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a b s t r a c t

Horizontal well drilling and multistage hydraulic fracturing have been demonstrated as effective ap-
proaches for stimulating oil production in the Bakken tight oil reservoir. However, after multiple years of
production, primary oil recovery in the Bakken is generally less than 10% of the estimated original oil in
place. Gas huff ‘n’ puff (HnP) has been tested in the Bakken Formation as an enhanced oil recovery (EOR)
method; however, most field pilot test results showed no significant incremental oil production. One of
the factors affecting HnP EOR performance is premature gas breakthrough, which is one of the most
critical issues observed in the field because of the presence of interwell fractures. Consequently, injected
gas rapidly reaches adjacent production wells without contacting reservoir rock and increasing oil re-
covery. Proper conformance control is therefore needed to avoid early gas breakthrough and improve
EOR performance. In this study, a rich gas EOR pilot in the Bakken was carefully analyzed to collect the
essential reservoir and operational data. A simulation model with 16 wells was then developed to
reproduce the production history and predict the EOR performance with and without conformance
control. EOR operational strategies, including single- and multiple-well HnP, with different gas injection
constraints were investigated. The simulation results of single-well HnP without conformance control
showed that a rich gas injection rate of at least 10 MMscfd was needed to yield meaningful incremental
oil production. The strategy of conformance control via water injection could significantly improve oil
production in the HnP well, but injecting an excessive amount of water also leads to water breakthrough
and loss of oil production in the offset wells. By analyzing the production performance of the wells
individually, the arrangement of wells was optimized for multiple-well HnP EOR. The multiwell results
showed that rich gas EOR could improve oil production up to 7.4% by employing conformance control
strategies. Furthermore, replacing rich gas with propane as the injection gas could result in 14% of in-
cremental oil production.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Horizontal well drilling and multistage hydraulic fracturing
techniques have been widely employed by operators to develop
unconventional reservoirs (Pearson et al., 2018; Yu and
Sepehrnoori, 2014). The techniques have contributed to a signifi-
cant amount of oil production in the United States since 2009. The
multistage hydraulic fracturing treatment allows operators to ac-
cess oil in an ultra-low permeability reservoir matrix via multiple
y Elsevier B.V. on behalf of KeAi Co
high-conductivity hydraulic fractures with a half-length of hun-
dreds of feet. The Bakken petroleum system (Bakken) of the Wil-
liston Basin has been one of the most active and prolific
unconventional oil plays in the United States. The U.S. Energy In-
formation Administration reported that the total oil production in
the Bakken region was 1.1 million barrels/day (bpd) in December
2021 and the average oil production rate for new wells in the
Bakken region was 2148 barrels/day (Energy Information
Administration, 2021).

Despite the fact that horizontal well drilling and multistage
hydraulic fracturing have made a significant impact on improving
oil production, the primary oil recovery is still low in the Bakken,
typically less than 10% (Hoffman and Evans, 2016; Jin et al., 2017a,
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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2017b). To improve oil recovery, techniques are needed to access
the remaining oil in the tight rock matrix. Drilling infill wells is an
option for operators to extract more oil from the tight reservoir.
However, the overall oil production performance of the infill (or
child) wells is typically inferior to that of the parent wells. When
the oil price is low, the cost of drilling infill wells is difficult to be
compensated by the additional oil production (Castro-Alvarez et al.,
2018).

Gas injection enhanced oil recovery (EOR) has been increasingly
studied to develop unconventional reservoirs. The mechanism of
gas injection EOR is that gas would be miscible with oil during
injection, contributing to the expansion of oil volume, reduction of
oil viscosity, and possible vaporization of oil, which together
mobilize the oil from the rockmatrix into the fracture network and,
thus, additional oil can be produced (Burrows et al., 2020). Labo-
ratory experiments and numerical simulations have been per-
formed to investigate the effectiveness of gas injection for
improving oil recovery in tight reservoirs (Ganjdanesh et al., 2020;
Hawthorne et al., 2020, 2021; He et al., 2022; Hoffman, 2012; Jin
et al., 2022a, 2022b; Li et al., 2019; Pankaj et al., 2018; Shoaib and
Hoffman, 2009; Sorensen et al., 2017, 2018; Wan et al., 2022;
Wang et al., 2010; Zhang et al., 2021). Gas injection EOR using CO2
or rich gas has been successfully implemented in numerous con-
ventional reservoirs for decades (Alvarado and Manrique, 2010;
Barajas-Olalde et al., 2021; Hawthorne et al., 2016; Jin et al., 2018a,
2018b). Recently, the technique has been successfully employed in
the Eagle Ford shale oil play (Hoffman, 2018; Malo et al., 2019).
However, the application of gas injection EOR in the Bakken is still
in the early stage. Although pilot tests were successful in terms of
injecting CO2 and produced gas into the ultra-low permeability
Bakken Formation using both single- and multiple-well huff-n-puff
(HnP), little or limited incremental oil was observed in the pilots.
Early gas breakthrough was observed in most of the pilots, and it
was diagnosed as one of the most critical issues in the EOR process
(Hoffman and Evans, 2016; Pospisil et al., 2020; Sorensen and
Hamling, 2015; Sorensen et al., 2018; Torres et al., 2019). The re-
sults of the pilot tests indicated that interwell fractures with high
permeability were present in the reservoir and, therefore, a proper
conformance control design was necessary to minimize the impact
of these interwell fractures and improve the utilization efficiency of
the injected gas (Hoffman and Evans, 2016; Jia et al., 2020, 2021;
Pospisil et al., 2020).

To improve the EOR performance, the well bottomhole pressure
(BHP) is required to be high enough so that the injected gas can
penetrate the tight matrix. However, the previous pilots showed
that the BHP in most of the HnP wells was substantially lower than
the desired level (Hoffman and Evans, 2016; Pospisil et al., 2020).
Since BHP is a function of gas injection rate, the results implied that
a much higher gas injection rate was required for future gas in-
jection applications in the Bakken.Water alternating gas (WAG) is a
technique that has been proven effective to improve gas sweep
efficiency for gas EOR in conventional reservoirs (Alvarado and
Manrique, 2010; Hawthorne et al., 2018; Kumar and Mandal,
2017; Salako et al., 2018; Smith et al., 2018). The technique could
potentially be implemented in the Bakken to provide pressure
support and improve the conformance of gas injection. The chal-
lenge is that the complex fractures in the reservoir may complicate
the WAG process (Hoffman and Evans, 2016; Zhao et al., 2022).

To optimize the gas injection strategy for EOR in the Bakken, a
recently completed EOR pilot test was selected to provide baseline
data for this study (Pospisil et al., 2020). HnP simulations with and
without conformance control via water injection were performed
to evaluate the importance of conformance control on EOR per-
formance. The embedded discrete fracture modeling (EDFM)
method was employed to create fractures while a compositional
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reservoir simulator (Computer Modelling Group's [CMG's] GEM,
2020) was used for flow computation. A reservoir model with 16
wells was constructed and calibrated with production data. The
well interference effect was captured using the connected fractures.
Themodel made it possible to investigate the effect of conformance
control on EOR performance when multiple wells are used for HnP
simultaneously. Based on the history-matched model, a variety of
EOR scenarios were studied for single- and multiple-well HnP to
optimize the operational strategies in the Bakken.

2. A rich gas EOR pilot in the Bakken

The pilot site is located in Williams County, North Dakota. The
reservoir in this pilot site contains the Bakken and Three Forks (TF)
Formations, which can be further divided into four intervals with
different geologic properties, as shown in Fig. 1. The reservoir
structure is typical in the Bakken: the Upper Bakken (UB) and
Lower Bakken (LB) intervals are shales, while the Middle Bakken
(MB) and TF intervals are tight matrices with mixed layers of
mudstone, sandstone, and dolostone (Gaswirth and Marra, 2014;
Hawthorne et al., 2017; Jin et al., 2016; Rivero et al., 2018; Smith and
Bustin,1995). Thewell logs, shown in Fig.1, and coremeasurements
were used to characterize the reservoir properties, such as porosity
and fluid saturations of the intervals.

The basic well information and fracturing data for the 16wells in
the pilot site are summarized in Tables 1 and 2, respectively. All
parent and child wells are currently active. Their spatial distribu-
tion is illustrated in Fig. 2. Well interference effects were clearly
observed in the parent wells when child wells were stimulated for
production. Fig. 3 illustrates the significant increase of water cut in
parent wells 2TFH and 3MBH when the offset child wells were
stimulated for production. This example indicated that there was a
strong connectivity between the parent and child wells. The well
interference effects were widely observed in the Bakken and other
main unconventional plays (Jin et al., 2022a, 2022b; Yu et al., 2020;
Zhao et al., 2022).

The oil production rates in some of the wells dropped over 90%
after 5 years of production, therefore, rich gas HnP operations were
performed to improve the oil production in this site. Five of the 16
wells were used for HnP EOR in the pilot test from July 2018 to May
2019. Rich gas was sequentially injected into 3TFH, 2MBH, 5MBH,
4MBH, and 6TFH, with a cumulative total injection volume of 10.8,
13.8, 41.7, 74, and 17 MMscf, respectively. Because of the
compressor capacity, the maximum gas injection rate that could be
achieved was 2.5 MMscfd for each well. The BHP response with gas
injection in eachwell is shown in Fig. 4 (Pospisil et al., 2020). BHP in
Wells 2MBH and 3TFH increased more rapidly than in the other
three wells. One possible reason is that Wells 2MBH and 3TFH have
fewer fracture stages (35 vs. 50) so that the injected gas could fill
the depleted reservoir volume faster and then lift the pressure.

The BHP of all the injection wells was below the minimum
miscibility pressure (MMP) of 2450 psi for rich gas during the in-
jection period because of the limitation of the gas injection rate.
Quick gas breakthrough was observed, as evidenced by a gas tracer
and an increase of the gas-to-oil ratio in the offset productionwells.
The goal of rich gas injectionwas to boost reservoir pressure around
the injectors above MMP for a miscible EOR. However, a rapid gas
breakthrough combined with the limitations of the gas injection
rate made it challenging to boost the pressure in the reservoir. As a
result, the EOR effect on productionwas not encouraging during the
test.

Fig. 5 shows an example of EOR production response in Well
3TFH when rich gas was injected into Wells 3TFH (Cycle 1: 07/03/
2018e07/14/2018, Cycle 2: 09/03/2018e09/10/2018) and 4MBH
(Cycle 1: 01/16/2019e01/29/2019, Cycle 2: 03/13/2019e04/07/



Fig. 1. Well logs measured from one of the EOR wells in the pilot test. The logs show the distribution of geologic intervals in the Bakken and TF Formations.
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Table 1
Wells in the pilot site.

No. Well name Completed formation/unit Well type Lateral length, ft Well depth, ft Production start time

1 1TFH TF Child 9729 9684 2016
2 1MBH MB Child 9564 9591 2016
3 2TFH TF Parent 9741 9676 2013
4 2MBH MB Child 9792 9589 2016
5 3MBH MB Parent 9538 9585 2013
6 3TFH TF Child 9763 9679 2016
7 4MBH MB Parent 9566 9599 2014
8 5TFH TF Parent 9529 9701 2014
9 5MBH MB Parent 9617 9587 2014
10 6TFH TF Child 9773 9674 2015
11 6MBH MB Child 9719 9575 2015
12 10TFH TF Child 9501 9664 2015
13 11MBH MB Parent 9922 9547 2013
14 11TFH TF Child 9573 9658 2015
15 12MBH MB Child 9547 9561 2015
16 12TFH TF Child 9469 9647 2015

Table 2
Fracturing data for the simulated wells.

Well Frac. start date Number of stages Frac. fluid volume, 103 bbl Proppant amount, MMlb

1TFH 01/2016 35 154 4.7
1MBH 01/2016 35 143 4.7
2TFH 07/2013 33 64 3.0
2MBH 01/2016 35 156 4.7
3MBH 07/2013 33 64 2.9
3TFH 01/2016 35 162 4.7
4MBH 10/2014 50 176 4.1
5TFH 10/2014 50 192 3.9
5MBH 11/2014 50 194 4.2
6TFH 11/2014 50 204 3.9
6MBH 11/2014 50 194 4
10TFH 03/2015 35 172 3.9
11MBH 10/2013 35 61 28
11TFH 03/2015 35 172 4
12MBH 03/2015 35 157 3.9
12TFH 03/2015 35 168 3.9

Fig. 2. Schematic of well distribution in the pilot site.
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Fig. 3. Illustration of well interference effects in the parent wells (a) 2TFH and (b) 3MBH when child wells were stimulated for production. The water cut in the parent wells
increased significantly due to the connection between the parent and child wells.

Fig. 4. Pressure response versus the cumulative gas injection volume for the five gas
injection wells used in the pilot.
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2019). Fig. 5a shows the injection rates and time in the two wells,
while Fig. 5b shows the oil and gas production performance inWell
3TFH. Limited incremental oil production was observed in Well
3TFH when HnP operations were conducted in the well. The EOR
effect reduced with cycles as indicated in Fig. 5b. For example, the
change of oil production rate in 3TFH after the first cycle was from
approximately 23 to 43 bpd, and after the second cycle, the oil
Fig. 5. Example of gas injection and oil production behavior in the pilot test: (a) gas inject
4MBH (Cycle 1: 01/16/19e01/29/19, Cycle 2: 03/13/19e04/07/19); (b) oil and gas production
production rates were not zero in the months when gas was injected.

2925
production rate was from approximately 29 to 35 bpd. The incre-
mental oil production effect did not last long in both cycles. Two
cycles of HnP operations were also performed in Well 4MBH. The
gas rate in Well 3TFH quickly responded to the HnP in Well 4MBH;
however, the oil response in Well 3TFH was minimal, as shown in
Fig. 5b. The quick gas breakthrough in Well 3TFH indicated that the
two wells are connected, which made it difficult for pressure to
build up around Well 4MBH, as shown in Fig. 4. Therefore, one of
the conclusions from the pilot test was that conformance control is
needed to raise the reservoir pressure and, thus, improve the EOR
performance (Pospisil et al., 2020).
3. Simulation model development

The learnings from the field pilot test were used to test a set of
synthetic cases using reservoir simulation. In order to investigate
the operational strategies for EOR improvement, a fractured
reservoir model was needed. The fracturing data for the simulated
wells are shown in Table 2. Since simulating 16 full-scale wells with
many fracture stages requires significant computational resources,
10%e12% of fracture stages for each well were included in the
model. For example, Wells 4MBH and 2TFH have 50 and 35 fracture
stages, respectively. However, in the fractured reservoir simulation
model, five and four fracture stages were included in the model for
Wells 4MBH and 2TFH, respectively. Flow simulation in fractured
reservoirs is computationally challenging because of the large
permeability contrast between the matrix and fractures. Therefore,
ion rates in Wells 3TFH (Cycle 1: 07/03/18e7/14/18, Cycle 2: 09/03/18e09/10/18) and
in Well 3TFH. Note: the production data were reported in a monthly format, so the oil
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a high-efficiency fracture modeling method is needed to simulate
the complex flow behavior in the studied reservoir, especially when
gas is injected for EOR operations.
3.1. Embedded discrete fracture modeling

A few methods have been used for fractured reservoir simula-
tion, including dual porosity and dual permeability method, local
grid refinement method, unstructured grids, etc. (Warren and Root,
1963; Xu et al., 2017; Yu et al., 2014). However, these methods
require long computational time when the fracture network be-
comes complex (Choi et al., 1997; Conlin et al., 1990; Mirzaei and
Cipolla, 2012). A new fracture modeling method, EDFM, was
developed recently to handle this challenge. The EDFM method
employs a nonneighboring connection (NNC) approach to couple
the matrix and fracture grids, which saves computational time
significantly by reducing the noneffective fracture grids in the
simulation model. Also, the NNC approach allows the simulation of
three-dimensional nonplanar and slanted fractures using addi-
tional two-dimensional fracture cells. Therefore, the EDFMmethod
can maintain simulation accuracy while significantly improving
computational efficiency (Lee et al., 2001; Li and Lee, 2008; Moinfar
et al., 2013; Wan, 2020; Wan et al., 2020; Xu, 2015; Xu et al., 2017).
A detailed explanation of the EDFM method is shown in Fig. 6. The
matrix block and fracture segments are shown in Fig. 6a, and cor-
responding cells are shown in Fig. 6b with the same color. Three
types of NNCs are included in Fig. 6.

� NNC type I e matrix and fracture connection
� NNC type II e fracture segments connection in a single fracture
� NNC type IIIe the connection between two intersecting fracture
segments

If a new fracture segment is added to the physical domain, then
a nonneighboring new fracture cell will be added to the compu-
tational domain, accordingly, to calculate fluid flow inside fractures
or between fractures and the rock matrix. Thus, the EDFM method
allows complex fracture geometry to be simulated via structured
grids. As a result, industry-standard reservoir simulators such as
CMG's software package can be used to perform unconventional
reservoir simulation efficiently using the fracture grids generated
by EDFM (Xu, 2015; Xu et al., 2017).
3.2. Simulation model and history matching

In this study, the EDFM method was employed to create the
fracture network, while CMG's compositional module, GEM, was
Fig. 6. Explanation of the (a) physical and (b) computational domains of EDFM and the conne
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utilized to perform the flow simulation. Based on the reservoir,
well, and fracture data, a simulationmodel with both hydraulic and
natural fractures was developed for the 16 wells in the EOR pilot.
Literature suggests that the Bakken Formation is rich in natural
fractures (Pitman et al., 2001). Thermal maturity evaluation, geo-
mechanical properties (such as brittleness and stress anisotropy)
measurement, and core sample analysis can be used to characterize
and predict the occurrence of natural fractures (Kias et al., 2015;
Mba and Prasad, 2010; Pitman et al., 2001). However, the field-scale
natural fracture distribution to be used in the simulation model is
uncertain. The fracture properties (such as fracture aperture, half-
length, and permeability) and natural fracture distribution need
to be tuned to ensure acceptable history matching performance
(Liu, 2021; Liu et al., 2022; Wan et al., 2022).

Fig. 7 shows the distribution of wells and fractures in the model.
The length (in the Y direction), width (in the X direction), and
height (in the Z direction) of the model are 8000, 1000, and 840 ft,
respectively. The model contains six intervals, including Lodgepole,
UB, MB, LB, TF-1, and TF-2. The thicknesses of these intervals are
350, 10, 60, 30, 40, and 350 ft, respectively. The grid, porosity, and
permeability information of the model are summarized in Table 3.
History matching was performed to match the field production
data by tuning the matrix and fracture parameters. Figs. 8 and 9 are
example history-matching results for the field and Well 2MBH,
respectively. Generally, the model matched the historical data
reasonably well, indicating that the model can capture the flow
dynamics between fractures and matrix in this site. Therefore, a
series of EOR cases were designed to investigate the rich gas HnP
performance considering the well interference in the reservoir.

History matching was performed to match the field production
data by tuning the matrix and fracture parameters. Figs. 8 and 9 are
example history-matching results for the field and Well 2MBH,
respectively. Generally, the model matched the historical data
reasonably well, indicating that the model can capture the flow
dynamics between fractures and matrix in this site. Therefore, a
series of EOR cases were designed to investigate the rich gas HnP
performance considering the well interference in the reservoir.
4. Single-well huff ‘n’ puff EOR

Field data showed that the injected gas migrated to offset wells
rapidly after injection started. This phenomenon was observed in
all five gas injectors and their offset wells. Therefore, 22 cases were
designed to capture the interwell flow behavior during single-well
HnP, as shown in Table 4. The cases were developed to identify the
minimum gas injection rate that is required to have a meaningful
EOR response in the HnP well and whether water injection can
ctions betweenwellbore, fractures, and matrix (Xu et al., 2017; Jin et al., 2022a, 2022b).



Fig. 7. Schematic of fracture distribution in the simulation model.

Table 3
Setup of the reservoir matrix in the simulation model.

Formation Number of cells Cell size, ft Permeability, mD Porosity, fraction

X direction e 10 100 e e

Y direction e 160 50 e e

Z direction Lodgepole 7 50 0.001 0.024
UB 1 10 0.0004 0.054
MB 3 20 0.00114 0.06
LB 2 15 0.0003 0.07
TF-1 3 10 0.00118 0.08
TF-2 2 10 0.00145 0.09

Fig. 8. History-match results for the field (sum of production for 16 wells): (a) liquid rate, (b) oil rate, (c) water rate, and (d) gas rate.
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improve the EOR performance by controlling the conformance is-
sues in the EOR processes. For the cases with variable gas injection
rates from 3 to 20 MMscfd, the rates were set to 3, 6, 8, 10, 15, and
2927
20 MMscfd. Table 5 shows the general parameters used in the
single-well HnP cases. The injection time, soak time, and produc-
tion timewere set at 60, 0, and 30 days, respectively, for a total cycle



Fig. 9. History-match results for Well 2MBH: (a) liquid rate, (b) oil rate, (c) water rate, and (d) gas rate.

Table 4
Case design to test different scenarios for single-well HnP.

Testing effect Case No. HnP well Gas injection rate, MMscfd Offset well operations during the injection cycle

Injection rate 1e6 4MBH 3e20 Open
Injection rate 7e12 4MBH 3e20 Closed
Conformance control 13e17 2MBH 10 Open, closed, water injection
Conformance control 18e22 12MBH 10 Open, closed, water injection

Table 6
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time of 90 days per cycle.

Settings for the HnP and offset wells of Cases 1 to 6.

Case No. HnP well Offset well

Name Injection rate, MMscfd Name Operation

1 4MBH 3 3TFH, 5TFH Open
2 4MBH 6 3TFH, 5TFH Open
3 4MBH 8 3TFH, 5TFH Open
4 4MBH 10 3TFH, 5TFH Open
5 4MBH 15 3TFH, 5TFH Open
6 4MBH 20 3TFH, 5TFH Open
4.1. Cases 1e6: Offset wells open during HnP

Cases 1 to 6 were designed to test the injection rate effect on
EOR performance when the offset wells (3TFH and 5TFH) were
open during the HnP process. The setup of the cases is shown in
Table 6. Rich gas was injected through Well 4MBH during the in-
jection stage, with an injection rate of 3, 6, 8, 10, 15, or 20 MMscfd.
The well was open for production during the production stage.
Because of the large, depleted volume in the reservoir, no soaking
stage was used in these cases. Offset Wells 3TFH and 5TFH were
Table 5
General parameters for all single-well HnP cases.

Parameter Value

EOR operational time 2 years
Injection time 60 days/cycle
Soaking time 0 days/cycle
Production time 30 days/cycle
Injection gas composition (C1: C2: C3) 7:2:1
Maximum gas injection pressure constraint 7500 psi
Minimum production pressure constraint 300 psi
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open for production all the time.
Fig. 10 shows the effect of gas injection rate on EOR performance

of 4MBH when offset wells were open. The simulation results
suggested that a higher gas injection rate contributed to higher
cumulative oil production. The results also suggested that a gas
injection rate lower than 10 MMscfd could not improve oil pro-
duction in the HnP well, as these cases all plotted below the pres-
sure depletion case. Fig. 11 shows the distribution of gas saturation
in the fractures after the first injection stage of Cases 1, 4, and 6
(with the gas injection rates of 3, 10, and 20 MMscfd, respectively).
Fig. 11 indicates that the injected gas was not distributed evenly in
each fracture around the HnP well; gas could flow to offset wells



Fig. 10. Effect of gas injection rate on EOR performance of a single-well HnP when
offset wells were open. The black dotted line represents the base case with no HnP EOR
and, therefore, the reference against which to compare the EOR cases.
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without fully filling up the fractures when the gas injection ratewas
less than or equal to 10 MMscfd. Fig. 12 shows the pressure dis-
tribution in the fractures for the same cases. Like the gas saturation
distribution, the pressure distribution in the fractures was uneven,
especially when the gas injection rate was below 10 MMscfd.
However, both gas saturation and pressure distribution profiles
changed when the gas injection rate reached 20 MMscfd, as shown
in Figs. 11ce12c, respectively, where the highest gas saturation and
pressure were observed in the fractures around the HnP well. Gas
filled up most of the hydraulic fractures around the well and raised
the pressure to 6000 psi at the end of the first injection stage.
Therefore, the injected gas could penetrate the tight matrix and
interact with oil within the fractures for EOR. As a result, an
effective EOR response was observed when the gas injection rate
was high enough, as illustrated in Fig. 10.
Fig. 11. Gas saturation distribution after the first cycle of injection in Cases 1, 4, and 6,
with the gas injection rates of (a) 3 MMscfd, (b) 10 MMscfd, and (c) 20 MMscfd.
4.2. Cases 7e12: Offset wells closed during injection

Since all offset wells were open in the HnP process of Cases 1e6,
the injected gas migrated to offset wells through the inter-
connected fractures at the end of 2 years of HnP operations, as
shown in Fig. 13. Cases 7 to 12 were designed to investigate
whether closing the offset wells in the injection process could
reduce the crossflow between the HnP and offset wells and,
thereby, improve production performance. Table 7 shows the basic
parameter settings for these cases. 4MBH was the HnP well; the
offset wells (3TFH and 5TFH) were closed during the injection stage
and open to production during the production stage. Other wells
were open to production during the entire 2 years of operations.
Fig. 14a shows the oil production performance of Cases 7 to 12.
Generally, the EOR trend of Cases 7e12 was comparable to that of
Cases 1e6, as shown in Fig. 14b. The comparison showed that
closing the offset wells could be beneficial to improving the cu-
mulative oil production in the HnP wells when the injection rates
were 10 and 15 MMscfd; however, the improvement was not sig-
nificant. The results of Cases 1e12 indicated that closing offset wells
was not a sufficient operating strategy for reducing interwell gas
flow and improving EOR performance. Therefore, additional cases
were investigated to explore whether conformance control could
improve the EOR performance.
4.3. Improvement of single-well HnP EOR

Since the 16wells in the pilot area have different production and
2929
completion histories, as shown in Tables 1 and 2, respectively, the
HnP EOR performance for each well could also be different. To cover
morewells in this study, different wells were selected to investigate
the EOR performance with and without conformance control. An



Fig. 12. Pressure distribution in fractures after the first injection stage of Cases 1, 4, and
6, with the gas injection rates of (a) 3 MMscfd, (b) 10 MMscfd, and (c) 20 MMscfd.

Fig. 13. Gas saturation distribution after 2 years of HnP for Cases 1, 4, and 6, with the
gas injection rates of (a) 3 MMscfd, (b) 10 MMscfd, and (c) 20 MMscfd.
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additional ten cases (Cases 13e22) were designed to compare the
EOR results of the HnP wells when their offset wells were open,
closed, and injecting water for conformance control. The detailed
settings for these cases can be found in Table 8.
2930
Fig. 15a shows the cumulative oil production of Cases 13e17
when Well 2MBH was used for HnP operations for 2 years. The
curves indicate that the conformance control with water injection
in the offset wells (2TFH and 3MBH) could significantly improve the



Table 7
Setup parameters for the HnP and offset wells of Cases 7 to 12.

Case No. HnP well Offset well

Name Injection rate, MMscfd Name Operation

7 4MBH 3 3TFH, 5TFH Closed
8 4MBH 6 3TFH, 5TFH Closed
9 4MBH 8 3TFH, 5TFH Closed
10 4MBH 10 3TFH, 5TFH Closed
11 4MBH 15 3TFH, 5TFH Closed
12 4MBH 20 3TFH, 5TFH Closed

Fig. 14. Effect of gas injection rate on cumulative oil production of the HnP well for (a) all o
close of offset wells. The black dotted line represents the base case with no HnP EOR and,

Table 8
Setup parameters for the HnP and offset wells of Cases 13 to 22.

Case No. HnP well Offset

Name Injection rate, MMscfd Name

13 2MBH 10 2TFH
14 2MBH 10 2TFH
15 2MBH 10 2TFH
16 2MBH 10 2TFH
17 2MBH 10 2TFH
18 12MBH 10 11TFH
19 12MBH 10 11TFH
20 12MBH 10 11TFH
21 12MBH 10 11TFH
22 12MBH 10 11TFH

Fig. 15. HnP well cumulative oil production curves for (a) Cases 13 to 17, with 2MBH as the H
were performed in their offset wells. The black dotted line represents the base case with n
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EOR performance in Well 2MBHdthe cumulative oil production
during the 2-year EOR process of Case 17 (3671 bbl) was 2.7 times
more than that of Case 13 (1370 bbl) because water was injected at
6000 psi in the offset wells in Case 17. The same EOR response was
observed in Well 12MBH, as shown in Fig. 15b.

The cases with water injection showed that higher water in-
jection pressure in the offset wells led to more oil production in the
HnP well. Since gas flows from the HnP well to its offset wells
during the injection stage because of the pressure differential be-
tween the HnP and offset wells, injecting water in the offset wells
ffset wells closed Cases 7 to 12 and (b) comparison of EOR performance with open and
therefore, the reference against which to compare the EOR cases.

well

Operation Water injection pressure, psi

, 3MBH Open e

, 3MBH Closed e

, 3MBH Water injection 2000
, 3MBH Water injection 4000
, 3MBH Water injection 6000
, 12TFH Open e

, 12TFH Closed e

, 12TFH Water injection 2000
, 12TFH Water injection 4000
, 12TFH Water injection 6000

nP well, and (b) Cases 18 to 22, with 12MBH as the HnP well, when different operations
o HnP EOR and, therefore, the reference against which to compare the EOR cases.



Fig. 16. Gas saturation distribution around Well 2MBH after the last cycle of injection in (a) Case 13 (no conformance control and offset wells open) and (b) Case 17 (with water
injection conformance control in the offset wells).

Fig. 17. Pressure distribution around Well 2MBH after the last cycle of injection in (a) Case 13 (no conformance control and offset wells open) and (b) Case 17 (with water injection
conformance control in the offset wells).

Fig. 18. Water saturation distribution around Well 2MBH after the last cycle of injection in (a) Case 13 (no conformance control and offset wells open) and (b) Case 17 (with water
injection conformance control in the offset wells).
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can prevent undesired gas flow by raising the pressure around the
offset wells. As a result, the injected gas could be maintained
around the HnP well for lifting pressure there. Figs. 16e18 show the
gas saturation, pressure, and water saturation distribution profiles
around Well 2MBH with and without water injection in its offset
2932
wells, respectively. The figures clearly illustrate the effect of
conformance control on increasing the gas saturation and pressure
around the HnP well: gas migrated to the offset wells through the
high-permeability fractures when the offset wells were open dur-
ing the injection stage (Fig. 16a); however, this issue was effectively



Fig. 19. Gas saturation distribution around Well 12MBH after the last cycle of injection in (a) Case 18 (no conformance control and offset wells open) and (b) Case 22 (with water
injection conformance control in the offset wells).
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controlled by water injection in the offset wells so that the injected
gas can fill the hydraulic fracturesmore evenly around the HnPwell
(Fig. 16b). With water injected into the offset wells, water filled the
hydraulic fractures and the long fracture around the offset wells,
but did not fill the fractures around the HnP well (Fig. 18b). Similar
phenomena were observed around Well 12MBH, as shown in
Figs. 19e21. The results confirmed that proper pressure contain-
ment allows injection gas to penetrate the reservoir matrix via
hydraulic and connecting fractures, thus a larger volume of reser-
voir can be accessed for EOR purposes.
Fig. 20. Pressure distribution aroundWell 12MBH after the last cycle of injection in (a) Case 1
conformance control in the offset wells).

Fig. 21. Water saturation distribution around Well 12MBH after the last cycle of injection in
injection conformance control in the offset wells).
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5. Multiple-well EOR strategies

Figs. 14 and 15 show that the EOR response to gas injection
varies widely fromwell to well. For example, Well 12MBH requires
less gas injection thanWells 4MBH and 2MBH to yield positive EOR
results. Althoughwater injection in the offset wells can improve the
EOR performance in the HnP well by confining the gas around the
HnP well, oil production in the offset wells may be reduced since
water injection leads to higher water saturation around the offset
wells. Because oil and water are immiscible, the high interfacial
tension between the two phases and the tiny pore throat size in the
8 (no conformance control and offset wells open) and (b) Case 22 (with water injection

(a) Case 18 (no conformance control and offset wells open) and (b) Case 22 (with water



Fig. 22. Oil production performance in different wells for Case 16: (a) HnP Well 2MBH,
(b) offset Well 2TFH, and (c) offset Well 3MBH. The black dotted line represents the
base case with no HnP EOR and, therefore, the reference against which to compare the
EOR cases.

Fig. 23. Oil production performance in different wells for Case 21: (a) HnP Well
12MBH, (b) offset Well 11TFH, and (c) offset Well 12TFH. The black dotted line rep-
resents the base case with no HnP EOR and, therefore, the reference against which to
compare the EOR cases.
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rock lead to high capillary pressure in the reservoir, which could
block oil flowing from the matrix to fractures.

Fig. 22 compares the oil production in 2MBH and two offset
wells (2TFH and 3MBH) for Case 16, where water was injected into
the offset wells at a constant pressure of 4000 psi. Although oil
production was improved in the HnP well (Fig. 22a), the two offset
wells lost most of their production because of the lost production
time during the injection phase of each cycle (60 days per cycle, or
120 total during the 2-year EOR period) (Fig. 22b and c). The net
increase in production for the HnP Well 2MBH was 2451 bbl, but
the net loss in production for Offset Well 2TFH (�573 bbl) and Well
2934
3MBH (�2676 bbl) was �3249 bbl total, for a net loss of production
of �798 bbl for the three wells (sum of 2MBH, 2TFH, and 3MBH).
Therefore, the positive effect of water injection on oil production in
the HnP well could not compensate for the loss of oil production in
the offset wells in this case. For Case 21, the situation changed, as
shown in Fig. 23, where the incremental oil in the HnP well
(12MBH, 4877 bbl) was more than the loss of oil production in the
offset wells (11TFH [�1202 bbl] and 12TFH [�1468 bbl]). The re-
sults indicated that the wells need to be considered individually
when designing EOR strategies to optimize the overall EOR per-
formance for the entire pilot site.



Fig. 24. Distribution of different types of wells in the EOR site.

Table 9
General parameters for multiple-well HnP EOR.

Parameter Value

EOR operational time 2 years
Injection time 30 days/cycle
Soaking time 0 days/cycle
Production time 60 days/cycle
Injection gas composition (C1: C2: C3) 7:2:1
Maximum gas injection pressure constraint 7500 psi
Minimum production pressure constraint 300 psi

Fig. 25. Comparison of cumulative oil production in the pilot site (sum of production
for 16 wells) for Cases 23 to 26. The black dotted line represents the base case with no
HnP EOR and, therefore, the reference against which to compare the EOR cases.
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After analyzing the oil production performance for all 16 wells
individually, an additional set of cases was simulated to assess EOR
performance for a broader set of wells. Six wells (1TFH, 2TFH,
4MBH, 5MBH,11MBH, and 12MBH)were selected as HnPwells, two
wells (1MBH and 11TFH) were selected as water injectors for
conformance control, six wells (2MBH, 3TFH, 5TFH, 6TFH, 10TFH,
and 12TFH) were closed during the injection stage and then open in
the production stage of the HnP process, and two wells (3MBH and
6MBH) remained open all the time. Fig. 24 shows the distribution of
these wells in the site. Four cases were designed to investigate the
overall EOR performance in the site, considering conformance
control with water injection (Cases 23e26). The detailed parameter
settings can be found in Tables 9 and 10. Since six wells were used
for gas HnP operations and two wells were water injectors for
conformance control, more injected gas could flow through frac-
tures into the matrix than the single well HnP cases during the
same injection time. Shorter injection time and longer production
time could minimize the detrimental effect of water breakthrough
and allow oil to be produced for a longer time. The gas injection and
oil production time were set to 30 and 60 days/cycle, respectively.
The maximum gas injection rate was set at 10 MMscfd for each HnP
well. The water injection wells (1MBH and 11 TFH) were set as
regular producers and were closed when gas was injected during
the EOR process in Case 23. Water was injected at different pres-
sures in Cases 24e26 to test the effect of conformance control on
overall EOR performance. Fig. 25 shows the comparison of the
overall EOR performance in the site for Cases 23e26. The results are
summarized in Table 11. The results indicated that the case of no
Table 10
Well settings in Cases 23 to 26.

Case No. HnP well

Name Injection rate, MMscfd/well

23 6 wellsþ 10
24 6 wellsþ 10
25 6 wellsþ 10
26 6 wellsþ 10

Note: þsix wells include 1TFH, 2TFH, 4MBH, 5MBH, 11MBH, and 12MBH.
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water injection (Case 23) could improve oil production by 1.9%
(303,107 bbl with no conformance control to 308,830 bbl with
offset wells closed), while the case with water injection at 6000 psi
(Case 26) could yield 7.4% of incremental oil production in 2 years of
EOR operations (303,107 bbl with no conformance control to
325,657 bbl with water injection conformance control).

Both experimental and field results showed that propane can
significantly reduce the pressure required to have effective in-
teractions between oil and gas under the Bakken reservoir condi-
tions (pressure of 6800 to more than 8000 psi, temperature of
220e260 �F, and oil gravity of 38e44 �API) (Hawthorne et al., 2020,
2021; Litvak et al., 2020; Nagarajan et al., 2020; Ozowe et al., 2020).
Therefore, Case 27 was designed using the same operational set-
tings as Case 26 but with propane as the injection gas to evaluate
the effect of injection gas composition on EOR performance. In Case
27, all parameters were set the same as Case 26 except the injection
gas composition, whichwas changed from rich gas to pure propane.
Fig. 26 shows the comparison of cumulative oil production among
different cases: pressure depletion (no EOR), rich gas EOR, and
propane EOR. Results showed that using propane as an injection
Offset well

Type Water injection pressure, psi

Closed e

Water injection 2000
Water injection 4000
Water injection 6000



Table 11
Well settings in Cases 23 to 27.

Case Description Oil production, bbl Incremental oil, bbl Percent change from base case, %

Base case Pressure depletion 303,107 e e

23 No water injection with rich gas 308,830 5723 1.9
24 2000 psi with rich gas 309,740 6633 2.2
25 4000 psi with rich gas 316,222 13,115 4.3
26 6000 psi with rich gas 325,657 22,550 7.4
27 6000 psi with propane gas 344,180 41,073 14.0

Fig. 26. Comparison of cumulative oil production among different cases: pressure
depletion, rich gas EOR, and propane EOR. The black dotted line represents the base
case with no HnP EOR and, therefore, the reference against which to compare the EOR
cases.
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gas could improve oil production by as much as 14% compared to
pressure depletion for the sitewith 16wells, and by asmuch as 5.7%
compared to the rich gas EOR scenario.
6. Conclusions and recommendations

A series of field data analyses and simulation activities have
been conducted to investigate strategies to improve oil production
performance in a site with 16 wells in the Bakken unconventional
play. A multiple-well, multiple-fracture simulation model was
developed using the EDFM technology. The high efficiency of this
fracture simulationmethodmade it possible to identify the optimal
EOR strategies with conformance control considered. Twenty-
seven cases were designed to investigate the EOR performance of
both single wells and the entire site. The following conclusions
were obtained based on the results of this study.

(1) A minimum rich gas injection rate of 10 MMscfd was
required to yield meaningful incremental oil production in
both single- and multiple-well EOR processes in the studied
site.

(2) Conformance control plays an important role in the gas HnP
EOR process. Water injection in the offset wells could control
conformance issues and improve oil production in the HnP
well, but could also reduce the oil production in the offset
wells. A proper conformance control design ensures that the
oil production gain in the HnP well could compensate for the
oil production loss in the offset wells.

(3) Different wells have different EOR responses to gas HnP
operations, even in the same pilot site. A reasonable
arrangement was required to optimize the EOR performance
in a site with many wells. Rich gas HnP could improve cu-
mulative oil production by 7.4% in the studied area.
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(4) Replacing rich gas with propane as the injection gas could
result in 14% of incremental oil production in the pilot site
when conformance control was employed.

The learnings from this work can be leveraged for future ap-
plications of gas injection HnP with conformance control in the
Bakken and other unconventional reservoirs. In this study, one set
of matrix and fracture properties was utilized to obtain a history
matching solution. Future work can focus on the better character-
ization of fractures in the reservoir. Image logging is recommended
to be applied for multiple wells in the field to better characterize
fracture distribution and interwell fracture connection. Multiple
history matching solutions with different matrix and fracture
properties setups are recommended to be obtained to address the
uncertainty of fractures in the reservoir. Another direction of future
work is investigating other EOR strategies such as gas and foam
EOR. Adding foam can also correct the conformance issue and
improve the sweep efficiency of gas floods. However, the foam
needs to be carefully designed to be successfully applied to the high
salinity and high temperature conditions of the Bakken.
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