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A B S T R A C T

Despite the recent growth in oil production from unconventional reservoirs, existing hydraulically-fractured
horizontal wells face challenges of poor recovery with the rapid production decline over a short life span.
Enhanced recovery techniques, such as cyclic CO2 injection can be a solution to this impending problem and lead
to energy independence for the foreseeable future. However, mechanisms occurring around the hydraulically
fractured wells are far from fully understood. The primary motivation of this study revolves around addressing
this limitation. Specifically, we explored the evolution of various thermophysical properties occurring around
hydraulically-fractured wells in liquid-rich unconventional reservoirs using a holistic, integrated modeling fra-
mework.
Available well-logs and other data from Howard County in the Midland Basin formed the basis for con-

structing representative 3D structural models that capture the Midland Basin stratigraphy. We used a simulator
to create multistage hydraulic fractures that allowed integration into numerical reservoir-flow simulation
models. Then, both convective and diffusive flow within a multicomponent compositional simulation modeling
paradigm is used to examine the role of molecular diffusion in performance under cyclic CO2 injections in
hydraulically-fractured well.
The simulation results indicate that molecular diffusion yields an incremental oil recovery of 6% compared to

models that do not. Our analysis reveals different thermophysical properties transition from near wellbore re-
gions to outer regions into the rock matrix. Changes in total mole fractions of CO2, methane, and hydrocarbons
with C7+ fraction, pressure and saturation variation, viscosity reduction and the surface tension over 14 in-
jection-soaking-production cycles are tracked. The analyses of the evolution of these thermophysical properties
provide us with means to evaluate the efficiency of the solvent injection process. The simulation results explain
how, when, and where CO2 disperses into the reservoir.

1. Introduction

Major shale oil plays are driving the growth of U.S. crude oil outputs
in recent years. From 2016 to 2018, Liquids-Rich Unconventional
Reservoirs (LUR) contributed to approximately 90% of oil production
growth in the U.S. In particular, the Permian Basin will account for
more than half of the growth in crude oil production through 2019
(Fig. 1, EIA, 2018). Technological advances in several fronts have
contributed to this growth. However, predicting the performance of
LUR wells is often incredibly difficult and can be error-prone. Part of
the difficulty stems from the lack of understanding of all the physical
processes happening around LUR wells.

Furthermore, to sustain production and maximize the recovery,
invariably one needs to deploy some form of solvent-injection

operations. This reality only compounds the difficulty in evaluating
LUR well performance. This study aims to provide some insights into
the evolution of physical processes happening around stimulated wells
undergoing cyclic CO2 injection.

Advances in hydraulic fracturing in recent years have played a
dominant role in unlocking the potentials of vast U.S. shale resources
(Hoffman, 2018). Among various fracturing techniques, “plug-and-
perf” has been widely used in the Permian Basin with the lateral length
in the range of 7000 ft to 13,000 ft (Jaripatke et al., 2018). Issues like
“frac hits” are also becoming a significant challenge due to production
loss once a new infill producer (child well) is drilled and fractured
nearby the existing producer (parent well) (Jacobs, 2017, King et al.,
2017). Operators and service companies are continually developing
newer completions, fracturing, and well-spacing techniques to address
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some of these issues.
Despite the advancement of the hydraulic-fracturing technologies,

oil production from LUR wells decreases rapidly suffering from low
recovery factors. Enhanced Oil Recovery (EOR) processes are the en-
abling techniques that would yield more 1.6 to 9 billion barrels of oil
with even a 1% incremental recovery (Hawthorne et al., 2013). Mis-
cible gas injection is the most feasible method to enhance production in
shale oil reservoirs (Sheng et al., 2015; Alfarge et al. 2017). Among
several gas-injection options, CO2 injection methods have been evol-
ving in recent years from laboratory experiments and simulation
modeling to field pilots as the most promising methods in terms of
technical and profitability aspects. Currently, numerous elements of
CO2 and other solvent injection processes in unconventional resource
plays are topics of active research.

Recent studies investigated the impacts of critical parameters in the
reservoir and cyclic CO2 injection operations such as, injection rate,
length of injection and soaking periods, and injection cycle (Gamadi
and Sheng, 2014; Pu and Li, 2015; Wan and Sheng, 2015; Wan et al.,
2014; Yu and Sheng, 2016; Li et al., 2018). On the experimental re-
search front, Sheng and colleagues (Yu and Sheng, 2016) conducted
core-flood experiments using N2 as the injected fluid on Eagle Ford core
plugs. They observed a rapid oil production increase in the early in-
jection period before the gas breakthrough. Gamadi and Sheng (2014)
reported potential incremental recovery in Eagle Ford and Mancos
shale oil reservoirs by using cyclic CO2 injection. They examined var-
ious operating pressures at 1500, 2500, and 3500 psig with different
soaking times at 6, 12, 24, and 48 h. Tovar et al. (2014) conducted CO2
injection experiments at 1600 and 3000 psia on saturated oil shale
cores which were surrounded by high permeability media of glass beads
to mimic the presence of hydraulic fractures. Results suggested an es-
timated recovery of 18–55% of Original Oil in Place (OOIP) by tracking
the change in saturation using X-ray computed tomography (CT). In
field applications.

Hoffman and Evans (2016) reported seven pilot tests conducted in
the Bakken formation between 2008 and 2014 for both water and gas
injection. Two of these pilot tests using cyclic CO2 injection showed
little to no increase in oil production. However, the pilots were re-
stricted in project scope. Notwithstanding, the expected recovery from
cyclic gas injection could yield recovery of up to 30–70% incremental
oil production in the Eagle Ford (Hoffman, 2018; Alfarge et al., 2017;
Thomas et al., 2016). Hoffman (2018) provided clear evidence in Eagle
Ford by analyzing the well performance of several pilots in the area
using available production data published by the Texas Railroad
Commission (TRC). Furthermore, Alfarge et al. (2017) concluded in a
comprehensive review that many experimental works and simulation
studies on CO2 injection in unconventional reservoirs are too optimistic
in predicting oil recovery. In fact, prolonged exposure time and large

contact area become necessary to obtain the diffusive condition
(Alfarge et al., 2017; Hawthorne et al., 2013). Notwithstanding nu-
merous CO2 EOR studies in the literature, field deployment of CO2 in-
jection processes in tight shale reservoirs needs further investigation.

Various physical mechanisms occur in the subsurface formations
during CO2 injection, for instance, oil viscosity reduction and swelling,
capillary entrapment, diffusion, and repressurization (Alfarge et al.,
2017; Hawthorne et al., 2013). Recently, many researchers have in-
vestigated roles of a range of multi-physics processes during enhanced
recovery processes in unconventional reservoirs (Gala and Sharma,
2018; Jia et al., 2017; Kanfar and Clarkson, 2017; Meng et al., 2015;
Pankaj et al., 2018; Song and Yang, 2013; Wan et al., 2016; Zhang et al.,
2018a,b). Due to the nature of ultralow matrix permeability in these
unconventional reservoirs, convection flux is almost irrelevant in the
fluid transport from fracture to the matrix (Yu and Sheng, 2016). In-
stead, concentration gradient or component activity-coefficient gra-
dient become major drivers to transport CO2 from the fracture into rock
matrix. Thus, molecular diffusion plays a key role.

This paper presents an integrated workflow to model hydraulically
fractured wells in unconventional shale reservoirs with a focus on the
Permian Basin. The paper critically examines cyclic CO2 injection
processes with an emphasis on the evolution of the thermophysical
properties with each injection cycle. The motivation is to learn how the
thermophysical properties are changing in realistic subsurface settings.
Lessons from immersive evaluation of the thermophysical properties
variation will enable one to devise optimal injection processes as well as
address well-spacing techniques. In particular, this study stresses the
role of molecular diffusion.

The following sections present the methodology adopted for an in-
tegrated workflow of geological, petrophysical, mineralogical and
geomechanical modeling, and hydraulic-fracture modeling to simulate
and characterize the stimulated fracture geometry and properties.
Subsequently, compositional simulation of the stimulated LUR wells
undergoing cyclic CO2 injection provided the results of interest.

2. Methodology

This study adopts an integrated workflow (Fig. 2) that considers
geological, geomechanical, multistage fracturing and dynamic reservoir
data to model hydraulically fractured wells and simulate CO2 huff-n-
puff enhanced recovery of liquid-rich shale reservoirs. The following
sections briefly discuss the components of this integrated workflow.

2.1. Integrated modeling framework

The approach presented in this work provides a robust framework to
integrate a full range of data from geological to geomechanical

Fig. 1. U.S. oil production from major shale plays (Modified from EIA, 2018).
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properties of the enhanced recovery in LUR. A 3D structural model is
established using available well data. This study used public domain
data from Howard County within the Midland Basin. The zone of in-
terest comprises of the Wolfcamp Formation as the principal target. The
Spraberry and Dean formations overlie the Wolfcamp and the Cisco,
Canyon, and Strawn formations are stratigraphically below. The size of
the 3D grid was restricted to 1.5× 2 square miles for single horizontal
hydraulically-fractured wells to keep the computational effort to a
manageable level.

For petrophysical and geomechanical property distributions, the
integrated workflow incorporates facies signatures. We first identify the
lithofacies using available well-logs and construct facies models em-
ploying sequential indicator simulation (SIS, Deutsch and Journel,
1998) that honor interpreted lithofacies logs. Facies distributions sub-
sequently constrain porosity models created using the sequential
Gaussian simulation (SGS, Deutsch and Journel, 1998). Next, the ap-
proach uses SGS with co-kriging using porosity as the secondary vari-
able to generate permeability models.

Geomechanical properties of a formation depend on its miner-
alogical constituents, mineral properties, and their distributions. These
geomechanical properties determined from well-logs provide the frac-
ture ability of the formations (Slatt, 2013). Fig. 3 exhibits available logs
used in this study. The first three tracks in the left comprise the caliper
(CALI), gamma ray (GR), spectral gamma ray (uranium, thorium, and
potassium) and bulk density (RHOB). Bulk density, the velocity of
compressional waves (Vp), and velocity of shear waves (Vs) are the key
parameters used to determine the dynamic principal geomechanical
properties such as Poisson's Ratio (ν) and Young's Modulus (E). Velo-
cities are used in Equations (1) and (2), along with bulk density, pro-
vide enough information to estimate dynamic properties, such as E, ν
(Zoback, 2007; Miskimins et al., 2002; Castagna et al., 1984).

Common Wolfcamp mineralogical content includes quartz, carbo-
nate, non-organic shale and organic-rich shale (Gupta et al., 2017;
Shelokov et al., 2017). Like petrophysical property modeling, 3D facies
models of these key minerals (quartz, carbonate and clay minerals)
were constructed using well-log signatures. Subsequently, facies models
were used to constrain 3D bulk density models. Additionally, com-
pressional and shear wave velocity data were used to populate the
constructed grid to create velocity models. Finally, geomechanical

properties (Poisson's ratio and Young's modulus) were determined from
bulk density, and compressional and shear wave velocities assuming a
linear-elastic-material model using the following expressions:
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Design of Experiments (DoE) helped to determine the “base-quality”
reservoir model to account for uncertainty in the above-mentioned
properties. For brevity, the parameterization of the DoE is not presented
here. All the subsequent investigations, in this manuscript, use the base-
quality reservoir model. Table 1 shows a range of inputs for major
petrophysical, mineralogical, and variograms considered to construct
the base-quality reservoir model.

From this point onward, the paper discusses only the base-quality
reservoir for hydraulic-fracture modeling and cyclic CO2 injection
models. Figs. 4 and 5 show the base-case models used in this study.

2.2. Hydraulic-fracture modeling

The hydraulic-fracture modeling workflow involves extracting re-
servoir and geomechanical properties from previously discussed static
models and incorporating them with multistage fracture design and
pumping schedule data in a fracture simulator. The hydraulic-fracture
design parameters comprise several fracturing stages, the number of
clusters per stage, cluster spacing, proppant type, and concentration,
and fracture-fluid type. These inputs play vital roles in the 3D hy-
draulic-fracture model to create complex fracture geometry and net-
work. Table 2 presents the essential completion data of a typical well in
the Midland Basin used as input into the 3D fracture simulator (Barree
and Associates, 2017).

This study implemented a multi-stage “plug and perf” hydraulic-
fracturing job, which is the most common completion technique to
stimulate the horizontal wells used by many operators in the Midland
Basin. The “plug and perf” involves some mechanical isolations by
setting of bridge plugs in stages, followed by perforating and fracturing

Fig. 2. Schematic of the integrated workflow used in this study.
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of formation in the well for each stage. Generally, the first fracture stage
is performed near the toe of the horizontal well. The process is repeated
in the subsequent stages until reaching the heel area of the well. Fig. 6
mimics the real plug and perf pumping schedule for 10 stages of a
fracturing job starting from the toe of the horizontal wellbore. Each
stage starts with an initial phase where treating fluid is pumped at 75
barrels per minute (bpm) carrying 1 pound per gallon (lbm/gal)
proppant sand 40/70, and proppant concentration increase gradually to
3 lbm/gal at the end of the first phase. Then, flushing fluid is pumped
with no proppant in the second phase, and the plug off is set in the final
phase to assure the proppant holds fractures open after the main hy-
draulic fracture treatment period.

The combination of the above geological and geomechanical models
along with the multi-stage fracturing process results in a bi-wing series

Fig. 3. Principal geomechanical properties derived from sonic and other logs (last 3 tracks on the right side).

Table 1
Minimum, mean and maximum values of the major petrophysical, miner-
alogical and variogram inputs employed in base quality reservoir model.

Parameters Min Mean Max

Quartz, % 16 32 41
Carbonate, % 3 16 56
Clay, % 10 52 56
Matrix porosity, % 4 7 12
Matrix permeability, microDarcy 0.01 1 10
Major anisotropy range of variogram, ft 1000 – 5000
Minor anisotropy range of variogram, ft 100 – 500
Vertical anisotropy range of variogram, ft 4 – 10

Fig. 4. 3D structural model (a) and base-case 3D facies model (b) used in this study.
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of parallel fractures. Fig. 7 displays the fracture network over multiple
fracture clusters and stages for the base-case reservoir model. Also,
Table 3 summarizes the statistical description of the fracture geometries
and important fracture properties derived from simulated fracture
models.

Fig. 8 presents the Injection/soaking periods for multiple cycles.
Subsequently, the grid of the simulated hydraulic-fracture geometry

and conductivity are ported into a 3D compositional flow simulator to
simulate and investigate primary and enhanced recovery processes for
the stimulated horizontal well in unconventional liquid-rich reservoirs.
Porting of the hydraulic-fracture geometry onto a reservoir simulator is
not a trivial task. In this work, the underlying presumption was that
non-trivial conductivity obtained from the fracture simulation is purely
due to induced fracturing. With this assumption, the property array of
effective fracture-conductivity is mapped onto a property array of

transmissibility multipliers using normalized effective conductivity.
Grid cells with transmissibility multiplier equal to 1 represent non-sti-
mulated cells, while those with larger values indicate the stimulated
cells with higher effective conductivity. Using transmissibility multi-
pliers, in this manner, is analogous to effective permeability enhance-
ment due to the hydraulic fractures. This step enables the reservoir
simulator to capture the effect of a complex fracture network.

This manuscript focuses on the enhanced recovery method using
cyclic CO2 injection process. The authors first describe the main com-
ponents of the simulation model. As mentioned previously, the em-
phasis here will be to learn how thermophysical properties change in
the hydraulically fractured well with evolving injection cycles. This
aspect will provide insights into how one may optimize the entire
process from fracturing to producing and deploying solvent (mostly
CO2) by injection processes.

2.3. Cyclic CO2 injection modeling

2.3.1. Static model
Table 4 summarizes the key model settings and reservoir parameters

from the base-case reservoir model. This table states only the average
values of the heterogeneous distributions of porosity and permeability.
We assumed the gravity-capillary equilibrium for the initial fluid dis-
tribution for simplicity in modeling.

2.3.2. Compositional fluids and rock physics
For the dynamic simulation, this study used a plausible reservoir in-

situ composition of a liquid-rich from unconventional reservoirs

Fig. 5. Base-case 3D matrix porosity model (a) and 3D matrix permeability (b) used in this study.

Table 2
Hydraulic-fracturing design parameters used in this study.

Parameter Value

Lateral length, ft 2000
Number of stages 10
Cluster spacing, ft 20
Number of clusters per stage 6
Slurry rate, bpm 75
Fluid type Slick water
Fluid volume, gal/ft 2000
Proppant type Sand 40/70
Proppant concentration, lb/gal 1–3

Fig. 6. Plug-and-perf hydraulic-fracturing schedule used in this study.
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reported by Whitson and Sunjerga (2012). The oil has a gravity of 37.7
°API (STO), a solution gas-oil ratio of 500 Scf/STB and a bubble-point

pressure of 2260 psi at 250 . To manage the simulation run-time to a
reasonable level, a 27-component compositional-fluid model was
lumped into five pseudo-components that capture the main properties
of the fluid and simplify the compositional simulation. The authors
explored three lumping techniques such as lumping by mixing, mole
fraction and molecular weight to compare with the full-component
phase envelope. Table 5 presents the mole percentages of five pseudo-
components from the most appropriate technique mimicking the ori-
ginal phase behavior (Whitson and Sunjerga, 2012).

2.3.3. Molecular diffusion coefficients
Apart from the Darcy flow and compositional fluid-phase equilibria,

the simulation model included molecular diffusion. This simulation
approach allows for component diffusive flow in both oil and gas

phases. For details, the reader may refer to any standard text and
publication on the topic, such as those of Chen (2007) and Carlson
(2003). As for molecular diffusion, Fick's law of diffusion (Eq. (3)) de-
scribes the diffusion flux from high concentration regions to low

Fig. 7. Example of resulting multi-stage hydraulic-fracture network from the base-case reservoir model.

Table 3
Simulated hydraulic-fracture network for the base-case model.

Parameter Min Mean Max

Fracture half-length, ft 100 640 770
Fracture width, in 0.036 0.09 0.258
Fracture height, ft 20 157 195
Net Pressure, psia 0 790 1360
Cluster hydraulic surface area, ft2 131,700 148,025 162,400
Stage hydraulic surface area, ft2 564,400 592,100 635,000
Effective Conductivity, md*ft 1.2 30 134

Fig. 8. Well scheduling of CO2 cyclic injection process.

Table 4
Basic reservoir settings for the base-case reservoir model.

Parameter Average value

Reservoir depth, ft 8000
Reservoir temperature, 250
Initial reservoir pressure, psi 4000
Average matrix permeability, mD 0.0013
Average matrix porosity, % 7
Initial water saturation 0.35
Initial oil viscosity, cp 2
Grid size, ft 20 × 20 × 5
Total number of blocks 334,880

Table 5
Lumped composition for in-situ liquid-rich oil unconventional reservoir.

Component Liquid mole Vapor mole Total

CO2 1.39 2.32 1.39
C1 34.88 90.17 34.88
C C2 4 8.52 6.69 8.52
C C5 7 5.87 0.7 5.87

+C7 49.34 0.07 49.33
Total 100 100 100

T.N. Phan, et al. Journal of Petroleum Science and Engineering 181 (2019) 106206
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concentration regions.

=J cD x
di i

i
(3)

where Ji is the molar diffusion flux of component i and c is the total
molar concentration given by =c v1/ ,m where vm is the molar volume
of the mixture. In addition, Di is the diffusion coefficient of component
i, and

d
the gradient in the direction of flow.

To efficiently model the diffusion effect, the authors critically ex-
amine diffusion coefficients for all fluid components in both oil and gas
phases. The correlation developed by Renner (1988) determines the
diffusion coefficients in liquid hydrocarbons of the lighter lumped-
components, including CO2, methane, ethane-to-butane, and pentane-
to-heptane. This study used the method established by Hirschfelder
et al. (1949) based on Chapman-Enskog theory to determine the gas
diffusion coefficients. Table 6 summarizes the estimation of diffusion
coefficients in both liquid and gas phases at in-situ reservoir conditions;
that is, 4000 psia and 250 °F.

2.3.4. Numerical simulation model setup and scenarios
As discussed above, the inputs to the 3D numerical simulation

model include detailed characterization of the static reservoir property
(petrophysical and geomechanical), and complex hydraulic-fracturing
network models, and a description of natural fractures. Also, the phy-
sics of diffusive flow for both gas and liquid phases are modeled to
allow the molecular diffusion phenomenon that occurs in the rock
matrix environment. Reservoir fluid is defined by a compositional
model applicable to liquid-rich oil which comprises of five lumped-
components, CO2, C1, C2-C4, C5-C7, and C7+.

To model the cyclic CO2 injection considering the diffusion effect,
the calibrated multistage hydraulically-fractured horizontal wells
completed in the Wolfcamp shale formation was used. One complete
cyclic CO2 consists of 1-month injection, 1-month soaking, and 3-month
production periods as shown in Fig. 6, only six years of cyclic injection
is modeled resulting in 14 cycles in total to ensure a reasonable simu-
lation time.

Discussion in the paper covers a thorough inspection of the fluid-
transport process and the changes in thermophysical properties in the
matrix within the stimulated reservoir volumes (SRV). Four distinct
regions are defined around the hydraulically-fractured injection wells
using total mole-fraction of CO2 contacted by the rock matrix after the
first injection cycle. The innermost region adjacent to the wellbore wall,
Region 1 (Fig. 9), sees greater than 0.5 of CO2 mole fraction. Accord-
ingly, Regions 2, 3 and 4, have maximum values of CO2 mole fraction of
0.25, 0.1 and 0.01, respectively. In terms of volume proportions, Re-
gions 1, 2, 3 and 4 account for 8%, 17%, 35%, and 40% of total SRV,
respectively. The subsequent section evaluates the variation of ther-
mophysical properties in these four distinct regions. The zone beyond
Region 4, where the mole fraction of CO2 is less than 0.01, will have
insignificant impact on the subsurface dynamics.

3. Simulation results

3.1. Diffusion incremental recovery

In the first 500 days with four injection-soaking-production cycles,

production response from the diffusion effect appears minimal. This
outcome appears reasonable because molecular diffusion is a slow
transport process. During this time, incremental oil recovery due to
molecular diffusion is insignificant; approximately 1% compared to the
case without diffusion. However, a significant reduction in the gas-oil-
ratio occurred, which is a direct consequence of the molecular diffusion
process as the CO2 component diffuses into the matrix rather freely,
unlike the heavier components. Additionally, during the initial cycles,
most oil produced comes from hydraulically-fractured channels and
pre-existing natural fractures.

With each subsequent cycle, CO2 tends to spread more into the rock
matrix because of the diffusion effect. Then, CO2 tends to dissolve into
the oil to initiate swelling, thereby lowering viscosity. This outcome
makes the oil more mobile leading to flow out of the pore matrix.
Subsequently, after approximating 2200 days with 14 cycles, a sig-
nificant incremental oil recovery of 6% is observed. Fig. 10 shows the
effect of molecular diffusive flow after 14 cycles on production per-
formance compared to the case without diffusion.

3.2. Thermophysical properties variation

This section presents the simulation results of typical thermo-
physical properties such as CO2 total mole fraction, methane total mole
fraction, and heavy hydrocarbon components total mole fraction asso-
ciating with the departure in pressure, oil saturation, oil viscosity, and
surface tension. For brevity, the evolution of these properties is illu-
strated through only Cycles 1, 4, 7, 11 and 14. For each full cycle, the
results present at the end of the injection, soaking, and production
periods.

The amount of CO2 total mole-fraction retained in the rock matrix
mostly represents the amount of injected CO2 in supercritical phase at
in-situ reservoir conditions. The higher the value of total mole-fraction
of CO2 in the matrix, the more favorable the mobility and the sweep
efficiency being affected by the cyclic injections scheme. Histograms in
Fig. 11 from the base-case reservoir model of cyclic CO2 injection, show
the distributions of CO2 total mole fraction in SRV Region 1 of the rock
matrix at the end of each selected cycle. The histograms indicate the
gradual increase in the amount of CO2 through continuous cyclic in-
jections. For conciseness, the figures only show the most likely values of
CO2 total mole-fraction in all the subplots. Fig. 12 illustrates the same
distributions of CO2 total mole-fraction, but for all SRV regions. This
outcome provides a visualization of the CO2 total mole fraction dis-
tributions across all the SRV regions. It appears the values in Region 1
change significantly compared to those in the outer regions.

After the first cycle, the entire SRV matrix captures a minimal
amount of CO2 mole fraction of less than 0.15. However, once more
cycles are performed, CO2 dwells in the rock matrix considerably. CO2
reaches out to Region 4 slowly and marginally in the pore matrix, oc-
cupying merely 0.02 of total mole fraction at the end of the first cycle.
Then, it changes insignificantly in the following sequences, leading to

Table 6
Liquid and gas diffusion coefficients at in-situ reservoir conditions.

Lumped component D (E−8 m2/s) in liquid phase D (E−8 m2/s) in gas phase

CO2 3.7 9.1
C1 5.0 8.9
C C2 4 0.46 8.2
C C5 7 0.05 6.3

+C7 0.0049 –

Fig. 9. Definition of 4 distinct reservoir partitions of the stimulated regions
surrounding hydraulically-fractured well.
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only 0.07 of the total mole fraction after 14 injection cycles. Close in-
spection of Figs. 11 and 12 reveal distributions of CO2 total mole
fractions that are less skewed at the end of production periods com-
pared to those at the end of injection and soaking periods. This outcome
implies a tendency toward compositional equilibration due to the mo-
lecular-diffusion process.

Fig. 13 tracks the residual distributions of heavy hydrocarbon
components (C7+) over the 14 cycles. The decrease in C7+ liquid mole
fraction over time reflects the effectiveness of the cyclic recovery

process in the stimulated liquid-rich hydrocarbon reservoir well.
Before the deployment of cyclic CO2 injection, the initial C7+ liquid

mole fraction was approximately 0.5. At the end of the first cycle, there
is only a minimal separation of total C7+ observed across the 4 SRV
regions. It relates to slow dispersion of CO2 into the tight matrix con-
dition, even in SRV Region 1. Additionally, the interaction among
heavier components is very restricted resulting in minimal change in
C7+ mole fraction. Interestingly, after four cycles, the reduction in C7+
mole fraction becomes significant in the SRV Regions 1 and 2. The

Fig. 10. Well performance comparison between the cases with and without molecular diffusion.

Fig. 11. Evolution of total CO2 mole fraction through selected injection cycles (SRV Region 1 only).
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most-likely values of C7+ mole fraction are estimated at 0.34 and 0.38,
respectively. In contrast, the mobilization of C7+ in the outer regions
appear muted. After 14 cycles, residual C7+ in the matrix becomes 0.2
and 0.3 in the SRV Regions 1 and 2, respectively, while corresponding
values are 0.4 and 0.46 for SRV Regions 3 and 4.

Fig. 14 demonstrates similar profiles for the evolution of methane
total mole-fractions. A consistent picture for methane mole fraction
distributions appears as compared to the previously discussed profiles
of CO2 and C7+ mole fractions. What stands out is the very narrow
spread of total mole fraction of methane in the outermost region; that

Fig. 12. Evolution of CO2 total mole-fraction through selected injection cycles (all SRV regions).

Fig. 13. Evolution of liquid C7+ mole fraction through selected injection cycles (all SRV regions).
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is, Region 4. This observation implies lightest hydrocarbon component,
methane, is barely partitioning into the liquid phase away from the
stimulated zones.

Figs. 15 and 16 turn the attention to pressure and saturation
changes over the different injection cycles, respectively. These figures

plot the variance or the change in pressure and saturation from the
initial pressure and saturation distributions against total mole fraction
of CO2. Thus, pressure change values are expected to be negative at the
end of the early injection cycles (Fig. 15). However, with depletion due
to production, pressure variance values of later cycles become positive.

Fig. 14. Evolution of methane total mole fraction through selected injection cycles (all SRV regions).

Fig. 15. Evolution of pressure variation over through selected injection cycles (all SRV regions).
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This phenomenon can be observed at the end of the 4th cycle injection
period. This outcome suggests the low-production life of LUR wells. The
pressure variance values after the soaking cycle have less scatter be-
cause of the natural tendency of gravity-capillary equilibrium. Pressure
change values after the production periods have a much wider spread in
the pressure scale. The closest grid cells around the well will deplete
much faster compared to those away from the well in the outer regions.
Distinct behavior of the pressure versus CO2 mole fraction profiles
across the 4-SRV regions is observed as early as the 7th cycle produc-
tion period. This observation suggests that even the pressure regimes
can be quite different away from the well.

Saturation change with the total mole fraction of CO2 through dif-
ferent cycles reveals a well-matured dependency after about 10th cycle.
Clear effectiveness of CO2 injection in mobilizing the stranded oil be-
comes apparent particularly at the end of the production periods.

In any solvent injection process, one of efficiency metrics will be the
degree of viscosity reduction of the oil under in-situ conditions with
solvent injection. Conducted work includes examining the viscosity
reduction versus CO2 mole fraction with the injection cycles in Fig. 17.
The initial oil viscosity is 2 cp under in-situ conditions prior to any
injection. A distinctly clear relationship emerges for the viscosity re-
duction profiles from as early as the first cycle production period. As
expected, increasing CO2 content results in lower oil viscosity.

Fig. 18 presents another important thermophysical property–surface
tension between oil and gas. The figure plots oil/vapor surface tension
against total mole-fraction for the injection cycles. As the pressure de-
creases with production, the vapor phase emerges in the in-situ re-
servoir conditions. Surface tension values will be non-zero once the
vapor phase appears, which the figure shows. Also observed in this
figure, is the reduction in the surface tension values as the CO2 content
increases. Reduction in surface tension reflects the attainment of more
favorable miscibility condition. The oil becomes lighter with increasing
CO2 in a liquid state. As for the spatial distribution of the surface ten-
sion, more scatter is evident in SRV Region 1 compared to outer re-
gions. By the end of the 14th cycle, almost all the grid cells in all the

SRV regions show the presence of both oil and vapor phase.

3.3. Contacted CO2 volumes comparison between matrix and natural
fracture porous media

Fig. 19 depicts the distributed CO2 total mole fraction (labeled
ZCO2) in the matrix (Fig. 19c and d) and natural fracture (Fig. 19a and
b) systems at the end of the soaking period of the first CO2 injection
cycle. The figure also compares CO2 concentration between the two
base-case scenarios with (Fig. 19a, c) and without molecular diffusion
(Fig. 19b, d). Molecular diffusion allows for more CO2 to spread over
larger areas into the matrix and less so into the natural fracture com-
pared to the case without diffusion.

Fig. 20 presents how efficiently CO2 spatially disperses into the rock
matrix through 14 cycles. Without molecular diffusion, CO2 spreads
over only 2% of stimulated HCPV toward the matrix in the first cycle.
Hence, most of the injected CO2 during the injection period remains in
the hydraulic-fracture and pre-existing natural fracture networks. Once
the well is brought back on production, this mobile CO2 quickly flow
back into the wellbore resulting in excessive initial GOR as depicted in
Fig. 10 previously. On the other hand, more CO2 breaks into the matrix
through all cycles of cyclic CO2 injection due to diffusion. It turns out
that approximately 90% hydraulic fracturing stimulated Hydrocarbon
Pore Volume (HCPV) in the matrix is filled-up with injected CO2 in the
diffusion case compared to only 60% without diffusion consideration.

4. Conclusions

Using a holistic integrated workflow, we modeled hydraulically-
fractured wells in liquid-rich unconventional reservoirs (LUR) in the
Midland Basin. The approach incorporates relevant geological, petro-
physical, mineralogical, geomechanical and hydraulic-fracturing data,
measurements and information and engineering practices. Employing
multi-component compositional simulation and accounting for both
convective and diffusive (pressure and molecular) flow, the authors

Fig. 16. Evolution of reduction in oil saturation through selected injection cycles (all SRV regions).
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critically examine the inner dynamics of the stimulated regions around
hydraulically-fractured wells. Evolution of thermophysical properties in
these wells undergoing cyclic-CO2 injection reveals occurrence of in-
teresting and complex physical processes. In addition, this investigation
explores the role of molecular diffusion in well performance of

stimulated LUR wells and attempts to explain how, when, and where
various physical processes occur inside these LUR wells.

This study paved the way for the following findings:

1. Modeling the molecular diffusion effect becomes essential to

Fig. 17. Evolution of oil viscosity reduction through selected injection cycles (all SRV regions).

Fig. 18. Evolution of oil-vapor surface tension through selected injection cycles (all SRV regions).

T.N. Phan, et al. Journal of Petroleum Science and Engineering 181 (2019) 106206

12



accurately evaluate the recovery performance of hydraulically-
fractured LUR wells undergoing cyclic CO2 injection. Molecular
diffusion can account for more than 6% incremental recovery in 6
years of cyclic injection.

2. Several injection cycles for the solvent (CO2) injection process be-
comes a requirement before the process becomes optimally effec-
tive. In other words, early sequences may not yield incremental
recovery.

3. The evolution of thermophysical properties reveals distinct spatial
patterns may develop around the stimulated LUR wells. Average
CO2 total mole-fraction in rock matrix in the innermost region in-
creases to 0.63 in 6 years (after 14 cycles) whereas the corre-
sponding increase in the following areas is merely 0.36, 0.16 and
0.07, respectively. These numbers, of course, may vary slightly de-
pending on the reservoir properties and operating conditions.

4. Pressure regimes can be entirely different away from the well.
Saturation change with total mole-fraction of CO2 through different

cycles reveals a well-matured dependency after about 10th cycle.
5. A clear relationship may emerge for the oil-viscosity reduction
profiles with CO2 total mole-fraction from as early as the first cycle
production period. By the end of the 14th cycle, almost all the grid
cells within SRV regions show the presence of both oil and vapor
phase.

6. Injected solvent (CO2) can diffuse into approximately 90% of hy-
draulically fractured stimulated HCPV in the rock matrix within 14
cycles.
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Fig. 19. Comparison of CO2 total mole-fraction distributions in matrix and natural fracture between the two base-cases with and without molecular diffusion effect.

Fig. 20. CO2 diffusion efficiency into the rock matrix of the SRV.
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Nomenclature

E Young's modulus, psia
D diffusion coefficient, m2/s
Ji molar diffusion flux, m−2s−1

M molecular weight, g/mol
P pressure, psia
T temperature, oF
Vp compressional wave velocity, ft/s
Vs shear wave velocity, ft/s
Xf fracture half-length, ft

Poisson's ratio
µ viscosity, cp

surface tension, dyne/cm

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.petrol.2019.106206.
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