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Abstract

With shale oil reservoir pressure depletion and recovery of hydrocarbons from formations, the fracture apertures and
conductivity are subject to reduction due to the interaction between stress effects and proppants. Suppose most of the
proppants were concentrated in dominant fractures rather than sparsely allocated in the fracture network, the fracture
conductivity would be less influenced by the induced stress effect. However, the merit of uniformly distributed proppants in
the fracture network is that it increases the contact area for the injection gas with the shale matrix. In this paper, we address
the question whether we should exploit or confine the fracture complexity for CO,-EOR in shale oil reservoirs. Two
proppant transport scenarios were simulated in this paper: Case 1—the proppant is uniformly distributed in the complex
fracture system, propagating a partially propped or un-propped fracture network; Case 2—the proppant primarily settles in
simple planar fractures. A series of sensitivity studies of the fracture conductivity were performed to investigate the
conductivity requirements in order to more efficiently produce from the shale reservoirs. Our simulation results in this
paper show the potential of CO, huff-n-puff to improve oil recovery in shale oil reservoirs. Simulation results indicate that
the ultra-low permeability shales require an interconnected fracture network to maximize shale oil recovery in a reasonable
time period. The well productivity of a fracture network with a conductivity of 4 mD ft achieves a better performance than
that of planar fractures with an infinite conductivity. However, when the conductivity of fracture networks is inadequate,
the planar fracture treatment design maybe a favorable choice. The available literature provides limited information on the
relationship between fracture treatment design and the applicability of CO, huff-n-puff in very low permeability shale
formations. Very limited field test or laboratory data are available on the investigation of conductivity requirements for
cyclic CO, injection in shale oil reservoirs. In the context of CO, huff-n-puff EOR, the effect of fracture complexity on
well productivity was examined by simulation approaches.

Keywords CO,-enhanced oil recovery - Huff-n-puff - Shale oil reservoirs - Recovery simulation

List of symbols E, Elastic modulus of Sphere 2 (proppant), MPa
Frep  Fracture conductivity, mD cm Vi Poisson’s ratio of Sphere 1, dimensionless
D Initial fracture aperture, mm Vo Poisson’s ratio of Sphere 2, dimensionless
D, Diameter of Sphere 1 (proppant), mm )4 Closure pressure, MPa
D, Thickness of coal bed, mm ke Fracture permeability, mD
N Function related to the closure pressure elastic kg Initial permeability, mD
modulus etc., dimensionless dy Experimental fitting data, psi~'
H Function related to the closure pressure elastic Ap Effective mean stress, psi
modulus etc., dimensionless
E, Elastic modulus of Sphere 1 (proppant), MPa 1 Introduction

Reservoir simulation was undertaken to study the impact of

Edited by Yan-Hua Sun proppant allocation in the fractures on well production

performance (Cipolla et al. 2009). The proppant distribu-
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fracture network and dominant planar fractures. A simu-
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and the proppant concentration in the network does not
have a significant effect on gas production once the un-
propped fracture network conductivity reaches 5 mD ft
(Cipolla et al. 2009). However, when the un-propped
fracture conductivity decreases further down to an order of
0.5 mD ft, the significance of network conductivity is
clearly noticed and the well productivity is impaired by
conductivity loss. This finding provides an understanding
of the conductivity requirements in order to economically
produce shale gas reservoirs. From points of fracturing
treatments, employing a low proppant concentration would
save on treatment costs. However, an optimurn fracture
design is not only to consider economic factors but it
requires an essential fracture conductivity which would not
compromise the well productivity due to conductivity loss.
Cipolla et al. (2010) examined the relationship between
fluid leak off and growth of complex fractures. Three
categories of hydraulic fracture growth were used to
describe the fracture propagation: planar growth, complex
planar growth and network growth. The mechanism of
proppant transport when the fracture growth is complex is
not well understood. The distribution of proppant particles
may be uniformly dispersed in the fracture network or
mainly settled in dominant primary fractures.
Experimental studies of CO, huff-n-puff EOR in shale
oil core plugs include investigation of injection pressure,
injection period, soaking time and the cycle efficiency
(Gamadi et al. 2013; Meng et al. 2017; Song and Yang
2013). Nitrogen huff-n-puff and water huff-n-puff efficacy
in the Eagle Ford shale outcrop was compared (Yu and
Sheng 2016). The experimental results show that the shale
oil recovery by nitrogen huff-n-puff outperformed water
huff-n-puff under the same conditions. The oil recovery by
water huff-n-puff using 24 h of soaking time after 12
cycles is 15%, while the nitrogen huff-n-puff recovers 25%
shale oil. Soaking time influences the oil recovery in the
laboratory. Using 24 h of soaking recovered 25% oil in
place, while 18% of oil in place was produced by 1 h of
soaking. Li and Sheng (2016) conducted cyclic CHy
injection in the Eagle Ford Shale, and their results indi-
cated that the cyclic CH, injection recovered more oil than
cyclic nitrogen injection under identical operation condi-
tions (Li and Sheng 2016). They found a larger size of core
achieves a lower oil recovery than the smaller scale
diameter under the same operation schedules. Numerical
simulation approaches were used to history-match the
experimental oil production and pressure profiles in the
Bakken tight oil formations. The simulation results show
that CO, huff-n-puff achieves a superior recovery perfor-
mance compared to waterflooding (Song and Yang 2017).
The role of molecular diffusion in recovering oil from
tight and shale oil reservoirs has been examined in previous
work (Chen et al. 2014; Sanchez-Rivera et al. 2015; Wan

and Sheng 2015). The CME-GEM simulator was used to
examine the possible influential factors that decide the oil
response in the huff-n-puff process. The simulation results
indicate that longer soaking periods recover less oil than
shorter soaking times. They suggested that no soaking
period is required in the huff-n-puff process in the Bakken
shale. This statement is in contradiction with the experi-
mental results mentioned earlier (Gamadi et al. 2013; Yu
and Sheng 2016). The disagreement between experimental
data and simulation methods indicates that more effort is
required in understanding the mechanisms happening in the
soaking process. Molecular diffusion effects in the soaking
period were found to be important in huff-n-puff recovery
prediction. The effect of molecular diffusion in cyclic gas
injection on shale oil recovery has been investigated (Wan
and Sheng 2015; Wan et al. 2015). Comparison of the
laboratory data with the numerical simulation results shows
that without the diffusion effect included in the simulation
model a lower recovery factor is predicted than experi-
mentally observed. Chen and Gu (2017) used a simulation
approach to investigate the optimal injection and produc-
tion duration in a cycle to achieve the maximum oil
recovery. The sensitivity analyses show that short injection
and production periods were favorable for CO, huff-n-puff
performance. A series of sensitivity studies of CO, huff-n-
puff EOR in shale oil reservoirs was examined (Alfarge
et al. 2017b; Kong et al. 2016; Sheng 2015; Yu et al. 2014).
The simulation results show that the most influential vari-
ables are injection time, CO, injection rate and the number
of cycles employed. However, CO, soaking, fracture half-
length and permeability were listed as less sensitive
parameters to simulation output, while they are influential
in the experimental EOR process. The soaking period is not
a critical factor to improved oil recovery by gas huff-n-puff
in shale oil reservoirs (Boosari et al. 2015). CO, huff-n-
puff is more favorable for reservoirs with high hetero-
geneity by using long hydraulic fractures (Yu et al. 2015).

A pioneering published work documents the factors that
control the well production performance in shale oil
reservoirs (Wilson 2015). Wan et al. (2016) used a
numerical simulation approach to evaluate the fracture
complexity effect on the EOR potential of cyclic gas
injection in fractured shale oil reservoirs. They did not
consider the proppant distribution effect on the growth of
fracture complexity. The purpose of this paper is to extend
earlier work performed by our research group. This work
builds upon previous work by considering the proppant
distribution in the fracture growth. This paper aims to show
what types of proppant distribution would achieve a max-
imum liquid production by CO, huff-puff in shale oil
reservoirs. It is a question that needs to be addressed:
should we exploit the fracture complexity or avoid com-
plex fracture growth in shale oil reservoirs. Suppose a fixed
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amount of proppant was used in a fracture treatment, is a
propped planar fracture or complex fracture network which
is partially propped superior for shale oil production? This
paper interrelates numerical simulation approaches with
the fracture characteristics to investigate related factors that
affect the performance of the cyclic injection recovery
process.

2 Simulation model description
and methods

The pseudo-component description model of the Eagle
Ford Shale fluid used in this paper is shown in Table 1 (Phi
and Schechter 2017). The fluid equation of state (EOS)
model was tuned on the production PVT data. The EOS
model provides a good agreement with the Eagle Ford PVT
data. The parameters in the reservoir simulation model in
Table 2 were adjusted to history-match the observed pro-
duction data. Then, the history-matched model was
employed to investigate the CO,-EOR studies.

Figure 1 shows two proppant transport scenarios in a
pioneering work (Cipolla et al. 2010). In Case 1, the
proppant particles are uniformly distributed in the complex
fracture system. In Case 2, the proppant is mainly con-
centrated in planar fractures without forming a complex
fracture network. If the proppants are sparsely distributed
in the fracture network, the proppant concentration is
inadequate to provide support to the fracture system. It
leads to a creation of an un-propped or partially propped
fracture network that provides insufficient fracture network
conductivity. The finite fracture conductivity of the net-
work may undermine the well productivity in shales. On
the contrary, an infinite conductivity of the planar fracture
is formed when proppant is concentrated in dominant
fractures without opening fissures or the natural fracture
network. The drawback of planar fractures is that they have
less contact area with the shale matrix than a fracture
network. Injected CO, primarily disperses through the
fracture network into the shale matrix. CO,-EOR in simple
and planar fractures has been extensively studied. This
paper will focus on comparing the CO, huff-n-puff EOR
performance in these two fracture scenarios (Case 1 and

Table 2 Reservoir, fracture and operation parameters in the base
model

Parameter Value Unit
Initial reservoir pressure 6425 psi
Shale matrix permeability 0.0001 mD
Shale matrix porosity 0.03 value
Hydraulic fracture width 0.12 in
Fracture network conductivity 4 mD ft
Planar fracture conductivity 80 mD ft
Fracture half-length 500 ft
Fracture spacing 200, 100 ft
Primary deletion 10 years
CO, injection cycle 10 cycles
CO, injection period in each cycle 6 months
CO, puff period in each cycle months

Case 2). Figure 2 shows the simulation model of a fracture
network (Case 1) and planar fractures (Case 2). The net-
work size is 2000 ft x 1000 ft of the stimulated reservoir
volume. In the base model of Case 1, the spacing of the
fracture network is 200 ft with a partially propped fracture
conductivity of 4 mD ft. In the base model of Case 2 where
proppants settled in planar fractures, the fracture spacing
also is 200 ft with a propped fracture conductivity of 80
mD ft.

The mechanical fracture model was not considered in
this paper. Modeling the deformation, failure of rocks and
fracture propagation process can be found in the literature
(Sahimi 1995). In the stimulated reservoir volume, the
complexity of the fracture network is simplified by uni-
formly spaced at 200-ft orthogonal cross fractures (as
shown in Fig. 3. The fracture network is described by a
uniform fracture intensity and apertures (0.12-inch gaps).
The simulation models attempt to account for the effect of
the proppant distribution on the CO,-EOR well production
performance. We performed a series of fracture conduc-
tivity sensitivity studies to examine the well performance
in these two scenarios. The shale matrix permeability is
0.0001 mD. The shale reservoir is under primary produc-
tion for 10 years. The CO, huff-n-puff process is 6 months

Table 1 Reservoir fluid

properties of pseudo- No. Component Composition P, atm T., K Acentric factor Molecular weight
components after regression 1 Co, 0.0112 72.8 304.2 0.225 44.01

2 CH, 0.6267 45.40 190.60 0.008 16.04

3 C—Cs3 0.1735 46.143 327.73 0.115 34.58

4 Cy—Cs 0.0595 35.548 436.98 0.206 63.47

5 Ce 0.0155 32.460 507.50 0.275 86.00

6 Cyy 0.1136 20.399 674.80 0.490 164.63
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Fig. 1 Proppant transport scenarios (Cipolla et al. 2010)

(a)

L =2000 ft

Concentrated in a
dominant fracture
(Case 2)

1000 ft

Fig. 2 Fracture network model (left, Case 1) and planar fracture model (right, Case 2)

Pressure,
psi
6,410
5,869
5,328
4,788
4,247
3,706
3,165
2,625
2,084
1,543
1,002

1000 ft

Fig. 3 Uniform spaced at 200-ft fracture network simulation model
(The red region represents the pressure distribution; the fracture
network is discretized with logarithmic gridding)

of injection and 6 months of production in a cycle. The
secondary CO,-EOR process is conducted for 10 cycles.
The process optimization questions such as how much gas
should be injected during a cycle, at what rate should it be
injected and how long should a producing period be in a
cycle are beyond the scope of this paper. These can be
found in the published literature (Sheng 2017; Li et al.
2016; Tang et al. 2016). The objective of this paper is to
examine the effect of fracture characteristics on CO, huff-
n-puff performance in liquid rich shales.

3 Stress-dependent fracture conductivity
modeling approach

The conductivity of a partially propped or un-propped
fracture network is subject to reduction induced by stress,
especially when the proppant is sparsely allocated, and the
proppant concentration in the network is low. The stress-
dependent conductivity between the fracture permeability
and the effective stress can be described by an existing
formula (Raghavan and Chin 2004):

ke = ke~

(1)

Gao et al. (2013) developed an analytical model to
calculate the proppant embedment, proppant deformation
and fracture conductivity without considering the proppant
crush. The calculated results from their model were com-
pared with the experimental data, and they matched well.
In this paper, Gao’s model was used to simulate the
propped fracture conductivity (high proppant concentra-
tion), which is affected by factors such as closure pressure,
the size of proppant and the concentration of proppant.

74.8f (f; — 0.74) (Df1 —Difs — ) X
2 Dl
0.5 + 1

2D5pC;
1— V2

(2)

Frep =
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where f; and f, are defined as:

2
3

fi=1-2.08(pCy) (3)

£ =2.08(pCy + pCy)i—2.08(pC )} (4)

Co — 11— v% 5

T (5)
_1-v

G = 5 (6)

The experimental results were compared against the
model prediction, and the author (Culter et al. 1985) pro-
posed the fitting parameters of bauxite as:
C; =1.3479 x 10 > MPa ', C, = 9.6014 x 10 "*MPa™".
The related fitting parameters of the various proppants
(bauxite, porcelain and alumina-mullite) can refer to Culter
et al. (1985).

4 Results and discussion

Figure 3 illustrates the reservoir pressure change in the
base model-Case 1 after the first year of primary depletion.
It indicates that the reservoir pressure drop first occurs
surrounding the fracture network. Figure 4 shows the
model history-matching results with a well from Wilson
County in the Eagle Ford shale. A good match of the well
production data was obtained. The well bottom-hole pres-
sure was also history-matched which was not shown in the
paper. It was noted that there are several points dropped to
zero rate when the well was shut off for well operations.
The structure of this paper is first to examine the CO,
huff-n-puff efficacy in a 200-ft spacing of fracture network.
In most simulation runs, Case 1 and Case 2 were compared

250

oo

Simulation results
O  Observed production data

N - IN]
o o =3
<) o s3
L L L
O

o

Qil production rate, bbl/day

a
o
L

0 100 200 300 400 500 600
Time, days

Fig. 4 History matching of the oil production rate from a well in the
Eagle Ford shale
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for cyclic CO, injection efficacy. Then, a comparison of
CO,-EOR performance in shale reservoirs was conducted
on different fracture spacing scenarios (the 200-ft and
100-ft fracture spacing).

Mayerhofer et al. (2006) used a reservoir simulation
approach to estimate the fracture conductivity in the Bar-
nett Shale for the partially propped and un-propped frac-
tures, within a range from 1 to 5 mD ft. Figure 5 presents
the well oil production for Case 1 and Case 2 for 10 cycles
of CO, huff-n-puff. The fracture conductivity requirement
for CO,-EOR in shale oil reservoirs was initiated with a
value larger than the base model (4 mD ft). The result
shown in Fig. 5 indicates that the well performance is not
sensitive to conductivity change once the fracture con-
ductivity becomes larger than the base model. This reflects
that the base model fracture conductivity is adequate
enough to provide flow capacity. In subsequent studies,
examination of the fracture conductivity effect on well
performance should focus on a point below the base model
value. The grid size effect on the simulation results has
been evaluated. Grid sensitivity analysis was performed to
find a tradeoff between obtaining adequate precision and
saving computational effort.

Figure 6 shows the cumulative oil production in the base
model-Case 1 with a fracture spacing of 200 ft. Different
fracture conductivity sensitivity was performed including
the effect of stress-dependent fracture conductivity on
CO,-EOR performance. Improved oil recovery by CO,
huff-n-puff over the primary production is observed in all
simulation runs. In the base model-Case 1, the cumulative
oil production driven by primary pressure depletion is
223,000 barrels. The incremental oil production by CO,
huff-n-puff EOR is 139,000 barrels. The well productivity
is not affected by the stress-induced conductivity loss in the
primary production, while it causes a loss of 48,588 barrels
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g. 5 Cumulative oil production by CO, huff-n-puff
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Fig. 6 Cumulative oil production by CO, huff-n-puff from a fracture
network (Case 1, the network fracture spacing D, = 200 ft)

in the secondary CO,-EOR process. In the base model, the
fracture conductivity of the network is 4 mD ft. Comparing
the recovery profiles of the base model, the impact of
fracture network conductivity on primary production is not
significant, but a larger fracture conductivity contributes to
a higher oil recovery in the cyclic CO,-EOR process.
However, when the conductivity of the fracture network is
reduced to an order of 0.2-0.02 mD ft, the well produc-
tivity is remarkably reduced by the conductivity loss both
in the primary production and secondary CO,-EOR pro-
cess. The fall in cumulative oil production is pronounced as
the fracture conductivity decreases below 1 mD ft. The
magnitude of the oil production fall depends on the fracture
conductivity requirement in liquid-rich shales.

The results shown in Fig. 7 are similar to those in Fig. 6. A
noticeable difference is that the effect of the reduction in the

x10°
3.0
—— Base model, Freo = 80 mD ft
Freo =4 mD ft
25] T Base model, stress-dependent Freo
Freo =1 mD ft
— Freo=0.2mD ft

— Frep =0.02mD ft

Cumulative oil production, bbl

0 1000 2000 3000 4000 5000 6000 7000 8000
Time, days

Fig. 7 Cumulative oil production by CO, huff-n-puff from planar
fractures (Case 2, D, = 200 ft)

stress-dependent fracture conductivity on CO, huff-n-puff
enhanced oil recovery is not as significant as shown in Fig. 6.
In the planar fracture base model-Case 2, the fracture con-
ductivity is set to 80 mD ft, considered as an infinite fracture
conductivity. The effect of stress-induced fracture conduc-
tivity loss on well productivity is not observed. When the
fracture conductivity is infinite and sufficiently high, the well
productivity in shales is not sensitive to the reduction in
conductivity. Figure 10 illustrates more in detail of this.

As the well injectivity or productivity in a shale for-
mation is dependent on the matrix and fracture conduc-
tivity, the CO, injection rate at an equal injection pressure
would differ with the fracture conductivity. Figure 8 shows
the CO, injection rate and injection pressure in fracture
networks of different conductivity. The horizontal well
constraint for the injector is 1000 bbl/day, and the maxi-
mum allowable injection pressure is 7000 psi. Figure 8
shows that the CO, injection rates rapidly decrease from
the initial constraint value and the well then is switched to
injection pressure control. The wells with a higher fracture
network conductivity inject at a higher CO, injection rate
(or well injectivity index). Figure 9 compares the well
injection and produced CO, volume for different conduc-
tivity of fracture networks. With an increase in fracture
network conductivity, the total CO, injection and produc-
tion volumes are also augmented. This is consistent with
the data presented in Fig. 8. A lower CO, production
volume than injection indicates the CO, sequestration in
shale reservoirs. Since the effect of CO, adsorption on the
surface of the shale is not included in the simulation model,
the only factor that results in CO, reduction is that CO, is
captured and reacted with the formation fluid. The uti-
lization of CO,-EOR in the context of CO, capture and
sequestration has been reported extensively in the literature

x104

Base model, Freo = 4 mD ft
Freo =1 mD ft

Frep = 0.2 mD ft

....... Injection pressure

7000 ps,]

A >

N
L

N
L

CO, injection rate, ft¥/day

......................................

0 1000 2000 3000 4000 5000 6000 7000 8000
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Fig. 8 Comparison of CO, injection rate for different fracture
conductivities (Case 1)
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Fig. 9 Comparison of CO, injection and production for different
fracture conductivities (Case 1)

(Boosari et al. 2015; Carpenter 2015a; Faltinson and
Gunter 2013).

Figure 10 compares the recovery profiles for Case 1 and
Case 2 with different fracture conductivities. The results
indicate that the well production for Case 1 is higher than
Case 2 under the same fracture conductivity. It is not an
indicator that the cyclic CO,-EOR process would achieve a
better performance in un-propped fracture networks than
propped planar fractures. If the fracture conductivity of
Case 1 is excessively low, for instance 0.02 mD ft, the
propped planar fractures will have a superior performance
to the fracture network. The decision of whether to exploit
or avoid the fracture complexity should be different case by
case. In the simulation results depicted in Fig. 10, if the
fracture network conductivity can reach 4 mD ft or
essentially higher, then the partially propped fracture net-
work exhibits a better performance in comparison with the

x10°

4.0
—— Case 1, base model, Frcp =4 mD ft
—— Case 1, base model, stress-dependent Frco
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N
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Fig. 10 Well production comparison for Case 1 with Case 2
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propped planar fractures. In another extreme case when the
un-propped fracture network conductivity is as low as 0.02
mD ft, the propped fracture is more favorable for CO,-
EOR production.

Figure 11 presents a comparison of the oil recovery
performance for two different fracture spacings: D, = 100
ft and D, = 200 ft. In all cases, the fracture conductivity
with 4 mD ft was used. It is observed that the primary
production difference for the D, = 200 ft case is larger than
the 100-ft fracture spacing. It is attributed to the fact that in
the 100-ft fracture spacing the average reservoir pressure
can be depleted to the constraint bottom-hole flowing
pressure for both Case 1 and Case 2. The smaller fracture
spacing provides sufficient conduit for fluid mass transfer,
while in the case of 200-ft fracture spacing, the average
reservoir pressure cannot drop to the minimum well con-
straint pressure, as shown in Fig. 11. The primary benefit
of the CO, huff-n-puff process is an increase in the reser-
voir pressure in shales as shown in Fig. 11.

Figure 12 shows a comparison of normalized oil
recovery profiles for Cases 1 and 2 at different fracture
spacings. The cumulative oil production was normalized by
dividing by the maximum possible oil production or oil
production from an infinite conductivity.

The maximum oil production can be achieved by
enlarging the fracture network conductivity to an infinite
value. An upper fracture conductivity limit exists over which
incremental oil production is not possible. In Fig. 12, the
cumulative oil production from a 100-ft spacing fracture
network with 4 mD ft is adopted as the maximum oil pro-
duction value. Fracture conductivity divided by the square
root of reservoir permeability and fracture spacing
(Frepe = Frep/+/DxK) is plotted as the x-axis against the
normalized oil production (Cipolla et al. 2008). From
Fig. 12, it was found that Frcpce with a value of 40 is con-
sidered as an optimum value, which represents a 4 mD ft of
fracture conductivity. It suggests that when the conductivity
of fracture network approaches 4 mD ft, any decrease in
fracture conductivity would result in a well productivity
reduction.

Figure 13 shows the distribution of global CO, mol
fractions in the simulation model at the end of the first CO,
huff-n-puff cycle (left plots) and end of the tenth cycle
(right plots). It is noted that we only simulate one quarter of
the stimulated reservoir volume. The results indicate that
the injected CO, migrates along the fracture network or
surrounding the network at the first cycle. However, after
10 cycles of CO; injection, the CO, penetrates deeper into
the shale matrix. Compared with the planar fracture model,
the fracture network provides more contact area for CO,
dispersion. The swept volume of the processed zone by
CO, injection in the fracture network is larger than the
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Fig. 12 Normalized oil recovery comparison for Case 1 with Case 2

planar fracture model. The total CO, mol fraction in the
fracture network is higher than the planar fracture model. A
larger stimulated volume by CO, injection in the fracture
network is achieved compared to the planar fracture case.
As the injection cycle increases, the volume of CO, dis-
solved in the oil phase is expanding accompanied by an
increase in the average matrix pressure.

Table 3 summarizes the well oil production by primary
depletion and the CO,-EOR process at a fracture spacing of
200 and 100 ft. It is observed that the oil recovery from a
smaller fracture spacing (100 ft) is higher than a larger
spacing (200 ft). Under the same fracture conductivity,
CO; huff-n-puff yields more oil recovery in the fracture
networks compared to the planar fractures. When the
fracture conductivity is below 4 mD ft, the role of fracture
conductivity in the mobilization of oil in shale reservoirs is
highlighted. Ye (2016) used CMG-GEM to explicitly
model the fracture system and investigate the optimum
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fracture conductivity in producing shale gas reservoirs
under various scenarios: different production time, matrix
permeability, rock stiffness and hydraulic fracture spacing
(Gu et al. 2014; Ye 2016). The criteria for determining the
optimum fracture conductivity is based on acquiring the
maximum gas production of the first year. However, the
optimum fracture conductivity in this paper is targeted at
achieving a maximum combined production of 10 years of
primary recovery and 10 years of CO,-EOR recovery. The
optimum fracture conductivity decreases with an increase
in production period. The optimum fracture conductivity or
fracture requirement in a complex fracture network is
lower than that of planar fractures in that the intercon-
nected fracture network provides a larger contact area for
shale gas flow (Ye 2016). Considering the stress-dependent
fracture conductivity, the requirement for fracture con-
ductivity in soft rock is higher than the stiff case because it
needs to compensate for the conductivity loss due to
proppant embedment. A distinction found in producing
shale oil reservoirs is that the impact of fracture spacing
overwhelms the fracture conductivity. Fracture complexity
should be exploited so that the network can provide
essentially a desired conductivity. In cases where the
fracture conductivity is severely compromised by maxi-
mizing fracture complexity, the shale oil recovery perfor-
mance by CO, huff-n-puff would be negatively affected.

5 Further discussions on the factors
that have impact on CO,-EOR

5.1 Effect of molecular diffusion on CO,-EOR
performance

Molecular diffusion is considered as an important recovery

mechanism in modeling gas injection in fractured reser-
voirs (Hoteit and Firoozabadi 2009; Shojaei and Jessen
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Fig. 13 Distributions of CO, mole fractions at the end of the first cycle (left plots) and the tenth cycle (right plots). a Case 1, D, = 200 ft. b Case
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2014; Wan and Sheng 2015; Wan et al. 2015). The inten-
sive fractures provide huge potential for mass diffusive flux
between the matrix and fractures. The Péclet number was
commonly used to evaluate which recovery mechanism is
dominant, molecular diffusion or convection. The impor-
tance of molecular diffusion in producing from nanoscale
pores of shale formations was examined in our previous
studies (Wan and Sheng 2015; Wan et al. 2015). It is not
the scope of this paper to expand the discussion of
molecular diffusion effect on CO,-EOR performance in the
presence of complex fractures. However, it is of interest to
include what has been done in this area and the status of
molecular diffusion on CO,-EOR projects.

Alfarge et al. (2017a) investigated the effect of molec-
ular diffusion on CO, huff-n-puff in the Bakken shale oil

@ Springer

formations. The influencing factors of CO, molecular dif-
fusion are the contact area and the exposure time within the
reservoir fluid and CO,. The simulation results indicate that
by considering the molecular diffusion mechanism CO,
penetrates deeper into the shale matrix than without dif-
fusion. The role of molecular diffusion in heterogeneous
shale formations was studied by Jia et al. (2017). Their
simulation results showed that a high reservoir hetero-
geneity is favorable for oil recovery at a long correlation
length. Excluding the effects of molecular diffusion leads
to an underestimation of reservoir oil recovery by 39% in
the CO, huff-n-puff process. Including the molecular dif-
fusion effect results in a decline of reservoir pressure,
which is caused by the reduction of interfacial tension. The
diffusion coefficients of species during the CO, injection
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Table 3 Summary of sensitivity simulation run results
Models Fracture conductivity Cumulative oil production, Mbbl
200-ft fracture spacing 100-ft fracture spacing
Primary recovery CO,-EOR Primary recovery CO,-EOR
Case 1, fracture network 4 mD ft 223.64 361.948 261.48 477.28
Base model with stress effect 220.00 313.36 255.2 445.04
1 mD ft 216.92 300.56 252.0 410.2
0.2 mD ft 165.00 220.32 236.0 304.44
0.02 mD ft 75.72 107.32 122.56 153.92
Case 2, planar fractures 4 mD ft 186.12 286.16 260.04 387.32
Base model with stress effect 186.0 281.72 259.84 382.68
1 mD ft 183.12 256.76 255.24 352.44
0.2 mD ft 149.12 194.24 225.28 277.24
0.02 mD ft 65.68 90.88 121.08 151.92

process were measured by fluid saturation profiles gathered
from X-ray CT (Carpenter 2015b). The effect of molecular
diffusion on oil mobilization depends heavily on system
size. The oil production rate from diffusion alone is very
high at core scales. It needs to be reconsidered to upscale
the CO, diffusion rate from laboratory conditions to field
scale. In our future work, we need to identify the diffusivity
of CO, and light components with experimental methods in
order to accurately predict the CO, diffusion mechanism in
fractured shale reservoirs.

5.2 Effect of proppant distribution
in the secondary fractures on CO,-EOR
performance

The effect of fracture conductivity on CO,-EOR perfor-
mance needs further investigation due to proppant being
transported limited distances away to the dominant frac-
tures in slickwater fracture treatments. A modeling case
study of the Barnett shale gas well hydraulic fracturing
treatment with Formation mechanical properties illustrates
the propagation process of complex hydraulic fracture
networks (Xu et al. 2010). Proppant settles very quickly
near the wellbore due to the low viscosity of slickwater.
(The viscosity of slickwater is low so it is not able to carry
the sand long distances). However, the settling velocity of
100 mesh sands is slower than 40/70 mesh sands. The 100
mesh sands tend to be transported further from the wellbore
and placed in the secondary fracture networks. The chance
that the proppant is evenly distributed in the fracture net-
works is small (Warpinski et al. 2008; Warpinski 2009).
The Bakken field fracturing observations reported that the
20/40 mesh sand was transported to distances of 2200 ft
away at the offset wells with cross-linked fluids. With

slickwater fracturing, the radioactive traced 40/70 mesh
sand was identified at a distances of 500 ft (Warpinski et al.
2008). Laboratory and field applications indicate that the
distances that particles will be transported is a function of
fracturing fluid viscosity, slurry rate and particle sizes. A
lower slurry rate is designed to create larger fracture width
and spacing. Similarly, experimental results also demon-
strate that a low injection rate has a greater chance of
increasing the complexity of fracture networks and inter-
connecting more natural fractures (Wang and Miskimins
2010).

A significant concern about fracturing low permeability
reservoirs is the fracture conductivity requirements in
nano-darcy formations. Cipolla et al. (2009) suggested that
the impact of proppant fill would be insignificant in low
permeability (0.0001 mD) formations if the un-propped
fracture conductivity can reach 5 mD ft. The production
increase by the effect of proppant distribution in the net-
works is noticed when the network conductivity is less than
0.5 mD ft. The presence of proppant in the fracture net-
work has a significant impact on well production perfor-
mance if the un-propped fracture conductivity is
inadequate. In this case, the transport and settling of
proppant in the secondary fractures are critical to improve
the shale oil well productivity. In fracturing treatment of
low permeability formations, the leak-off rates are very
low. It provides sufficient time for proppant transport and
settling. Smaller mesh proppants are inclined to settle into
natural fractures and sheared bedding planes (Shrivastava
and Sharma 2018). Simulation work by Gu et al. (2016)
suggests that the presence of natural fractures is similar to
increase the effective reservoir permeability. The fracture
network conductivity requirement is closely related to the
hydraulic fracture spacing and production time. The
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production design for CO,-EOR in shale reservoirs needs
further experimental work to achieve maximum produc-
tivity while reducing the proppant cost. In our future work,
we will implement experimental methods combined with
numerical simulation models to characterize the fracture
complexity effect on CO,-EOR performance.

6 Conclusions

In this paper, we have examined the effect of fracture
complexity on the performance of cyclic CO, injection
process in detail. The recovery mechanisms of two types of
proppant transport scenarios were simulated: Case 1—a
partially propped or un-propped fracture network and Case
2—propped planar fractures. Simulation results indicate
that achieving fracture conductivity over 4 mD ft is ade-
quate to meet the conductivity requirements in shale oil
reservoirs. However, the exact value of the fracture net-
work conductivity requirement is uncertain. This depends
heavily on the hydraulic fracture spacing, the reservoir
matrix permeability and reservoir fluid properties. If the
conductivity of the fracture network approaches an upper
conductivity limit in the normalized conductivity graph,
the fracture treatment design should be targeted at maxi-
mizing the fracture complexity. However, it is desirable to
generate an infinite conductivity of planar fractures when
the fracture network fails to meet the conductivity
requirement. At the same fracture conductivity, the CO,
huff-n-puff process is more favorable in fracture networks
compared to planar fractures. The normalized oil recovery
profile comparison for Case 1 and Case 2 suggests that
when the conductivity of fractures approaches a cut-off
value, any decrease in fracture conductivity would result in
a well productivity reduction. A distinct feature of
extracting from shale oil reservoirs by cyclic CO, injection
is that the fracture-network spacing is more critical than
fracture conductivity, but the network has to meet an
essential conductivity requirement. Whether to exploit
fracture complexity or not for extraction of hydrocarbons
from shale oil formations is dependent upon the created
fracture network conductivity.
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