /bbl
Discount Rate 12 %
Fed. Tax Rate 32%
EOR Tax Credit 20 %

Table 4.9: Suggested simulation runs and predicted response values for each optimization

scenario
Maximizing Equal weight
Objectives Maximizing co Maximizing for oil
’ Oil Recovery Storaz o Profit recovery and
9 CO, storage
Factor 1
A- WAG Ratio 0.26 0.29 3 0.25
Factor 2
B: % Slug Size 0.63 151 8 0.57
Factor 3
C: Vdp 0.9 0.8 0.6 0.9
Factor 4 D2 (Not . : .
D: Hysteresis Applied) D1(Applied) | D1(Applied) | D1(Applied)
Eactor > 0.3 1.33 0.3 0.45
E: Q»Dx’y
Factor 6
F: \Dy 0.2 0.23 04 0.2
Oil Recovery,
% OOIP 25.9 24.3 18.6 25.2
€O, Saturation, 255 28.0 6.2 26.6
frac. P.V.
$MCF
CO, Stored 1.1 1.4 0.42 0.95
$Value $STB
Prod. 6.9 6.2 8.7 6.7
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Figure 4.1- Correlation between porosity and maximum residual gas saturation
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Figure 4.2- Cyclic behavior of the gas relative permeability with hysteresis-included in
the model during a WAG process.
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Figure 4.4- Two-dimensional cross sectional view of stochastic permeability field; scale
in the Z direction has been magnified by the factor of 2
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Figure 4.7- Maximum gas saturation (Syn) in each gridblock at any time during
simulation, (a), residual gas saturation (Sgrh) in each gridblock at the end of the
simulation taking into account hysteresis (b), and gas saturation (Sg) at the end of WAG
injection (c)
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Figure 4.8- Comparison of cumulative oil recovery in simulation cases with and without
hysteresis and at different WAG ratios (same slug size).
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Figure 4.9- Effect of hysteresis and WAG ratio on the gas saturation in 2-D vertical cross
sectional reservoir

Figure 4.10- 3-D view of arealization of the stochastic permeability field for run
numbers 2 and 6 listed in Table 6
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Figure 4.11- 3-D view of remaining oil saturation at the end of waterflood (Run number
11 listed in Table 3)

Run#11
AW p Run #15

/&

Run #16

Figure 4.12- Oil recovery factor for several sensitivity cases, listed in Table6
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Run #16
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Run #1

Figure 4.13- Average gas saturations variation at several sensitivity cases, listed in

Table6

Figure 4.14- Evaluating effect of all four factors on recovery factor (left) and storage
(right) with two-level factorial design
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Figure 4.15- Response surfaces generated for CO, storage objective function at different
WAG ratio and slug sizes and other specified parameters (Note: D1 in hysteresis
parameter denotes that hysteresis has been applied in the ssmulation model and D2 means
it has not been applied in the model)

Figure 4.16- Response surfaces generated for oil recovery objective function at different
WAG ratio and slug sizes and other specified parameters (Note: D1 in hysteresis
parameter denotes that hysteresis has been applied in the ssmulation model and D2 means
it has not been applied in the model)
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Chapter 5: Flood Design Optimization for Coupled CO, Sequestration
and Enhanced Oil Recovery

5.1INTRODUCTION

Sequestration of carbon dioxide in geological formations is the most direct carbon
management strategy for long term reduction of anthropogenic CO, from the atmosphere.
There are severa options for storing CO, underground. Injecting CO, into deep saline
aquifers probably is one of the main CO, options for future large scale projects. This
method of carbon mitigation has shown to be costly and sometimes accompany risks
associated with leakage. Injecting CO, into the mature oil and gas fields is another option
for storing CO,. Most of the aspects of CO; injection into the reservoirs for the purpose
of Enhanced Oil Recovery (EOR) have been known for decades (Wang et a., 1984; Khan
et al., 1992; Lim et al., 1992; Guler et a., 2001). But there are some differences between
injecting CO, for the purpose of pure EOR and the one for both CO, sequestration and
EOR projects. Carbon dioxide injection for the purpose of Enhanced Oil Recovery (EOR)
has been proven to be one of the most effective methods in tertiary hydrocarbon
recovery.

In particular, miscible displacement of crude oil by CO, is caused through
extraction of hydrocarbons from oil into the CO, and by dissolution of CO; into the oil.
When injection of CO; is coupled with storing it in the oil reservoirs, that might prove to
be environmentally safe as well. Thisis mostly due to the extensive available information
about target reservoir properties and other subsurface mechanisms. Also oil and gas
reservoirs have been known to be effective in preventing the upward migration of fluids
over geological time periods which is vital for long term fate of CO, storage. These type
of coupled EOR and sequestration projects are cost effective as well. Due to the fact that,

surface and subsurface infrastructure already exists in oil and gas fields that can be
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utilized during sequestration phases. However, storing CO, in the oil reservoirs is a
complex issue spanning a wide range of scientific, technological, economic, safety, and
regulatory issues.

Due to the current relatively high oil prices, specia attention has been made
toward coupled CO,-EOR and sequestration projects in different parts of the world. This
will serve industry in both reducing anthropogenic CO, level as well as increasing oil
production. Currently, total oil production from CO,-EOR projects are dlightly over
205000 bbl/d (Moritis, 2004) , and if we assume that in average 10 bbl of oil are
produced for every ton of CO, injected (Jessen et a., 2005), it can be concluded that
roughly 20500 tons of CO, are injected per day into the oil reservoirs. The main issue is
currently shortage of available CO, sources for injection into the reservoirs (Moritis,
2007). If regulations are set for CO, sequestration, it is obvious that vast amount of CO,
sources can be made available to the EOR projects and this could increase storage
capacity of the projects. In EOR projects the goal is to make a profit by minimizing the
use of CO, and reusing the gas once it has been produced for the reservoir undergoing the
CO, flood. Whereas, with coupled EOR and sequestration, the goal is to maximize the
storage of the CO,. To a large extent, these appear to be competing goals. Especially
engineering and operational design parameters are substantially different.

The purpose of this research is to better quantify the potential for two main
objectives. enhanced oil recovery and storage of CO, in mature oil reservoirs, over a
wide range of uncertainty in the design variables. Sensitivity analysis is preformed to
investigate the effect of uncertainties in the design and reservoir parameters. Statistical
analysis such as Design of Experiment (DOE) and Response Surfaces Methodology

(RSM) were applied to achieve efficient and comprehensive results.
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5.2 PRELIMINARY STUDIESFOR FLOOD DESIGN OPTIMIZATION

A three-dimensiona model was established as a base model for the preliminary
CO, flood simulation studies. Table 5.1 shows the summary of input data for the generic
reservoir model. It should be mentioned that stochastic permeability as well as porosity
field were created with given characteristics in Table 5.1. We assume the reservoir is
limited by four sealing faults in its boundaries. The average horizontal permeability is
100 md and average porosity is 0.22. Figure 5.1 shows the cross sectional and areal view
of the permeability field. Holtz's (2002) correlation was used to create the reservoir
porosity field. A corner point grid was used to model the geology. Using the two-phase
relative permeability data, a linear iso-perm function built-in GEM, was applied in order
to obtain three-phase rel ative permeability data.

Before CO, flooding, water injection was simulated to establish an initial
condition for CO, flooding and then different schemes of CO, flooding were performed
to investigate the best plan for maximizing oil production and CO, sequestration. Water
was injected using one horizontal well (numerical layer 17) and oil was replaced in the up
dip direction and produced by another horizontal well at one of the top layers (third
numerical layer). In this process, 38.2 percent of origina oil in place (OOIP) was
produced before the water cut reaches 95 percent in the production well. Average
remaining oil saturation after water flooding was 0.41 (in contrast with 0.65, initia ail
saturation). Water breakthrough occurred after almost 22 years and after about 68 years
water cut in the producing well was reached to 95 percent. To obtain consistency with
real world cases and obtain more reasonable results, the CO, injection simulation started
form the time that water injection simulation had been terminated.

Fourteen different scenarios were simulated based on two main schemes:
producing the whole reservoir at one stage, or sweeping reservoir in three stages. In most
of these cases employing different well control techniques including various injection and

production pressures, shut it and open strategies, and combination of horizontal and
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vertical wells were investigated toward maximizing oil recovery and CO, storage. Table
5.2 shows the list of the different runs with their corresponding flood design settings. In
the one-stage operations, CO, was injected down dip al the way through whole length of
the reservoir. Gravity stable displacement was simulated in one stage scheme but due to
the low average reservoir permeability and very low CO, front velocity; it did not seem
to be proper scenario for the designed reservoir. Non-gravity stable displacementsin one
stage scheme were more effective in achieving the both objectives. Table 5.3 shows the
results for the one-stage simulations including gravity stable displacement scenario.
Figure 5.2 compares the differences in the CO, front shape and position in gravity stable
displacement versus that of non-gravity stable mode at two outstandingly different time
scales.

In three stages operations, CO, was injected down dip and oil was produced in a
well at distance equal to one-third of the reservoir length. When the Gas Oil Ratio (GOR)
at the production well reached 30,000 Scf/STB, the simulation was stopped and current
production well was switched to injection well for the second step and a new production
well was placed in the next one-third portion of the reservoir, down dip. This was
continued until the whole reservoir was swept. Figure 5.3 shows the schematic view of
the three-stage flood design in the reservoir. Figure 5.4 compares differences in the
results between one-stage and three-stage operations. In the one-stage design, by end of
the CO, flood, 17.6 % OOIP was recovered, 72.9 % of injected CO, was stored, 10.4
MScf of CO, was injected per each barrel of produced oil, and 7.6 MScf of CO, was
stored per any barrel of oil which was produced. In the three-stage design, by end of the
CO, flood, 20.7 % OOIP was recovered, 57.4 % of injected CO, was stored, 14.1 M Scf
of CO, was injected per each barrel of produced oil, and 8.1 MScf of CO, was stored per
any barrel of oil which was produced. It is seen that applying a three-stage strategy
helped to sweep the reservoir effectively (higher oil recovery) and to increase the amount
of stored CO, (higher storage performance).
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A total of nine different scenarios were simulated based using three-stage design.
Applying various well specifications in both producers and injectors was the main
difference among these scenarios. Figure 5.5 shows remaining oil saturation and sweep
efficiency differences at the end of CO, flood between cases where vertica and
horizontal producers have been applied. In the case that both production and injection
wells were horizontal, by end of the CO, flood, 19.8 % OOIP was recovered, 44.3 % of
injected CO, was stored, 13.7 MScf of CO, was injected per each barrel of produced ail,
and 6.1 MScf of CO, was stored per any barrel of oil which was produced. In the case of
employing horizontal injection and vertical production wells, by end of the CO, flood,
13.9 % OOIP was recovered, 50.5 % of injected CO, was stored, 15.6 M Scf of CO, was
injected per each barrel of produced oil, and 7.9 M Scf of CO, was stored per barrel of ail
which was produced. Table 5.4 presents a summary of the results for all of the three-stage
simulations.

We aso investigated the open and shut-in strategy for the injection well (3
months injection and one month shut-in) to stabilize the CO, front and try to increase
sweep efficiency aong with the amount of storage. By applying this design, the oil
recovery increased significantly but storage did not change much. In this scenario, by the
end of CO, flood, 26.8 % OOIP was recovered, 42.1 % of injected CO, was stored, 13.4
M Scf of CO, wasinjected per each barrel of produced oil, and 7 M Scf of CO, was stored
per barrel of oil which was produced. Figure 5.6 shows both areal and cross sectiona
views of the remaining oil saturation at the end of the CO; flood.

According to our preliminary study on co-optimizing flood design for coupled
CO, sequestration and EOR, it is seen that there are different uncertain parameters which
affect the final flood results significantly and they have to be studied systematically to

achieve comprehensive results.
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5.3 UNCERTAINTIESIN FLOOD DESIGN PARAMETERS

Both of the objectives for coupled EOR and sequestration projects (maximum
recovery and maximum storage), depend on the large number of parameters and on the
strategy used to flood the oil reservoir. Different mobility control techniques such as
WAG injection can enhance and help in increasing sweep efficiency and consequently
higher oil recovery but may jeopardize the storage objective. In addition, parameters such
as type of injection and production wells and their operating constraint can affect the
results significantly. For instance, gravity stable displacement of CO, (which can be
achieved by relatively small injection and production rates) can greatly enhance the oil
recovery and amount of stored CO,. But, in most of the cases, only reservoirs with very
high permeability are proper candidates for these type of displacements. Well spacing is
another parameter that affects objectives in a CO, flooding project. Optimum well
spacing is required to meet both goals of the projects. Higher well spacing may delay the
CO, breakthrough time in the production wells, therefore, increasing storage objective
but can cause huge delay in the oil production peak as well. On the other hand, by
choosing smaller well spacing, CO, is produced early in the time of project but sweep
efficiency is much higher compared to the large well spacing scenarios. Besides to al of
these operational and design factors, reservoir properties also can affect the design
variables as well as project objectives. For instance, vertical to horizontal permeability
ratio can have big influence on cross flow mechanisms in the vertical directions causing
gravity override issues in the CO, flooding projects.

Any particular oil reservoir also, can be an attractive sequestration target
considering all of its reservoir engineering and characteristics aspects. All of these
aspects should be examined rationally in order to identify specific qualities of areservoir
in order to be appropriate candidate for CO, enhanced oil recovery. In addition, these
characteristics aong with al design variables should be determined for different

reservoirs to be promising sequestration prospect. In this respect, a conceptual model can
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be established for reservoirs which are proper CO, sequestration and enhanced oil
recovery candidates.

One of the most important reservoir characteristics is reservoir heterogeneity. In
the field scale injection of carbon dioxide, presence of high permeability paths can
confine the ultimate amount of stored CO,. These paths provide least resistance to the
injected gas resulting in early breakthrough. Gas breakthrough in the producers will lead
to early recycling and lower sweep efficiency. It is evident that produced CO, can be re-
injected into reservoir but at the very high cost of recycling plant in the injection site.
According to these, reservoir heterogeneity need to be considered closely in the design of
any coupled CO,-EOR and sequestration project.

All mgor reservoirs in the world fall into two main categories. Carbonate and
Sandstone reservoirs. Both type of reservoirs can be attractive targets for both
sequestration and EOR targets if they contain proper reservoir engineering and
characteristic aspects. There are underlying mgjor differences between these two type of
reservoirs in terms of the nature of their reservoir heterogeneity. Thisis mainly due to the
different depositional and digenetic processes that carbonate and sandstone reservoirs
have gone through. This can easily cause differences in the types of spatial distribution of
their petropysical properties. Carbonate reservoirs are usualy characterized by their
layered nature with medium to low matrix permeability values while sandstone reservoirs
are represented by stochastic-type permeability distributions with relatively higher
permeability values.

In the process of investigating appropriate flood design and reservoir parameters
for coupled CO,-EOR and sequestration projects, final decisions must be made on both
financial and technical issues. The principle financial factor in this study is considered as
discounted cash flow of any project. Measure of profitability of any project is the only
deterministic function in evaluating its successfulness. In coupled CO, sequestration and
EOR projects, value and amount of stored CO, is also considered as the second objective
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in deciding on the performance of the project. Therefore, these two objectives needed to
be optimized at the same time to decide on the project successfulness.

It iswidely known that any of the existing mathematical models for CO, flooding
in three-dimensional heterogeneous fields can determine optimal decisions for coupled
EOR and sequestration projects. Even if a perfect model exists, the profitability and
performance of the project would be difficult to be established because of all economic
variables which impact the project. Considering all these, clearly a method is required
that can help us make optima decisions in spite of al uncertainties. Exploratory
systematic compositional simulations of CO, injection in heterogeneous three-
dimensional reservoirs should be performed to establish effective flood design strategies
for coupled CO, Enhanced Oil Recovery (EOR) and sequestration to maximize project
profitability and amount of stored CO,. Besides of this, detailed economic investigation
such as discounted cash flow analysis should be implemented properly to be able to
handle overal performance of coupled CO, sequestration and EOR projects. Lastly, an
algorithm is needed that can identify the optimal design and reservoir parameters while
accounting for uncertainty in the models and their input data.

Combination of experimental design and method of response surfaces has been
proven to be extremely useful for the reduction and characterization of parametric
uncertainty in computationally demanding studies. Applying experimental design
minimizes the number of simulations required to be performed. It also helps in defining
most effective variables and their combinationa effects on the decision variables. Thisis
crucia because of the compositional nature of simulation cases for coupled EOR and
sequestrations. These information can be used for screening purposes in order to identify
effect of each variable on the final objectives. Regression models are fit based on the
information obtained from previous step relating responses to the influent variables.
Utilizing response surface methodology will also help to predict objective function values
for any possible scenario of uncertain variables.
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5.4 FLooD DESIGN PARAMETERS FOR CARBONATE RESERVOIRS

Considerable amount of world's hydrocarbon reservoirs are in carbonate
reservoirs. Carbon dioxide injection is one of the most important EOR recovery processes
in the U.S. carbonate reservoirs since the early 1980's (Leonard, 1984; Moritis, 2004).
Based on the information from the current CO; flooding projects in U.S., 67% of them
are in the carbonate reservoirs especially in west Texas (Moritis, 2004). CO, flooding
projects are also expected to expand more considering the efforts on CO, sequestration
projects expansion. Power plant generated CO, can provide vast additional resources to
the current natural CO, supplies. Considering all of these, it is seen that carbonate
reservoirs are going to play important role on the coupled CO,-EOR and sequestration
projects. Carbonate reservoirs generally show low porosity and permeability distributions
and usually are represented by layered reservoir heterogeneity. There have been extensive
studies on CO, injection into the carbonate reservoirs since 1990 for the purpose of
enhanced oil recovery (Paul et al., 1984; Lim et a., 1992; Roper et a., 1992; Driaet al.,
1993; Khan et al., 1994; Lim et al., 1994; Guler et a., 2001;). Each one of these studies
has investigated different aspect of CO,-EOR recovery such as phase behavior, relative
permeability, engineering design, reservoir characterization, etc. If sequestration to be
considered as another goal of CO, injection into the mature oil reservoirs, some revisions
are needed to be performed on previous CO,-EOR studies. In this study we have focused
on flood design parameters for coupled EOR and sequestration processes. Sensitivity
analysis should be performed on the defined parameters in order to identify their
individual and combinational effects on both of EOR and sequestration objectives.

Effect of important flood design factors in the CO, injection processes, such as oil
recovery and the amount of stored CO, is investigated to determine the optimum
conditions for flood design parameters to achieve the highest possible recovery and

amount of CO, stored in the reservoir. Following are some of the major uncertain design
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factors for coupled CO,-EOR and sequestration projects which were considered in this
study for the carbonate reservoirs.

Produced Gas-Oil Ratio: Gas Oil Ratio (GOR) in the production well is one of
the most important engineering design parameters for any CO, flood project. It is obvious
that due to the higher mobility of the CO, than an oil reservoir fluid, it will rapidly move
toward production wells and then will start to be produced and recycled from the
production wells. When this happens, incremental sweep efficiency will start to decrease
and more and more gas will be produced which in turn will cause higher costs due to the
facility limit and/or expansion for compression. On the hand, projects benefits from
incremental sweep and therefore higher recovery. Carbon dioxide retention may also
increase due to the higher injected amount of CO.. In the coupled sequestration and EOR
projects, optimum GOR ratio should be defined where optimum amount of oil is
produced and optimum CO; retention amount is achieved as well.

Production and Injection Well Type: Production and injection well types are
also critical factors that affect reservoir sweep as well as the amount of stored CO; in the
reservoir. Lim et al. (1992) has studied using horizontal wellsin CO, flooding. They have
shown that application of horizontal wells significantly shorten project life and
consequently improve project economics. In some occasions, using combination of
horizontal and vertical wells as producers or injectors aso will results in better injection
and production performance. Reservoir heterogeneity plays an important role in deciding
well type configuration for the CO, flooding projects. For instance, in layered-type
reservoirs due to the existence of higher permeability zones, vertical wells may result in
better performance; but, when using horizontal wells, the wrong choice of layers for
injection and production might results in decrease in sweep and storage.

Operational Constraint for Injection and Production Wells. Reservoirs with
high permeability might be better candidates for scenarios with higher injection and
production rates compared to the low permeability ones. Production and injection wells
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can be assigned maximum possible rate by operating them under bottom hole pressure
(BHP) constraint. In addition, assigning constant bottom hole pressure will assist in
monitoring the reservoir pressure to stay above MMP during flood. In these type of
reservoirs, lower injection and production rates sometimes result in gravity stable type of
displacement (Nute, 1983) that go along with very high sweep efficiency and higher CO,
retention in the field. Projects with low injection and production rates are hardly
economic and very long flood duration time is the main problem in this regard. Gravity
stable displacements have been proven inefficient because of the mentioned problem. In
the coupled EOR and sequestration projects, one of the main issues is to study the effect
of different well operation constraints to achieve higher recovery and retained CO, in a
reasonable project life.

WAG or Continuous CO; Injection: High CO, mobility is a mgor issue in
causing faster CO, breakthrough. Higher mobility causes lower reservoir sweep and early
production of CO,, which can lead to a lower oil recovery and lower storage. WAG
injection of CO, has been proven to increase sweep efficiency but it jeopardizes the tota
injected amount of CO, causing lower stored CO,. On the other hand, injecting pure CO;
as continuous stream, results in higher CO, mass injected into the reservoir, therefore
increasing amount of retained CO,. This optimization problem is aso one of the maor
issues in the coupled EOR and sequestration to determine efficient injection scheme.

Well Spacing: Well performance is a key factor in determining the economic
viability of candidate reservoirs for CO, flooding projects. Optimized well spacing
should be defined for coupled EOR and sequestration projects. Smaller well spacing
would accelerate the recovery process and will perform in the favor of overall Net
Present Value (NPV) of the project; but, due to close distance between wells, CO,
breakthrough will happen fast and the total amount of stored CO, will be small. On the
other hand, it is important to realize that the minimum number of wells (large well
spacing) to establish complete drainage of the reservoir is usualy not optimum spacing,
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because of the very long time required to sweep the pattern. It should be noted that
reservoir characteristics such as heterogeneity will be a deterministic factor in this regard.

Since CO, injection process is aso dependent on the reservoir heterogeneity
therefore, the effect of reservoir heterogeneity along with vertical to horizontal
permeability ratio is studied to establish comprehensive and optimized design variables
for coupled CO, sequestration and EOR processes under these uncertain variables.

Due to the large number of engineering design parameters, limited number of
variables but the most important design factors were chosen. Table 5.5 shows all of the 9
uncertain design parameters and their corresponding range of variation for this study. It is
seen that there are both categorical and numeric type of variables and also some of them
have two levels and others have three levels of uncertainty. The most suitable
experimental design method for these type of mixed variables and ranges is D-optimal
design. Since it was also expected well spacing and produced Gas Oil Ratio (GOR)
factors might have quadratic response surfaces, three level of changes were selected for
them and two level of changes for the rest of the variables. According to the selected
experimental design method and the number of factors, 61 simulation cases were defined
to be performed. Table 5.6 shows all of the 61 simulation cases as well as settings for
uncertain factors in each one of 61 simulation runs. They have been selected out of more
than 3% 2'=1152 cases that had to be performed if conventional sensitivity analysis were

supposed to be applied.

5.4.1 Reservoir Simulation M odels

After defining the sengitivity runs, based on the selected experimental design
method, simulation models have to be built for each simulation scenario. For all of the
simulation cases, a three-dimensional Cartesian coordinate grid was selected and then

layered permeability and porosity fields were created for this corner point grid. The
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reservoir lithology was considered as carbonate; therefore, all reservoir properties were
based on this important assumption. Reservoir geometry was considered similar to the
West Texas reservoirs with 150 ft thickness at the depth of 5000 ft. All of the simulation
cases were based on quarter of five-spot pattern. Reservoir gridblock size was set to 22,
22, and 7.5 ft in the X, Y and Z directions, respectively. Table 5.7 shows the summary
data for the carbonate reservoir models. Figure 5.7 shows layered permeability
distribution for one of the simulation cases. The average horizontal permeability in this
figure is 5 md and average porosity is 19.5 percent of reservoir bulk volume. Following
power law equation (Lucia and Fogg, 1990) was applied to correlate permeability and
porosity values in the model; where permeability is in millidarcy and porosity is in

fraction of pore volume.

k = 7.38x100 x ¢®72 (1)

Reservoir fluid was considered in a vertically equilibrium condition with water-
oil contact of 5200 ft. Compositional PVT data were same as the ones used in Chapter 4.
The initia reservoir temperature is 110 °F. There is no free gasinitidly in the reservair..
Table 5. 7 shows the average oil and water saturation in the reservoir.

A short description of the reservoir petrophysical data as well as relative
permeability model which were used in this study is provided here. We used
experimental data and correlation models presented by Prieditis and Paulett (1992),
Schneider (1976), and Potter (1987). These relative permeability data, mostly belong to
San Andres formation of West Texas, a mixed wet carbonate reservoir, and has gone
through a series of successful secondary and tertiary recoveries such as CO, injection.
These data include vast amount of descent two- and three-phase relative permeability

measurements.
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To obtain more accurate results, three different rock types were defined based on
porosity values in the grid blocks, and consequently three sets of relative permeability
data were considered in all of the ssmulation models. For the simulation cases that water
aternative gas scheme was supposed to be injected instead of continuous CO,, hysteresis
was applied in the relative permeability models.

In order to obtain the most resemblance to the real world cases, all of the CO,
injection simulations started at the end of the waterflooding. By the end of primary and
water flooding stages, 35-40 percent of originaly oil in place (OOIP) was produced in
different ssimulation scenarios, considering 98 percent water cut as production limit for
each well. Remaining oil saturation after water flooding was varying from 38 to 42
percent. After water flooding, all 61 CO, injection scenarios, shown in Table 5.6, were
simulated. The minimum flowing bottom hole pressure at production wells was set to
1300 psi and maximum injection pressure was set to assumed fracture pressure of 3300
ps at depth of 5100 ft. For the simulation cases that injection or production constraint
was based on constant rate, two-third of the average rate when wells were operating
under BHP constraint was considered as the target rate. Both horizontal and vertical wells
were completed in the whole interval. By applying extensive well completion scenarios,
it was tried to control the amount of water and CO, production. For instance, when the
water cut reached 98% or gas-oil ratio reached maximum allowable value in each case,
the layers with water/gas productions higher than allowable values were plugged and
checked periodically to see whether previoudly violated monitored constraint has ceased
to be violated. Then they were being re-opened automatically. Furthermore, as another
strategy to maximize CO, storage, when total field oil production was below 10 STB/day,
production well was being closed for the rest of the simulation and CO, was being
injected until average reservoir pressure reaches to right below fracture pressure (3300

psi). This alows for maximum possible amount of CO; to be stored in the reservair. It is
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important to note that well operation constrains were defined in a way that reservoir

pressurein all of the simulation cases were above minimum miscibility pressure.

5.4.2 Simulation Results and Discussion

Three-dimensional compositional simulations were performed according to all of
the aforementioned assumptions and scenarios. Table 5.8 shows the results for all of the
simulation runs. Incremental recovery factor for CO, flooding is widely changing from
nearly 1 percent to 42 percent in the simulated cases. Also, the minimum CO, saturation
among all of the casesis 0.1 and its maximum is more than 0.43 fraction of pore volume.
Some of the floods did really well in terms of the amount of CO; retained in the reservoir
resulting in more than 40 Mscf of CO, stored in the reservoir per each standard barrel of
oil, but in contrast there was a case for which only 2 Mscf/STB was stored in the
reservoir. Figure 5.8 shows recovery factor plots for combined waterflooding and CO;
flooding periods in some of simulation cases. It is seen that starting point for CO,
flooding is changing in different scenarios due to the difference in well spacing, and other
reservoir characteristics. Also duration of CO, flooding is different in all of the cases
which is mainly due to the well monitoring constraints in the production wells. Figure 5.9
shows average gas saturation for same simulation runs. It is seen that CO, saturation is
zero before CO, flooding starts. The cases that gas saturation shows some oscillations are
WAG injection scenarios and more smooth curves indicate continuous CO, injection
runs. It should be noted that not necessarily the case with higher amount of retained CO,
resulted in higher recovery and vise versa. But, there should be an optimum value for
both recovery and amount of stored CO, considering al of the uncertainties.

It is also clear from Table 5.8 that duration of simulation runs are different for
each case because of the constraint in the GOR and water-cut (WCUT) of the production

wells. Therefore, it was necessary to enter the time factor as another criterion to account
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for its effect in the simulation results. The best way to apply this was to perform
discounted cash flow (DCF) analysis and calculate dollar value of produced oil and
stored CO, to make the final conclusion of the best strategies to optimize flood design.
Table 5.8 shows these calculated values as well as all other simulation results.

In order to perform the DCF calculations, economical parameters shown in Table
5.9 were assumed. Based on al of these variables, NPV for each project was calculated
and in order to get better sense of DCF calculations, NPV was divided by total oil
production to calculate present value for each barrel of produced as $/bbl of oil in any
scenario. Since this value is somewhat dimensionless, it is easier and more manageable
than actual NPV to work with. Therefore, it was chosen as our objective functions
(column 7 in Table 5. 8) instead of oil recovery factor. We call this objective function as
"Profit" for each scenario. Besides, CO, saturation in the reservoir (as direct measure of
retained CO,) which is in dimensionless form as well, was selected as second objective

function (column 4 in Table 5. 8). This objective function is called " Storage".

5.4.3 Flood Design Optimization

Multivariate statistical analysis was performed on the design factors to determine
their individual effect on each one of objective functions. Table 5.10 shows the results of
statistical analysis on the ssimulation results. It shows the effect of most important design
factors on profit as well as CO, storage objective functions. Effect can be defined as
change in the average response when a factor varies from its low to the high value within
the range of uncertainty. According to this, experimental design identifies the high
influential factors (ranked in the order from highest to lowest effects) on the profit and
storage functions as shown in Table 5.10. Based on the parameters and the reservoir
conditions studied, the order from most to least influential factors for profit objective are

well spacing, combination of operation constraints for injection and production wells,
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combination of average reservoir permeability and Kv/Kh, and produced GOR constraint.
For storage objective, by far the most influential factors are produced GOR constraint
then injection scheme (continuous CO, or WAG), respectively. Next set of important
factors are combination of average reservoir permeability and Kv/Kh, and combination of
operation constraints for injection and production wells. Other important variables are
shown in Table 5.10 in the order from highest to lowest importance.

After defining sensitive parameters and ranking them based on their importance
on each objective function, response surfaces are generated. Figure 5.10 demonstrates
one of the response surfaces for profit objective at different GOR constraint and average
reservoir permeability and constant values for other factors. It simply shows that there is
an optimum value for GOR in which profit is the maximum. In this given response
surface, GOR of ~30000 Mscf/Stb will maximize the profit. Also it is observed from this
figure that generally, as average reservoir permeability increases, profit is increasing as
well.

Figure 5.11 shows one of the response surfaces for storage objective at different
GOR constraint and average reservoir permeability and constant values for other factors.
It shows that there is an optimum value for well spacing (~50 acres) for which CO,
storage objective is maximum. It also demonstrates that as Kv/Kh ratio increases in the
reservoir, storage objective increases as well. The figure also shows that in this specific
response surface, production and injection wells are both vertical and completed in the
whole interval. Injection scheme is WAG and it somewhat controls the CO, mobility.
Since the reservoir structure is layered with relatively high permeability contrast, and
considering all other mentioned factors, it can be concluded that higher the Kv/Kh allows
for better vertical communication among different layers causing better sweep in all of
the layers and consequently more CO, can be injected and stored in the reservoir.

Mathematical forms of the generated response surfaces were utilized to perform
optimization on profit and storage objective functions. Optimizations were performed to
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define conditions for any of the nine uncertain factors by which the highest possible CO,
storage is achieved. Equally weighted combination of profit and storage objective
functions was also considered as another optimization scenario. Table 5.11 shows these
two different optimization scenarios. In addition, status/values for each uncertain
parameter were suggested by method of response surfaces for each scenario to achieve
optimum value for the defined objective functions and are shown in Table 5.11.

One of other advantages of applying experimental design and method of response
surfaces to perform optimization process is that the optimized values for each objective
function in al optimization scenarios can be predicted with a specified margin of error.
These predicted values for each scenario are shown in Table 5.11. Predicted response
values for each optimization scenario were very close to the values, were acquired by
performing their corresponding simulation runs. It is observed in the table that maximum
of 44 percent CO, saturation can be achieved in these type of the layered carbonate
reservoirs. Continuous CO, is suggested to be injected in order to reach maximum
storage while WAG injection is suggested to obtain optimized profit and CO, storage. In
addition, high permeable carbonate reservoirs with low Kv/Kh ratio show both higher
profit and storage while low permeable carbonate reservoirs with high Kv/Kh ratio lead
to higher storage only. Furthermore, well spacing should be smaller when optimizing

both profit and storage compared to the scenario that CO, storage is maximized.

5.5FLOOD DESIGN PARAMETERS FOR SANDSTONE RESERVOIRS

Sandstone reservoirs in genera have high permeability. They have completely
different reservoir characteristics compared to the carbonate reservoirs. In addition, there
are large number of sandstone reservoirs in U.S., primarily Gulf Coast as well as mid-
continent and Rocky Mountains. The vast mgority of CO, flood projects are currently

being conducted in carbonate reservoirs in the Permian Basin. Industry efforts in the Gulf
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Coast have been limited in scope and usually are on asmaller scale. Gulf Coast sandstone
reservoirs differ from those in the Permian Basin in terms of their matrix, reservoir
architecture, oil composition, drive mechanism and recovery rates. Their suitability to
CO, flooding also varies. Usually these reservoirs have very low residual oil saturation in
the swept area, which has often led to poor performance under CO, flooding. Most of
these projects proved to be technical successes but not economical ones.

Considering the concept of coupled EOR and sequestration, one big advantage of
Gulf Coast mature sandstone reservoirs is availability of vast amount of anthropogenic
CO, sources in the area. This can make them attractive and better candidates
economically, for the coupled CO,-EOR and sequestration projects. Transportation costs
will be extremely low for these reservoirs and it can add huge economic advantage to
perform CO, flooding and sequestration in sandstone reservoirs in Gulf Coast. Because
of the magor differences in carbonate and sandstone reservoirs, flood design and
strategies would be different in each type of these reservoirs. Deposition settings for
sandstone reservoirs commonly are shallow marine environments. Therefore, there is a
great degree of latera variation within the reservoir. Heterogeneities within the reservoir
are attributed to lateral and vertical facies variations.

It is realized that sandstone reservoirs have potential for future coupled EOR and
sequestration especially in Gulf Coast as well as some other parts of the world. Sandstone
reservoirs generally show high porosity and permeability distributions and usually are
represented by stochastic reservoir heterogeneity. Appropriate flood design should be
applied for these reservoirs to achieve optimum recovery and sequestration. In our study,
we have focused on the flood design parameters for coupled EOR and sequestration
processes. Sensitivity analysis has been performed on the defined parameters in order to
identify their individual and combinational effects on both EOR and sequestration

objectives.
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Effect of important flood design factors in the CO, injection processes, on the oil
recovery and the amount of stored CO, isinvestigated to determine the optimum situation
for flood design parameters. All of the design parameters that were considered in the
carbonate reservoir sensitivity analysis were utilized here except average reservoir
permeability and Kv/Kh ratio. These two factors do not vary drastically in the sandstone
reservoirs and therefore we decided to introduce two additional variables instead of them
for sandstone flood design sensitivity study to keep the same number of 9 uncertain
factors.

Shut-In/Open Strategy: Since sandstone reservoirs have high permeability, and
therefore high viscosity forces are present while flooding in these reservoirs, CO, moves
faster through high permeable zones and causes rapid breakthrough. Of course, there are
some mobility control techniques such as WAG, SAG etc which are known for long time
and they have been used in the field scale applications. Another strategy that we thought
might help smoothing out fast moving CO, front was to inject CO, for a period of time
and then shut the injection well for next period and repeat this cycle over and over. This
might increase sweep as well as stored CO; in the flooded reservoir. This strategy was
considered as one of the design factors specifically in sandstone reservoirs.

Recycling Options. At some point during flood, CO, will start to be produced
and unfortunately, most of the produced gas will be the injected CO,. It is necessary to
gather and compress CO; in a pre-designed plant and reuse it in different ways. This
produced gas can either be re-injected into the reservoir, re-injected into the aquifer close
to the reservoir (for the purpose of storage), or the compressed gas can be re-sold. These
scenarios either will add new expenses to the project or add some value to it. When
economic analysis is carried out to measure flood performances, these options should be
accounted properly. For sensitivity analysis, we have considered two of three above
recycling options. either CO; is re-injected into the reservoir or it just smply is sold to
the assumed third party. It is evident that comparing both aternatives of re-selling
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produced CO, and/or re-compressing and injecting it, some of the economic options such
as new CO; purchase requirement or cost and size of compression and re-injection plant
are different in the project. We have tried to consider this factor as one of our sensitivity
parameters to achieve optimum flood design parameters for coupled EOR and
sequestration projects.

Due to the large number of engineering design parameters, only the most
important design variables were chosen. Table 5.12 shows the design parameters and
their corresponding range of variation. It is seen that there are only categorical type of
variables and all of them have two levels of variations. Therefore, quadratic 2-level
fractional factorial design approach was utilized. According to the selected experimental
design method and number of factors, 32 ssmulation cases were defined to be performed.
Table 5.13 shows all of the 32 simulation cases as well as settings of uncertain factorsin
each one of them. They have been selected out of more than 2°=512 cases that had to be

performed if conventional sensitivity analysis were supposed to be applied.

5.5.1 Reservoir Simulation M odels

In order to carry out all 32 simulation runs, simulation models have to be created
for each ssimulation scenario. For al of the ssmulation cases, A 3-D corner point reservoir
grid was selected and then stochastic permeability and porosity field were created for this
corner point grid. All properties were based on typical sandstone reservoirs. Reservoir
geometry comprised of two anticline domes adjacent to each other with 200 ft thickness
at depth of 6100 ft. The reservoir was set to 28x40x15 gridblocks. Table 5.14 shows the
summary data for the reservoir properties. Figure 5.12 shows 3-D view of reservoir
geometry and its stochastic permeability field. The average horizontal permeability is 100

md and average porosity is 0.22 fraction of reservoir bulk volume.
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For rock-fluid and PVT data, we used the same relative permeability and
hysteresis in relative permeability model as in Chapter 4. Reservoir fluid was considered
in a vertically equilibrium condition with water-oil contact of 6400 ft with no water
influx and therefore no energy support from aquifer. Table 5.14 shows the average ail
and water saturations in the reservoir. To obtain more accurate results, three different
rock types (according to the previously stated correlations in Chapter 4) were defined
based on the porosity values in the grid blocks, and consequently three sets of relative
permeability data were considered in all of the simulation models. For the simulation
cases that water alternated with gas was employed as injection scheme instead of
continuous CO;, hysteresis was applied in the relative permeability models.

Similar to the carbonate reservoirs, and to obtain the most resemblance to the real
world cases, al of the simulations started at the end of the waterflood. Water was injected
nearly up dip using 6 vertical wells and oil was produced in the oil zone. Figure 5.13
shows the 3-D view of the remaining oil saturation at the end of the water flooding in one
of the simulation cases. By the end of primary and water flooding stages, close to 42
percent of originaly oil in place (OOIP) was produced in different simulation cases
(considering 98 percent water cut as production limit for each well). Average remaining
oil saturation after water flooding was 39 percent. Duration of water flooding was almost
10 years. After water flooding, all 32 CO, injection scenarios, shown in Table 5.15, were
simulated. Similar to the carbonate cases, the minimum flowing bottom hole pressure at
production wells was set to 1300 psi and maximum injection pressure was set to assumed
reservoir fracture pressure of 3300 psi. For the simulation cases that injection or
production constraint were based on constant rate, two-third of the average rate when
wells were operating under BHP constraint, was considered as maximum target rate. Both
horizontal and vertical wells were completed in the whole interval. By applying extensive
well completion scenarios, it was tried to control the amount of water and CO,
production. For instance, when the water cut reached 98% or gas-oil ratio reached
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maximum allowable value in each case, most offending layers were plugged and checked
periodically to verify whether previoudly violated monitored constraint has ceased to be
violated, then layer was re-opened automatically. Ultimately, when the total field oil
production was below 10 STB/day, production well was being closed for the rest of the
simulation and CO, was being injected until average reservoir pressure reaches fracture
pressure of 3300 psi. This provides an effective strategy to maximize CO, storage. This
alows for maximum possible amount of CO, to be produced in the reservoir. It is
important to note that well operation constrains were defined in a way that reservoir

pressurein all of the simulation cases were above minimum miscibility pressure.

5.5.2 Simulation Results and Discussion

Three-dimensional compositional simulations were performed according to all of
the af orementioned assumptions and scenarios. Table 5.15 shows the results for all of the
simulation runs. Recovery factor for CO, flooding is widely changing from nearly 3
percent to 28 percent in the simulated cases. Also, the minimum CO, saturation among
al of the casesis 0.12 and its maximum is more than 0.36 fraction of pore volume. Some
of the floods did really well in terms of the amount of retained CO, in the reservoir
resulting in more than 17 Mscf of CO, stored in the reservoir per each standard barrel of
oil produced but, in contrast there was a case for which only 3.9 Mscf/Stbo was stored in
the reservoir. Figure 5.14 shows 3-D view of remaining oil saturation as well as CO,
saturation distributions in one of the simulation cases at the end of the flooding process. It
is seen that most of oil zone has been swept by CO, and average gas saturation is in the
order of 0.4 fraction of pore volume.

Similar to the carbonate sensitivity analysis, Table 5.15 indicates that duration of
simulation runs are different for sandstone sensitivity cases because of the constraint in

the GOR and water-cut (WC) of the production wells. Discounted cas flow analysis was

100



performed for all of the simulation scenarios and dollar value of produced oil and stored
CO, were calculated to obtain final conclusion on the best strategies to optimize flood
design. Table 5.15 also shows these calculated values as well as al other simulation
results.

Economic parameters for DCF calculations were same as the ones in the Table
5.9. This facilitates making final comparison of the results for flood design sensitivity
study between carbonate and sandstone reservoirs as well as making final conclusion
within each reservoir category. Based on all these economic variables, net present value
for each project was calculated and in order to get better sense of DCF calculations and
also flood performance, NPV was divided by total produced oil to calculate present value
for any produced oil in each scenario. Since this value is more understandable than actual
NPV to work with, it was chosen as our one of objective functions (column 7 in Table
5.15). Same as carbonate reservoirs study, this objective function is called as "Profit" for
each scenario. Besides of this, CO, saturation in the reservoir (as direct measure of
retained CO,) which is in dimensionless form as well, was selected as second objective

function (column 4 in Table 5.15). This objective function is also called "Storage".

5.5.3 Flood Design Optimization

After building geologica models, all of simulation runs were performed and then
multivariate statistical analysis was performed on the ssmulation results to determine
individual effect of each factor on both of objective functions. Figure 5.15 shows the
results of statistical analysis on the simulation results in the sandstone reservoirs. Using
these type of plots help to identify and rank the effect of each factor on pre-defined
objective functions. Effect can be defined as change in the average response when a
factor varies from its low to high value within the range of uncertainty. This figure

simply shows that whenever standardized effect of a specific factor is higher and also
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probability of occurring this effect is higher too; thus, that specific factor will achieve
higher coefficient in the mathematical form of the response surface equation compared to
other variables. Therefore, we can rank all of the variables and their combinational
effects on the response surfaces, in terms of magnitude of their effect on the objective
function. Figure 5.15 shows the effect of all nine factors on both profit and CO, storage
objective functions. As it is observed, the effect is negative (blue colors) when the
increase in the factor from its low to its high value causes decrease in the response, and
the effect is positive when the increase in the factor from low to its high value increases
the response value. According to this, experimental design identifies the high influential
factors (first order effects) on the profit and storage functions.

Based on the parameters and the reservoir conditions studied, the order from most
to least influential factors for recovery objective are by far produced GOR, and then well
spacing, production well type, and combination of them. For storage objective, by far the
most influential factor is produced GOR, type of production well, type of injection
strategy (WAG or continuous CO,), and then combination of these variables. Table 5.16
summarizes the order of important factors on both objective functions for sandstone
reservoirs.

After defining sensitive parameters and ranking them based on their importance
on each objective function, response surfaces are generated. Figure 5.16 demonstrates
one of the response surfaces for storage objective at different injection and production
well types and constant parameters for other design factors. It isimportant to realize that
since all of the design factors were considered as categorical factors, generated response
surfaces are not in the form of continuous functions and they are rather discrete function
of design factors. Figure 5.16 shows that combination of vertical production wells (A2)
and horizontal injection wells (B1) will result in the highest CO, saturation. In this
specific response surface, combination of horizontal injection and production wells will
result in the lowest sequestration value. Figure 5.17 shows the generated response surface
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for the profit objective function at different produced GOR, injection scheme (WAG or
continuous CO,) and constant parameters for other design factors. According to this
figure, profit increases when injection scheme changes from continuous CO, to WAG
injection. Also it decreases when produced GOR changes from 50000 M Scf/bbl to 10000
Mscf/bbl. The highest value in the represented profit response is achieved when
allowable produced GOR is high and CO, is injected in the form of WAG into the
reservoir.

Mathematical forms of the generated response surfaces were utilized to perform
optimization on profit and storage objective functions. The optimization process was
performed to define conditions for all of nine uncertain factors by which the highest
possible CO, storage is achieved. In addition, equally weighted combination of profit and
storage objective functions was considered as another optimization scenario. Table 5.17
shows these two different optimization scenarios. In addition, status/values for each
uncertain parameter were suggested by method of response surfaces for each scenario to
achieve optimum values for defined objective functions and they are presented in Table
5.17 aswell.

One of other advantages of applying experimental design and method of response
surfaces to perform optimization study is that the optimized values for each objective
function in all of the optimization scenarios can be predicted with an specified margin of
error. In this study, these predicted values for each scenario are shown in Table 5.17 as
well. Predicted response values for each optimization scenario were very close to the
values that were acquired by performing their corresponding simulation runs. It is
observed in the table that maximum of 34 percent CO, saturation can be achieved in the
similar sandstone reservoirs while only 3.8 $/bbl of oil is gained. When both objectives
are maximized at the same time, storage objective is jeopardized for the benefit of
increasing project profit. Similar to the carbonate reservoirs optimization study,
continuous CO; is suggested to be injected in order to reach maximum storage while
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WAG injection is suggested to obtain optimized profit and CO, storage. Combination of
horizontal injection wells with vertical production wells will result in both higher project
profit as well as CO, saturation at the end of the flood. In addition, re-injecting produced
CO, in both optimization scenarios will be better design option compared to re-selling
produced CO,. This is possibly because of huge reduction in project expenses for CO,
purchase; since produced gas will contain some impurities re-sell value (added to the
project profit) of the produced gas will be much less than value to purchase fresh pure
CO.. Furthermore, shut-in/open strategy seems to help increase CO, storage and project
profit and it should be considered as one of the important design variables for coupled
EOR and sequestration projects. Smaller well spacing is needed to achieve maximum

profit and storage values compared to the scenario in which storage is maximized only.

5.6 SUMMARY AND CONCLUSIONS

Exploratory systematic compositional simulations of CO, injection in
heterogeneous three-dimensional reservoirs were performed to establish effective flood
design strategies for coupled CO,-EOR and sequestration to maximize both flood
performance and amount of stored CO,. Experimental design and method of response
surfaces were utilized to achieve efficient and comprehensive results. Detailed economic
analysis was performed on reservoir simulation results to establish solid basis for the
conclusions of this study. In addition, due to the variation in the petrophysical properties
in different reservoirs especially major differences between carbonate and sandstone
reservoir characteristics, they were studied separately.

Our approach is based on the construction of quadratic response models of
reservoir simulation outputs by applying 2-leve fractional factorial design for sandstone
reservoirs and D-optimal design for carbonate reservoirs. It should be noted that all of the

optimized values for al objective functions predicted by design of experiment and
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response surface method are close to the values obtained by an exhaustive simulation
study but with a very efficient computational time. Results from this study clearly
showed that in general, carbonate reservoirs are better candidates for coupled CO,-EOR
and sequestration projects compared to sandstone reservoirs. Also it was concluded that
individual and combinational effect of design parameters such as produced gas oil ratio
constraint, well spacing, production and injection well types, and injection scheme (WAG
or continuous CO; injection) along with some important reservoir characteristics such as
Kv/Kh are the most sensitive parameters in amost all of the optimization cases for
maximizing both profit (economic performance of the flood) and amount of stored CO..
All of the optimized values obtained from applying response surface methodology were
for both of the objective functions were in close agreement with the values from their
corresponding simulation results as if exhaustive simulation study had been performed.
Impact of production and injection well types on the sweep efficiency and
consequently amount of stored CO is significant. Based on this study, optimal well types
to achieve highest possible profit and storage are defined. In sandstone reservoirs using
combination of vertical producers and horizontal injectors will provide best results for
both of objective functions. While, in carbonate reservoirs applying both vertical
production and injection wells results in optimum storage as well as project performance.
This difference in the well type of carbonate and sandstone reservoirs can be interpretated
according to the difference in their reservoir structure. In the carbonate reservoirs, which
were introduced as layered-type reservoirs, due to the existence of high permeability
layers, vertical wells may result in better performance. Because, wrong choice of layers
for injection and production wells, might result in decrease in sweep and storage. But, in
sandstone reservoirs due to the stochastic-type distribution of reservoir properties,
horizontal injectors help in increasing sweep efficiency and there is no need to be

concerned about vertical variation of high permeable zones.
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Well spacing is a key factor determining the economic viability of candidate
reservoirs for CO, flooding projects. It is also concluded that smaller well spacing would
accelerate the recovery process and will perform in the favor of overall net present value
of the project; but, due to close distance between wells, CO, breakthrough will occur
faster and total amount of stored CO, will be small. Based on the results from our study,
well spacing is more important when optimizing both profit and storage objectives
compared to the scenario in which only storage is maximized. It was also shown that
optimum well spacing are smaller for carbonate reservoirs than that of sandstone
reservoirs. In addition, when optimizing both of the objective functions is the main godl,
smaller well spacing should be considered compared to the cases that only maximizing

storage isthe final objective.
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Table 5.1: Summary of input data for the EOR simulations

Table 5.2: Injection and production well design for first stage of CO, flooding

Grid 50x50%20
Vertical to horizontal Perm. Ratio 0.1
Average horizontal permeability, md 100
Average porosity 0.22
Initial Oil Saturation 0.65
Residual Oil Saturation 0.35
Temperature, °F 110
Effective Aspect Ratio (R|) 4.74
Critica Rate, ft/D 0.02
End Point Mobility Ratio 16.9
Gravity Number at 20 MM SCF/D 0.22
Pore Volume (MMRB) 70
OO0IP, MM STB 40.8

Injection Production
_ Vertical Completio  Vertica Compl eti

GEOR Rate” BHP, length*  layer No. BHP,ps  on
No. P length*
8R2 14 20 - 2400 5 1500 2400
9R2 14 25 - 2400 5 1500 2400
10R2 5 20 - 2400 5 1500 2400
14R2 5 - 3300 2400 5 1500 2400
15R2 5 - 3300 2400 5 1200 2400
16R2 5 - 3300 2760 5 1500 2760
12R2"™ 5 20 - 60 4:10  1500-1500-1500 2400
13R2™ 5 25 - 60 4:10  1400-1300-1400 2400
3AA 3 0.25 - 2400 5 2000 2400
4 3 - 3300 2400 3 1000 2400
7A 14 20 - 2400 4 1500 2400

* Unit: ft ** MM Scf/D - *** Vertical production well
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Table 5.2 (continued): Injection and production well design for second stage

Injection Production
_ Vertica Completio  Vertica Completi
GEOR layer Rate” BHP, length*  layer No. BHP,ps  on
No. P length*

8R2 5 20 - 2400 5 1500 2400

9R2 5 25 - 2400 5 1500 2400

10R2 5 20 - 2400 5 1500 2400

14R2 5 - 3300 2400 5 1500 2400

15R2 5 - 3300 2400 5 1200 2400

16R2 5 - 3300 2760 5 1500 2760
12R2™ 5 20 - 60 4:10  1500-1500-1500 2400
13R2™ 5 25 - 60 4:10  1400-1300-1400 2400
* Unit: ft ** MM Scf/D - *** Vertical production well
Table 5.2 (continued): Injection and production well design for third stage

Injection Production
_ Vertica Completio  Vertica Completi
GEOR layer Rate” BHP, length*  layer No. BHP,ps  on
No. P length*

8R2 5 20 - 2400 8 1500 2400

9R2 5 25 - 2400 8 1500 2400

10R2 5 20 - 2400 5 1500 2400

14R2 5 - 3300 2400 5 1500 2400

15R2 5 - 3300 2400 5 1200 2400

16R2 5 - 3300 2760 5 1500 2760
12R2™ 5 20 - 60 4:10  1500-1500-1500 2400
13R2™ 5 25 - 60 4:10  1400-1300-1400 2400
* Unit: ft ** MM Scf/D - *** Vertical production well

108



86'9 16°L 129 629 ) v6', Z1'8 0T'9 091S/10sIN ‘psonpo.d |10 Jo plreg Jed paioisS ‘0D
SEVT G9'GT L/'ST 09'9T 9¢'9T 6L 7T STYT LLET 0g1S/10sIN ‘psonpo.d |10 Jo plreg Jed peioslul <00
L8y G505 6'6E 6',E €'6¢ L'€S v'/S R4 % ‘“00 pa18lul Jo uoiod paseisenbes
00¥Sy | 080Gy | TEZ6S | TE/8G | T1898S | 096G | 09289 | 916 40S INW ‘pasersenbes 0D 1oL
918y 918y Ov.LYy 918 1125 T.SS ANAS 9¢/S @ ‘poo|} ¢0D Jo yibue
/82°0 162°0 920 ¥Z'0 ¥2'0 620 120 620 ("19e1)) UoIRINIES |10 BuluteWR BRIBAY
8T 6°€T zee 622 Y4 8.1 L0C 86T d100 0 % Se Aienoday |10
g9 LS Gi'6 ve'6 116 €/ '8 90'8 g1S "IN ‘AieA03ay |10 9AIR NWIND
£'c6 268 GI6F'T | SISST | SIGFT | G3A80T | SGIGTT | SATTT 405 IN ‘peloslulseb aalenwnD
ZHET FASTA) 29T ZHsT 2T 240t Z46 z4s8 918s YOID-egqunu uny

'sased afie1s-89.y] Ul uoionpold pue uonoslul 1o} S1nsal oIk INWIS 7' 3|0eL

/9SG ISV 09, Zr'sT P30NpPo.d |10 Jo plkeg Jed paiolsS ‘0D

8r'cT 9G'GT Zy'0T 82°02 paonpo.d |10 Jo pireg Jed pe1oslu| 0D

T2 €62 62, 8'06 % ‘“00 Pa198lul Jo uoiod paseisenbes

008T9 6689 675 6828 40S INW ‘pesersenbes 0D 1oL

€626 0059 0819 00S9¢ a 'poo|} {00 Jo yibue

220 120 /20 70 ("19e44) UOITRINTES |10 BuluteWRI SbBAY

89z 62'8¢2 /ST ST'T d100 0 % Se Aenoday |10

60T YT z. S0 g1S "IN ‘AsA03ay |10 9AIRNWIND

006911 63122 G350 GZ16 40S INIA ‘Pa108lul seb aAIre nwinD

ul-Inys ® uedo v V. VA S9148s YOID-equinu uny

's95e0 affe1s-auo Ajuo e uononpold pue UoNYS Ul S)NSal UOIRNWIS £°G 9|geL

109



Table 5.5: Flood design parameters for carbonate reservoirs

Factors Type L ow Medium High
A: Produced GOR, Numeric 10000 30000 50000
SCF/STB
B: Production well type Categoric Horizontal - Vertica
C: Injection well type Categoric Horizontal - Vertical
D: Production well Categoric Rate - BHP
constraint
E: Injection well constraint | Categoric Rate - BHP
F: Injection scheme Categoric | Continuous CO; - WAG
G: Averagefield Numeric 5 i 50
permeability
H: Kv/Kh Numeric 0.01 - 1
J: Well spacing Numeric 10 40 90
Table 5.6: Setting of uncertain factorsfor all of 61 ssimulation runs
Run # A B C D E F G H J
1 23300 Vertical | Horizontal | BHP | BHP WAG 5 0.01 40
2 10000 Vertical Vertical BHP | BHP | Cont. CO,| 50 1 90
3 50000 | Vertical | Horizontal | BHP | BHP |Cont. CO,| 5 | 0.01| 90
4 50000 | Vertical Vertical | Rate | BHP | Cont. CO2| 5 1 90
5 50000 | Horizontal | Horizontal | BHP | BHP | Cont. CO2 | 50 1 90
6 10000 Vertical Vertical Rate | BHP WAG 50 1 10
7 20000 | Vertical Vertical | BHP | BHP | Cont. CO,| 5 | 0.01| 10
8 50000 | Horizontal | Vertical BHP | BHP | Cont. CO,| 50 | 0.01 10
9 20000 | Vertical Vertical | Rate | Rate | Cont. CO,| 50 | 0.01| 40
10 36600 | Horizontal | Horizontal | BHP | Rate WAG 5 0.01 ] 90
11 30000 | Horizontal | Horizontal | Rate | Rate WAG 50 | 0.01] 40
12 10000 | Vertical | Horizontal | BHP | Rate | Cont. CO,| 50 1 10
13 20000 Vertical Vertical Rate | Rate WAG 50 | 0.01] 90
14 20000 | Horizontal | Vertical Rate | BHP WAG 5 1 40
15 10000 Vertical | Horizontal | Rate | Rate WAG 50 | 0.01]| 10
16 23300 | Horizontal | Horizontal | Rate | BHP | Cont. CO; 5 0.01 | 40
17 10000 | Horizontal | Vertical | BHP | Rate | Cont. CO,| 50 1 40
18 50000 | Vertical | Horizontal | Rate | Rate | Cont. CO2 | 50 1 90
19 10000 | Vertical Vertical | BHP | Rate | Cont. CO2| 5 1 40
20 50000 | Horizontal | Horizontal | Rate | Rate | Cont. CO,| 50 | 0.01 | 90
21 50000 Vertical | Horizontal | Rate | Rate WAG 5 0.01 | 40
22 50000 Vertical Vertical BHP | BHP WAG 5 0.01 90
23 50000 | Horizontal | Vertical | Rate | Rate | Cont. CO,| 5 | 0.01| 40
24 10000 | Horizontal | Vertical BHP | Rate WAG 5 1 90
25 50000 Vertical | Horizontal | BHP | Rate WAG 5 0.01 10

110




Table 5.6; Continued

26 36600 | Horizontal | Vertical BHP | BHP WAG 50 1 40
27 23300 | Vertical | Horizontal | Rate | BHP | Cont. CO,| 50 | 0.01| 90
28 40000 | Horizontal | Horizontal | Rate | BHP WAG 50 1 10
29 10000 | Horizontal | Horizontal | Rate | Rate | Cont. CO>| 50 | 0.01 | 90
30 20000 | Horizontal | Vertical BHP | Rate WAG 5 0.01 | 40
31 20000 | Horizontal | Vertical Rate | Rate WAG 5 0.01| 10
32 50000 Vertical Vertical Rate | Rate WAG 50 1 40
33 36600 | Horizontal | Vertical | BHP | Rate | Cont. COy| 5 1 90
34 10000 | Horizontal | Horizontal | Rate | BHP WAG 50 1 90
35 10000 | Horizontal | Vertical | Rate | BHP | Cont. CO,| 50 | 0.01 | 10
36 10000 Vertical | Horizontal | BHP | BHP WAG 50 | 0.01| 40
37 50000 | Horizontal | Vertical | Rate | BHP |Cont. CO,| 5 1 10
38 50000 Vertical | Horizontal | BHP | Rate | Cont. CO>| 50 | 0.01 | 40
39 50000 | Horizontal | Vertical BHP | Rate WAG 50 1 10
40 23300 | Horizontal | Horizontal | Rate | Rate | Cont. CO, | 5 1 90
41 30000 Vertical Vertical BHP | Rate WAG 5 1 10
42 10000 | Horizontal | Horizontal | BHP | Rate |Cont. CO,| 5 | 0.01| 10
43 20000 Vertical | Horizontal | Rate | Rate WAG 5 1 90
44 40000 Vertical | Horizontal | BHP | BHP WAG 50 1 90
45 50000 Vertical | Horizontal | Rate | BHP WAG 5 1 40
46 50000 | Vertical | Horizontal | BHP | BHP |Cont. CO, | 50 1 10
47 20000 | Horizontal | Vertical BHP | BHP WAG 50 | 0.01| 90
48 10000 | Vertical | Horizontal | BHP | Rate |Cont. CO,| 5 | 0.01| 90
49 10000 | Horizontal | Horizontal | BHP | BHP WAG 5 1 10
50 10000 | Vertical | Horizontal | Rate | BHP |Cont. CO2| 5 | 0.01| 10
51 50000 | Horizontal | Horizontal | BHP | BHP WAG 5 0.01 10
52 10000 | Horizontal | Vertical | Rate | BHP |Cont. CO,| 5 | 0.01| 90
53 30000 | Horizontal | Vertical | Rate | Rate | Cont. CO, | 50 1 10
54 50000 Vertical Vertical BHP | BHP | Cont. CO, 5 0.01 | 40
55 10000 Vertical | Horizontal | Rate | Rate WAG 5 1 40
56 50000 | Horizontal | Vertical Rate | Rate WAG 5 1 90
57 50000 | Vertical Vertical | Rate | Rate |Cont. CO,| 50 | 0.01| 10
58 10000 | Vertical Vertical | Rate | Rate | Cont. CO,| 5 1 10
59 50000 | Horizontal | Horizontal | BHP | Rate | Cont. COy| 5 1 40
60 10000 Vertical | Horizontal | BHP | BHP | Cont. CO» 5 1 40
61 50000 | Horizontal | Vertical Rate | BHP WAG 50 | 0.01 | 40
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Table 5.7: Summary input data for 3-D carbonate reservoir case

Table 5.8: Simulation results for carbonate reservoirs flood design uncertainty analysis

Gridblock Size, ft 22x22x7.5
Reference Initial Pressure, psia 2500
Reference Depth, ft 15200
Reservoir Depth at the Top, ft {5000
Initial Average Oil Saturation, frac.  |0.65

Initial Average Water Saturation, frac.{0.35
Temperature, °F 110

CO;
PercentageDuration A Injected per CO, Stored Value of
ve. CO, per Barrel
Run# "eCOVery of 985 \saturati on, Barrgl of of Oil prod_uced
(Gas [flooding, frac Oil Produced oil,
Flooding)| Year " | Produced, Mscf /STBb $/bhbl
Mscf/STBO
RO1| 28.14 | 23.82 0.27 5.7 4.79 19.08
R0O2| 7.83 1.11 0.19 6.65 12.12 20.36
RO3| 19.89 | 16.79 0.31 17.1 7.65 20.7
RO4| 3487 | 22.82 0.42 14.97 6.17 18.98
RO5| 27.88 3.31 0.39 15.87 6.86 19.78
RO6| 18.96 0.82 0.18 2.97 4.44 4.81
RO7| 15.35 0.87 0.27 6.39 8.39 2.66
R0O8| 20.65 2.19 0.29 18.91 6.31 11.11
RO9| 14.48 5.06 0.27 8.34 8.8 19.04
R10| 28.8 92.81 0.24 291 3.91 11.27
R11| 3391 | 17.27 0.31 5.24 4.88 20.64
R12| 254 0.09 0.15 7.29 17.41 -35.1
R13| 19.32 | 23.33 0.24 4.9 5.64 21.6
R14| 32.07 | 24.93 0.28 4.92 4.14 18.67
R15| 5.15 0.68 0.14 4.68 7 -22.02
R16| 282 33.33 0.37 11.26 6.37 16.16
R17| 4.79 0.67 0.16 6.41 14.23 0.59
R18 17 6.58 0.32 14.07 8.68 19.91
R19| 16.53 3.92 0.27 4.04 8.24 17.03
R20| 30.84 | 23.92 0.44 17.47 7.18 19.81
R21| 33.96 44.5 0.32 9.71 512 17.83
R22| 3535 | 72.81 0.31 5.96 4.4 16.03
R23| 17.29 21.1 0.25 16.99 6.89 16.61
R24| 23.01 | 21.88 0.24 2.37 4.86 19.53
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Table 5.8: Continued

R25| 28.06 | 10.39 0.29 9.85 5.37 8.23
R26| 27.38 5.74 0.25 7.11 4.22 19.45
R27| 14.68 | 11.53 0.25 11.78 8.71 20.86
R28| 35.87 2.9 0.27 6.2 3.5 16.88
R29| 11.38 | 10.46 0.23 5.98 11.08 20.51
R30| 25.26 | 85.52 0.21 6.72 3.61 12.89
R31| 20.67 | 31.93 0.17 4.75 3.6 5.09
R32| 24.06 9.95 0.25 6.6 5.27 19.14
R33| 27.77 | 11.89 04 1.18 17.75 20.33
R34| 139 5.89 0.15 3.55 5.1 20.2
R35| 6.98 0.96 0.16 4.89 9.99 -12.83
R36| 199 2.61 0.22 4.46 5.05 22.33
R37| 31.71 211 0.42 13.25 6.37 9.3
R38| 18.45 4.1 0.41 20.99 8.89 20.42
R39| 3351 4.5 0.33 9.59 5.12 11.26
R40| 2285 | 13.89 0.3 10.47 6.94 19.26
R41| 30.08 4.05 0.28 6.55 4.83 7.8
R42| 12.95 8.21 0.24 4.26 8.69 -4.69
R43| 27.93 42 0.23 5.75 3.77 17.34
R44| 21.44 5.87 0.18 9.4 3.72 22.19
R45| 33.76 | 27.32 0.26 10.23 3.69 18.49
R46| 20.99 0.22 0.35 16.6 7.85 2.93
R47| 27.6 23.72 0.25 7.71 4.34 20.91
R48 1 5.64 0.1 16.19 40.66 5.51
R49| 30.38 4.87 0.23 2.71 3.46 11.16
R50| 1.71 0.45 0.1 1111 14.85 -40.1
R51| 4252 | 85.28 0.31 9.11 3.6 9
R52| 4.71 15.99 0.13 6.95 13.54 17.09
R53| 11.34 0.57 0.22 11.31 8.97 291
R54| 23.81 7.04 0.36 17.8 7.27 18.24
R55| 2235 | 11.15 0.21 3.59 4.15 18.05
R56| 39.71 79 0.32 8.89 4.04 16.31
R57| 20.87 1.69 0.34 12.25 7.63 10.38
R58| 148 111 0.24 4.69 8.1 -6.88
R59| 31.46 8.4 04 17.75 6.55 18.46
R60| 41.01 | 19.57 0.3 9.84 2.88 13.34
R61| 0.91 11.16 0.13 2.82 7.66 1.88
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Table 5.9: Important economical parameters for flood design DCF calculations

Qil Price $45 / bbl
Oil Price Increase 10 %
Royalty 12.5%
CO; Price $0.85 / mcf
Op. Cost Inflation 15%
Recycle Cost $0.35 / mcf
Lift Cost $0.2 / bbl
Discount Rate 12 %
Fed. Tax Rate 32%
EOR Tax Credit 20 %

Table 5.10: Ranked effect of flood design factors for carbonate reservoirs

Rank | Storage objective | Profit objective
1 A J
2 A” DE
3 F GH
4 GH Al
5 BC AC
6 AE A®
7 F D
8 D EJ
9 G BJ
10 CF CG

Table 5.11: Optimization scenarios for flood design variables in carbonate reservoirs

Optimizing Maximizing
Objectives Profit ($/bbl) & only CO2
CO, Storage Storage
A: Produced GOR, SCF/STB 31000 40000
B: Production well type Vertical Vertical
C: Injection well type Vertical Vertical
D: Production well constraint BHP BHP
E: Injection well constraint BHP BHP
F: Injection scheme WAG Cont. CO»
G: Average field permeability 50 5
H: Kv/Kh 0.1 1.0
J: Well spacing 45 65
CO, Saturation, frac. 0.29 0.44
Profit, $/bbl 23 21
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Table 5.12: Uncertain parametersin flood design parameters for sandstone reservoirs

Factors Type L ow High
A: Production well type Categoric Horizontal Vertical
B: Injection well type Categoric Horizontal Verticd
C: Production well Categoric Rate BHP
constraint
D: Injection well constraint | Categoric Rate BHP
E: Recycling Categoric | Yes(re-inject) No (re-sell)
.y ouoed GOR, Categoric 10000 50000
G: Shut-In/Open strategy Categoric Yes No
H: Injection scheme Categoric WAG Continuous CO,
J: Well spacing, acre Categoric 50 90

Table 5.13: Setting of uncertain factorsin all of 32 simulation runs for sandstone
reservoirs sensitivity study

Run # A B C D F G H J
1 Vertica |Horizontal| Rate | BHP | Yes | 50000 | Yes |Cont. CO, 90
2 Vertica |Horizontal| Rate | BHP | NO | 50000 | NO [WAG 50
3 |Horizontal|Horizontal| BHP | BHP | Yes | 50000 | Yes WAG 90
4 |Horizontal| Vertical BHP | BHP | Yes | 10000 NO [Cont. CO, 90
5 |Horizontal |Horizontal| Rate | Rate | NO | 50000 | Yes WAG 50
6 Vertica |Horizontal| Rate | Rate | NO | 10000 NO [Cont. CO, 90
7 |Horizontal| Verticd Rate | BHP | Yes | 50000 | Yes |Cont. CO, 50
8 |Horizonta| Vertica | BHP | BHP | NO | 10000 | Yes WAG 50
9 Vertical | Verticd | BHP | Rate | Yes | 10000 | Yes |Cont. CO, 90
10 Vertical |Horizontal| BHP | Rate | Yes | 50000 | NO WAG 90
11 Vertical |Horizontal| BHP | BHP | NO | 10000 | Yes WAG 90
12 |Horizontal| Vertical | BHP | Rate | NO | 50000 | Yes [Cont. CO, 90
13 Vertical | Verticd Rate | BHP | Yes | 10000 | NO |WAG 90
14 Vertica | Vertica Rate | Rate | NO | 50000 | Yes WAG 90
15 Vertica | Vertica Rate | Rate | Yes | 50000 NO [Cont. CO, 50
16 |Horizontal |Horizontal| BHP | Rate | NO | 10000 NO WAG 90
17 |Horizontal| Verticd Rate | Rate | NO | 10000 | NO |Cont. CO, 50
18 Vertica |Horizontal| Rate | Rate | Yes | 10000 | Yes WAG 50
19 Vertical | Verticd | BHP | BHP | Yes | 50000 | Yes WAG 50
20 Vertical | Verticd | BHP | Rate | NO | 10000 | NO WAG 50
21 Vertica | Vertica Rate | BHP | NO | 10000 | Yes |Cont. CO, 50
22 |Horizontal [Horizontal| Rate | BHP | Yes | 10000 NO WAG 50
23 |Horizontal | Vertical Rate | Rate | Yes | 10000 | Yes WAG 90
24 |Horizontal| Vertical | BHP | Rate | Yes | 50000 | NO WAG 50
25 |Horizontal [Horizontal| Rate | BHP | NO | 10000 | Yes |Cont. CO, 90
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Table 5.13: Continued

26 |Horizontal |Horizontal| BHP | Rate | Yes | 10000 | Yes |[Cont. CO, 50
27 |Horizontal | Vertical Rate | BHP | NO | 50000 NO WAG 90
28 |Horizontal |Horizontal| Rate | Rate | Yes | 50000 | NO [Cont. CO, 90
29 |Horizontal [Horizontal| BHP | BHP | NO | 50000 NO [Cont. CO, 50
30 Vertica |Horizontal| BHP | Rate | NO | 50000 | Yes |Cont. CO, 50
31 Vertical | Vertical BHP | BHP | NO | 50000 | NO |Cont. CO, 90
32 Vertica |Horizontal| BHP | BHP | Yes | 10000 NO [Cont. CO, 50

Table 5.14: Summary of 3-D sandstone reservoir input data for flood design sensitivity

Length, ft 3500
Width, ft 2500
Thickness, ft 150
Number of Blocks 28x40x15
Gridblock Size, ft 90x90%10
Number of Gridblocks 16800
\Vertical to horizontal Perm. Ratio 0.1
Average horizontal permeability, md 100
Average vertical permeability, md 10
Average porosity 0.22
Reference Initial Pressure, psia 3000
Reference Depth, ft 6140
Initial Average Oil Saturation, frac. 0.65
Initial Average Water Saturation, frac. 0.35
Temperature, °F 150
Dykstra-Parsons coefficient 0.8
Dimensionless Correlation Length in X, y directions (Ax Ay), ft 0.5
Dimensionless Correlation Length in z direction (A,), ft 0.3
Pore Volume, MM. RB 53.25
OOIP, MM STB 30.74
HCPV, MM RB 34.62
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Table 5.15: Simulation results for sandstone reservoirs flood design uncertainty analysis

CO;
PercentageDuration A Injected per CO, Stored Value of
ve. CO, per Barrel
Run# "eCOVery of 985 \saturati on, Barrgl of of Oil prod_uced
(Gas [flooding, frac Oil Produced oil,
Flooding)| Year " | Produced, Mscf /STBb $/bhbl
Mscf/STBO
RO1| 1364 | 16.11 0.30 15.93 9.64 14.38
R02| 27.67 | 66.33 0.24 11.24 3.97 11.70
RO3| 9.71 7.56 0.24 12.10 8.68 10.85
R0O4| 13.28 2.14 0.23 15.27 8.48 11.88
RO5| 1331 | 11.87 0.19 13.60 5.60 8.67
RO6| 3.66 0.90 0.13 7.57 16.14 2.58
RO7| 13.33 2.30 0.26 14.64 8.08 5.57
RO8| 5.40 1.13 0.16 6.79 13.53 -3.07
R0O9| 7.86 7.56 0.18 6.20 11.21 10.22
R10| 5.51 3.04 0.18 7.23 12.43 7.45
R11| 8.02 7.00 0.21 6.88 12.02 10.43
R12| 16.16 8.00 0.29 15.38 8.36 12.75
R13| 14.18 | 13.18 0.19 15.08 5.24 12.83
R14| 7.44 2.05 0.17 5.67 10.48 9.82
R15| 20.21 | 38.08 0.35 17.37 7.88 5.57
R16| 10.38 | 10.11 0.17 5.97 8.27 12.29
R17| 3.52 3.00 0.14 7.78 17.38 -12.58
R18| 13.74 | 78.76 0.20 4.65 6.48 8.86
R19| 2428 | 37.13 0.22 13.18 4.13 10.66
R20| 14.11 | 86.05 0.19 4.89 6.00 8.06
R21| 11.99 | 19.32 0.22 6.25 9.36 7.10
R22| 5.79 1.28 0.15 6.96 12.64 -3.58
R23| 1354 4.74 0.23 14.51 7.10 11.51
R24| 13.87 | 12.02 0.19 13.67 5.36 7.85
R25| 5.44 3.97 0.12 6.78 9.29 7.89
R26| 277 2.63 0.13 8.10 17.25 -21.48
R27| 2390 | 14.17 0.22 13.31 4.26 4.16
R28| 18.64 | 19.69 0.25 15.06 5.98 17.72
R29| 12.02 2.00 0.23 15.37 8.98 5.84
R30| 18.60 | 38.05 0.36 17.13 8.51 8.88
R31| 8.93 9.34 0.17 5.65 8.60 11.38
R32| 1220 | 15.92 0.23 6.14 9.15 7.87
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Table 5.16: Ranked effect of flood design factors for sandstone reservoirs

Rank | Storage objective | Profit objective
1 F F

2 J A

3 A H

4 DH FH

5 DJ AH

6 EJ J

7 H AJ

Table 5.17: Optimization scenarios for flood design variables in sandstone reservoirs
Optimizing Maximizing
Objectives Profit ($/bbl) & only CO2

CO, Storage Storage

A: Production well type Vertical Vertical

B: Injection well type Horizontal Horizontal

C: Production well constraint Rate Rate

D: Injection well constraint BHP BHP

E: Recycling Yes (re-inject) Y es (re-inject)

F: Produced GOR, SCF/STB 50000 50000

G: Shut-1n/Open strategy Yes Yes

H: Injection scheme WAG Continuous CO;

J. Wéll spacing, acre 50 90

CO, Saturation, frac. 0.22 0.34

Profit, $/bbl 17.7 3.8
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Figure 5.1- Cross section and areal view of the permeability field

Figure 5.2- Gas saturation and CO, front comparison in gravity stable (after 85 years of
injection) and non gravity stable displacement modes (after 2 years of injection)

119



Injection Wdll _
First Stage

Injection Well
Prrduction Wel

Injection Wdll ]
Production Well J Third Stage

Production Well

Second Stage

Figure 5.3- Schematic view of the three-stage flood design to sweep the reservoir

Figure 5.4- Comparison between on-stage (right) and three-stage (left) operations. Oil
saturation in areal view at the end of CO, flooding
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Figure 5.5- Comparison between employing vertical producer wells (right) and horizontal
producers (left). Oil saturation in areal view at the end of CO, flooding

Figure 5.6- Areal and cross sectional view of oil saturation in at the end of CO, flooding
in open and shut-in strategy operation
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Figure 5.7- Three-dimensional view of carbonate reservoir geometry and its layered
permeability distribution, for flood design sensitivity study
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Figure 5.8- Qil recovery factor for some of the simulation cases
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Figure 5.9- Average CO, saturation for some of the simulation cases
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Figure 5.10- Response surface for profit objective at different GOR constraint and
average reservoir permeability and constant values for other factors (shown
in the | eft) in carbonate reservoirs
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Figure 5.12- Three-dimensional view of sandstone reservoir geometry and its stochastic
permeability distribution, for flood design sensitivity study
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Figure 5.13- Three-dimensional view of remaining oil saturation at the end of water
flooding for one of the sensitivity cases

Figure 5.14- Remaining oil saturation (right) and CO, saturation (left) distributions at the
end of one of CO; flooding simulation cases
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14.4
C: Rate Constraint 5
D: BHP Constraint =
E: Re-sdll CO2 S 137
F: High GOR Constr. g
G: Yes(Shut-1n/Open) ~
H: WAG Injection 8 13

J: Small well sapcing

123

B: J Wells

Figure 5.16- Response surface for storage objective at different injection and production
well types and constant parameters for other design factors (shown in the

left) in sandstone reservoirs
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Figure 5.17- Response surface for profit objective at different produced GOR and
injection scheme (WAG or continuous CO;) and constant parameters for
other design factors (shown in the left) in sandstone reservoirs
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Chapter 6: Derivation of Dimensionless Scaling Groupsfor Miscible
CO, Flooding

6.1 INTRODUCTION

In order to assess the capability and performance of a CO, flooding project (for
enhanced oil recovery, sequestration, or both), dimensionless scaling groups can be
utilized as an efficient tool to quickly monitor reservoirs with different sizes and different
operating conditions. Then, the best possible scenarios can be employed to maximize any
objective function. Dimensionless scaling groups are derived by applying different
methods on the governing equations or variables for any processes. Inspectional analysis,
which is one of these methods, involves non-dimensionalizing the equations that describe
the physical process. Shook et al. (1992) used inspectional analysis to derive the
dimensionless scaling groups for immiscible flow (water flooding) through permeable
media. In this approach, the equations that describe the process (including the boundary
conditions), are gathered and arbitrary scale factors are introduced and replace actua
variables in the equations. The scale factors are then amassed into dimensionless groups
in a way that the number of the final scaling groups is minimized. Defining arbitrary
values for scale factors is somewhat subjective; they have to be assigned in a way that
final dimensionless form of the equations would not be different than that of initial

governing equations.

6.2 PROBLEM STATEMENT AND ASSUMPTIONS

This section describes methodology in deriving dimensionless scaling groups for
CO, flooding displacement process in a three-dimensional porous media. Phase behavior
relations have been entered in the derivations to achieve comprehensive scaling groups.

Peng Robinson Equation of State (PR-EOS) and its auxiliary equations are considered as
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governing formulation for the phase behavior section of derivations. Despite the large
number of variables and parameters involve in this type of full field-scale processes,
dimensional analysis reduces them substantially. Main assumptions for derivations are
three-dimensional field scale geometry, three-pseudo components, as solvent (subscript
3), light-oil component (subscript 2), and heavy-oil component (subscript 4), three-
phases, as water (subscript 1) oil (subscript 2) and gas (subscript 3), no chemica
reactions, no adsorption, and no diffusion. Figure 6.1 shows schematic of reservoir
geometry in this study. It is a dipping reservoir with dip angle of a. Sides as well as top
and bottom of the reservoir are impermeable boundaries. Pure CO; is injected down-dip

into the reservoir.

6.3 INSPECTIONAL ANALYSISFOR MiscIiBLE CO, FLOODING PROCESS

Miscible displacement of residual oil phase (subscript 2) by gas phase (subscript
3) which is considered as pure CO,, following by water flooding is non-dimensionalized.
Governing equations for these type of processes are conservation equations, Darcy’s
equations, capillary pressure equations, phase equilibrium equations and two auxiliary

equations given below.

0 & & - &, = . :
gqﬁijijj +Ved x,pUi Vepd Kij-Vp,x, =0 i=1..,n, j=1..n, (6.1)
j=1 j=t =1

0 =—9WP+p @ =L, (6.2)
j

P-R =P, =j(S)0, % j=L.,n,  k=Ll.,n, k=] (6.3)

k=S = = k= K# 6.4

e I=1..,n, ]=1...,n,, =1n,, # | (6.4

ik

nC . .

Z)gj =1 i=1..,n j=1..n, (6.5)
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>SS =1 j=l..n (6.6)

It should be noted that conservation equations are slightly modified in order to
reduce the number of variables that have to be dealt with. In order to do this, p;X;

(product of phase density and component mole fraction) was assumed to beC; which is

the concentration of component i in phase j. Table 6.1 shows the equations and
unknowns and their corresponding numbers entered in these equations. Figure 6.1 also

shows the schematic describing the flooding process.
All flow equations constitute 29 parameters (o1, 02, P3. L, U 13, Ky, Ky Ky

: | Al Al ~J
K1, K 2,Kr 3,021,023, S50 ., 9,0, |, Pyt L HL W, iy, Ui ,C2,C3,C4,C3 ) and 24
dependent variables (C,,C».Ck.Cy,Cy,,Cy,Cy,C . Cis . S, S, S, RL B By Uy

ux2’ux3’uzl’u22’uz3’u u

s1:Uy2,Uy5) which are affecting the CO; flooding process.

6.4 NTRODUCING ARBITRARY SCALING FACTORS

Two arbitrary scaling factors are introduced for each variable in the equations. In
total, 56 scaling factors are introduced (corresponding to 28 original variables) in which
28 of them are additive and the rest are multiplicative scaling factors. Relationship
between scale factors and origina variables is considered as linear function. The original
variables in the equations are then replaced with these scaling factors. Following linear
transformations convert all of the origina variables into dimensionless format. In all of
these equations scaling parameters with "*" sign as superscript are considered as arbitrary
scaling factors. In addition, variables with subscript "D" are final dimensionless variables

that are going to replace dimensional variables.
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Cp =CCop +Cyyy S=S,5,+S; R=PF,R,+R; Uy = UygoUyyp T Uy

Cp= szzczzo +C;21 S = S;ZSZD + S;l P = Pz*z Ppo + Pz*l U, = u;ZZUXZD + u:<21
Cp= C;32C230 + C;31 S = %*Z%D + S;l P = Ps*z Pp + Pf;l Us = u:<32ux3D + u:<31
Cyu= C;lZCBlD + C;n u, = u;12uuD + u;n
Cy, = C;.zzcszo + C::.21 U, = u;22uzzo + u;21
Cyu= C;32C330 + C;31 X= X;XD + XI Uy = u;32uz3D + u;31
Cu= C212C41D + C:ul y= y; Yo + yi Uy, = U*zlzule + U;n
Ci» =CioCarp +Cin 2=22,+2 Uy = UipUp + Uy
Cp= C:132C430 + C;31 t= t;tD +t£ Uy = uilZuZlD + u*ﬂl

6.5 REPLACING DIMENSIONAL VARIABLESWITH SCALING FACTORSIN CONSERVATION
EQUATIONS

By expanding the derivatives in each conservation equation, and then by entering
scaling factors, their number will grow rapidly and it will be hard to handle al of the
terms at the same time. Hence, it was decided to split the conservation equations into
different terms and continue with each term separately and then lump the fina results
back into the original equation. Following is the general form for conservation equation
considering al of the assumptions that were made at the beginning of our derivation.

0 & - . .
gqbg C,ij+V-E CijUj:O i=1..n j=1...,n (6.7)
=1 j=1

J

Following are expanded version for Equation 6.7 for each component. For light

oil component (subscript 2):

0 0

a (¢C21Si + ¢C2252 + ¢023%) + & (uGC21 + u2xC22 + usxczs) +
3 3 (6.8

+ a_y (ulyCZl + u2yczz + usycza) + E (ulzCZl + u22C22 + uazczs) =0
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for gas, (CO,), component (subscript 3):

0 0
a (9C4S +0C,,S, +9C,,S)) + & (U, Cqy + U, Cp +U,, Ci) +

3 3 (6.9
+— (uin31 + u2yC32 + u3yC33) +— (u1zC31 + u22C32 + u32C33) =0
ay 0z
and for heavy oil components (subscript 4):
0 0
~ (¢C41§ + ¢C4zsz + ¢C4353) +— (U1XC41 + usz42 + u3xC43) +
ot oX (6.10)

0 0
+ a_y (ulyC41 + u2yC42 + usyC43) + g (U1ZC41 + uzzC42 + U3ZC43) =0

According to the detailed derivations presented in Appendix A, the conservation

equation for component 2 is converted into the following dimensionless form:

5 (CanSo + oS + CanSo )+
+ _;éiz _ %(UWDCHD +Uy,5 Copp +UsyoCrsp ) + (6.1
+ :ﬁ} %(umc21D +Uy,5Coop + Uy Crp ) =0

In a similar way, conservation equations for other two components, CO;

(subscript 3) and heavy oil component (subscript 4), can be written as following:
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d

aT(Cslo SD + Cszoszo + CssoSSD ) +
D

Lty | 9
| 9S,% | 9%,
_%_i(
| 9SY; |9Yp
| 9S,2,

and for heavy oil component:

Uy C31D + u2yDC32D +Us; Csso

0z,

J

aT(C41D§D + C42DSZD + C4aossD ) +
D

+

L 9S% | 0%,
CuLt | oo
_¢§§;; | E(ulyDCMD +Uy5Clop + Uy Cp ) +
ULt } 0
| 457,

u,t, | o
- (ulxDC4lD + u2XDC42D + u3XDC43D ) +

0z,

6.6 REPLACING DIMENSIONAL VARIABLESWITH SCALING FACTORSIN DARCY'S

EQUATIONS

(ulXDC3lD + uZXDC:32D + l"|3><DC:33D ) +

)+

0
:|_(ulﬂ3C31D + Uy, Cop + Us s Cagp ) =0

(ulzDCAlD + Uy 5,Clop + UspCap ) =0

(6.12)

(6.13)

For three-dimensional displacement of CO, injection with three phases present in

the process, there are 9 Darcy's law equations.

__kki(oR - ]

k
W, = —y—k’l[£+ 2.9 cosaj
o\ 9y
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(6.14)

(6.15)

(6.16)

(6.17)



k
Uy :_ﬁ(ﬁ"’ng] (6.18)

U, \ dy
u,, = kﬂkz’ ( P + 0,0 cosa) (6.19)
Uy, =—kxﬂ—i’3 %+psgsinaj (6.20)
Uy, = —k;l—t’?‘ aa_Tjerng (6.21)
Uy, = —k;—i“ aa—Pz3+ foXo| cosaj (6.22)

According to the detailed derivations shown in Appendix A, Darcy equations are

converted into the following dimensionless forms.

Uyg =— KK1P2 }Lapw {szlg sin (X}J |: ha } (6.23)
Lulx21uix2 1x2

Uyp =— y rl }(3% yzpl ] |: lyl:| (6.24)
1y2ﬂ1y2 o Uy

Uy =— z Ky 12 [a 1D Zzplg COSO( J { lzl (6.25)
| UattiZ, |\ 92
[k oP, sin

Uyp =— (Ki2P ji( 2D {szzg 0{}] { *2x1:| (6.26)
2x2/u2X2 9% Uzxo
[k k P,

Upyp = y'r2 (apzo { yzpz J l: u2yl :l (6.27)
2y21u2y2 ayD u2y2

Uyp =— K KoPy 22 Zzng COS(X}] { Ule} (6.28)
2z2:U222 ] azD L P Uy,

Ugp =~ L kr3 2 %o + x2p3gsmotD {uf)d} (6.29)
3x2/u3x2 aXD L P32 u3x2
[k kP ;

Uyp =—| = }[a {yzp 39D [ufyl} (6.30)

L 3y21u3y2 Yo P Usyo

Upp =— KK 3P }{ {22,039 COSO{:D {ule:| (6.31)

322/1322 a %2 u322
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6.7 REPLACING DIMENSIONAL VARIABLESWITH SCALING FACTORSIN CAPILLARY
PRESSURE EQUATIONS

For three-phase displacement of CO, injection, there are 2 capillary pressure

equations as following:

%—H=Rm=K$%J% (6.32)
P,—F =Ry =j(Soy, g (6.33)

After introducing the arbitrary scaling parameters in the equations 6.32 and 6.33

and then simplifying them, following dimensionless equations are resulted.

@
P, PR "ZJE
Po—| 57 |Rot - = (S - (6:34)

P

¢

* * * G -
P R, -P . 24 k
F’go—[ Z*Z}PZDJ{ u 21}1(5) AL (6.35)
32 32

6.8 INITIAL AND BOUNDARY CONDITIONS

In order to solve all necessary equations for a CO, flooding displacement process,
appropriate initial and boundary conditions are needed to achieve logical and
comprehensive solutions. For three-dimensional, three-pseudo components, and three-

phases displacement process of CO, injection, following are al of the initia and

boundary conditions.

S, =S5 at t=0, V Xx,V,2 (6.36)
$=0 aa  t=0, V xvyz (6.37)
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Equations 6.36 and 6.37 denote the initial saturations for oil, which is assumed at
residual after waterflooding, and gas saturation, which is assumed to be zero since

reservoir isinitially under-saturated.

Cy3=Cy1 =0 at t=0, V x v,z (6.38)
Cyp =Ch at t=0 V XYz (6.39)
C33=C31=0 at t=0, V x v,z (6.40)
Cap =Cl at  t=0 V XYz (6.41)
Cy3=C41=0 at t=0, V x v,z (6.42)
Cqp =C} at  t=0, V XxVz (6.43)

Equations 6.38 through 6.43 show the initial conditions for all three components.

Cy3=Cj at x=0, V tyz (6.44)

Equation 6.44 represents boundary conditions for CO, injection well, which is

assumed as pure CO,, in the gas form.

=P, =R =Ry +(pjgcosa)(H -2) a  x=L, V ty,z (6.45)

Equation 6.45 explains boundary settings for production well which is assumed

under constant bottom hole pressure condition for all of the phases that are being

produced.

hy =Uy,; =U3, =0 at z=0, V xy,t (6.46)
hy =Uy, =U3, =0 at z=H, V xyt (6.47)
Uy =Upy =Ugy =0 at y=0, V Xzt (6.48)
Uy =Upy =Ugy =0 at y=W, V xzt (6.49)
Uy =Upy =Uzy =0 at x=0, V y,zt (6.50)
Uy =Upy =Uzy =0 at Xx=L, V yzt (6.51)
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Equations 6.46 through 6.51 correspond to no flow boundary conditionsin all for

sides of the reservoir.

Vivj‘(\)N (% IOH ugxdzjdy = Uinj at x=0, V y,zt (6.52)

Equations 6.52 show the boundary settings for the injection well, which is
assumed under constant injection rate.
Arbitrary scaling factors are entered into equations 6.36 through 6.53 and resulted

equations are simplified and rearranged. Details of derivations are shown in Appendix A.

6.9 SATURATION AND CONCENTRATIONS CONSTRAINTS

It is one of the main and imperative principles in any flow and phase behavior
calculations that saturations and concentrations should sum to one in the whole system.
These two principles are usually coupled and lumped in the magjor calculations (when
actualy solving them), and they get embedded in those calculations. Since these
eguations are not actually solved in the process of deriving dimensionless scaling groups,
these two basic principles should be presented separately. These equations are shown in
Appendix A. Arbitrary scaling factors are introduced in these equations as well. Details

of derivations for this section are shown in Appendix A.

6.10 PHASE EQUILIBRIUM EQUATIONS

An extensive amount of calculations in the compositional smulations of gas
flooding-type of displacements are carried out to solve auxiliary phase behavior
equations. Among al simulators, two type of approaches are considered; Equation of
State (EOS) computations or partitioning coefficient calculations. In  non-

dimensionalizing phase behavior part of the equations, partitioning coefficient approach
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did not provide any additional scaling groups. One reason for this would be
dimensionless nature of partitioning coefficients. It should be noted that these coefficients
provide approximate solutions for phase behavior model but more rigorous method
would be utilizing EOS approach. Therefore, it was decided to use Peng-Robinson EOS
in our derivations.

Equation (6.54) shows the origina form of Peng-Robinson EOS. Phase behavior
equations constitute of 12 parameters (R.a,b,c,c,c,o,0,T,,P,V,,Z)and 3
independent variables (T, P, V) and are being utilized to supplement flow equations in

order to model the CO; flooding process.

V-b (V+c)V+2c+b)+(b+c)(V-b)
where
R2T2 RT,

a(T) = 0.45724—C () and b=0.07780—%

¢ ¢ (6.55)
Jo =1+ k(l— \/Tf } and k = 0.37464+1.542260— 0.269920°

C
c=c'+c"(T -288.15)
where
(6.59)

¢’ = 0.40768 RT, (0.29441-Z7,,)

C

Z, =0.29056 - 0.08775w

Also ¢ which is volume shift trandation is defined in the Equation 6.59. It is the

temperature dependent volume correction parameter and is found as the difference
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between the molar volume at 80 °C given by the ASTM 1250-80 density correlation, and
the Peneloux molar volume for the same temperature for any component.

It is observed that Equation 6.54 is in dimensional form. In order to convert this
auxiliary eguation, for CO2 flooding displacement process, into the dimensionless form
similar approach to the inspectional analysis is taken. Reduced form of Peng-Robinson
Equation of State (PR-EOS) would be ideal scaled equation for this purpose. In order to
do this, equations 6.55 and 6.56 are substituted into the equation 6.54. Details are given
in Appendix A. Comparing reduced forms of temperature, pressure, and molar volume,
shown in Equation 6.57, with arbitrary scaling parameters for the same variables, shown
in equation 6.58, denotes that reduced form of these variables are in fact modified form
of arbitrary scaling factors and our approach, to derive the dimensionless EOS, is indeed

modified version of the inspectional analysis approach; it just should be noted that since
Tl* , F{ , and Vl* are arbitrary scaling factors, they can be set to zero; and in addition we

can set TE :TC,PE =R, ,and Vg =V, ; hence:

T-L R=r V=i ©0
Te R Vo
T=T;Tp+T; P=PP +R V=VaVo (6.58)

After detailed derivations, presented in Appendix A, Equation 6.59 is the fina
form of dimensionless EOS. It can be used along with other dimensionless equations to
scale the CO2 flooding displacement process. Three scaling groups, reduced temperature
(Ty), reduced pressure (P;), along with acentric factor, which is embedded in the
definition of “k” in Equation 6.55, are three main scaling parameters which were derived
from EOS as an auxiliary equations for CO, flooding displacement process. Since there

are 3 components present in our assumed system, and three scaling groups are introduced
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from phase behavior calculations therefore, 9 scaling groups should be considered for

phase behavior segment of the equations.

Qa\/1+ k(1- /T ) -

(zp—f— Q,)=T, (659

2
210 (1490 P ) g 2l o B r
P Z T, b p Z T,

6.11 DIMENSIONLESS EQUATIONS

Based on this major principle that non-dimensionalizing must not change the form
of the equations (Shook et al., 1992) and according to the assumptions that are made on
arbitrary scaling factors, aforementioned dimensional equations are simplified to obtain
following fina dimensionless equations. Simplification approach is presented in

Appendix A with more detail.

Conservation Equations:

d

at (CZlD SlD + C22D SZD + C23D SSD )
D
d

+ aX (ulxDC2lD + u2XDC:22D + u3XDC23D)
D

0
+ (ulyD CZlD + u2yDC22D + u3yDC23D )

Yo

(6.60)

0
+ aT(ulzDCZID + Uzmczzo + Usp Czso ) =0
D

0
aT(Cslo SAD + C32D SZD + C33D Sso ) +
D
0
+ aT(ulxD C31D T Uyo Cszo + u3xDC33D )
° 5 (6.61)
+ _(ulyDC31D + u2yDC32D + u3yDC33D )
o
0

+ az (ulzDCSID + uZZD C32D + u3ﬂ3C33D) = O
D
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0
F

+

C41D SD + C:42D SZD + C:43D S&;D ) +

d
(ulxDC4lD + u2xD C42D + u3xD(:43D )
D

+i(

ay ulyDC41D + UzyDC42D +Usp C430 )
D

d
+ a_(ulzDCMD + Uy Cpop +UspCogp ) =0
Z;

Darcy’ s Equations:

Uyp =—

ulyD:_

Upp

aFiD K, lrlplgsina]

-k—J
)
o

aPlD A9 W
ayD ui n
a Po 1plg cosa H
azD . n

[k 2”2””“}1

Py {k WX WD

7\‘|X 7\—|‘<

ayD L

R, | K ﬂmngcosa H
azD L

kx;i’r3p3g sin 05:|]

[%55 [kna]
)

P l: 3:039 cosa H }]

L

Uin
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(6.62)

(6.63)

(6.64)

(6.65)

(6.66)

(6.67)

(6.68)

(6.69)

(6.70)

(6.72)



Capillary Pressure Equations:

lo O-Zlkxﬂ’roz k¢
Pro = jP = (9)] ————
2D ( ] 1D Uinj-l—

/10 0-32kxﬂ’r03 k¢
Pp—| =2 [Pp = j(S)| ——— %

Initial and Boundary Conditions:

SZD:]' at tD=O \vd XD, YD Zp
Coip =Ca3p =0 aa  tp=0V Xp,¥p,2p
o]
Coop =| == a  tp=0V Xp,¥p.2p
cy
Cs1p =Ca3p =0 aa  tp=0V Xp,¥p,2p
o
Ca2p = = a  tp=0V Xp,¥p.2p
cy
Ca1p =Cagp =0 a  tp=0V Xp,¥p.2%p
cl
Cap =| =5 a  tp=0V Xp,¥p.2p
cy
Caap =1 aa  xp=0V yp,7p.ip
k o
Rp = xAr1P19 oS H (1-2zp) at Xp =1 V zp,tp
Uinj L
K A cos
P2D = XXTZng aﬂ (1— ZD) at XD =1 Vv ZD,tD
| uinj L
K A cos
%D = Xﬂr3p3g 0{%:|(1_ ZD) at Xp =1 Vv ZD,tD
Uinj

Uzp =Upzp =Uzp =0 at zp =0 V xp,¥Yp.tp
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(6.72)

(6.73)

(6.74)
(6.75)

(6.76)

(6.77)

(6.78)

(6.79)

(6.80)

(6.81)

(6.82)

(6.83)

(6.84)

(6.85)



WD =Upzp =Ugp =0
Uyp = Upyp =Ugyp =0
Uyp = Upyp =Ugyp =0
Uiyp = Upxp =Uzxp =0

Uixp = Ugyp =Uzyp =0

E U; Ugyp UZp deD =1

Saturation and Concentrations Constraints:

at

at

at

at

at

at

Sp+Sp +3p =1

Coip +Cgip +Ca1p =1
Coop +Caop +Cypp =1

Cozp +Ca3p +Cs3p =1

Phase Behavior Equation:

zp =1V Xp,Yp,ip
Yp =0 V Xp.Zp,.tp
Yp =1V Xp.Zp.tp
xp =0V yp.7p,ip

xp =1V yp.,7p.tp

xp =0 V yp,Zp,ip

Qa\/1+ k(1- /T ) -

1_Qib|i '
Z T,

(ZP_r_Qb) =T

(6.86)

(6.87)
(6.88)

(6.89)

(6.90)

(6.91)

(6.92)
(6.93)
(6.94)

(6.95)

(6.96)

Terms presented inside the brackets in Equations 6.63 through 6.96 are initial

scaling groups. These twenty eight scaling groups completely satisfy the scaling

requirements for three-dimensional, three-phase, and three-component problem. But yet,
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they are not independent of each other and additional steps should be taken to make them
independent.

6.12 FINAL DIMENSIONLESS SCALING GROUPS

In addition to the scaling groups that have been developed for CO, flooding
process, if injection and production wells were set to constant bottom hole pressure
constraint, following two new boundary conditions should be introduced to the system of

equations that were being dealt with:

R = Prj = Ry at x=0V yzt (6.97)

Fr.o =Py at x=L V y,zt (6.98)

p

In which Prj and Prpare injection and production pressures, respectively. After

introducing arbitrary scaling factors in Equations 6.97 and 6.98 and rearranging them, we

have:
anj - I:Il—Jl XI
Pro=|——— a Xp=-|=| V ¥p.Zp.lp (6.99)
Pr; 2 X2
P—Pr g —¥%
oo =| — 2 a xp=|222] Y yp.zpio (6.100)
Pro2 X2

p

Since scaling factors are arbitrary, we can set PFp 1and PFJ. 1 egual to zero and put

*

* - - - - _pe
Prp2=Prj2 and assume minimum miscibility pressure as reference for non-

dimensionalizing of these scaling factors; therefore Psz = PFJ. 2 = Rump ; hence:
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Gaz = Rump
and (6.101)
P
Gpg=—"
Pvmp

Finally, according to the detailed derivations which are presented in Appendix A,
the number of final scaling groups was minimized to 13. These groups correspond to
flow equations. Three dimensionless groups also were derived from equation of state.
Followings are total 16 scaling groups derived from all of the governing equations for

CO, flooding displacement. Superscript "f* stands for final scaling groups.

L
k H?
k 2
6l =2t
k. W
Gsf = i = ﬁ
G3 T2
G4f = 1 =212
G4 ﬂ’rS
4
O-Zlkxﬂ‘rZ ki
f X
G, =
UL
0-32kxﬂ’ro3 ﬁ
f kx
G, =
UL
G =—tana
G8f — A;)32
Apy
i _ kAAppgcosa H
G, = —
Uy L
k. A ,Apgcosa H
Gy == n T

inj
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Gll - Cé]
|
f_GC3
Go==7
C3
|
f_Cy
Gs=—3
Cs
and EOS-related scaling groups are:
P
Glf4 = B
.
f —_ —_——
Gy = T
Gg =
Alternate scaling groups when CO, flooding is performed under bottom hole
pressure constraint:
f T
G Pvump
~f _ P
Gg =
Pump

6.13 SUMMARY AND CONCLUSIONS

Inspectional analysis approach was applied to derive the dimensionless scaling
groups for CO2 flooding process in a three-dimensional, three-phase, and three-pseudo
component system. The governing flow equations constitute of 29 parameters and 24
dependent variables. Phase behavior relations have also been entered in the derivations to
achieve comprehensive scaling groups. Peng Robinson Equation of State (PR-EOS) and
its auxiliary equations are considered as governing formulation for the phase behavior
section of derivation. After deriving dimensionless groups, algebraic operations were

utilized on the final coefficient matrix to minimize the number of final scaling groups.
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Results show that, 17 dimensionless groups is needed to scale a CO2 flooding
process in any porous media. Fourteen scaling groups are related to flow equation and the
other three groups are the ones that derived from phase behavior equations. It should also

be noted that if injection process is carried out under bottom hole pressure constraint,

rather than under rate control, Glf7 and 6123 aso should be considered to scale the

process.
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Table 6.1: Equations and unknowns governing CO, flooding process

Equation Number of Unknowns Number of
g Equations Unknowns

Conservation (No)=3 CCs,C31,C5,C55,C1, €y, Cp) (NpxNc)=9
Phase _ _
Equilibrium | NX(Ne-1)=6 (Np)=3
Capillary - _
Pressure (Np-1)=2 (Np)=3
Darcy's law (NpxNp)=9 Uzs Uyg Upg, Upp, Uy Uy, Uy, Uyg) (NpxNp)=9
Saturations 1
Sumto 1l
Compositions _
Sumto 1 (Np)=3

Figure 6.1- Schematic view of the displacement process and media geometry




Chapter 7: Development of a Response Surfaces-Based MMP
Correlation

7.1 INTRODUCTION

Miscible CO; flooding is one of the most efficient displacement processes among
the tertiary oil recovery methods. Based on a study by Stosur et a. (1990), on future
potential of Enhanced Oil Recovery (EOR) methods in the US, miscible CO, gas
injection is gaining more popularity and eventually will be more attractive than any other
EOR techniques. This can be related to higher oil prices as well as availability of more
CO, sources considering the global regulations and restrictions on CO, emissions. In a
CO, displacement project, when full miscibility between injected CO, and reservoir fluid
is reached, capillary forces are eliminated from displacement process which ideally
results in no oil trapping and consequently higher recovery values. Difference between
reservoir pressure (or displacement pressure) and Minimum Miscibility Pressure (MMP)
is the most important factor to determine whether miscibility has bee achieved in the
reservoir. Displacement pressure should be completely higher than MMP in order to
achieve miscibility in the reservoir.

Miscibility in reservoir conditions is generaly achieved by two different
mechanisms. When the injected fluid and reservoir crude become fully miscible or in
other word, First Contact Miscible (FCM) conditions are achieved, a single phase fluid is
created and therefore, injected fluid completely displaces the reservoir fluid. One of the
most obvious cases for this type of miscibility conditions is FCM of Butane with some
crude oils at reservoir conditions. Other type of miscibility mechanism is called multiple
contact miscible displacement. Carbon dioxide generally makes multiple contact
miscibility with crude oils at some reservoir conditions. This means that many contacts

are necessary (in the form of mass transfer) for crude oil components and CO, to be
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mixed with each other. In these contacts, CO, starts first to be condensed into the
reservoir oil and then light oil components are vaporized into the CO,-rich phases. This
continues until there is no interfacial tension between these two new phases and a single
hydrocarbon phase is being produced. This process mainly depends on reservoir pressure
since reservoir temperature is considered constant in the CO, flooding processes. As
reservoir pressure increases, more CO, is dissolved in the oil and more oil components
are vaporized by ail. It is known that the extraction of hydrocarbons depends greatly on
the density of CO, (Lake, 1989). As CO, density increases, more hydrocarbon
components are vaporized from crude. In general higher reservoir pressure results in
higher CO, density. The pressure at which reservoir oil and CO;, are in extremely close
contact is called MMP.

Variety of different approaches have been suggested to measure and/or calculate
the MMP. Anaytical methods are simplistic methods which are based on phase
equilibrium calculations. Johns and Orr (1996) and Wang and Orr (1998) have introduced
phase equilibrium-based semi-analytica approaches to predict MMP vaues which
showed some promises in the development of analytical theory of gasinjection. Thisidea
later was extended and improved by Jessen et al. (2001) to generate approximate
solutions to the 1-D displacement of multi-component gas injection processes. The
prediction of miscibility conditions from ternary diagrams is based on experimentally
determined gas and liquid compositions in different mixtures. They finally concluded that
in specific cases for which injected fluid is pure CO,, dim tube experiments are better
approaches to be considered. Besides of this, sufficient phase equilibrium data between
injected gas and crude oil are needed, particularly near critical points. Without these type
of accurate and adequate data, sometimes mathematical methods fail to predict MMP
values. Experimental gas and liquid equilibrium data are not easy to acquire and are
expensive and hard to obtain. Jaubert et al. (2002) used a characterization procedure
based on Peng-Robinson Equation of State (EOS) and strived to address this question that
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"would experimental MMP dslim tube tests are necessary?' since less expensive phase
equilibrium procedures are available.

Another approach to predict thermo-dynamic MMP is using one-dimensional slim
tube simulations or experiments. Experimental slim tube data are gathered using long
dim tubes packed with specia type of sands which is saturated with reservoir oil at
reservoir temperature. About 1.2 pore volume of injected gasis gradually entered into the
reservoir in a wide range of pressure values. Recovery factor sharply increases at the
lower pressure values but gradually starts to flatten and then no additional recoveries are
gained by increasing displacement pressures. Figure 7.1 shows an example of slim tube
plot. It is shown that ultimate recovery values for each displacement pressure are plotted
and pressure at which, curve is bent is considered as MMP value. Slim tube tests are
valuable methods of determining MMP but they can be really expensive.

One-dimensional flow simulations of dlim tube experiments utilizing well-
characterized EOS fluid models are decent substitutes for expensive slim tube
experiments. This numerical approach is based on compositional simulation of solvent
injection into a 1-D high permeability porous media with straight-line relative
permeability data (which are representative of complete miscible displacement
processes). Since small size gridblocks are needed due to the small nature of problem,
effect of numerical and physical diffusion which has been mentioned previously by
Stalkup (1990) should be carefully considered. In order to accurately perform these type
of simulations, swelling test experiments have to be completed on the reservoir fluid.
These experimental data are needed to tune the EOS model of properly characterized
fluid. Besides of this, ssmulation of 1-D slim tube is also computationally expensive since
different smulation cases (at various pressure conditions) have to carried out. The use of
correlations to predict MMP is another method which has been widely used in the ail

industry.
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7.2 MINIMUM MISCIBILITY PRESSURE CORRELATIONS

The main factors affecting minimum miscibility pressure are the reservoir fluid
composition, injection gas which is considered as CO, in our study, and reservoir
temperature. MMP between CO, and any reservoir oil increases when a higher fraction of
volatile components such as C; exist in the reservoir. In addition, higher fraction of
intermediate components such as CO,, C,-C, in the reservoir fluid decreases the MMP
value (Alston et al., 1985, and Sebastian, et al., 1984). Moreover, higher molecular
weight of Cy. or Cs, fraction in the oil reservoir fluid results in higher MMP. In general
higher reservoir temperature also causes increase in the MMP.

In order to quantify the effect of al variables on MMP, numerous amount of
MMP correlations have been developed to quickly assess the MMP values. These
correlations are generally inexpensive, fast and easy to use. But, developing a
comprehensive MMP correlation has still remained a big challenge for researches since
long time ago. Proposed correlations have their own limitations and mainly account for
parameters such as reservoir temperature, oil composition, and molecular weight of
different hydrocarbon componentsin the fluid, CO, density, and impurities in the injected
fluid.

Holm and Josendal (1974) proposed first MMP correlation. They correlated MMP
value based on reservoir temperature and molecular weight of Cs. components in the
reservoir oil. Effect of temperature on CO, density was the main factor in their
correlation. They presented another correlation in (1982), in which CO, density is
empirically correlated to the extractable portion of the crude (which is mole fraction of Cs
through Czo hydrocarbons divided by mole fraction of Cs.). The MMP is then calculated
by finding the pressure required to obtain that CO, density at reservoir temperature. Orr
and Taber (1983) used this correlation and extend it to account for impurities in CO,

stream.
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National Petroleum Council (NPC) (1976) has another MMP correlation that
predicts MMP according to reservoir temperature and reservoir oil °API gravity.
Dunyushkin and Namiot (1978) aso suggested similar correlation to that of Holm and
Josendal (1974). Yellig and Metcalfe proposed (1980) simpler correlation and MMP was
correlated by reservoir temperature for oils with bubble point pressures lower than MMP
values. They used limited number of West Texas light oils. Their correlation did not
consider the composition of oil asimportant factor on predicted MMP. Yuan et a. (2004)
developed new MMP correlation for both pure and impure CO, injection scenarios using
analytical theory for MMP calculation from equation of state. Their correlation is based
on the reservoir temperature, molecular weight of C;. and percentage of intermediate
hydrocarbon components (C,-Cg) in the reservoir fluid. Alston et a. (1985) also
suggested a MMP correlation with temperature, oil composition, and a weight-averaged
critical temperature for the impure CO,. Orr and Jensen (1984) a MMP correlation with
extrapolated vapor pressure of CO,.

Johnson and Pollin (1981) empirically correlated MMP with the critical
temperature, critical pressure, composition, and molecular weight of the injection gas,
reservoir temperature, oil API gravity, density, and average molecular weight of oil. This
correlation was limited to the cases that injected gas is binary mixture of CO, and N, or
CO, and CH,4. Cronquist (1977, 1978) proposed correlations of MMP with reservoir
temperature and several EOS parameters such as temperature, Methane mole percent in
oil, and molecular weight of Pentane-plus fraction. Most of these previous correlations

have been presented in the Appendix B.

7.3 DEVELOPMENT OF A NEW MM P CORRELATION

Almost al of the aforementioned correlations are mainly based on experiments,

statistics, oil composition which directly represented by EOS parameters, and more
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specificaly reservoir temperature. It is inevitable to admit that MMP is directly or
indirectly linked with all of these factors. But on the other hand, developing a correlation
that could gather all of these variables and link them individually to the MMP, is amost
impossible. Previously developed dimensionless scaling groups (Chapter 6 of this
dissertation) helped us to lump al of these parameters together in order to provide
accurate and complete MMP correlation model.

The goa of this study is to use four of the phase behavior related dimensionless
scaling groups, which were developed in the chapter 6 of this dissertation, and then
utilize multivariate regression analysis based on response surface methodology (RSM)
and propose an al-inclusive MMP correlation for broad range of reservoir fluids. These
dimensionless groups are in the form of pseudo properties of heavy and light
hydrocarbon components. Since temperature has been proven to be one of the main
factors in determination of MMP values, the reduced form of temperature is used in this

study. Following are four dimensionless parameters:

T
A=T.=—0 7.1
2 T (7.2)
T
B=T =— 7.2
r4 Tc4 ( )
C=W, (7.3
D=W, (7.9

In the above groups, T, is the reduced temperature for light pseudocomponent
(C1-Ce) of theail, T,, isthe reduced temperature for heavy pseudocomponent (Cz.) , T,
is critical temperature for light pseudocomponent of the oil, T_, is critical temperature for
heavy pseudocomponent, T is the reservoir temperature, W, is Acentric factor for light

pseudocomponent of the oil, andW, is acentric factor for heavy pseudocomponent of the

154



oil. In order to calculate these pseudo properties, Pedersen and Christensen (2007)

recommend a weight-based grouping, thus:
6

z 4 IvlwiTci

(7.5)

LMol
AN
<
s

Tog=5l—— (7.6)

W, = = (7.7)

W, = = (7.8)

where z isthe mole fraction, M,,; is the molecular weight, T isthe critical temperature,

and ay is the acentric factor of carbon number fraction i. It is seen that all of the

important variables affecting MMP value such as reservoir temperature, molecular
weight, mole fraction of different components (representing effect of oil composition),
and some other important EOS parameters such as critical temperature and Acentric
factor for wide range of components are lumped in these dimensionless groups. In
addition, these dimensionless groups have been categorized in two distinct sets for light
and heavy hydrocarbon components. These aforementioned variables are ailmost all of the
factors affecting MMP value between CO, and injected fluid indirectly. It is realized that
the number of variables are so ample to deal with and also manage them to see their

individual affects and then, consequently define their combined effects on the MMP
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value. In solving these type of problems, any multivariate statistical analysis can be
utilized to define the effect of all these parameters on the final MMP value.

Response surface methodology is a powerful data-modeling tool which is capable
of capturing and representing complex input/output relationships. Applying response
surface method and multivariate regression analysis makes it possible to quantify and
rank the effect of each one of these dimensionless groups on the predicted MMP values
asfinal objective function for scaling groups.

Followings are step-by-step procedure which was followed in order to achieve

comprehensive MMP correlation.

7.3.1 Fluid Database

First step in developing the MMP correlation, was constructing a reservoir fluid
database which contains wide range of reservoir fluids. An extensive literature study was
performed to gather reservoir fluid data from published sources besides of some other
available fluids from internal sources in our Department. Table 7.1 shows all of fluid
references and their molecular weight. It was decided to keep some of these fluids for
validating the final developed MMP correlation; therefore, they obviously were not
utilized in the process of developing MMP correlation. They are specified in Table 7.1

with * sign.

7.3.2 Fluid Char acterization

Since full laboratory report was not available from mentioned references and we
were not able to find large number of data sets in the literature therefore, it was decided
to characterize al fluids in away that 7 components were defined in the equation of state
model for each fluid. For some of these fluid samples experimental bubble point pressure

and some other available experimental data were matched by tuning the EOS parameters.
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In addition, for EOS parameters of some of the fluids which didnt have enough
experimental data, correlations from Pedersen et a. (1988) were employed. Table 7.2 and
Table 7.3 show the final EOS parameters as examples for two fluid samples in the
database. Additional tables for the rest of EOS parameters for other fluids can be found in

Appendix B.

7.3.2 Slim Tube Simulations

Based on available EOS parameters for different fluids, critica temperature,
acentric factor, and molecular weight can be calculated for light (C;- Cg) and heavy (Cv.)
pseudo-components for al of the fluid samples. Utilizing the fina fluid database, dlim
tube simulation input files were set up for each one of the fluids. Since reservoir
temperature is one of the man parameters therefore, dim tube simulations were
performed at 4 different reservoir temperatures (90, 150, 180, and 220 °F) on al of the
fluid models. According to this, for each fluid model, 4 MMP values were acquired and
consequently corresponding reduced temperature and pseudo-acentric factors for the light
and heavy hydrocarbon components were recorded for each MMP value. In tota, close to
700 dlim tube simulations were performed and 68 MMP values were determined for al
fluid samples. Figures 7.2 and 7.3 show the ultimate recovery plots at different
temperatures for two slim tube simulation cases as examples for two fluid samples.
Additional tables for the rest of recovery plots for other fluids can be found in Appendix
B. In order to be consistent in determining MMP value for each slim tube displacement
simulation, pressure at which ultimate recovery curve is bent, considered as MMP value.
Table 7.4 shows the final MMP values for al of the fluid samples at different

temperatures.
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7.4 CONSTRUCTING RESPONSE SURFACES

It should be noted that, corresponding to each MMP value presented in Table 7. 2,
there are unigue reduced temperature and acentric factor values for heavy and light
pseudo-components of oil. By performing multi-variate regression analysis, MMP values
can be correlated by the four EOS-related independent variables which were mentioned
before. In fact, response surface is a fitted equation between simulated MMP vaues and
scaling groups. In the response equation, MMP was defined as objective function which
basicaly is a dependent variable and also four aforementioned dimensionless groups
were also independent variables. Responses were considered as linear, quadratic, and
third order equations. Following is the simplified version of the equation if we assume
only three independent variables as Xi and i=1,2,3 along with one dependent variable as
Y. Excluding the error term, below equation includes 14 terms but, if the number of
independent variables increases to 4 (which is the case in this study), response equation

will include 35 termsin asimilar way.

Y = ﬂo +ﬂ_|_A+ﬂzB+ﬂ3C
+ BioAB+ B3 AC + fo3BC + Bi1 A2 + BrpB? + a3C? (7.9)
+ ﬂ_|_23ABC + ﬂ_l_llAS + ﬂ222 83 + /333303 +error

In the Equation 7.9, Bjs are coefficients, and A, B and C stand for our

dimensionless groups such as Tz, Trs, W, W, shown in Equations 7.1 through 7.4,
respectively. Therefore, the resulting coefficients for our study will be 34 plus one value
for intercept which makes total number of coefficients 35.

MMP value is known as response and also all of dependent variables are known
as quantities. Multivariate regression analysis was performed using Premium Solver©
option within Microsoft Excel© to find coefficients which result in least error between

calculated (using slim tube ssimulations) and estimated (from response surface equation)
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MMP values. In order to do so, sum of the squares of differences of corresponding values
in two arrays as well as relative error percentages between them were minimized.
Utilizing Premium Solver option helped us to achieve global minimum for the
correlation. Therefore, all coefficients were determined when this global minimum was
reached. Based on the determined coefficients best correlation between estimated and
determined MMP values was established. Figure 7.4 shows the relation between
estimated and calculated MMP values. It represents a good agreement between
determined MMP vaues through slim tube simulation and MMP values calculated from
response surface equation.

Table 7.5 lists the coefficients and correlation coefficients for each term in the
equation 7.9. The A, B, C, and D and their combinational parameters represent the values
for reduced temperature, and acentric factors for pseudo-oil components shown in
equations 7.1 through 7.4. The final Response Surface (RS)-based correlation has
correlation coefficient of 99.2 %, its average relative error is 4.1 % and its standard
deviation is 3.8%. These statistics regarding developed MMP correlation shows a near-
perfect correlation.

One of the advantages of using RS-based methodology, to construct the
correlation, is the ability to determine which parameters have most significant effect on
the response values. Based on this, factors corresponding these coefficients can be ranked
from least to most effective parameters on the MMP value. But, actual values of utilized
scaling groups (reduced temperatures, and acentric factors) can sometimes vary with
order of magnitude. Consequently, a coefficient which has a large value and therefore
shows great impact on the response surface can be less important than a smaller one but,
more important coefficient for the same reason. Since upper and lower limits for all of 4
scaling values were known therefore, it was decided to normalize them. This converted

all of the scaling groups into values which were changing from -1 to +1 and all of the
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actual non-normalized parameters were changing linearly between these two scaled

values. Following equation was employed to normalize the original scaling groups:

_ 2><(a—La)_1
(Ha_La)

where N is the final normalized value for each parameter,ais the actual scaling group

(7.10)

value, L, isthe Minimum value for the parameter A, and H is the maximum value for

the parameter A. Table 7.6 shows the actual range of variations for reduced temperatures
and acentric factors along with their normalized values.

After performing normalization conversion, response equation for MMP was
constructed based on the normalized values in a similar way as for the actua values.
Since in the normalized equation, all of the independent variables have the same range of
variations thus, the coefficients with higher values in the response MMP equation, have
bigger impact on the MMP value. Table 7.7 shows the five most important variables on
the MMP values. According to our statistical analysis, the order from most to least
influential factors for MMP are reduced temperature for light pseudo-oil component, and
second order of Acentric factor for light pseudo-oil component, also acentric factor for
heavy pseudo-oil component, and finally reduced temperature for heavy pseudo-ail
component. It is important to note that MMP value does not depend on the individua
EOS parameters and it is rather combination of EOS parameters that affect the MMP
value. This correlation mainly shows that properties for intermediate (Cy-Co)
hydrocarbon components which are imbedded inside light pseudo-oil component group

have more impact on MMP value than properties of the heavier oil components.

7.5VALIDATION OF THE CORRELATION

To test the performance of the new developed correlation, and in order to validate

it, the predicted MMP values were compared against the MMP values determined from
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slim tube simulations for several fluid models shown in Table 7.1. Therefore, slim tube
simulations were performed using the EOS models for test fluids and also MMP was
calculated from final MMP correlation. Results are presented in Figure 7.5. It is seen that
results from the new RS-based MMP correlation was in a good agreement with tedious
dlim tube simulations. It should be noted that for any fluid sample at least 10 slim tube
simulations should be performed in order to determine the MMP value for that fluid. But,
in order to utilize our RS-based correlation, simple calculations which easily can be done
in excel spreadsheet, are adequate to get the MMP value for any fluid. In addition, since
there are some uncertainties in determining MMP values from ultimate recovery plots,
such as different definition for determining MMP from plots, RS-based correlation can be
applied to check the results from slim tube simulations.

Furthermore, the RS-based correlation was compared to previously published
MMP correlations (Holm and Josendal, 1974; Cronquist, 1978; Dunyushkin and Namiot,
1978; Yellig and Metcalfe, 1980; Glaso, 1985; Yuan, et a. 2004). It was observed that
our RS-based correlation presents much better predictions than other mentioned
correlations. Appendix B illustrates details for these correlations. Some of the
correlations are based on data for MMP which is read from standard plots. Figure 7.6
shows the comparison between these correlations and our new RS-based correlation.
Also there are other sets of MMP correlations that have been presented by mathematical
relations. A comparison between this set of correlations with new RS-based correlation is
presented in Figure 7.7. New correlation has average error of 0.4 percent which compared
to the average error from other correlations presented in Table 7.8 is much more accurate
correlation developed so far. RS-based correlation takes into account the effect of
important EOS properties for heavy- and light-oil components as well as the temperature
effect which all gathered in the dimensionless form. In addition, performing multi-variate
regression analysis alows us to utilize efficient statistical techniques to come up with
more comprehensive MMP correlation.
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7.6 SUMMARY AND CONCLUSIONS

According to an extensive literature survey, it is evident that the main factors
affecting minimum miscibility pressure are the reservoir fluid composition, injection gas
which is considered as CO; in our study, and reservoir temperature. In order to quantify
the effect of all variables on MMP, numerous MMP correlations have been proposed to
quickly assess the MMP vaues. These correlations are generally inexpensive, fast and
easy to use. Developing comprehensive MMP correlation has still remained a big
challenge for researches since long time ago. It is inevitable to admit that MMP is
directly or indirectly linked with all of these factors. But on the other hand, developing a
correlation that could gather all of these variables and link them individually to the MMP
is amost impossible. Phase behavior-related dimensionless scaling groups could help to
lump all of these parameters together in order to provide accurate and complete MMP
correlation model.

The goa of this study was to use four phase behavior related dimensionless
scaling groups (reduced temperature and acentric factors for light and heavy pseudo-
hydrocarbon components) and then utilize multivariate regression analysis based on
response surface methodology and propose an all-inclusive MMP correlation for broad
range of reservoir fluids. Applying response surface method and multivariate regression
analysis made it possible to quantify and rank the effect of each one of these
dimensionless groups on the predicted MMP value.

A comprehensive fluid database covering wide range of reservoir fluids, mostly
from published sources was constructed. Slim tube simulation input files were set up for
each one of the fluids. Since reservoir temperature is one of the main parameters
therefore, slim tube simulations were performed at 4 different reservoir temperatures (90,
150, 180, and 220 °F) on all of the fluid models. Based on the results from simulations,
and by performing multi-variate regression analysis, MMP values were correlated by four

EOS-related independent variables, using a response surface as linear, quadratic, and
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third order equation. Multivariate regression analysis was performed to find coefficients
which result in least error between calculated (using slim tube simulations) and estimated
(from response surface equation) MMP values. In order to do so, sum of the squares of
differences of corresponding values in two arrays as well as relative error percentages
between them were minimized. Therefore, all coefficients were determined when this
global minimum was reached.

To test the performance of new developed correlation, and in order to validate it,
the predicted MMP values were compared against the MMP values determined from slim
tube simulations for several other fluid models. Furthermore, the response surface-based
correlation was compared to previously published MMP correlations. It was shown that
the new correlation has lower average error compared to other previously published
correlations. RS-based correlation takes into account the effect of important EOS
properties for heavy- and light-oil components as well as temperature effect which were
grouped in a dimensionless form. In addition, performing multi-variate regression
anaysis alows us to utilize efficient statistical techniques to come up with more

comprehensive MMP correlation.
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Table 7.1: List of reservoir fluid utilized for the development of MMP correlation.

Mw

Fluid name Reference
(gr/gr-mole)

APNDXD2-LK 31 Lake and Walsh (2003)
COATS85-TBL1 45 Coats (1985)
JCBY-TBL1 438 Jacoby and Berry (1957)
COATS86-OL 2* 51 Coats and Smart (1986)
JRHFPOOLE 54 Leeet a. (1994)
Danesh-thl2.1A* 79 Danesh (1998)
JRHFPOOLD 80 Leeet a. (1994)
COATS-OL6* 83 Coats and Smart (1986)
14923-SPE 86 Chaback and Williams (1988)
Thl15.2-Pdsn* 86 Pedersen and Christensen (2007)
COATS86-OL 7* 113 Coats and Smart (1986)
3483-B 114 Rathmell et al. (1971)
NWE 139 Khan et a.(1992)
RF7 149 Internal fluid
BSB5 153 Khan et al. (1992)
RF4 154 Interal fluid
JEMA 159 Khan et al. (1992)
RF6 161 Internal fluid
3.21-PDSN 181 Pedersen and Christensen (2007)
64730-SPE 251 Abdassah et al. (2000)
15.16-PDSN 421 Pedersen and Christensen (2007)

* Fluid samples used to validate the developed correlation.
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Table 7.4: Fina determined MMP values for each fluid sample at different temperatures

Temperature)

(°F)| 90 150 180 220
Fluid sample
NEW 1000 1850 2150 2700
JEMA 1100 1600 2000 2200
BSB5 1020 1700 2150 2500
3483-B 1050 1850 2400 3000
3.21-PDSN 1280 1980 2300 2800
15.16-PDSN 1750 3300 3950 4650
14923-SPE 1100 1750 2250 2750
64730-SPE 1350 2150 2550 3050
APNDXD2-LK 1250 2400 3050 3650
JCBY-TBL1 1150 2000 2500 3000

JRHFPOOLE 1150 1950 2350 2800
JRHFPOOLD 1050 2000 2450 2800

RF6 1550 2750 3600 4100
RF7 1950 3300 4250 4600
RF4 1700 2900 3950 4350

COATS85-TBL1 1050 1500 1900 2300
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Table 7.5: Response surface coefficients and correlation coefficients for MMP

- Corrédation
Parameter Coefficient Coefficient
A 27861.32 -0.16
B -798.26 0.26
C 3056.25 -0.04
D 6990.16 0.14
AA -25.73 0.43
AB -1925.97 0.35
AC -35.40 0.24
AD -29489.29 -0.36
BB 318.34 -0.07
BC 2278.64 -0.16
BD 3045.12 -0.16
CcC 2582.19 0.29
CD 1998.76 -0.33
DD 3322.46 0.23
AB 2049.89 0.15
A°C 6574.60 -0.41
AD 1223.09 0.15
AB? 83.29 0.13
AC? -32765.98 -0.22
AD? 2322.60 -0.16
B“C -492.99 -0.04
B°D 824.08 -0.09
BC® -48.54 0.08
BD? 965.36 0.06
C’D -892.66 0.12
CD? 5091.74 -0.13
ABC -333.58 -0.36
ABD 1657.02 -0.13
ACD -20174.90 0.33
BCD 1.78 0.39
A3 -2.03 -0.13
B3 767.35 0.27
c’ 487.49 -0.12
D3 142253 0.13
Intercept -3477.38
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Table 7.6: Actua and normalized range of variations for scaling group values

Maximum | Median | Minimum

T Actual 6.55 0.79 -7.63
2
“ | 'Normalized +1 0.19 -1
T Actual 0.30 0.17 0.05
4
" I'Normalized +1 -0.07 -1
W Actual 0.24 0.15 0.05
2

Normalized +1 0.02 -1

Actual 1.45 0.82 0.55
W4 :

Normalized +1 -0.39 -1

Table 7.7: Ranked effect of phase behavior scaling groupson MMP

Rank | Termsin Equation | Actua Factors
1 AC? Trp W5
2 AD Tr2, Wy
3 A T2
4 ACD Tr2,Wo, Wy
5 D Wy

Table 7.8: Average and standard deviation of error for various published MMP

correlations
RS Holm Y uan vdlig . _IDunyushkin
Based and etal’ Glaso| and Cronqwstand Namiot
Josendal ' Metcalfe

Average percentage

error 0.4 154 11.0 | 180 7.2 43.4 38.4

Standard deviation of

error 12.2 28.8 410 [ 204 | 211 31.3 53.3
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Figure 7.1: Schematic of slim tube recovery plot and its corresponding MMP value
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Figure 7.2: Ultimate oil recoveries for COATS85-TBL1 ail slim tube displacements
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Figure 7.3: Ultimate oil recoveries for 3483-B oil slim tube displacements
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Chapter 8: Investigation on Economic I ncentivesfor CO, Sequestration

8.1 INTRODUCTION

CO, concentration in the atmosphere has drastically increased from 280 ppm
during pre-industrial age to its current level of 380 ppm (Bryant, 1997). It is proven that,
this is mainly due to the dramatic raise in the fossil fuel consumption. This has caused
climate change concerns among environmentalists and it is gaining more publicity as
international agencies and governmental sectors in different countries seriously
considering CO, reduction policies implemented. It should be mentioned that there is no
direct proven evident showing the relation between climate change and the CO;
emissions. But, because of the greenhouse effect of CO,, it is mainly suspected that a
higher CO2 concentration in the atmosphere has caused these climate changes.

Geologica CO, storage as the only effective option to mitigate atmospheric CO,
emissions has been considered since 90's and has been implemented in large scale for the
first timein Norway. Based on the data published by Moritis (2002) over 35 million tones
of CO, have been injected into the oil reservoirs for the purpose of EOR, and currently
few aguifer CO, storage projects are underway. Weyburn CO, sequestration and EOR
project probably is the only on-going commercia coupled EOR and sequestration project
which has shown great success in terms of both objectives of the project (Maik and
Islam, 2000). Carbon Dioxide is transported from North Dakota coal-gasification plant
through pipelines and isinjected into the to Weyburn oil field.

One of the main aspects of al current EOR projects in the United States is using
inexpensive CO, from natural resources. These sources have high CO, purity and there
are no additional costs corresponding capture and compression of their stream. There are
also limited amount of anthropogenic CO, available from fertilizer, petrochemical, and

coal-gasification plants which are much more expansive than natural sources of CO,. Due
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to the recent high oil prices and assuming it will continue in similar fashion in the future,
CO, flooding projects are expected to grow in the numbers and volume rapidly in the
next decade. Therefore, there is going to be serious need for additional CO, sources.
From another perspective, carbon emission regulations have already been set in place in
some European countries as well as Japan under Kyoto protocol. If it gets fully
implemented in the other industrialized countries such as United States, it can serve as
double-purpose for both providing huge additional CO, sources for EOR processes and
vast potential for geological storage of anthropogenic CO, emissions. Among al CO,
emission sources, stationary sources such as power stations and petroleum industry
facilities are main contributors.

There are two main issues regarding CO, emissions from stationary sources.
Firstly, produced gas stream from these sources have some type of contaminations. These
impurities are not proper components to be injected into the oil reservoirs because in
most cases they are detrimental to the level of CO, miscibility with reservoir oil. This can
impose significant capture and separation cost to the CO;, price. Secondly, not in all of
the cases, these CO, sources are in a reasonable distances from candidate mature oil
reservoirs. Therefore, CO, should be transported by pipelines to the injection site and it
should be re-compressed to maintain CO, pressure necessary for injection. It should be
noted that, longer the distance between the sources and sinks and smaller the volume of
CO, to be injected, the higher is the overall cost of transportation and compression. This
adds large transportation and compression costs to the fina deliverable price of CO..
When sequestration is considered as the objective of process, additional monitoring
expenditures should also be added to the total project costs.

These major cost-related problems should be overcome to stimulate the adoption
of coupled CO, sequestration and EOR processes. The first and most important step is to
reduce the very high cost of capture procedure. Research have been performed (Rochelle
et al., 2005) and needed to be continued further to reduce the capture costs. In addition,
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if the carbon credit regime is implemented and proper regulations are set in this regard,
sequestration costs might get offset and these type of projects may become more
attractive. These carbon credits can be defined in the form of tax regimes to present some
type of incentives for performing efficient and large scale sequestration projects and thus
reducing CO, emissions into atmosphere. Tax can potentially have a large effect on the
economics. It should be noted that considering additional costs of capture, transportation,
and monitoring, without any tax incentives, sequestration projects may not achieve
enough attention and publicity from executive sectors of the industry.

As an example for the effect of carbon tax regulations on project economics,
Sleipner project can be an outstanding example. In this project, rather than paying
Norway's hefty carbon emissions tax of $140/t CO, in 2000 (Bachu and Stewart, 2002),
Statoil is compressing and injecting the emissions into an aquifer below the ocean floor.
it approximately costs Statoil $55/t CO; to store it in the aquifer. Considering $80 million
dollars of incremental investment cost, Statoil saves almost $55 million dollars in annual
carbon tax (McLean, 2004).

This study examines possibility of establishing direct sequestration tax incentives
for coupled CO, sequestration and EOR projects considering uncertainties in the
economic parameters of the projects such as, different capture and transportation costs,
oil price, operational costs of the flood, drilling cost, and project discount rate. Previous
studies which have been dealt with CO, tax incentives usually make superficial
assumptions on the actual CO; flood performance in terms of oil recovery and amount of
stored CO,. Performing detailed simulation study of EOR and CO, sequestration is
feasible and desired for different type of oil reservoirs such as carbonate and sandstone
reservoirs using appropriate and detailed geological and reservoir engineering models,
rather than superficia flood performance assumptions to do economic analysis. We have
utilized detailed expletory compositional simulations using different oil reservoir types to
examine flood performance effect on the economics of capture and storage. Considering
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the foregoing discussion, and by applying method of response surfaces, various
mathematical relationships between CO, credit incentives and projects economic and
flood characteristics have been constructed for different reservoir type and CO, injection

schemes such as continuous and WAG injection o f CO..

8.2 EcoNoMICcsOF CO, SEQUESTRATION PROCESS

As mentioned before, among all anthropogenic CO, sources, stationary sources
such as power stations and petroleum industry facilities are main contributors for CO;
pollution. In the current study, our main assumption is that CO, source is considered as a
nomina 500MWe Integrated Gasification Combined Cycle (IGCC) power plant,
operating at 80 percent capacity factor. This type of power plants deliver over 7300 tones
of CO, per day or 141 MMSCF/day and it corresponds to the annual total injection of
51.4 TSCF/yr (Heddle et a. 2003).

There are several components corresponding to the major costs of storing CO,
which is produced from aforementioned power plant. These cost components can be
categorized as capture, compression, transportation, and monitoring. Following are brief
overview of each type of these costs. In general, costs of the CO, sequestration are in the
range of $40 to $60 per ton of CO, stored (Davison et a., 2001) which depends on
capture process applied, volume of CO,, distance from source to sink and some other
site-specific characteristics.

Capture and Compression: Major part of the total sequestration-associated costs
is due to the capture and compression of CO, stream. There are different methods for
capturing CO, from main power plant stream. In chemical adsorption/stripping, CO;
reacts with some type of solvents to form a weak-bonded intermediate compound which
then is broken utilizing heat, regenerating the original solventsfor re-use and producing a

CO;, stream. Commonly used chemicals are alkanolamines such as monoethanolamine
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(MEA) which can reduce the CO, concentration to as low as 100 ppm at low pressure
(200 psi) (Nguyen, 2003). Jassm and Rochelle (2006) showed that in terms of energy
costs, energy consumption of a simple MEA absorption and stripping process along with
CO, compression at power plant may be about %38 of the total power plant energy
requirement.

In order to transport the captured CO, through pipelines, it is necessary to
compress it to pressures above 1200 psi to ensure a single-phase flow while keeping its
density high. Similar to capture process, compression also requires consumption of
energy by a power plant which itself again is a CO, emission source. Ennis-King and
Paterson (2002) showed that the isothermal work required to compress the CO, at 35 °C
from an initial pressure of 14.7 psi to 1750 psi requires 0.275 MJ. In other words, CO,
production through compressor's power consumption is about 6 % of the CO, being
compressed.

Considering al mentioned factors and assumptions for our study, Rochelle et al.
(2005) have determined that total costs of capture and compression (to 2200 psi) is $45/t
CO, which isamost equivalent to $2.6/M SCF.

Transporting CO,: Transporting CO, through pipelines is possibly the best
option and has been practiced ailmost in all existing EOR projects. Costs associated with
pipeline transportation mainly depends on pipeline diameter, transportation distance, tota
volume of CO; to be transported through any pipeline, maximum and minimum operating
pressures, and CO, flow rate. Heddle et al. (2003) have determined the total annual cost
per tone of CO, by annualizing the construction cost using a capital charge rate of 15
percent per year and adding this to the annual operation and maintenance costs. Figure
8.1 shows the cost per tone of CO, per 100 km as a function of CO, mass flow rate. It is
seen that above flow rates of 10 Mt (Megatons) CO, per year transport costs are less than
$L/t CO, per 100 km. According to our major initial assumption in which CO, source is
considered as a nominal 500MWe (IGCC) power plant, its corresponding annual CO,
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flow rate is 2.16 Mt per year. Therefore, for this plant, the annual cost per tone of CO,
per 100 km is in the order of $1.5 to $2. If it is assumed that CO; is going to be
transported from sources at 200-400 miles far from reservoirs (e.g., from Houston
vicinity to oil fields along gulf coast) total costs for CO, transportation in this pilot will
vary from 0.5 to 1.2 $M SCF of CO..

Considering all these cost, and the fact that capture and separation of CO, from
power plant stream is a new scientific and research topic, there is a broad consensus in
the literature that the cost of employing Carbon Capture and Storage (CCS) should
decrease with time as more research studies are being performed. Due to the small scale
deployment of current sequestration projects, it is not evident that how much cost
reduction will occur by further research developments as well as performing large-scale
capture and sequestration projects. In addition, there are large variability and uncertainty
in al of the above-mentioned costs in terms of some site-specific characteristics of
different projects as well as other economic parameters such as fuel prices, project

discount rate, etc.

8.3 EcoNnoMICcS ASSOCIATED WITH CO,-ENHANCED OIL RECOVERY

Coupled CO, sequestration and EOR projects have the advantage of recovering
oil which otherwise can not be recovered, as well as storing CO; in an economically
attractive environment by offsetting the costs of sequestration. In the near future, this
storage option is probably the most viable form of CO, sequestration among other
options such as aquifer, coal seams, ocean storage and so on. Despite all these, there are
several factors that can determine the practicality of these type of projects. Parameters
such as oil price, operation costs, drilling costs for required new wells, final CO, price,

and also flood performance.
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One of the fundamental assumptions which has been made in our study is that the
volume previously occupied by the produced oil and gas becomes available for storing
CO,. This assumption is generaly valid for reservoirs that are not in contact with an
aquifer or that are not flooded during secondary and tertiary oil recovery. Another
important assumption for most of the screening studies is that CO, will be injected into
the depleted oil and gas reservoirs until the reservoir pressure is brought back to the

original reservoir pressure.

8.4 EcoNoMICAL CO-OPTIMIZATION OF CO, SEQUESTRATION AND EOR

Based on all necessary high costs corresponding capture, and transportation for
carbon capture and storage projects, it can be concluded that without regulatory
incentives for CCS projects, their technical capabilities can be limited effectively. But,
considering the fact that the oil industry has gained extensive technological
improvements in the last few decades in utilizing CO, for enhanced oil recovery
processes, it may help to aleviate some of the difficulties in terms of the economics and
utilized techniques for the CCS projects. Using CO, for both EOR and storage purposes
provides added value of oil production. On the other hand, due to the very high CO;
prices, some sort of incentivesin the form of accelerated depreciation or direct tax credits

should be defined by regulatory sectors to support large scale CCS projects.

8.4.1 Reservoir Simulations

Flood performance of the coupled EOR and sequestration projects has great
influence on the project economics and consequently on possible CO, incentives (are to
be defined) for these type of projects. For instance, different reservoir types such as
carbonate and sandstone reservoirs have different responses to CO, flooding depending

on their maor reservoir characteristics. In addition, well spacing is a key factor in
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determining the economic viability of candidate reservoirs for CO, flooding projects. By
choosing smaller well spacing, CO, starts to be produced early in the time of the project
but sweep efficiency is much higher compared to large well spacing cases; this happens
by jeopardizing the economics of the whole project as there is need for large number of
wells to be drilled and utilized for flooding. Besides all of the above-mentioned technical
issues which have big impact on the project economics, CO; injection scheme is another
major factor in defining economic feasibility of coupled CO, sequestration and EOR
projects. WAG injection of CO, can enhance and help in increasing sweep efficiency and
consequently oil recovery compared to the continuous CO; injection but, jeopardizing the
storage objective.

Previous studies which have investigated CO, tax incentives, usually make
superficial assumptions on the actual CO, flood performance in terms of oil recovery and
amount of stored CO,. In this study we performed field-scale detailed compositional
simulations utilizing CMG's GEM simulator. We considered simulating WAG and
continuous CO, injection scenarios. Also by utilizing typical reservoir characteristics for
carbonate and sandstone reservoirs it was strived to capture differences in economic
performance of coupled CO, sequestration and EOR projects concerning differences in
the reservoir rock types. Table 8.1 shows the summary of important reservoir
characteristic and differences between carbonate and sandstone reservoirs which were
implemented in our simulations.

In addition to the reservoir type and injection scheme (WAG or continuous COy),
well spacing was considered as another parameter which affect economic performance of
the CO; flooding projects. A preliminary study was performed to determine optimum
well spacing in both carbonate and sandstone reservoirs for coupled CO, sequestration
and EOR processes. Carbon dioxide injection scenarios with different well spacing such
as 20, 40, 80, and 160 acres were simulated. According to the results obtained from these
simulation cases, Discounted Cash Flow (DCF) anadysis were performed for all
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simulation cases. Figure 8.2 shows the profit of each project in $/bbl, defined as Net
Present Value (NPV) of each ssimulation scenario divided by the total oil production. It
shows that optimum well spacing isin the order of 40 acre for coupled CO, sequestration
and EOR projects. Profit values for other well spacing scenarios such as 20 and 80 acres
are amost equal. According to these observations, we decided to study 40 and 20 acre
well spacing in more detail, during our investigation on the CO, tax incentives for

coupled CO, sequestration and EOR projects.

8.4.2 Uncertainty Analysis

Considering the effect of reservoir rock type (carbonates or sandstones), Injection
scheme (WAG or continuous CO» injection), and well spacing (20 acre and 40 acre) on
flood performance, 8 different 3-D simulations were performed with combination of
above-mentioned factors. These type of simulation studies are feasible and desired using
appropriate and detailed geologica and reservoir engineering data in order to make
accurate predictions on the CO, flood performance as well as the amount of stored CO,
which are crucial for detailed economic analysis.

Besides of technical factors, different economic parameters such as oil price,
fina deliverable CO, price, operational, drilling and recycling costs, project discount
rate, and etc have great impact on the project economics as well as type of economic
incentives which might be needed to encourage oil companiesin the U.S. to store more of
the CO, in the oil reservoirs. According to our analysis, it is seen that al of the
mentioned cost categories have large uncertainty and variability. Experimental design
and the method of response surfaces were utilized to perform this uncertainty analysis
study in a systematic, efficient and accurate manner. Combination of reservoir parameters
and economic factors were studied to achieve comprehensive understanding of the

financial performance of the coupled CO, sequestration and EOR projects. Table 8.2

182



shows the six parameters which were considered in our study to quantify amount of CO,
tax incentives and probability that these incentives might be needed. Three level of
uncertainty were assumed for each one of them. Since all of these variables were numeric
factors, fractional 3-level factorial design method was applied to perform a
comprehensive senditivity analysis. Therefore, 78 sensitivity scenarios were obtained
with combination of all 6 parameters out of 6° (216) cases if conventional sensitivity
analysis was supposed to be carried out. Table 8.3 shows al of the 78 economic
sensitivity cases as well as settings for uncertain factors in each one them based on coded
values shown in Table 8.2. Economic analysis, based upon the results of systematic
compositional simulations of CO, EOR is performed to establish how much economic
incentives are needed for coupled CO, sequestration and EOR projects. It should be noted
that the economic analysis took into account factors such as detailed capture and

transportation costs.

8.4.3 Discounted Cash Flow (DCF) Analysis

Since economic anaysis was a mgor part of our study, a decent DCF analysis
tool (in the Excel spreadsheet format) was developed in a way that could be utilized for
coupled CO, sequestration and EOR projects. Other than uncertain economic factors
which were mentioned before, data shown in Table 8.4 were considered as constant
parameters in our economic analysis. By applying DCF method, it is possible to evaluate
different projects by accounting the time value of the both income and expenses.
Therefore, it actually gives less importance to the future income and expenses. After
performing full DCF analysis for each sensitivity case, the amount of CO, credit was
found as a value that makes NPV of project even or zero. Therefore positive CO, credit
meant that CO, storage credit is not needed and project has positive net present value. In

contrast, negative CO, credit meant that CO, storage credit is needed to change project's
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NPV from a negative value to zero. Detailed equations and approach used in developing
Excel-based economic spreadsheet are discussed in Appendix C. Previously-mentioned
compositional simulation results were input to the final economic analysis spreadsheet.
All different reservoir simulation scenarios were performed considering the
factors that affect flood performance. Therefore, 8 smulations with various well spacing
(20 or 40 acres), at different reservoir rock types (sandstone or carbonates), and under
WAG or continuous CO, injections were performed. Results from these simulations
which had wide range of flood performances, were put in the DCF analysis spreadsheets.
Using these spreadsheets all 78 economic sensitivity scenarios shown in Table 8.3 were
studied. For all sensitivity scenarios, the amount of CO, credit was calculated and
recorded. In addition, project profit as both $/bbl of oil produced without considering any
CO, credit, and $/bbl of oil produced with considering $2.5/Mscf of stored CO; as credit,
were calculated for each sensitivity scenario. These calculations were made for al of 8
simulation cases at different well spacing, reservoir rock type, and injection schemes.
Tables 8.5 and 8.6 show the final results for 40 acre and 20 acre well spacing simulations.
In total, close to 624 economic DCF sensitivity analysis were performed and 1872
values for CO, credit and project profit with and without considering fixed CO, credit

were determined for all sensitivity cases.

8.4.4 Construction of Response Surfacesfor CO, | ncentives

One of the final objectives of performing this study is to establish mathematical
relationships for the CO, credit as a function of flood performance and uncertain
economic parameters. Applying method of response surfaces allows us to achieve this
goa in a comprehensive and efficient way. This method is based on performing multi-
variate regression analysis between final CO, credit as dependent variable (or objective

function) and other independent and uncertain economic variables mentioned in Table
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8.2. In fact, response surface is a fitted equation between CO; credit values and uncertain
flood and economic parameters. In our study, response equations were considered as
linear, quadratic, and second order equation. Table 8.7 shows all of the mathematical
relations (response equations) for CO, credit at different sensitivity scenarios.

Applying response surface methodology enables us to identify the high influential
economic factors (first order effects) on the CO, credit objective function. Table 8.8
shows ranking of uncertain parameters based on their effect on the CO, storage credit.
Based on the parameters and the reservoir conditions studied, the order from most to least
influentia factors on CO, credit are oil price, flood performance, and CO, price. This
order was almost the same in all of the simulation scenarios such as at different reservoir
rock types as well as different well spacing. After defining sensitive parameters and
ranking them based on their importance on each objective function response surfaces are
generated.

Figure 8.3 demonstrates the response surfaces for CO, credit objective function
for WAG injection in carbonate reservoirs with 20 acre well spacing. It has been
presented at different CO, prices and oil prices but other uncertain parameters
corresponding to this response surface are kept constant as shown on the figure. It should
be noted that vertical axis which shows CO, credit contains positive and negative values.
Negative CO, credit means that CO, credit is needed as incentive to make the project
NPV zero. In contrast positive CO, credit means that project has positive NPV without
considering any CO, incentives and CO, credit is not necessary for the project. But, in
this study we have considered adding these incentives to the project cash flow to be able
to build comprehensive mathematical relationships between CO, credit and other
uncertain variables. According to Figure 8.3, CO, credit response shows relatively linear
behavior; it sharply increases with decrease in the oil price and increases with increase in
the CO, price. It also is observed that CO, credit is more sensitive to the change in the oil
price than to change in the CO, price.
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Figure 8.4 also shows CO, credit response surface at different CO, and oil prices
for WAG injection in carbonate reservoirs with 40 acre well spacing. This response
surface is qualitatively very similar to the one presented at Figure 8.3 for 20 acre well
spacing cases. Quantitatively it is seen from vertical axis that lower CO, credit is needed
if 40 acre well spacing is utilized for CO, injection. This is aigned with the fact
presented at Figure 8.2. It has aready been shown that project profit is maximum in the
well spacing around 40 acres and it decreases, as well spacing increases or decreases.
Similarly, higher CO, incentives should be needed if well spacing decreases or increases
from 40 acre.

Similar mathematical relations and response surfaces were obtained for projects

profit with and without accounting for constant CO, storage credit (assumed 2.5 $/M scf).

8.5 QUANTIFYING UNCERTAINTIESFOR CO, CREDIT

After obtaining all mathematical relations (response surfaces equations) between
CO; credit and input uncertain parameters shown in Table 8.2, a Monte Carlo-type risk
analysis was also performed to assess the effect of Probability Distribution Functions
(PDF) of uncertain input parameters on the CO, credit. Hence, a probability distribution
function was aso determined for CO, credit. PD functions for input parameters and their
range of variations for the risk analysis are shown in Figure 8.5 through 8.10. It is seen
that lognormal distributions are defined for operation cost, oil price, drilling cost, and
flood performance. Also discount rate was modeled as a triangular PD function and CO,
price was considered to have normal distribution function. For each response equation,
more than 1000 Monte Carlo simulations were performed. Therefore, PDF of CO, credit
for different simulation scenarios was defined. Figure 8.11 shows the PDF of CO, credit
for CO, injection at sandstone reservoirsin 40 acre well spacing simulations. Figure 8.12

also shows the PDF of CO, credit for WAG injection at carbonate reservoirs in 40 acre
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well spacing. The general conclusion is that usually in WAG injection there is greater
need for CO, credit than for continuous CO; injection scenarios. This is probably due to
lower amount of stored CO, in WAG injection compared to the continuous CO, injection.
It is seen from Figure 8.12 that there is possibility of 83 % need for CO, credit for WAG
injection in carbonate reservoirs and the mean of credit is equal to 7.1 $/Mscf of CO..
Figures 8.13 and 8.14 also show the PDF for CO, credit for continuous CO, injection in
carbonate reservoirs at 40 and 20 acre well spacing, respectively. The mean for CO,
credit in 40 acre well spacing cases is 4.9 $/Mscf with 59 % probability and for 20 acre
well spacing scenarios it is 10 $/Mscf of injected CO, with the probability of 68 %. Our
study shows that in general, 40 acre well spacing CO, flood projects require lower CO,
credit than 20 acre well spacing. This aligned with our conclusion presented in Figure 8.2
showing that 40 is optimum (or close to optimum) well spacing for coupled CO,
sequestration and EOR projects.

Since response surface equations have been determined for project profit (as
$/bbl) with and without considering constant 2.5 $/Mscf as CO, credit, Monte-Carlo
simulations also were preformed employing these equations. Same PDF data (Figures 8.5
through 8.10) were assumed for input variables to determine PDF for project profits.
Figures 8.15 and 8.16 show the results of Monte-Carlo simulations on Project profit
without and with considering constant CO, credit in WAG injection scenarios for
sandstone reservoirs, respectively. Figure 8.15 shows that without considering any CO,
credit, WAG injection projects in sandstone reservoirs result in average loss of 0.51 $/bbl
of oil with probability of 45 %. When constant CO, credit of 2.5 $ Mscf is added to the
project cash flow, Figure 8.16 displays that the same projects will gain 4.22 $/bbl of ail
with probability of 71%. This clearly shows the importance of assigning reasonable CO,
credit as incentive for oil companies to consider sequestering CO, at the same time as oil

is produced from mature oil fields.
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Table 8.9 summarizes the results for all uncertainty analyses that were performed
in this study. It is seen that sandstone reservoirs have higher probability of need for CO,
incentives. Thisis mostly due to the typical reservoir characteristics that were applied in
our study for sandstone and carbonates. For sandstone reservoirs we considered typical
properties of Gulf Coast sandstone reservoirs and for carbonates, typical reservoir
properties of West Texas reservoirs were utilized. It is also seen from table that the mean
for project profit is lower in the WAG injection processes compared to continuous CO»
injection; therefore, higher CO, credit is needed for WAG injection scenarios than
continuous CO; injection. This could be because of jeopardizing the amount of injected
and stored CO; by injecting water for mobility control. Table 8.9 shows that without any
CO, credit, amost all of the smulation scenarios will result in negative profit but, with
considering constant CO, credit of 2.5 $Mscf as CO, credit, the calculated profit is
positive. Higher probability of increased CO, costs (capture and transportation) in
sequestration projects is the main reason for negative profit of these processes; otherwise
CO, flooding has been performed for years in different reservoirs throughout the world

utilizing inexpensive natural CO, streams without considering any CO, credit.

8.6 SUMMARY AND CONCLUSIONS

It is evident that without regulatory incentives for CCS projects, their technical
capabilities can be limited effectively. Using CO, for both EOR and storage purposes
provides added value of oil production. In addition, due to the very high CO, prices,
some sort of incentives in the form of accelerated depreciation or direct tax credits can be
defined by regulatory sectors to support large scale CCS projects. Therefore, an
exploratory economic analysis based upon systematic compositional simulations of CO,
EOR was performed to establish how much and what type of economic incentives might

be needed to promote storage of CO; in oil reservoirs. Previous studies which have been
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dealt with CO; tax incentives usually make superficial assumptions on actual CO, flood
performance in terms of oil recovery and amount of stored CO,. Performing detailed
simulation study of EOR and CO, sequestration is feasible and desired for different types
of oil reservoirs such as carbonate and sandstone reservoirs using appropriate and
detailed geological and reservoir engineering models, rather than superficia flood
performance assumptions to do economic analysis. This economic anaysis study took
into account factors such as capture and transportation costs. Also, the combination of
reservoir parameters and economic factors such as, flood performance, oil price,
operational costs of the flood, drilling cost, and project discount rate were studied to
achieve comprehensive understanding of the financia performance of coupled CO,
sequestration and EOR projects.

Considering uncertainties in the economic parameters of the projects,
experimental design and the method of response surfaces along with Monte Carlo-based
simulations were utilized to perform this study in a systematic, efficient and accurate
manner. Possible CO, credits were aso quantified in a probability based distribution
functions for various uncertain economic and geologic characteristics in different
projects.

Based on the uncertainty analysis, it was shown that the oil price dominates the
economics of CO, EOR and storage; but besides of that, flood performance, CO, cost,
and operational costs are other important variables. Our results show that sandstone
reservoirs have higher probability of need for CO, incentives. This is mostly due to the
typical reservoir characteristics that were applied in our study for sandstone and
carbonate reservoirs. In addition, the mean for project profit is lower in the WAG
injection processes compared to continuous CO; injection; therefore, higher CO, credit is
needed for WAG injection scenarios than continuous CO, injection. This could be
because of jeopardizing the amount of injected and stored CO, by injecting water for
mobility control. Considering high CO, cost in coupled sequestration and EOR projects,

189



amost al of the simulation scenarios resulted in negative profit but, with taking into

account constant CO, credit profitability achieved for most of them.
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Table 8.1: Important characteristic differences between carbonate and sandstone

reservoirs
Carbonates | Sandstones
Permeability Distribution Layered Stochastic
Vertical to horizontal Perm. Ratio 0.01 0.1
Average porosity, frac. 0.11 0.23
Reservoir temperature, °F 110 150
Remaining oil saturation before flood, frac. 0.58 0.33
Remaining oil saturation after flood, frac. 0.32 0.18

Table 8.2: Sensitivity parameters for economic incentives study with their range of

uncertainty
Low | Median| High
mbol Factor
¥ ) | © | @
A Qil price, $/bbl 15 35 55
B CO;, price, $/mscf 1 25 4
C Flood performance, mscf/bbl 7 12 20
D Drilling cost, $mm/well 0.75 0.9 1.05
E Discount rate, % 0.1 0.15 0.2
Fixed op. COSts, | 195 | 0024 | 0.029
$mm/month
F | Operational costs | REYCIECOSIS, | 555 | 07 | o84
$/mscf
Lift costs,
$/bbl 0.32 0.4 0.48

Table 8.3: Setting of uncertain factorsin all of 78 economic analysis sensitivity cases

Case # | Qil Price F():”Czé Performance Dgl)lfsr;g Opg:)ast;ng D';Ca?gnt
1 0 -1 1 1 0 1
2 1 0 0 -1 1 1
3 0 0 0 1 1 -1
4 1 1 -1 1 1 -1
5 1 1 0 0 1 1
6 1 -1 1 -1 1 1
7 0 1 1 0 1 -1
8 1 0 0 1 -1 0
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Table 8.4: Constant economic parameters in DCF calculations

01
0.125

0.32
0.2

fraction/yr

fraction

frac

frac

Inflation in prices

Royalty

Fed tax rate

EOR tax credit
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Table 8.8: Ranking the effect of uncertain parameters on CO, credit response.

Carbonates Sandstones
Rank | WAG | CO, | WAG | CO,
1 A A A A
2 C C C C
3 E o2 c2 o2
4 B AC B AC
5 c2 B AC B
6 AC AF AF AF
7 = CF CF CF
8 CF E F
9 BF BF E
10 AF EF E EF

Table 8.9: Summary of the final results for uncertainty analyses on CO, credit

40 Acre Well Spacing 20 Acre Well Spacing
Carbonates Sandstones Carbonates Sandstones
WAG | CO, | WAG | CO, | WAG | CO, | WAG | CO,
Probability of need
for CO, credit. % 83.0 358 72.4 48.0 914 68.9 875 62.2
Profit, $/bbl -2.0 0.9 -5.8 -05 -3.8 21 -75 2.4
Profit with 25
$mscf as CO,| 05 24 -15 4.2 0.1 13 -19 2.8
credit, $/bbl
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Cost ($/t CO2/100km)
N
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Mass flow rate (Mt CO2/yr)

Figure 8.1- Cost associated with CO, transport through pipelines as afunction of CO,
mass flow rate (Heddle et al., 2003)

4

3.5

3,

2.5

Profit, $/bbl

0 T T T T T T T T
0 20 40 60 80 100 120 140 160 180

Well Spacing, acre
Figure 8.2- Profit, as NPV of each simulation scenario divided by total oil production, for

CO; flooding simulations at different well spacing showing an optimum well spacing to
obtain maximum profit
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C: Performance =13

D: Drilling Costs =0.9 $mm/well

E: Operation Costs:
Fixed Op. Costs =0.03 $mm/mnth
Recycle Costs =0.8 $/M scf
Lift Costs= 0.5 $/bbl

F: Discount Rate = 0.14
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Figure 8.3- Response surface for CO; credit objective at different CO, prices, and ail
prices and constant values for other factors (shown in the left) for WAG injectionin
carbonate reservoirs with 20 acre well spacing

C: Performance =13

D: Drilling Costs =0.9 $mm/well

E: Operation Costs:
Fixed Op. Costs =0.03 $mm/mnth
Recycle Costs =0.8 $/M cf
Lift Costs= 0.5 $/bbl

F: Discount Rate=0.14
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Figure 8.4- Response surface for CO; credit objective at different CO; prices, and ail

prices and constant values for

other factors(shown in the left) for WAG injection in

carbonate reservoirs with 40 acre well spacing
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Figure 8.5- Assumed probability distribution function for oil price
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Figure 8.6- Assumed probability distribution function for CO, price
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Figure 8.7- Assumed probability distribution function for discount rate
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Figure 8.8- Assumed probability distribution function for operating costs

-

MHame: |F'erfnrmanc:e

Lognormal Distribution

-
£

[L i

)

(o]

D |

L

1 I I 1 I I I I
.00 12.00 16.00 20.00 2400 28.00 32.00 36.00

bean =,  5td Dev.|5.00 =

Figure 8.9- Assumed probability distribution function for flood performance

|

Marne: |Dri|ling costs

Lognormal Distribution

-
£

o

L]

i

o

L

0.50 1.00 1.20 1.40 1.60 1.80

Mean =%,  Std Dev.|0.19 E¥

Figure 8.10- Assumed probability distribution function for drilling costs
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Figure 8.11- Probability Distribution function of CO; credit for continuous injection of
CO, in sandstone reservoirs with 40 acre well spacing

Frmzef

Figure 8.12- Probability distribution function of CO, credit for WAG injection of CO, in
carbonate reservoirs with 40 acre well spacing
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Figure 8.13- Probability distribution function for CO; credit for continuous injection of
CO. in carbonate reservoirs with 40 acre well spacing

Figure 8.14- Probability distribution function of CO, credit for continuous injection of
CO. in carbonate reservoirs with 20 acre well spacing
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Figure 8.15- Probability distribution function of project profit ($/bbl) for WAG injection
of CO, in sandstone reservoirs considering 2.5 $/Mscf as constant CO,, credit

Figure 8.16- Probability distribution function of project profit ($/bbl) for WAG injection
of CO, in sandstone reservoirs without considering any CO, credit
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Chapter 9: Summary, Conclusions and Recommendations

9.1 SUMMARY AND CONCLUSIONS

Aquifer storage of CO, is one of the main options for reducing CO, level in
atmosphere. As the first step in this research, a predictive and precise ssmulation model
for the Frio brine pilot was built and accurately tuned to investigate different CO,
injection scenarios before the actua field test starts. Then, a simulation model was
validated by comparing the results with actua field data. This study showed that CO,
breakthrough time was very close to the breakthrough time observed in the field test. In
addition, the ssimulated gas saturation profiles taken at different times were in good
agreement with the results inferred from the RST logs taken in the field.

As the second option for geological CO, storage, injecting CO, into mature oil
reservoirs can increase the amount of oil produced, off setting some of the CO, storage
expenses such as very high capture, transportation and compression costs. One of the
goals of this research was to better understand the potential for both enhanced oil
recovery and storage of CO, in mature oil reservoirs over a wide range of conditions.
Compositional reservoir simulator was the main tool used to investigate this combined
process. This study focused on assessing uncertainties in coupled CO, sequestration and
EOR processes in generic 3-D reservoir models representing typical sandstone and
carbonate reservoirs. Due to the vast amount of uncertainties in the reservoir parameters
and different flooding designs and schemes, a large number of simulations were needed.
To increase the efficiency of the study and save time and computational expenses, design
of experiment and method of response surfaces were employed.

Based on the type and level of uncertainty of different parameters affecting the
coupled CO, sequestration and EOR processes, the study was classified into different

sections for which their corresponding conclusions are presented as follows:
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Hysteresisand WAG Optimization Study:

Several uncertain parameters such as WAG ratio, CO, dug size, hysteresis,
Dykstra-Parsons coefficient, and correlation lengths were studied to assess their effect on
the amount of stored CO, and profit gained from the project in coupled CO, sequestration
and EOR projects. The Effect of hysteresis on the amount of stored CO, and oil recovery
is significant. Trapping of CO; in the reservoir as residual gas increases when hysteresis
is accounted for in the simulation mode!.

Following the statistical analysis of the simulation results, it was concluded that
the most to less influential factors for optimizing profit are the Dykstra-Parsons
coefficient and combinations of WAG ratio and slug size; however, for optimizing CO,
storage by far the most influential factor is the WAG ratio, followed by combinations of
WAG ratio and hysteresis, and lastly hysteresis. In al cases, no significant reduction of
profit occurred when the storage of CO, was maximized.

Flood Design Optimization:

Different flood design parameters such as the produced gas-oil ratio constraint,
well spacing, production and injection well types, operational constraints for production
and injection wells, injection scheme (WAG or continuous CO, injection), shut/open
strategy, recycling, aong with some important reservoir characteristics such as Kv/Kh
and average reservoir permeability were studied to determine effective flood design
strategies for coupled CO, EOR and sequestration.

This study showed that carbonate reservoirs, typical of the Permian Basin, are
preferable to sandstone reservoirs, typica of the U.S. Gulf Coast, for combined CO, EOR
and sequestration projects. According to the statistical analysis, the most sensitive design
parameters are the GOR constraint on the production wells, well spacing, injection
scheme (WAG or continuous CO, injection) and combinations of them. Optimal well
types in sandstone reservoirs are vertical producers and horizontal injectors and in
carbonate reservoirs, are combination of both vertical producers and injectors. It was
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concluded that well spacing is more important when optimizing both profit and storage
objective functions with equal weighting whereas, it is less important when maximizing
only the storage objective. Based on our results the optimum well spacing is smaller for
carbonate reservoirs than for sandstone reservoirs.

Derivation of Dimensionless Scaling Groupsfor CO, Flooding:

Scaling groups are useful for reducing the number of variables that need to be
considered and in generalizing results. Inspectional analysis was employed to derive
dimensionless scaling groups for CO, flooding in three-dimensional oil reservoirs.
Specia emphasis was given to the phase behavior equations, which are used as auxiliary
eguations in any compositional simulation.

The governing equations for CO, flooding include 41 parameters and 27
dependent variables.Inspectional analysis showed that 17 dimensionless groups are
needed to scale the governing equations for CO, flooding. Fourteen of the 17 scaling
groups are related to the flow equations and the other three groups are related to the
eguation-of -state equation used for the phase behavior calculations.

Development of Response Surface-Based Correlation for MMP:

Multivariate regression analysis based on the response surface method was used
along with four dimensionless scaling groups (reduced temperature and acentric factor
for the light pseudo component and for the heavy pseudo component) to develop a
comprehensive MMP correlation between CO, and broad range of reservoir crude ails.
The new MMP correlation was compared with the predictions from six published
correlations. The average error for the new correlation was less than any of the published
correlations.

Investigation of Economic Incentives for Coupled CO, Sequestration and
EOR:

The main economic concern in coupled CO, sequestration and EOR projects is
the very high CO, prices typical of CO, capture from power plants. In this part of the
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study, economic incentives were investigated to determine how much incentive would be
needed to make such projects profitable. Economic calculations based upon results from
compositional simulations were performed to quantify the need for CO, credits. Different
simulation scenarios were performed to account for uncertainties in flood performance. In
addition, various economic parameters with their range of uncertainties were studied by
employing experimental design and Monte-Carlo-based simulations to perform this study
in efficient manner.

This study showed that as expected, the oil price dominates the economics of CO,
EOR and storage, but flood performance, CO, cost, and operational costs are aso
significant variables. Almost all of the calculations showed that the projects would be
unprofitable when using costs typical of current CO, capture from power plants unless
there is some form of credit for storage.

Considering al of the foregoing conclusions and despite the differences in the
assumptions between CO, EOR and CO, storage in oil reservoirs, no significant
differences in terms of flood design and favorable reservoir characteristics were observed
between these two objectives. In other words, reservoirs that are good candidates for
CO,-EOR projects are good candidates for coupled sequestration and EOR as well.
Similar flood designs can be applied for coupled CO, sequestration and EOR projects
compared to EOR projects.

CO, EOR is profitable in the Permian Basin because there is an abundant supply
of inexpensive CO, from naturally occurring sources, the existing infrastructure, and the
favorable reservoir conditions. When the CO, must be captured and transported long
distances and new infrastructure installed, then both EOR and coupled EOR and

sequestration become much more expensive.
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9.2 RECOMMENDATIONS AND FUTURE WORK

Even though comprehensive uncertainty analysis was performed on different
parameters and factors affecting coupled CO, sequestration and EOR processes, there
still remain some other reservoir parameters and design variables to be considered for
further studies. It is amost impossible to account for al of the variables at the same time
and all together. Therefore, derived scaling group variables along with the results from
flood design optimization study can be utilized to achieve more comprehensive results.
Experimental design and the response surface method can help to obtain efficient
methodology and more accurate results.

More emphasis on the phase behavior related factors such as the effect of
impurities at the CO, stream on the flood performance and amount of stored CO; is
another concern that was not given enough attention in our study. Since most of the
produced CO, stream by power plants and other emission sources are contaminated with
some other gases such as N, H,S, and etc, it is important to perform this type of study. It
was shown that the cost to separate CO, from these gases is dominating the project
economics; therefore an optimization study can be performed to see what level and what
type of impurities should be allowed in injectant stream for coupled CO, sequestration
and EOR projects to still achieve relatively high profit as well as high amount of stored
CO.. In other words, how much capture costs can be reduced without jeopardizing the
coupled CO, sequestration and EOR flood performance.

Since most of the coupled CO, sequestration and EOR projects will be performed
in mature oil fields, it is necessary to account for modifications on well configuration in
the target reservoirs. Therefore, it is imperative to examine the effect of additional
injectors and producers to be drilled during life of the project. This will give a dynamic
nature to the problem compared to what was performed in our study. Addition of time as
another uncertain variable could affect the outcome results significantly. Questions such

as "what type of wells to be added?' and "what time they should be added?' will change
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the economic pattern of the process. Therefore, it is recommended to perform detailed
studies considering dynamic factors for coupled CO, sequestration and EOR projects in

addition to static uncertain variables which were mostly investigated in this study.
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Appendix A: Derivations of Scaling Groupsfor Miscible CO, Flooding

In this appendix, miscible displacement of residual oil phase (subscript 2) by gas
phase (subscript 3) which is considered as pure CO,, following by water flooding is non-
dimensionalized. Governing equations for this process are conservation equations,
Darcy’s equations, capillary pressure equations, phase equilibrium equations and two

auxiliary equations as.

0 & & - &, = . :
EqﬁZ)gjijj+V-Z>g].pju,-—V-¢ZKn-ij>gj:O i=1..,n j=1..n, (A.1)
j=1 j=t =1

0 =—9WP+p @ =L, (A2)
j

P-R =P, =j(S)oy % j=L..n,  k=Ll.,n, Kk#] (A.3)

k=S = = k=1, K# A4

M=zt i=1..n,  j=1..n, =1n,, # | (A.4)
ik

nC . .

dx =1 i=L..n j=1..n, (A.5)

i=1

>'S =1 j=l..n (A.6)

It should be noted that conservation equations are dightly modified in order to

reduce the number of variables that have to be deadt with. In order to do
this, p, x; (product of phase density and component mole fraction) was assumed to be

C, which is the phase concentration of component

Introducing arbitrary scaling factors:
Two arbitrary scaling factors are introduced for each variable. In total, 56 scaling
factors are introduced (corresponding to 28 original variables) in which 28 of them are

additive and the rest are multiplicative scaling factors. Following linear transformations
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convert al of the original variables into dimensionless format. In al of these equations,

scaling parameters with "*" sign as superscript, are considered as arbitrary scaling

factors. In addition, variables with subscript "D" are final dimensionless variables that are

going to replace dimensional variables.

Cy= C;12C21D + C;n
Cy,= C;22C22D + C;21
Cp= Czszcst + C;31
Cy= C;lZC31D + C;n
Cy, = Cézzcszo + C;21
Cy= C;32C33D + C;31
Cp= C:112C410 + C:ul
Cp = C:122C42D + C:121
Cp= C:13ZC43D + C:131

X= XX + %
Y=Y,Yo+ Y,
2=27,2,+2

t=tt, +t

U, = u:dzuxlD + u:al
U, = u:(22ux2D + U:<21
Ugs = u:(32ux3D + u:<31
U, = u;12ule + u;n
Uy, = u;ZZUZZD + u;21
Uy = u;32u23D + u;31
u, = u;12ule + u;n
Uy, = u*zl2ule + u;n

Uy = UyoUpp U,

Replacing Dimensional Variableswith Scaling Factorsin Conservation Equations:

By expanding the derivatives in each conservation equation, and then by

introducing scaling factors, their size will grow rapidly and it will be going to hard to

handle all of the terms at the same time. Therefore, it was decided to split the terms in

each conservation equations and continue with each term separately and then lump the

final results back into the original equation. Following is the general form for

conservation equation considering all of the assumptions that were made at the beginning

of our derivation.

Conservation Equation for Light Oil Component:

Arbitrary scaling factors are introduced into the conservation equation for light oil

component. Expanding this equation will give:
d d d d )
F (¢C»S) + = (¢C,S,)+ x (¢CS;) + ™ (W, Cy) + ™ (U Cp) +

0 0 0 0 0
& (UlyC21) + & (uzyCZZ) + &(usyczs) + g(ulzcﬂ) + g (UZZCZZ) +
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and using product rulesin derivatives we have:

(%

e, 405,252 o, B2 105, 22 40, B2 o

au,, aC au,, aC ou,, aC
+(C21a—)1(+ U, 8)?1}{(:22 8_>2<+ Uy, 8;2J+(C238—;+ Us, —ZSJ+

ou ou ou
+ (Cﬂi +u IC ] + [sz Moy, %2 j + [C% Wy 4y, 9= ] +

ay Y ooy ay 2 oy

+ [Cﬂ oy, +u 8021j+ (sz Oy, +u 9y j + (C O, +u 8C223j =0

0z 7 oz 0z 9z

Accumulation terms:

Substituting the arbitrary scale factors for the first accumulation term,
[c»sl +4C,, Sﬂ] gives

* . a(czlzczm + C;n)
(880 +8L) =y

+ ¢ ( C;12C21D + C;ll )

a(szstrSL) _
AL, +1) |

0212 21D . d *2 D
[ <512§D+31)¥ tﬂ(CZHCZlD Czn)%}_ (A.9)

and then expanding:

¢(Sj2*C;12) SAD ( 21D ) ¢(SAl 212) a( 21D) + ¢(C;1*28j2) C21D a (SlD) +
~ t, ot, t, ot,, t) ot,, ~
|, 9(CuS,) () .
+ 5 ot (A.10)
— ¢(Sj2C;12) a(SADC:ZlD ) + ¢(SI:LC;12) a (C21D ) + ¢(C;113;) a(SAD )
t) ot t) ot t ot

Since we do not want the original form of the equation to be changed and aso

C,,and S, are arbitrary scale-factors we can set them equal to zero; hence equation

(A.10) isturned into a much ssimpler form of:
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¢8(C;21§) E[¢(SZ*C;12)}8(SLDC210) (A.11)
t t, atD

therefore, the first part of the accumulation term is transformed to a dimensionless form
of equation (A.11).
Similarly, we can have the same type of derivations for other two parts of

accumulation term in the conservation equation; and hence:

52(C2%) _ V(c;zzs;z)} 9(CrS0)
ot t oty
o (A.12)
¢ a (CZS%) = |:¢(C232%2)} a (CZSDS:ID )
ot t) ot

In obtaining above two equations, C,,,, C,.,and S,;, S, are set to zero since they

are arbitrary scale-factors. In summary, for non-dimensionalizing accumulation termsin
one of the conservation equations (light oil component equation) these assumptions have

been made for arbitrary scaling factors.

C211 = C221 = C231 =0

. . « (A.13)
821 = 53,1 = S41 =0

Convection Termin x direction:

Substituting the arbitrary scale factors for the x direction convection term in the

light oil component conservation equation, (021 aglx + Uy 8521j , gives:
X X

ulxD + ulxl)

a(UIxzulxD + ule) + (u* a(C;lzczm + C;n) _
A% +X) e A% +%)

_ [(Czlzczm + C;n) d (uixzulxD ) + (uixzulxD + u;xl) d (C;12C21D )

[( C;12 Cop + C;n )

J =  (A.14)
X, Xy X, Xy
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and then expanding:

(C;12UIX2) C a (ulXD ) + (C;llu;XZ) a (ulXD ) + (C;12UIX2) u a (CZlD ) +
) " 21D aXD X; aXD X; 1xD aXD )
+ (C;lZ:'IIXl) a (CZID ) (A 15)
X 9%,
— (C;12 UIX2) a (CZID ulXD ) + (C;nuixz) a (ulXD ) + (C;12 u;xl) a (CZlD )
X, oX, X, 0X; X, 0X;

From equation (A.13) we haveC,,, = C,,, =C,,, =0 and Since we do not want the

original form of equation also to be changed and u,, is an arbitrary scale-factor, we can

set it equal to zero; hence above equation is reduced to:

9(Cpulhy) _ [ (Coiolz) } 9(Corolho) (A.16)

x | X 0Xs
Therefore, the first part of the convection term in X direction is transformed to a
dimensionless form of equation (A.16). Similarly, we can have the same type of

derivations for other two parts of convection term in the conservation equation; and

hence,

d(Cplyy) _ { (T } 9 (Crplro )

oX X, X, (A17)
a (C23u3x ) = (C;?,zu;xz) a (C23D l'I3><D )
ox X, 0X,

In obtaining above two equations, U, , U, , are set to zero since they are arbitrary

scale-factors. In summary, for non-dimensionalizing convection terms in x direction for
conservation equation of light oil component, these assumptions have been made for

arbitrary scaling factors.
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ule = u;xl = u;xl =0 (A.18)

Convection Terminy direction:

Substituting the arbitrary scale factors for the y direction convection term in the

o . . au,, oC, | .
light oil component conservation equation, | C,, 5 +Up, >~ | gives:
y y

9 (U Uyp + Uy )
CIVATESD)

_ (C;12C21|:1 + C;n) d (uiyzulxD ) n (u;y2ulyD* + u;yl) J (C;12C21D ) — (Alg)
v, Y Y, Mo

9(C,,C C,
(e i) "m0 )]

C,,Cop +C, -
{( 212~21D 211) a(y;yD+y1)

and then expanding it:

(C;12 uiyz) C d (ulyD ) (C;nu;yz) d (ulyD ) (Czlzuiyz) 0 (Cle )
" 21D + " + " UlyD +
Y 9p Y 9 Y2 9o _
Co,l,) 9(C
+ ( 212* lyl) ( 21D ) (AZO)
Y2 o
_[ (Caetiye) 9(Caothyo ) (Couthy) (o) | (Chuatin) 3(Cano)
A o Y. Y.

From equation (A.14) we haveC,,, = C,,, =C,,, =0 and Since we do not want the

original form of equation also to be changed and uiylis an arbitrary scale-factor, we can

set it equal to zero; hence above equation is reduced to

J (CZluly ) = l: (C;12 uiyz )} d (Czlo ulyD )

(A.21)
oy Y Yp

hence, the first part of the convection term in y direction is transformed to the

dimensionless form shown by equation (A.21). Smilarly, we can have the same type of
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derivations for other two parts of convection term in the conservation equation; and

hence,

Aottt

N | Y s A2
0 (C23u3y) _ I (ngzugyz) } d (C23Du3yD )

VAR A s

In obtaining above two equations, u;yl, u;ylare set to zero since they are arbitrary

scale-factors. In summary, for non-dimensionalizing convection terms in y direction for
conservation equation of light oil component, these assumptions have been made for

arbitrary scaling factors.

Uy, = Upyy = Uz, =0 (A.23)

Convection Termin Z direction:

Substituting the arbitrary scale factors for the Z direction convection term in the

light oil component conservation equation, (Czl a;—lz +u, %) , gives:
z z

* . J (UIZZUMD + u;ﬂ) d (C;12C21D + C;n) _
{(Cmcm ") Sz, ) W2z +2) |
_ (C;12C21D + C;n) d (u::zZulzD ) + (u;zzulzD + u;zl) d (C;12C21D ) _ ( A.24)
B Z, 0z, Z, oz, |

+ (u::zZulzD + u::zl)

and then expanding:

221



(Coolyyr) C 9 (Uyp) + (Conly,,) 0 (Up) 4 (ST u 9(Cyp)
z, 0 0z z 0z A A
+ (Célz*uizl) J (aCzw ) (A.25)
Z, Z,
(Coly,,) 9(Couplip ) 4 (Coulr,) 9 (Ui ) 4 (CoUi,) 9(Corp ) ]
Z 9, Z, 92, Z, 9,

+

From equation (A.13) we haveC,,, =C,,, =C,,, =0 and Since we don’t want the

original form of equation also to be changed and u,,is an arbitrary scale-factor, we can

set it equal to zero; hence above equation is reduced to

(Cyu, ) _ (Coolhzo) |9(Cospli ) (A.26)
0z z, 0z, |

so the first part of the convection term in z direction is transformed to a dimensionless
form of equation (A.26). Similarly, we can have the same type of derivations for other

two parts of convection term in the conservation equation; and hence:

J (szu2z ) I (CEZZUZZZ)} J (szouzm )

2oLz % (A.27)
9 (Cyls, ) _ (CopUzyz) | 9(Coaplap )
0z .z 0z,

In obtaining above two equations, u,,,, Us,are set to zero since they are arbitrary

scale-factors. In summary, for non-dimensionalizing convection terms in z direction for
conservation equation of light oil component, these assumptions have been made for

arbitrary scaling factors.

uizl = u;zl = u;zl =0 (A.28)
In summary, following assumptions have been made on arbitrary scaling factors

which are inferred from equations A.13, A.18, A.23, and A.28.
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Uy =Uyq = Uy = 0

Uy = Uy =gy, = 0
U, =Uy, =Ug,y = 0 (A.29)

C;u = C;21 = C;31 =0
5;1 = %*1 = S:u =0
According to the above derivations, the conservation equation for component 2 is

converted to the following dimensionless form.

|:¢($20212):| a(SD CZlD ) + |:¢(C;22822):| J (CZZD SZD ) +

£ o, £ o,
= +
+ ¢(C232832) a (CZSD SSD )
t, oty
(Cooliyz) {9(Coaplie ) 4 (Colays) |9(Corplro ) 4
S I 2 S
+ o +
+ |: (C232 u3X2) :| a (C23D u3XD )
X, 9%
(C;12 u;yZ) J (CZlD Uiyo ) + (C;22u;y2) J (szo Uzyo ) +
Yz o A o
+ c +
4 (Czsz u3y2) J (CZ3D u3yD )
Yz o
{ (1) } 9 (Corplip ) 4 { (CooUs,z) } 9(Coplop) 4
.\ Z 9z, Z 9z, _o 5
+ (C;32u;zz) d (Czso Uz, ) ( . )
z 9z,

Since the scale-parameters are arbitrary, we can assume following equalities:
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Czlz = Cézz = C;32 = sz
sz = Szz = S;z = S;

Uy = Uy, = Ug, = Uy, (A.31)
Uy, =Upyp = U = Uy,

* * * *

Upp = Uy, =Ug, =Uy,
Therefore, equation (A.31) can be converted into the following dimensionless

form:

|:¢(S;*C;2)j| a C21D aD + C22D SZD + C23D SdD ) +

t, |ot, (
(CLu,) | @
X [o%
"] (A.32)
] 2;; 2 | ayD (ulyD C:21D + u2yD(:22D + u3yD C:23D ) +
(CLu.,) | @

z, |z,

+

(ulxD C21D + u2xD C22D + u3xD C23D ) +

(ulzDCZlD + UZZDCZZD + USZDCZSD ) = 0

Rearranging the equation (A.32) gives:

J

aT(Czlo S.D + C22D SZD + Czso S3D ) +
D

ULt | o
+| 2= | —(u,.C,.n +U,..C. +U,.C +
_¢SZX2_8XD( 1xD 21D 2xD 22D 3xD 23D)
r * t* i a
+ yf 2* — U DC21D +u2 DC22D +u3 DC23D +
_¢Szy2_8yD( ’ ’ Ca)
I uzzt;} 0 (
PR ulﬂDC21D +u22DC22D+u3ZDC23D):O
957,

0z,
In a very same way, conservation equations for other two components, CO,,

(A.33)

(subscript 3) and heavy oil component (subscript 4), can be written as following:
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d

aT(Cslo SD + Cszoszo + CssoSSD ) +
D

fuLt | o
ﬁ E(ulchslo + u2xDC32D + uschsso ) +
e a e A.34)
u,,t 0 (
ﬁf; W(ulyDCC%lD + u2yDC32D + u3yDC33D ) +
B 2 |9Yb

fuLt ] o
+ _EEZZ}E(UM:)C&D + Uy, Cop + Us s Cagp ) =0

and for heavy oil component:

J

aT(C41D§D + C42DSZD + C4aossD ) +
D

ULt | o
X* * a (ulxDC4lD + u2XDC42D + u’.)’XDC4~?>D ) +
L9S%, | 9%,
r u* t* . a

y2-2
( 1yDC41D + u2yDC42D + u3yDC:43D ) +

| 8SY, |9

+

(A.35)

ULt | o
’ _¢%322; :|£(u12DC4lD + l'IZZDC:42D + USZDC43D ) = O

It should be noted that in order to obtain final form of equations (A.34) and

(A.35), it was necessary to make following assumptions on arbitrary scaling factors.

C;n = C;21 = C;31 =0
C:ul = C:121 = C:131 =0
C;12 = C;22 = C;32 = C;
C:uz = C:122 = C:132 = C:12

(A.36)

Replacing Dimensional Variableswith Scaling Factorsin Darcy's Equations
After substituting arbitrary scaling factors in the origina Darcy equations, we

have

. . k ¥ .
UpoUyp t Uy = _%Ei% + 08N aj (A.37)

X 0
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* * k krl P* aP
Uyl + Uy, =— ;11 ( ;22 aleD +Plgj
. . kzkr P. oP
U U U, = . (%2 2 4+ P9 COSOKJ
# \ Z 9z,
* * KK > Pz*z dP,p ;
u,.u +Uu,,, =— —= + SN
hxoloxp T Uy 1 ( X, O, P>9
Kk, (P, 9P
Uy ol o +U,y =— ;12 (7222 ayzj +ngj
. . k P, oP
Uy Uy p t Uy =— K (% 2+ ngcosa]
M, \ Z, 97
* * kxkrS P3*2 aF??;D : ]
U, Uy + Uy = — 2230 4 p.gsna
axoUip T Uz 1 ( X, %, 3
. . kK.( P oP
o il =0 B )
, - kikg ( P2 9Py j
U, o + Ui, = — 2230 4 p.gcosa
220U p T Usy w |\ Z oz 3

After s mpI ifying these equations we have
[ Kk 12}[8% X2/)1@Jsuwz ]
u
u

U,p =

| Ut %, |\ OX [ }
U, =— kykrl }(3% { Y29 :D { 1y1 }
1yD —
EYASIEA P hy2
o | kiR }[8% [ Zp.9 cosaD [ }
12D —
| Upot47, |\ 07,
kxerP jl(aPZD |:X2ngS|n0{D |:u;xli|
Uyp = + * G
2X21u2x2 aX F)22 u2x2
u = kYkFZP :|(a {yzng}] |:u;y1:|
P L 2y21u2 y2 ayD I:)22 u;yZ

u ___kkr2 2*2}[ {Zzngcosa}] {u;n}
2D = s
| Uty |\ 02 P U,

1x1
lx2
171
122
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(A.38)

(A.39)

(A.40)

(A.41)

(A.42)

(A.43)

(A.44)

(A.45)

(A.46)

(A.47)

(A.48)

(A.49)

(A.50)

(A.51)



u3xD —_ k*xkr3%i:|{ap3D +{X2psg*sna:|j_{ufxl:| (A52)
L u3x2/u3x2 aXD P32 u3x2
[k kP :
Upyp =— *yk“ =2 }[ {yzp 39D {ufyl} (A.53)
3y21u3 Y, ayD P32 u3y2
[ kk.P, | 0P, coSo U,
u3xD — z 13 32 j|[ |:22,039 i|] |: *321i| (A54)
322/’1322 a R’)Z u322

Replacing Dimensional Variables with Scaling Factors in Capillary Pressure

Equations
After substituting arbitrary scaling factors in the origina capillary pressure

eguations, we have

P* P* _ P* 021 ﬁ
%D_{%} FiDJ{M}: i(S) _*V (A.55)
P P P
¢
* 0 -
P R.-PB 32
P _{ﬁ} Po + {?} 1(9) k (A.56)
32 32 32

Replacing Dimensional Variables with Scaling Factors in Initial and Boundary

Conditions

Entering arbitrary scaling factors into equations original initial and boundary

condition equations and then rearranging them will give

SZ {SZI’ 521:| at tD = —|:t%:| \v/ XD, YD ZD (A57)
S )

Sp ={S§1} at tp ={t%} V' Xp,¥YD:ZD (A.58)
S to
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Coo
I *
Conts :{Cz ";C221} a  tp=
Co
Caap ={C331} a tp=
Coz
Ca1 ——{Eg%] a tp=
Car2
I *
-C3n1
%2D{O3 — } a  tp=
22
1
C%D—_(%S a  tp=
| Ca3o |
Ca1p =~ % at  tp=—|5
| Ca12 |
I *
Csop :{m:l at tp =
Ca22
C43D :—{Cf:al} at tD =
Caz2

C%D={Ei%9§ﬁ} at XD=—{€

| Ruf — 1| [ 2o cosoc}ﬂ H-z
F?L - * + * *
0 { A2 ] [ R2 22

L *
at Xp Zl:—*xl:|, \vd yD,ZD,tD
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XD, YD1 2D

XD, YD1 2D

XD, YD1 2D

XD, YD1 2D

XD, YD1 2D

XD, YD1 2D

XD, YD1 2D

XD, YD1 2D

X2

(A.59)

(A.60)

(A.61)

(A.62)

(A.63)

(A.64)

(A.65)

(A.66)

(A.67)

(A.68)

(A.69)



*

P _P* * _ *
Pp = wf — 21 _{zznglcosa][[H *Zl}—zD]
P P z

X2

L *
at Xp 2[—*)(1:|, \vJ yD,ZD,tD

*

Py = Rut : P31 +[22p3gcosa]([ H —*ZI ]—ZDJ
7 P2 )

*
u
ulzD:_%
| Wiz2 |
]
WD =— 4
| Liz2 |
F ]
Upzp =— *Zﬂ
| U272 |
F ]
Upzp =— *Zﬂ
| U272 |
C
Usd =— fﬂ
| U3z2 |
F
Uszd =— fﬂ
| U322
_u* -
h
Wyp =~ *ﬂ
| Uiy2 |
-
Uiyl
byp =—| =
| Uiy2 |
=
U2y1
UoyD =—| —=
Uzy2
_u* -
2yl
u2yD:_ *y
| U2y2 |

X9

at XD=[L_—*X1}7 vV ¥p.Zp.ip

Z*
at  Zp=—|-F| VY Xp,¥p:tp
Z
H-z
at ZpH = = 1 \v4 XD,yD,tD
4]

at zD:{H_*Zl} vV Xp,Yp.ip

at ZD={—*} V' Xp,Yp:lp

at zD:{H_*Zl} vV Xp,Yp.tp

at YD={y—1} V Xp,Zp,tp
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(A.70)

(A.71)

(A.72)

(A.73)

(A.74)

(A.75)

(A.76)

(A.77)

(A.78)

(A.79)

(A.80)

(A.81)



u* *
u3yD =— fyl at YD = —|:y—1':| \vJ Xp,Zp,ip (A-82)
_u3y2_ y2
u* _ *
u3yD —_ fyl at YD :{W *y1:| Av XD,ZD,tD (A83)
U3y2 y2
™ | ]
| Yix2 X2
™ L—x
leD = — ui'xj' at XD :{ X*Xl} v yD,ZD,tD (A85)
| Uix2 | 2
u* X*
Upyp = —| —24 a  Xp=-|—=+=|V ¥Yp.2Zp.tp (A.86)
| Uox2 | X2
Us L—x
Uoyp =— % at Xp = * 1 v yD’ZD;tD (A87)
| Uox2 | X2
Us .
Ugyp =—| 224 at Xp = — X—} Y Yp,Zp.tp (A.88)
| U3x2 | X2
Us L—x
Ugyp =—| 22 a  Xp { *Xl} V' ¥p:2p:ip (A.89)
| U3x2 | X2

J[M_yb/yﬂ[ I[(H—zi)/z’é](%x[){UEXﬁ)dZDdeD { HW ]
0 0 U3x2 Y2Z3Uzy0 (A.90)

X*
a  xp=—|=| VY ¥p.Z.tp
X2

Saturation and Concentrations Sum to One

Arbitrary scaling factors have been introduced in the original equations; then we

have
5;2 532 S§1+S;1+511
Sip +| =22 |Syp +| =2 |Syp + 2 =1 (A.91)
° {512} 0 {512} 0 { Si2 }
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[ T C*
Coip + @ Cap J{ 312}34@ =1 (A.92)
| Co1o | 212
* C*
Coop + szz Caop + f’zz}C@D =1 (A.93)
| Cox | | Co
* C*
Cosp + Cfsz Cazp + PZ}C%D =1 (A.94)
| Cozo | | Cozo

Non-Dimensionalizing Phase Equilibrium Equations:
After substituting equations 6.55 and 6.56 in the equation 6.54, following

eguation is resulted.

(A.95)
P+Q, RTE y a(T) V-0 RTC) -
Fe (V+§C CZRAJ[V+2§C CzRA+QbF;T) Fe
C C C

[Qb RF-)r +§C RTC ZRA][V Qb Flir ]
C

Considering the more general form of equation of  dtate,

V RT, L .
PV, = Z.RT. = Z—C =—=C  and entering it into equation (A.95):
C C

, (A.96)
P+QaV02PC>< a(T) v-Q c) VZ|?|'T

c [v+§c CzRA][VJrzgc ZRA+Qb\Z/ ] ce

C
+{ch+§CCZ'RAJ[V—Qb ch

| Zc Zc Zc

after simplifying:
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(A.97)

P Q o(T) (l_&)_il
P 22 V. Z.) Z.T
C 1+§cv ZRA 1+2§CV ZRA+Qch + c C c lc
V2 vV Z, V Z. Z.V
VE | [V é,v zRA L %Ve
z.v °° Z. V

By introducing reduced form of temperature, pressure, and volume as

(A.98)

Tr=—, B=—, and V, =

T P v
TC I:)C VC
And aso note thatk =0.37464+1.542260—0.26992¢° . Introduci ng reduced

form of temperature, pressure, and molar volume to Equation (A.97) gives:

(A.99)

0 1+k(1-T )
R +23x .
ZC b ZC ZC
1+ ¢ ch 1+ 24V, 2V,
2 ZC ZC ZC

r .
L IVIAVIES:'S [ PELE 1Y)
ZC ZC ZC

- T, _ :
In addition, we havePV, =Z£Tr ; therefore, V, = ZEFr Substituting these into

C C r
the Equation (A.99) results:
(A.100)
a L+k(1-T) ZT @
R+—5X Go-35)=oT
Ze 1, 2T 2Rl 2T ZRa D 2T || 5T Zo o
T, jz ¢ Zc R Z¢ ¢ ZcR Zo Zc 4R
2T 2T Za|) 2T
ZCZCPI’ CZCPI’ ZC ZCZCR’
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By smplifying we obtain:

Qa\/1+ k(1- /T ) -

(Z P—f— Qp) =T, (A.101)

2
210 (1480 P g 2Tl Co P r
P Z T, b p Z T,

P+

Equation (A.101) is dimensionless form of the PR-EOS and can be used aong
with other dimensionless equations to scale the CO, flooding displacement process.
Three Reduced temperature (T,), reduced pressure (P;), aong with acentric factor, which
is embedded in the definition of “k” in Equation 6.55, are three main scaling parameters
that were derived from EOS as an auxiliary equations for CO, flooding displacement
process. Since there are 3 components present in our assumed system, and three scaling
groups are introduced from al derivations of the phase behavior part, 9 scaling groups
should be considered for phase behavior section of equations.

Phase behavior equations constitute of 12 parameters
(Ra,b,c,c,c,o,0T,P,V,, Z)and 3 independent variables (T, P, V) and are being

utilized to supplement flow equations in order to model the CO, flooding process.

Final Simplification of Derived Scaling Groups:
Considering the assumptions that we have made so far on arbitrary scaling

factors, following simplifications have aready been performed on these equations.

5;1 = Ss*l = S;l =0
sz = Séz = 3:.2 = Sz
uixl = u;xl = u;xl =0
uiyl = u;yl = u;yl =0

U, = Uy =U, = 0
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* * * *
u1x2 - u2x2 - u3x2 - ux2
* * * *
u1y2 - u2y2 - L'IByZ - L'Iy2
* * * *
1z2 — u222 - u322 - uzZ
Coy=Cyy =Cpyy =0
Cap =Cy =C55, =0
Cu1 =Cppy =Cp5 =0
C =Cy, =Cy =C,,
Cap =Cyp, =Gy, =Gy,
Cu2 =Cyp =Cpp =C,

c

In addition, following equations are dimensionless form of governing relations for
CO, flooding displacement process. Comparing these dimensionless equations to their
corresponding dimensional form shows that dimensionless equations are very similar to
the general form of dimensional equations. In addition, they still constitute of
dimensionless parameters as well as some arbitrary scaling factors in the form of
coefficients or additions. Defining these additive and multiplicative arbitrary scale factors
IS not a robust approach; they have to be assigned in a way that final dimensionless form
of the equations not to be different than that of initial governing equations. Also they

have to be defined in away that the number of final scaling groups is minimized.

Conservation Equations:

d

aT(szao + CZZDSZD + C23D SSD ) +
D

(A.102)

u,t, | @
+ {EE;;} E(ulxoczm +Uso szo + u3xD Czso ) +

u.t | o
{ y22 }— (ulyDc:21D +Uy5Conp + UsyoCosp ) + (A.103)

9S,Y, |9y,

u,t, | 9
+ {é}a(uﬂocﬂo + UZZDCZZD + u3zDC23D ) =0 (A-103'a)
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d

_(C31DSD + C32DSZD + C33D%D ) +

o,

{u;zté }
T |
9S,%; |0%

[t
9S,Y,

d
o,

{u*xzté }
T ==
9S,%, |0%

L Yate |9
9SY, |9y

d

d

Y,

J{ u,t, } 0
¢S,2, |9z,

B

_(C41D§D + C42DSZD + C43DSSD ) +

d

d

[ u,t, } 0
T Q===
¢S,2, |0z,

Darcy’ s Equations:

U,p = _{

( 1ZDC41D + l"IZZDC:AZD + u3ZDC43D ) = O

kxkrla’;}[aan +{x;plgsmoz
u;Z:ulX; aXD RL*

J

(ulXDC3lD + UZXDC32D + l"ISXDC:SI.%D ) +

(ulyDC31D + u2yDC32D + u3yDC33D ) +

(ulmcalo + UZZDC32D + u3zDC33D ) =0

(ulxDC4lD + u2xD C42D + l"ISXDC:AL':%D ) +

(ulyDC41D + u2yDC42D + UByDC43D ) +
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(A.104)

(A.105)

(A.106)

(A.107)

(A.108)

(A.109)

(A.110)



u = — kykrlpf2 [aHD+|:y;plg:D
P upmy; Loy, | Ry

—kzkrla;:|(aFiD |:Z;plg COSO(:D
ulzD = * * + *
| UnathiZ, |\ 92, Rz
u __[kxkrzpz*z}(apzo +{X;ngsma}]
2xD T * * S
U i X, aXD P,
Uy =— ki,erP% LaPZD +{Y;€29}J
’ | Uy2£s Y, Yo Py,
u __—kzkr2p2*2:|(aP2D +|:Z;ngcosa:|]
oD = E . p
| Ul 2, aZD P,
{kxkﬁp;;}(a% [x;pags'naD
Usp =—| — * + <
U, 5%, aXD P,
Ugp = — ki’k’3p3*f {a%D {YZPEQD
’ _uyzﬂsyz ayD Py,
_kzkrapaz}(apaD [Z;ng COSO{}]
Usp =—| —= - + E
| UppllsZ, aZD Py
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(A.111)

(A.112)

(A.113)

(A.114)

(A.115)

(A.116)

(A.117)

(A.118)



Capillary Pressure Equations:

- ﬁ
* L ;
%D—{if}m{%—ﬁ}j(S) VK

P, P, P,
%D—{PA}}PZD{PS*QPQ}:;(S) gl
P, P, P,

Initial and Boundary Conditions:

t*
Sp {i*r} a tp ={% vV Xp,¥Yp.2Zp
S to
t*
Coip =Co3p =0 a ftp =—L%} vV Xp,Yp.Zp
2
c! tr
szD{ *2} at tD={%] V' Xp:¥YD:ZD
Co to
t*
Cs1p =Cg3p =0 at tD=—L%} vV Xp.¥p: 2
2
I *
t
O\SZD:{%} at tD={T vV Xp,¥Yp:ZD
Cao to
t*
Ca1p =Ca3p =0 a  1tp =—LT} vV Xp.Yp:2p
2
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(A.119)

(A.120)

(A.121)

(A.122)

(A.123)

(A.124)

(A.125)

(A.126)



| o
Csop = C*A' at tD=—{%] Y Xp,Yp:Zp (A.127)
Ca2 ty
C3 % (A.129)
Caap =| = a  Xp=-|=|V ¥p.2p.lp :
Cao X2
Rut — Pt 010 COS H-z
Ry = A1 {zzplg* a}ﬂ - 1}_2[)} (A.129)
&P &P r2)
L—x*
at XD =|: *1:|, \vd ZD,tD
X
Rut — P pogqcosa ||| H=27
Pp = w _ 21|, 22929* } { _ 1}ZDJ (A.130)
Px P» r2)
L—x*
at XD =|: *1:|, \vd ZD,tD
X
Rut — P5 Spa0cosa |[| H=27
Py = wt - P3; {22939* }H - 1}_2'3} (A131)
Py Py rZ)
L—x*
at XD :{ *l:l, \v/ ZD,tD
X2
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Upzp =Upzp =Uzzp =0

Upzp =Upzp =Uzzp =0

Uyp =U2yp =U3yDp = 0 at
Uyp =Uzyp =Ugyp =0 at
Uxp = Uzxp = Ugxp =0 at
Uixp = Uzxp = Ugxp =0 at

0 0

Saturation and concentrations constraints:

Sp+Sp +3p =1

Xp ={—1} V' Yp:Zptp

I[M—yb/y’é}( I[(H—zi)/z’é]u3xD 2 ]dyo :{ HWL }

Xp ={—*} V' Yp:Zptp
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(A.132)

(A.133)

(A.134)

(A.135)

(A.136)

(A.137)

(A.138)

(A.139)



[ * C*
Coip + *Z}C‘e D+|: fz}CMD =1
| Co Cx
* C*
Coop + sz Caop +| —22 [Cgop =1
| Cx | | Coo |
* n _C* T
Cozp + sz Casp +| —22 |Cyap =1
| Co | | Coo |

Phase Behavior Equation:

Qa\/1+ k(1- /T )

2
Q, P
1+ 270 Ly
Z T,

(A.140)
(A.141)

(A.142)

-
(zp—f— Q) =T, (A.143)
r

It should be noted that the quantities inside brackets are dimensionless, because

al of the equations are in dimensionless form. Overall, 79 dimensionless groups have

been derived so far from flow equations in addition to 9 more groups which are resulted

from phase behavior equations. But the scale factors are arbitrary therefore above

dimensionless equations can be simplified to obtain reasonable number of dimensionless

groups.

Following are more simplifications which can be made on the dimensionless

eguations.

1-Since non-dimensionalizing should not change the form of equations; groups

29, 32 are set to zero and equations 69, 70, 71, 72, 73, and 74 are set to 1. Therefore, it is

concluded that:
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Py =Py =R (A.144)
C,=C,=C, (A.145)

2-a-Furthermore, variables that have known limits such as distance can be put
between two known limits of 0 and 1; therefore groups 46, 59, 61, 63, and 68 can be set

to zero, and groups 49, 50, 53, 54, 57, 58, 60, 62, 64, 65, and 66 can be set equal to 1.

Hence:
and
X, =L (A.146)
Y, =W
Z =H
2-b-Also we can choose the dimensionless time to begin with zero which results

in group numbers 35, 36, 38, 39, 41, 42, 44, 46, and 51 to be equal to zero then;

£ =0 (A.147)
3- Dimensionless saturations, concentrations, pressures, and fluxes can also be set

to vary between 0 and 1; therefore, equations 34, 45, and 67 are set to 1. Hence

$2=%=S (A.148)
Cap =Cg =C3 (A.149)
ngz = U:<2 = Uinj (A.150)

4- Among remaining dimensionless groups we set groups 1, 2, 3,4, 5, 6, 7, 8, 9,

10, 16, and 22 to 1 and groups 47, 51, and 55 to 0. Hence

t, = P L (A.151)
Uinj

oUW A.152

Uy2 == (A.152)
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»  UpH

Uz = L
* Uinj L
Po=-
kx}“rl
* Uiy L
P2 =~
xﬁrz
* Uinj L
Py =0
KxArs

F1=P1=F1 =Ry

(A.153)

(A.154)

(A.155)

(A.156)

(A.157)

If defined scale factors are put into 25 undefined remaining dimensionless groups,

following scaling groups will be introduced.

k,
SR
k. L2
©=ew
G, =22
Tl
A
G4:/13
2
¢
o KA, [
G ~ 21772 kx
T u,l
0-32kx2‘r3 f
G = -
° U, -L
kK A.09SNa
G7=—1'31
inj
KA .,0,9sna
G8= 2/;2
inj
KA z0,0Snx
ng 3/;3
inj
K A.09 W
GlO = /ﬁ.l‘ . T

inj
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kA 20,9 W

Cu="" T
k ;i’r3p3g W
Ga == ST
_ kA,pgcosa H
Gy, = m 3
_kA.,p,9cosa H
Gu=m T
G, = kA 2059 COSx H
° U, L
P
GlG - Fa
T
G.=—
17 Tci

Gg=a(T) or k or w

c)
Gig ==
C3

|
Gzo=%
c!

G =—7
J

c3

5- In addition to the scaling groups that have been developed for CO, flooding
process, if injection and production wells were set to constant bottom hole pressure
constraint, following two new boundary conditions should be introduced to the system of

eguations that were being dealt with.

= F’rj =P at Xx=0 V y,zt (A.158)

Prp =Py at x=L V vy, zt (A.159)

in which Prj and Prpare total injection and production pressures, respectively. After

introducing arbitrary scaling factors and rearranging these equations we have
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P —PF.]_ *
Prip = L at xD:{X—}} Y Yp.Zptp (A.160)
Prjz X2
Po— P 1 N,
Prp=|——5— a  xp=| S|V oypzoitp (A.161)
Prpz X2

Since scaling factors are arbitrary, we can set PFp 1and PF]- 1 €equal to zero and put
Psz = PFJ. o and make assume minimum miscibility pressure as reference for non-

dimensionalizing of these scaling factors; therefore Psz = PF]- 2 = Bymp ; hence

P
2= B
and (A.162)
Goz = i
Fump

Dimensionless Scaling Groups

Since relative permeability in above dimensionless groups is indeed
dimensionless function of saturation not dimensionless number we can replace it with end
point relative permeability for each phase which is independent of saturation and is a

dimensionless number. Hence

G, :ﬂ*—o (A.163)
Ay

G, = ’1;3 (A.164)
ﬁrz
O-Zlkxﬂ:Z f

G=——+% (A.165)

UL

032 kxﬂ‘rOS \/E

Gy = (A.166)
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G, - KAapgsina (A167)

uinj
G, = KaPo9SN Zfzfl’jgs'”“ (A.168)
inj
G, = “Zﬂ (A.169)
inj
G, = kA9 W (A.170)
Uiy L
G]_l k ﬂ’rZIOZg W (Al?l)
Uiy L
Glz k ;i’r3p39 W (A172)
Ui L
KA coso H
G, = 1’;1—9 : (A.173)
inj
KA coso H
G, = %T (A.174)
inj
GlS — W”ﬂﬂ (A175)
Uiy L
k L2
G=—2_—_ A.176
SPVE ( )
k, L2
Y —_ A.177
2 = W2 ( )

Also the third scaling group (G3) is the inverse of the mobility ratio for water-oil

two-phase flow, therefore this group is inverted to 21

which is more popular scaling
2

group for mobility ratio. In addition, al gravity related scaling groups have the absolute

value of fluid density in each phase. It is widely known that the fluid density differences

are responsible for gravity driving mechanism. Therefore the existing gravity related

dimensionless groups can be manipulated to obtain the buoyancy effects groups as

follow:
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G, = KP9SNG Ay _ ey (A.178)

uinj ﬂ'r2
G, = KhaP QSN Ay _ oy (A.179)
uinj ﬂ‘rz
kA,0gW oo
G, = uiznj ! . j” G,M (A.180)
KA, GW Ay v\,
G, = uiznj ! m ﬂr =G,M (A.181)
G, =AU B Ay pyc (A.182)
uinj L ﬂ’rz
Gls _ k ﬁrZPJgCOSa%%=GISMo (A183)
inj 2
Then the density differences between G, andG,, G, andG,, and aso G,
andG,,,G,, andD,,, aswell as G, andG,,, G, andG,, are new scaling parameters:

G -G, = kxﬂszup gsne _ s where  Apy, = p, - p, A.184)
¥

G, -G, = kxﬂszup gsna _ o where  Apy, = p, - p, (A.185)
y

G,-G, = k"ﬂz%v?v =G, where Ap, =P, — P, (A.186)

G,-G, = k"ﬂ[:%v?v =G,, where  Ap, =p,—p, (A.187)

G, -G, = kxﬂszf gcosa % -G, where Ap, =p —p, (A.188)

inj
G, -G, =X 'ZA:’ 9 COS“% =G, where  Ap,=p,—p, (A.189)

i

Usualy scaling groups that contain density differences rather than absolute
density values are more widely used groups. It should be noted that, groups with density
differences can be replaced with one of the gravity related groups to keep the groups
independent of each other. Therefore following are final configuration of dimensionless

scaling groups:
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_ kxﬂ’rolplg S no

G?
inj

KA 20p,gsina
G = m

inj

_ kKA sps9sina
uinj

_kAipgcosa H

G,

T

u._ L

inj

Gy

_ kx/,lrozApazg coso i
U . L

inj

Gll

_ kAspsgcosa H

T

u. . L

in
_ kALApgsina

X7 2
l"Iinj

GlZ

Gl3

G, - kA Apzgcosa H
: U, L

inj
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where APz, = P3 = P,

where Apy, = ps =P,

where Apy, = Pr =Py

where Apy; = Py = Ps

(A.190)

(A.191)

(A.192)

(A.193)

(A.194)

(A.195)

(A.196)

(A.197)

(A.198)

(A.199)

(A.200)

(A.201)

(A.202)

(A.203)

(A.204)

(A.205)



cl
Gy =—+ (A.206)
Cc3
G, = g (A.207)
Gy = Tl (A.208)
G, = (A.209)
20 |
I:?nj
Gy = (A.210)
Rump
Gpp=—P A.211)
Rump

Minimizing the Number of Scaling Groups

Final step in deriving scaling groups is to determine whether they are
independent. In order to this, logarithm of both sides of Equations A.190 through A.206
is taken. The rank of coefficient matrix will denote the number of independent scaling
groups. It should be noted that since Equations A.207 through A.209 are phase behavior-
related dimensionless groups, and have been derived from auxiliary equations, they are
completely independent of scaling groups derived from flow equations. Equations A. 210
and A.211 is aso valid only in the scenarios that both injection and production wells are
operated under BHP constraint, and is not part of major scaling groups.

After taking the logarithm a linear system of equations with 17 equations and 24
unknowns, which is shown as Equation A.212, is obtained. The arrays in the coefficient
matrix are the exponents of different variables in the dimensionless scaling groups
presented in Equations A.190 through A.206. Applying linear algebraic methods and

simple row operations indicates that the rank of the coefficient matrix is 13. According to
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these principles, modified form of coefficient matrix was found and it is shown as
Equation A.213.

Fourteen scaling groups are resulted from matrix operations which should also be
added to the three EOS-related scaling groups. The total number of scaling groups were
determined as 17 groups. Following equations show the final dimensionless independent

scaling groups for any CO, injection process.

k, L?
f_ 2 —
G k H?
k 12
G, =_VL_2
k, W
G ==
G3 ﬁ’rz
G4f =i=£
G, A
O-Zlkxﬂ‘rOZ k¢
f X
G, =
UL
0-32kxlr3 ﬁ
f kx
G, =
UL
G, _Hiane
L
Gf — Al[)32
Apy,
i _ kAAppgcosa H
G/ = —
Uy L
k A ,Apgcosa H
f_ ™™2 0
Gy T
I
.G
Gll Cél
|
f_GCg
G, PSR
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¢ Ch

B
EOS-related scaling groups.
P
Gl =—
14 B:i
.
f e
Gs =
G =0)
Alternate scaling groups when CO, flooding is performed under bottom hole
pressure constraint:
f i
G Fvump
~f_ P
Gg =
Fvump

Therefore the final number of dimensionless scaling groups is 16, besides of two

alternate scaling groups.
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Appendix B: Data Corresponding to the Development of MMP
Correlation

APPENDIX B-1: PREVIOUSLY PUBLISHED MM P CORRELATIONS
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Figure B.1 -MMP correlation (a) in CO2 flooding from Holm and Josendal (1974) and its
extended version by Mungan (b) (1981).
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Figure B.3 -MMP Correlation by Dunyushkin and Namiot (1978)
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Glaso (1985) Correlation for CO, MMP:
for C,.6> 18%:

786.8M - 1058
MMP = 810—3.404M ¢, +1.7E—9M370¢ v T
T+ Cr+
and for for C,.6< 18%:
3730 _786.8M (—:1-058
MMP = 2947.9-3.404M, +1.7E-9M>"""e 7+ T-121.2fre
T+ C74+

where Mc7. is molecular weight of C7. , T is reservoir temperature, and fgre is mole

percent of Cy.4inreservoir fluid.

Cronquist (1978) Correlation for CO, MMP:
MMP = 15.988T 0-744206+0.0011038M 5, +0.0015279ycy

where ycl is mole percent of Methane and Nitrogen in the reservoir fluid.

Yuan et al. (2004) Correlation for CO, MMP:

P
MMP =&, +aMc, +asfc, +£a4 +asMc,, +a6|v(|:cﬂ]T+
7+

2 2
(a7 + aBMC7+ + agMC7+ + aloPCZ_6 )T
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APPENDIX B-3: ULTIMATE RECOVERY PLOTSFORALL SLIM TUBE SIMULATIONS
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Figure B.4- Ultimate oil recoveriesfor APNDXD2-LK oil slim tube displacements
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Figure B.5-Ultimate oil recoveriesfor COATS85-TBL1 oil slim tube displacements
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Figure B.6 -Ultimate oil recoveriesfor JCBY-TBL1 ail slim tube displacements
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Figure B.7 -Ultimate oil recoveries for COATS86-OL2 oil slim tube displacements
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Figure B.8 -Ultimate oil recoveries for JRHFPOOLE oil slim tube displacements
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Figure B.9 -Ultimate oil recoveries for Danesh-tbl2.1A oil slim tube displacements
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Figure B.10 -Ultimate oil recoveries for JRHFPOOLD oil slim tube displacements
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Figure B.11 -Ultimate oil recoveries for COATS-OLG6 oil slim tube displacements
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Figure B.12 -Ultimate oil recoveries for 14923-SPE oil slim tube displacements
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Figure B.13 -Ultimate oil recoveries for Thl15.2-Pdsn oil slim tube displacements
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Figure B.14 -Ultimate oil recoveries for COATS86-OL7 oil slim tube displacements
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Figure B.15 -Ultimate oil recoveries for 3483-B oil slim tube displacements
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Figure B.16 -Ultimate oil recoveriesfor NWE oil slim tube displacements
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Figure B.17 -Ultimate oil recoveriesfor BSB5 oil slim tube displacements
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Figure B.18 -Ultimate oil recoveries for RF6 oil slim tube displacements
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Figure B.19 -Ultimate oil recoveries for JEMA oil slim tube displacements
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Figure B.20 -Ultimate oil recoveriesfor 3.21-PDSN oil slim tube displacements
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Figure B.21 -Ultimate oil recoveriesfor 15.16-PDSN oil slim tube displacements
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Appendix C: Detailsfor developed DCF spreadsheet for coupled CO2
sequestration and EOR

Since CO, injection mostly occurs in the mature oil fields, it was assumed that
there is no additional drilling cost for the project. Therefore, initial investment for CO,
injection project will include well reworks, surface facility, recycle system, trunk line,
and some other minor expenses. In addition, below table show the variables that are
changing in time and are obtained mainly from simulation results. These parameters are

input in the columns A to E in the spreadsheet:

Oil Produced  Water Produced CO, Produced CO; Injected at
at SC. at SC. at SC. SC.
Yrs. (bbl/day) (bbl/day) (ft3/day) (ft3/day)

Time

Corresponding equations for other columns are as follow:

Column F to |: Water, oil, and gas production as well as CO, injection data were
divided into 1000, because all of the coming calculations were in terms of MMscf/day or
MSTB/day units.

Column K (Oil Revenue) [mm$/yr]: Below equation was used:
Oil Production[mstb/d]x365.25xQil price]$] N ( (1+Oil price inflati On)t[yr] )X(l-RoyaIty)
1000

Column L (CO; Purchase Price) [mm$/yr]: Below equation was applied:
MAX ((CO2 Injected[MMscf/d]-CO2 Produced[MMscf/d]),0)%365.25

1000

xCO2 Price[$/mcf]

Column M (Gas Recycling and Operation Costs) [mm$/yr]: Below equation was

applied:
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(CO2 Prod.[MMscf/d]+HC gas Prod.[MMscf/d] ) x365.25xRecycle Cost[$/mcf]
1000

x((1+0per. cost inflat.) "] )

Column N (Lift Costs) [mm$/yr]: Below equation was applied:
(Oil Prod.[Mstb/d]+Water Prod.[Mstb/d]) xLift Cost[$/bbl]x365.25

1000

>‘((1+Oper. cost inflat.) D] )

Column O (Fixed DI & F) [mm$/yr]: This column was assumed zero in all of the

caculations.

Column P (OC income before TAX-OCIBT) [mm$/yr]: Below equation was
applied:

OCIBT=0il Revenue- CO, Purchase Price-Gas Recycling and Operation Costs-
Lift Costs

Column Q (Cumulative NCF before TAX-NCFBT) [mm$]: Below equation was
applied:

First Cell: (-Total Investment[mm$]+OCIBT x t[yr])

Other Cells: (Q= Column Qgre,+(Column Px(Column A-Column Apre)))

Column R (Depreciation) [mm$/yr]: Below equation was applied:
Total Investmentmm$]x(1-EOR Tax Credit Rate[frac.])xMAX ((0.2857-(t[yr]-0.5)x0.0476),0)

Column S (Federal Income Tax-FIT) [mm$/yr]: Below equation was applied:
S= {OCIBT-Depreciation+(Gas Purchase + Gas Operating) x EOR Tax Credit Rate} x Fed. Tax Rate

Column T (EOR Tax credit) [mm$/yr]: Below equation was applied:
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First Cdl:
T= (Gas Purchase + Gas Operating) x EOR Tax Credit RatetEOR Tax Credit Ratex Total Investment

Other Célls. T= (Gas Purchase + Gas Operating) x EOR Tax Credit Rate

Column U (Sev. Tax Rdief) [mm&$/yr]: This item was assumed zero in al of our

calculations.

Column V (OC income after TAX-OCIAT) [mm$/yr]: Below equation was

applied:
OCIAT=OCIBT - FIT + EOR Tax Credit + Sev. Tax Credit

Column W (Cumulative NCF after TAX-NCFAT) [mm$]: Below equation was

applied:
First Cell: (-Total Investment[mm$]+OCIAT x t[yr])

Other Célls: (W= Column W e, +(Column Vx(Column A-Column Ayrey)))

Column X (Discounted Net Cash Flow After Tax-DCNCFAT) [mm$]: Below

eguation was applied:

FirstCeII:X:( Cum.NCFAT J

(1+Discounte Rate)'™°

Column X-Column X
Other Cells: X= ( prev.

] t +Xprev.
(1+Discounte Rate) P
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Appendix D: Introduction to Experimental Design and Response
Surface M ethodology

This Appendix provides some general information regarding Experimental Design
and Method of Response Surfaces. Most of the information in this Appendix are
referenced to Montgomery (2001) and Croarkin and Tobias (2006).

Introduction

Design of Experiments (DOE) is a method to select ssimulations to maximize the
information gained from each simulation and to evaluate statistically the significance of
the different uncertain variables, defined as factors. An experimental design study is used
to generate response surfaces that identify the various factors that cause changes in the
responses and also predicting these variations in a simple mathematical form. The
purpose of Response Surface Methodology (RSM) (Myers and Montgomery, 1995) is to
approximate a process over a region of interest caled the operating region. The
components of the operating region include objectives, requirements, state parameters
(with or without uncertainty), decision variables, and constraints. An objective is the
statement of the goal, and requirements can be imposed on it too. State parameters are
those that can not be controlled and most of the times have uncertainties associated with
them. They can be discrete or continuous. Discrete parameters are also referred to as
“scenarios’. Decision variables are those that are controllable and are usually choices
available to the decision maker. Constraints are boundary conditions, which restrict
values available for the decision variables.

Engineers define objectives of the process called responses as the output and
settings for the state parameters and decision variables as input. Employing RSM
provides tools for (1) identifying the variables that influence the responses (screening)

and (2) building regression models relating the responses to the strategic variables
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(modeling). The final models are used to make predictions of the process over the
domain.

In order to compute the regression model, the process has to be sampled over the
operating region through experimentation. Design of Experiment is the use of statistical
methods to determine the number and the conditions of the experiments in order to get
the most information at the lowest experimental cost. A commercial package, Design-
Expert from Stat-Ease, Inc. (2005) is used for performing experimental design analysisin
this research. Figure 1 shows the design configuration for five different methods of
experimental design with three factors. It includes the one-factor-at-a-time (OFAT)
design, two-level full-factorial design, three-level full-factoria design, Box-Behnken

design, and Central Composite design.

Figure D.1- Five Different Types of Experimental Design for Three Factors
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Basic Statisticsfor DOE
Mean and variance of the Sample
The effective statistic for measuring the distribution of the results from DOE is
the mean, which most people refer to as the “average”. The formula for the mean of a
response (Y) is shown below:
>%
X =4t

n

(D.1)

where n is the sample size and i is the individua response. The mean, or X-bar, is
calculated by adding up the data and dividing by the number of "observations'.

Means do not tell the whole story. Besides knowing the central point of a data set,
we would like to describe the data's spread, or how far from the center the data tend to
range. In probability theory and statistics, the variance of a random variable (or
somewhat more precisely, of a probability distribution) is a measure of its statistical
dispersion, indicating how its possible values are spread around the expected value.
Where the expected value shows the location of the distribution, the variance indicates
the scale of the values. A more understandable measure is the square root of the variance,
called the standard deviation (S). As its name implies it gives a standard form to the

mean, which is an indication of the possible deviations from the mean.

> (%, - %"

= (D.2)

n-1
z-score
The z score reveals how many units of the standard deviation a case is above or
below the mean. The z score allows us to compare the results of different normal

distributions, something done frequently in research.

X, - X

S (D.3)

Zi:
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For nearly normally distributed data set, approximately 68% of the data is within
one standard deviation of the mean and 95% of the data is within two standard deviations

of the mean.

t-statistic

In probability and statistics, the t-distribution or Student's t-distribution is a
probability distribution that arises in the problem of estimating the mean of a normally
distributed population when the sample size is small. It is the basis of the popular
Student's t-tests for the statistical significance of the difference between two sample
means, and for confidence intervals for the difference between two population means.
The Student's t-distribution is a special case of the generalized hyperbolic distribution.

Equation D.4 shows the general formulato calculate t value for each sample size.

_X-pu
s/Jn

where u isthe average for al of the data population, X-bar is the mean for the sample, n

t (D.4)

isthe sample size, and Sisthe standard deviation of sample.

Student's distribution arises when (as in nearly all practical statistical work) the
population standard deviation is unknown and has to be estimated from the data
Textbook problems treating the standard deviation, asif it were known, are of two kinds:
(1) those in which the sample size is so large that one may treat a data-based estimate of
the variance as if it were certain and (2) those that illustrate mathematical reasoning, in
which the problem of estimating the standard deviation is temporarily ignored because

that is not the point that is then explained.
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What is Experimental Design?

In an experiment, we deliberately change one or more process variables (or
factors) in order to observe the effect the changes have on one or more response
variables. The (statistical) design of experiments (DOE) is an efficient procedure for
planning experiments so that the data obtained can be anayzed to yield valid and
objective conclusions.

DOE begins with determining the objectives of an experiment and selecting the
process factors for the study. An Experimental Design is the laying out of a detailed
experimental plan in advance of doing the experiment. Well chosen experimental designs
maximize the amount of "information" that can be obtained for a given amount of
experimental effort.

This process starts with several discrete or continuous input factors that can be
controlled and one or more measured output responses. The output responses are usually
assumed continuous. Experimental data are used to derive an empirical (approximation)
model linking the outputs and inputs. These empirical models generally contain first and
second-order terms.

Often the experiment has to account for a number of uncontrolled factors that may
be discrete, such as different machines or operators, and/or continuous such as ambient
temperature or humidity. The most common empirical models fit to the experimental data
take either a linear form or quadratic form. A linear model with two factors, X; and X,

can be written as

Y = o+ i X1+ BoXo + B o X1 X +experimental  error (D.5)

Here, Y isthe response for given levels of the main effects X; and X, and the XX,

term is included to account for a possible interaction effect between X; and X,. The

constant /3 is the response of Y when both main effects are 0. For a more complicated
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example, alinear model with three factors X3, X5, X3 and one response, Y, would look like

(if al possible terms were included in the model)

Y =fo+ BXy+ o X+ B3Xg + o X Xo + (D.6)
+ B13X1 X3 + Boz X9 X3 + B1o3 X1 Xo X3 +experimental  error

The three terms with single X's are the main effects terms. There are k(k-1)/2 =
3*2/2 = 3 two-way interaction terms and 1 three-way interaction term (which can be
omitted, for ssimplicity or it realy has negligible effect on the response). When the
experimental data are analyzed, all the unknown S parameters are estimated and the
coefficients of the X terms are tested to see which coefficients will give response values
close to the actual experiments that have been performed. A second-order (quadratic)
model (typicaly used in response surface DOE's with suspected curvature) does not
include the three-way interaction term but adds three more terms to the linear model as

shown below:
2 2 2
Bi1X1 + P X5 + PazX3 (D.7)

Clearly, a full model could include many cross-product (or interaction) terms
involving squared X's. However, in some cases these terms are not needed and most DOE

software defaults to leaving them out of the model.

Stepsfor Performing an Experimental Design Process

Obtaining good results from a DOE involves these seven steps.
-Set objectives

The objectives for an experiment are best determined by ateam discussion. All of
the objectives should be written down, even the "unspoken" ones. The group should
discuss which objectives are the key ones, and which ones are "nice but not redly
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necessary". Prioritization of the objectives helps you decide which direction to go with
regard to the selection of the factors, responses and the particular design. Sometimes
prioritization will force you to start over from scratich when you redize that the

experiment you decided to run does not meet one or more critical objectives.

-Select process variables

Process variables include both inputs and outputs - i.e., factors and responses. The
selection of these variables is best done as ateam effort. We have to choose the range of
the settings for input factors, and it is wise to give this some thought beforehand rather
than just try extreme values. In some cases, extreme values will give runs that are not
feasible; in other cases, extreme ranges might move one out of a smooth area of the

response surface into some jagged region, or close to an asymptote.

-Select an experimental design and make simulations based on design

The choice of an experimental design depends on the objectives of the experiment
and the number of factors to be investigated. Types of designs are listed here according to
the experimental objective they meet.

-Comparative objective

-Screening objective

-Response Surface (method) objective

-Optimizing responses when factors are proportions of a mixture objective

-Optimal fitting of aregression model objective

-Analyze and interpret the results

Assuming you have a starting model that you want to fit to your experimental data
and the experiment was designed correctly for your objective, most DOE software
packages will analyze your DOE data. Steps for analyzing the date are:
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-DOE analysis steps

-Plotting DOE data

-Modeling DOE data

-Testing and revising DOE models
-Interpreting DOE results
-Confirming DOE results

-Use/present the results (may lead to further runs or DOE's).

Experimental Design Methods
The choice of an experimental design depends on the objectives of the experiment
and the number of factors to be investigated. Below are some brief descriptions of some

of important and more popular DOE methods.

Full factorial Design

A common experimental design is one with all input factors set at two levels each.
These levels are called 'high' and 'low' or '+1' and '-1', respectively. A design with all
possible high/low combinations of al the input factors is called a full factorial design in
two levels. As the number of factors increases, a full factoria design requires a large
number of runs and is not very efficient. Therefore, Fractional Factorial Design or

Plackett-Burman designs are used as other possible alternate methods.

Two-Level Factorial Design

Considering the two-level full factorial design for three factors, there will be the
2 experiments to be run. This implies eight runs (not counting replications or center
point runs). Graphically, we can represent the 22 design by the cube shown in Figure D.1.

The arrows show the direction of increase of the factors. The numbers 1 through 8 at the
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corners of the design box, reference the standard order of the runs. In tabular form, this

design (also showing eight observationsy; j = 1,...,8) isgiven by:

Figure D.1- A two-leve full factorial design for three variables, X1, X2, and X3

Table D.1: Design settings for full two-level factorial design with three factors

Run# X1 X2 X3 Yi
1 ‘1 1 1 Vi
2 +1 ‘1 -1 V2
3 -1 +1 -1 Vs
4 +1 +1 1 Va
5 -1 -1 +1 Vs
6 +1 -1 +1 Yo
7 -1 +1 +1 V7
8 +1 +1 +1 Ve

The right-most column of the table lists y; through ys to indicate the responses

measured for the experimental runs when listed in standard order. For example, y; is the
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response (i.e., output) observed when the three factors were al run at their "low" setting.

The numbers entered in the Yi column will be used to illustrate calculations of effects.

Three-Level Factorial Design

The three-level design is written as a 3 factorial design. It means that k factors
are considered, each at 3 levels. These are (usually) referred to as low, intermediate and
high levels. These levels are numerically expressed as 0, 1, and 2. One could have
considered the digits -1, O, and +1, but this may be confusing with respect to the 2-level
designs since 0 is reserved for center points. Therefore, we will use the 0, 1, 2 scheme.
The reason that the three-level designs were proposed is to model possible curvature in
the response function and to handle the case of nominal factors at 3 levels. A third level
for a continuous factor facilitates investigation of a quadratic relationship between the
response and each of the factors.

Unfortunately, the three-level design is prohibitive in terms of the number of runs,
and thus in terms of cost and effort. For example a two-level design with center pointsis
much less expensive while it till is a very good (and ssimple) way to establish the

presence or absence of curvature.

Fractional Factorial Design

Even if the number of factors, k, in a design is small, the 2“ or even 3% runs
specified for a full factorial can quickly become very large. For example, 2° (64) runsis
for atwo-level, full factoria design with six factors. To do this design we need to add a
good number of center point runs and we can thus quickly run up a very large resource
requirement for runs with only a modest number of factors.

The solution to this problem is to use only a fraction of the runs specified by the
full factorial design. Which runs to make and which to leave out is the subject of interest
here. In general, we pick afraction such as half, quarter, or etc. of the runs called for by
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the full factorial. Various strategies that ensure an appropriate choice of runs can be
utilized. The following sections will show how to choose an appropriate fraction of afull
factorial design to suit the purpose at hand. Properly chosen fractional factorial designs
for 2-level experiments have the desirable properties of being both “balanced” and
“orthogonal”. Following is a discussion describing one of the ssmple fractional factorial

designs, half-fraction design and issues related to this type of design.

Identifying Main Effects and Interactions

Before going further in this illustration, let us begin the analysis by investigating
the main effects of three factors (X1, X2, and X3) on a response (Y). By averaging the
highs and the lows, determine the difference or contrast: this is the effect of a factor.

Mathematically, the calculation of an effect is expressed as follows:

Effect = Z—r— Y (D.8)
n n
where the n’ s refer to the number of data points you have collected at each level. TheY’s
refer to the associated responses.

The half normal probability curveis used to identify the sensitivities of the factors
along with their interactions. If the estimates of the effects plotted on normal probability
paper, the effects that are negligible are normally distributed and will tend to fall along a
straight line, whereas significant effects will have non-zero means and will not lie along
the straight line. Half normal probability plot is used to take the absolute value of the
effect.

The full-factorial design allows estimates of al the main effects (ME), the two-
factor interactions and the three-factor interaction. A rule of thumb, called "sparsity of

effects’, says that in most systems, only 20% of the main effects and two-factor

interactions (2FIs) will be significant. The other ME and 2FIs, as well as any three factor
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interactions (3FI) or greater will be used as an estimate of error for Analysis Of Variance
(ANOVA).

Fortunately, when factorials are restricted to two levels, the procedure becomes
relatively simple. To do the ANOV A, we must compute the sums of squares (SS), which

arerelated to the effects as follows:

SS= %effectz (D.9)

where N is number of runs.
From the sensitivity analysis, let us assume that three effects (X2, X3, and X2X3)
are most likely significant in a statistical sense. All the other effects (A, AB, AC, and

ABC) fal in line, which represents the normal scatter. Therefore:

SSyode =SSy, + 5,3+ S5,,45 (D.10)
SSasidial = 1+ SSaxz + SSyixs + Skaxoxa .

Therefore, for our example, from the entries in the table we are able to compute
al 'effects such as main effects, first-order 'interaction' effects, etc. For example, to
compute the main effect estimate 'C;' of factor X;, we compute the average response at all
runs with X; at the 'high' setting, namely (1/4)(y. + ya + Ys + Yg), minus the average
response of al runswith X; set at “low," namely (1/4)(y1 + Y3 + Y5 + y7).

Suppose, however, that we only have enough resources to do four runs. Is it ill
possible to estimate the main effect for X;? Or any other main effect? The answer is yes,
and there are even different choices of the four runs that will accomplish this. For
example, suppose we select only the four light (un-shaded) corners of the design cube.

Using these four runs (1, 4, 6 and 7), we can still compute C; as follows:

C1=(1/2) (Ya+Ye) - (U2) (Y1 +Y7) (D.11)

Similarly, we would compute c,, the effect due to X5, as

301



Cz=(12) (Ya+y7) - (U2) (Y1 + Ye) (D.11)

Finally, the computation of c; for the effect due to X3 would be

Cs=(1/2) (Y6 +y7) - (U2) (Y1 +Ya) (D.12)

We could also have used the four dark (shaded) corners of the design cube for our
runs and obtained similar, but dightly different, estimates for the main effects. In either

case, we would have used half the number of runs that the full factorial requires.

Constructing the 2% half-fraction desi an

First note that, mathematically, 2** = 2. This gives us the first step, which is to
start with a regular 2 full factorial design. That is, we start with the following design

setting shown in Table D.2.

Table D.2: Settings for simple 2-level, 2-factorial design

X1 X2
1 -1 -1
2 +1 -1
3 -1 +1
4 +1 +1

This design has four runs, the right number for a half-fraction of a 2%, but there is
no column for factor X3. We need to add a third column to take care of this, and we do it
by adding the X1*X2 interaction column. This column is, as you will recall from full
factorial designs, constructed by multiplying the row entry for X1 with that of X2 to
obtain the row entry for X1*X2. Table D.3 shows the settings for this new design.
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Table D.3: Settings for 2-level, 2-factorial design with interaction term

X1 X2 X1*X2
1 -1 -1 +1
2 +1 -1 -1
3 -1 +1 -1
4 +1 +1 +1

We may now substitute X3 in place of X1* X2 in this table. Note that the rows of
Table D.3 give the dark-shaded corners of the design in Figure D.1. If we had set X3 = -
X1*X2 as the rule for generating the third column of our 2°* design, we would have

obtained a new design shown in Table D.4.

Table D.4: Alternate settings for 2-level, 2-factorial design with interaction term

X1 X2 X1+ X2
1 1 1 1
2 +1 -1 +1
3 1 +1 +1
4 +1 +1 1

This design gives the light-shaded corners of the box of Figure D.1. Both 2°*
designs that we have generated are equally good, and both save half the number of runs
over the original 22 full factorial design. If Cy, C,, and C; are our estimates of the main
effects for the factors X1, X2, X3 (i.e., the difference in the response due to going from
"low" to "high" for an effect), then the precision of the estimates C;, C,, and C; are not
quite as good as for the full 8-run factorial because we only have four observations to
construct the averages instead of eight; this is one price we have to pay for using fewer

runs.
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Confounding (Aliasing)

One price we pay for using the design table of column X1*X2 to obtain the
column X3 in the Table D.3 is, clearly, our inability to obtain an estimate of the
interaction effect for X1* X2 (i.e., Cy») that is separate from an estimate of the main effect
for X3. In other words, we have “confounded” the main effect estimate for factor X3 (i.e.,
Cs) with the estimate of the interaction effect for X1 and X2 (i.e., with C1,). The whole
issue of confounding is fundamental to the construction of fractional factorial designs,
and it ahs been discussed below in more detail. In using the 2** design, we also assume
that Ci» is small compared to Cg; this is caled a 'sparsity of effects assumption. Our
computation of Cz is in fact a computation of C; + Cy,. If the desired effects are only

confounded with non-significant interactions, then we are OK.

A Notation and Method for Generating Confounding or Aliasing

A short way of writing 'X3 = X1*X2' (understanding that we are talking about
multiplying columns of the design table together) is: '3 = 12' (similarly 3 = -12 refers to
X3 =-X1*X2). Note that '12' refers to column multiplication of the kind we are using to
construct the fractiona design and any column multiplied by itself gives the identity
column of al 1's.

Next we multiply both sides of 3=12 by 3 and obtain 33=123, or 1=123 since 33=|
(or a column of al 1's). Playing around with this algebra, we see that 21=2123, or
2=2123, or 2=1223, or 2=13 (since 21=2, 22=I, and 113=13). Similarly 1=23.

1=123 is called a design generator or a generating relation for this 2*>'design (the
dark-shaded corners of Figure 3.4). Since there is only one design generator for this
design, it is dso the defining relation for the design. Equally, 1=-123 is the design
generator (and defining relation) for the light-shaded corners of Figure 3.4. We call 1=123
the defining relation for the 2°* design because with it we can generate (by
"multiplication") the complete confounding pattern for the design. That is, given =123,
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we can generate the set of {1=23, 2=13, 3=12, 1=123}, which is the complete set of
aliases, as they are called, for this 2** fractiona factorial design. With 1=123, we can
easily generate all the columns of the half-fraction design 2.

It also should be noted that we can replace any design generator by its negative
counterpart and have an equivalent, but different fractional design. The fraction generated
by positive design generators is sometimes called the principal fraction.

The confounding pattern described by 1=23, 2=13, and 3=12 tells us that al the
main effects of the 2> design are confounded with two-factor interactions. That is the
price we pay for using this fractional design. Other fractional designs have different
confounding patterns; for example, in the typical quarter-fraction of a 2° design, i.e., in a
2%2 design, main effects are confounded with three-factor interactions (e.g., 5=123) and
so on. In the case of 5=123, we can aso readily see that 15=23 (etc.), which aerts us to
the fact that certain two-factor interactions of a 2% are confounded with other two-factor
interactions.

A convenient summary diagram of the discussion so far about the 2°* design is as

shown in Figure D.2:

extent of
fractionation rumber of

number of \ 3 factors

Uf Fuies
Design
Generafor(s)

Figure D.2- Essentia Elements of a23-1 Design
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The next section will add one more item to the above box, and then we will be
able to select the right two-level fractional factoria design for a wide range of

experimental tasks.

Fractional factorial design specifications and design resolution

We considered the 2°* design in the previous section and saw that its generator
written in "1 = ... " form is {I = +123}. Next we look at a one-eighth fraction of a 2°
design, namely the 282 fractional factorial design. Using a diagram similar to Figure D.2,

we have the following:

Figure D.3- Essential Elements of a2** Design

Figure D.3 shows us that a 2% design has 32 runs, not including center point runs,
and eight factors. There are three generators since this is a 1/8=2" fraction (in general, a
2P fractional factorial needs p generators which define the settings for p additional factor
columns to be added to the 2P full factorial design columns.

In order to construct the design, we perform the following steps:

-Write down afull factorial design in standard order for k-p factors (8-3=5 factors
for the example above). In the specification above we start with a 2° full factorial design.
Such adesign has 2°=32 rows.

-Add a sixth column to the design table for factor 6, using 6=345 (or 6=-345) to
manufacture it (i.e., create the new column by multiplying the indicated old columns

together).
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-Do likewise for factor 7 and for factor 8, using the appropriate design generators.

-The resultant design matrix gives the 32 trial runs for an 8-factor fractional
factorial design. (When actually running the experiment, we would of course randomize
the run order.

We note further that the design generators, written in 'l = ..." form, for the
principal 2% fractional factorial design are: { | = + 3456; | = + 12457; | = +12358}.

These design generators result from multiplying the "6 = 345" generator by "6" to
obtain "l = 3456" and so on for the other two generators.

The total collection of design generators for a factorial design, including all new
generators that can be formed as products of these generators, is called a defining
relation. There are seven "words", or strings of numbers, in the defining relation for the
223 design, starting with the original three generators and adding all the new "words" that
can be formed by multiplying together any two or three of these origina three words.
These seven turn out to be | = 3456 = 12457 = 12358 = 12367 = 12468 = 3478 = 5678. In
general, there will be (2° -1) words in the defining relation for a 2*P fractional factorial.

The length of the shortest word in the defining relation is called the resolution of
the design. Resolution describes the degree to which estimated main effects are aliased
(or confounded) with estimated 2-level interactions, 3-level interactions, etc.

The length of the shortest word in the defining relation for the 2% design is four.
This is written in Roman numeral script, and subscripted as 2?\73. Note that the 2**
design has only one word, "l = 123" (or "I =-123"), in its defining relation since there is

only one design generator, and so this fractional factorial design has resolution three; that

IS, we may write 2|3|Tl. Now Figure D.3 may be completed as shown in Figure D.4.
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Figure D.4- Essential Elements of a2** Design

The design resolution tells us how badly the design is confounded. Previoudly, in
the 2°! design, we saw that the main effects were confounded with two-factor
interactions. However, main effects were not confounded with other main effects. So, at
worst, we have 3=12, or 2=13, etc., but we do not have 1=2, etc. In fact, a resolution ||
design would be pretty useless for any purpose whatsoever!

Similarly, in a resolution 1V design, main effects are confounded with at worst
three-factor interactions. We can see, in Figure D.4, that 6=345. We aso see that 36=45,
34=56, etc. (i.e.,, some two-factor interactions are confounded with certain other two-
factor interactions) etc.; but we never see anything like 2=13, or 5=34, (i.e., main effects
confounded with two-factor interactions).

The complete confounding pattern, for confounding of up to two-factor
interactions, arising from the design givenin Figure D.4 is

34=56=78
35=46
36 =45
37=48
38=47
57=68
58 =67
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All of these relations can be easily verified by multiplying the indicated two-
factor interactions by the generators. For example, to verify that 38= 47, multiply both
sides of 8=1235 by 3 to get 38=125. Then, multiply 7=1245 by 4 to get 47=125. From
that it follows that 38=47.

For this 2?\73fractional factorial design, 15 two-factor interactions are aliased
(confounded) in pairs or in a group of three. The remaining 28 - 15 = 13 two-factor
interactions are only aliased with higher-order interactions (which are generaly assumed
to be negligible). This is verified by noting that factors "1" and "2" never appear in a
length-4 word in the defining relation. So, all 13 interactions involving "1" and "2" are
clear of aliasing with any other two factor interaction. If one or two factors are suspected
of possibly having significant first-order interactions, they can be assigned d in such a
way asto avoid having them aliased.

A resolution 1V design is "better" than a resolution 111 design because we have
less-severe confounding pattern in the 'IV' than in the 'llII' situation; higher-order
interactions are less likely to be significant than low-order interactions. A higher-
resolution design for the same number of factors will, however, require more runs and so
it isworse than alower order design in that sense.

Similarly, with a resolution V design, main effects would be confounded with
four-factor (and possibly higher-order) interactions and two-factor interactions would be
confounded with certain three-factor interactions. To obtain a resolution V design for 8

factors requires more runs than the 22 design. One option, if estimating all main effects

and two-factor interactionsis arequirement, isa 2\8,_2 design..

There are other 2?\73 fractional designs that can be derived starting with different

choices of design generators for the "6", "7" and "8" factor columns. However, they are
either equivalent (in terms of the number of words of length of length of four) to the
fraction with generators 6 = 345, 7 = 1245, 8 = 1235 (obtained by re-labeling the factors),
or they are inferior to the fraction given because their defining relation contains more
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words of length four (and therefore more confounded two-factor interactions). For
example, the 2?\73design with generators 6 = 12345, 7 = 135, and 8 = 245 has five
length-four words in the defining relation (the defining relation is | = 123456 = 1357 =
2458 = 2467 = 1368 = 123478 = 5678). As a result, this design would confound more
two factor-interactions (23 out of 28 possible two-factor interactions are confounded,
leaving only "12", "14", "23", "27" and "34" as estimable two-factor interactions).

As an example of an equivalent "best" 2?\73 fractional factorial design, obtained
by "re-labeling", consider the design specified in Figure D.5. This design is equivaent to
the design specified in Figure D.4 after re-labeling the factors as follows: 1 becomes 5, 2

becomes 8, 3 becomes 1, 4 becomes 2, 5 becomes 3, 6 remains 6, 7 becomes 4 and 8

becomes 7.
8
28—3
IV
32 I 6=123
I 7=124
T §=2345

Figure D.5- Essential Elements of a2** Design

Design Resolution Summary
The meaning of the most prevalent resolution levelsis asfollows:

Resolution |1l Designs

Main effects are confounded (aliased) with two-factor interactions.

Resolution 1V Designs

No main effects are aiased with two-factor interactions, but two-factor
interactions are aliased with each other.

Resolution V Designs
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No main effect or two-factor interaction is aliased with any other main effect or
two-factor interaction, but two-factor interactions are aliased with three-factor
interactions.

Table D.5 summarizes a collection of useful fractional factorial designs that, for a
given k (from 3 to 7) and p, maximize the possible resolution and minimize the number
of short words in the defining relation (which minimizes two-factor aiasing). The term

for thisis"minimum aberration”.

Table D.5: Summary of Useful Fractional Factorial Designs

Number of Factors, k | Design Specification | Number of Runs N
3 2|||3-1 4
4 2yt 8
5 207t 16
5 2" 8
6 2u°t 32
6 207 16
6 2u>° 8
7 2unt 64
7 2v"? 32
7 2w 16
7 2" 8

D-Optimal Designs
D-optimal designs are one form of design provided by a computer algorithm.
These types of computer-aided designs are particularly useful when classical designs do
not apply. Unlike standard classical designs such as factorias and fractional factorias, D-
optimal design matrices are usually not orthogonal and effect estimates are correl ated.
These types of designs are always an option regardless of the type of model the
experimenter wishes to fit (for example, first order, first order plus some interactions, full

guadratic, cubic, etc.) or the objective specified for the experiment (for example,
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screening, response surface, etc.). D-optimal designs are straight optimizations based on a
chosen optimality criterion and the model that will be fit. The optimality criterion used in
generating D-optima designs is one of maximizing [X'X|, the determinant of the
information matrix X'X.

This optimality criterion results in minimizing the generalized variance of the
parameter estimates for a pre-specified model. As a result, the 'optimality’ of a given D-
optimal design is model dependent. That is, the experimenter must specify a model for
the design before a computer can generate the specific treatment combinations. Given the
total number of treatment runs for an experiment and a specified model, the computer
algorithm chooses the optimal set of design runs from a candidate set of possible design
treatment runs. This candidate set of treatment runs usualy consists of all possible
combinations of various factor levels that one wishes to use in the experiment.

In other words, the candidate set is a collection of trestment combinations from
which the D-optimal algorithm chooses the treatment combinations to include in the
design. The computer algorithm generaly uses a stepping and exchanging process to
select the set of treatment runs. The reasons for using D-optimal designs instead of
standard classical designs generally fall into two categories:

1-standard factorial or fractional factorial designs require too many runs for the
amount of resources or time allowed for the experiment

2-the design space is constrained (the process space contains factor settings that

are not feasible or are impossible to run).
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