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a b s t r a c t

The oil production of the multi-fractured horizontal wells (MFHWs) declines quickly in unconventional
oil reservoirs due to the fast depletion of natural energy. Gas injection has been acknowledged as an
effective method to improve oil recovery factor from unconventional oil reservoirs. Hydrocarbon gas
huff-n-puff becomes preferable when the CO2 source is limited. However, the impact of complex fracture
networks and well interference on the EOR performance of multiple MFHWs is still unclear. The optimal
gas huff-n-puff parameters are significant for enhancing oil recovery. This work aims to optimize the
hydrocarbon gas injection and production parameters for multiple MFHWs with complex fracture net-
works in unconventional oil reservoirs. Firstly, the numerical model based on unstructured grids is
developed to characterize the complex fracture networks and capture the dynamic fracture features.
Secondly, the PVT phase behavior simulation was carried out to provide the fluid model for numerical
simulation. Thirdly, the optimal parameters for hydrocarbon gas huff-n-puff were obtained. Finally, the
dominant factors of hydrocarbon gas huff-n-puff under complex fracture networks are obtained by fuzzy
mathematical method. Results reveal that the current pressure of hydrocarbon gas injection can achieve
miscible displacement. The optimal injection and production parameters are obtained by single-factor
analysis to analyze the effect of individual parameter. Gas injection time is the dominant factor of hy-
drocarbon gas huff-n-puff in unconventional oil reservoirs with complex fracture networks. This work
can offer engineers guidance for hydrocarbon gas huff-n-puff of multiple MFHWs considering the
complex fracture networks.
© 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

Unconventional oil reservoirs are widely distributed with
abundant reserves and high potential. Accordingly, efficient
exploitation of unconventional oil resources can ensure energy
supply and safety (Bealessio et al., 2021; Hu et al., 2018). However,
the formation pressure in unconventional oil reservoirs drops
quickly after production due to narrow throat radius, and partial
closure of micro-fractures can reduce the fluid flow ability (Wang
and Zhang, 2018; Ding et al., 2019; Jing et al., 2021).
e).
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Horizontal wells are designed to increase the controlled re-
serves by increasing contacting regions between the formation and
horizontal wellbore (Cheng et al., 2017; He et al., 2020; Fu et al.,
2023). Multistage hydraulic fracturing can achieve adequate fluid
flow frommatrix to horizontal wellbore by generating complicated
networks composed of natural and hydraulic fractures (Zhao et al.,
2014; Chen et al., 2020; Zhang et al., 2022; He et al., 2023a; Qin
et al., 2023). Thus, multi-fractured horizontal well (MFHW) tech-
nology is widely applied in unconventional reservoirs to obtain
commercial productivity (Ming et al., 2020; Zhang and Yang, 2021;
He et al., 2023b).

Water injection and gas injection have been widely used in oil
reservoirs to avoid rapid decline in oil production (Feng et al., 2019;
Wang et al., 2021; He et al., 2022; Tang et al., 2022). However, water
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Fig. 1. Flowchart of this work.
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sensitivity during water injection may lead to formation damage
(Zhao et al., 2016; Sun et al., 2022). In the process of unconventional
oil reservoir exploitation, gas injection can avoid damaging the
formation and effectively enhance oil recovery (EOR) (Sumeer et al.,
2018; Tang et al., 2021a; Ding et al., 2022; Lei et al., 2023). Though
CO2 is generally used for gas injection, large-scale CO2 injection
cannot be implemented due to the shortage of CO2 gas sources in
some regions. CO2 source is hard to obtain and the cost is expensive
in the M oilfield. Hydrocarbon gas is easily available and can be
separated from the produced gas (Fu et al., 2021). Moreover, hy-
drocarbon gas is difficult to react physically and chemically with
rocks and can be recycled for economic benefits (Cockin et al.,
2000; Yan et al., 2023). It is difficult to establish the patterns of
gas flooding since the significant difference in injection and pro-
duction pressure in unconventional oil reservoirs. Therefore, hy-
drocarbon gas huff-n-puff is an essential means for unconventional
oil reservoirs (Tang et al., 2021b). Hydrocarbon gas huff-n-puff has
many advantages, such as fast payback, low investment and less gas
channeling (Zheng et al., 2021; Sie and Nguyen, 2022). At present,
gas huff-n-puff of horizontal wells are mainly used in thick oil
reservoirs and complex fault block reservoirs (Hao et al., 2020;
Ozowe et al., 2020). Thus, it is rare to study the hydrocarbon gas
huff-n-puff optimization of multiple horizontal wells considering
complex fracture networks.

The M oil reservoir is located in the northwest edge of the
Junggar Basin, which has enormous oil production potential (Li
et al., 2023). The M reservoir includes strong heterogeneity, poor
physical properties, and significant horizontal stress difference
(Wang et al., 2022; Xiong et al., 2022). Large-scale CO2 huff-n-puff is
less feasible in the M reservoir as a result of insufficient CO2 sour-
ces. Hydrocarbon gas has similar characteristics to crude oil and is
easy to achieve miscible displacement after gas injection. There-
fore, hydrocarbon gas huff-n-puff are highly feasible for the M oil
reservoir.

The dominant factors of gas huff-n-puff and the EORmechanism
are beneficial to efficient development of unconventional reser-
voirs. Haines and Monger (1990) studied hydrocarbon gas huff-n-
puff to improve oil flooding efficiency, discovering that the
increased oil from hydrocarbon gas huff-n-puff is affected by gas
injection volume. The mechanism of increased oil includes
increasing formation pressure as well as gas relative permeability
hysteresis. Lino (1994) evaluated the natural gas huff-n-puff in light
oil reservoirs in the Miranga field in Brazil, which illustrated that
natural gas significantly improves oil production performance and
is less costly than CO2 huff-n-puff. Mohammed-Singh et al. (2006)
first summarized the reservoir conditions suitable for CO2 huff-n-
puff by analyzing CO2 huff-n-puff projects over the past 20 years
and correlating different parameters with each other. Torabi and
Asghari (2010) researched the performance of CO2 for EOR and
CO2 storage in fractured porous media through physical simulation
experiments. The studies show that the natural water saturation is
favorable for CO2 huff-n-puff under unmixed-phase conditions. In
contrast, the impact on the process performance under mixed-
phase conditions is almost negligible. Pu et al. (2016) investigated
the effects of CO2 on tight oil development through physical ex-
periments. The results of huff-n-puff show that oil expansion co-
efficient and CO2 solubility become higher by increasing pressure,
and natural gas is primarily sensitive to differences in production
pressure. Zhao et al. (2018) obtained that nitrogen foam huff-n-puff
increases oil production by maintaining pressure, and the foaming
agent can avoid the nitrogen gas channeling and expand the swept
volume of gas, which effectively suppresses the influence of side
water. Zhou et al. (2020) considered a random fractal geometry
system and built random fractal fracture network model using
dual-porosity. These studies showed that the oil recovery became
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higher by longer injection time and higher pressure, and an optimal
injection timing existed for every gas huff-n-puff cycle.

The impact of complex fracture networks and well interference
on hydrocarbon gas huff-n-puff of multiple MFHWs is unclear.
Thus, this work focuses on hydrocarbon gas huff-n-puff optimiza-
tion of multiple horizontal wells under complex fracture networks.
A fine numerical model based on unstructured grids is developed to
characterize the complex fracture networks and capture the dy-
namic fracture feature. The simulation of fluid phase behavior is
carried out, and the numerical model of hydrocarbon gas huff-n-
puff considering the complex fracture networks is established.
Furthermore, parameter optimization of hydrocarbon gas huff-n-
puff considering complex fracture networks is implemented us-
ing compositional numerical simulation. Ultimately, this work ob-
tains the dominant factors of hydrocarbon gas huff-n-puff under
complex fracture networks by using the fuzzy mathematical
method. Fig. 1 shows the flowchart of this work.

2. Numerical model

2.1. Fluid phase behavior simulation

The PVTi module of Eclipse is used to calculate the critical pa-
rameters, providing a fluid model for the numerical simulation of
hydrocarbon gas injection. The composition of the original forma-
tion fluid is divided and reorganized into seven pseudo-
components, which can improve the calculation speed of numeri-
cal simulation and accurately characterize the properties of the
formation fluid. The pseudo-components of the oil sample are
shown in Table 1. The contrast of single flash experimental data
with simulated data is shown in Table 2. The parameters are all
within 5% of the error range. The calculation equation of the relative
error is shown in Eq. (1). Table 3 shows the critical parameters from
Eclipse after fitting the formation fluid model and its accuracy is
essential for calculating the fluid phase behavior and physical
properties in numerical simulation models.

Re ¼ jVs � Vej
Ve

�100%; (1)



Table 1
Pseudo-components of oil sample.

Pseudo-component CO2 N2 CH4 C2eC5 C6eC10 C11eC37 C38þ

Molar composition 0.0159 0.0004 0.1302 0.1139 0.2413 0.2759 0.2224

Table 2
Comparison of single flash experimental data with simulated data.

Property Solution gas/oil ratio, m3/m3 Crude oil density, g/cm3 Stock tank oil density, g/cm3 Crude oil viscosity, mPa s Saturation pressure, MPa

Experimental value 18.11 0.8 0.84 2 3.92
Simulated value 18.83 0.83 0.86 2.02 4.04

Relative error, % 3.98 3.75 2.38 1 3.06

Table 3
Critical parameters of the reservoir fluid components.

Pseudo-component Pc, bar Tc, �C Zc UA UB Acentric factor Molar weight

CO2 73.866 31.55 0.274 0.457 0.078 0.225 44.01
N2 33.944 �146.95 0.291 0.457 0.078 0.040 28.013
C1 46.042 �82.55 0.285 0.457 0.078 0.013 16.043
C2þ 42.212 99.46 0.289 0.457 0.078 0.157 46.61
C6þ 27.172 311.81 0.256 0.457 0.078 0.337 113.77
C11þ 18.143 445.08 0.237 0.457 0.078 0.549 208.21
C38þ 5.698 692.73 0.141 0.457 0.078 1.442 675.84

Table 4
Oil recovery factor by injecting hydrocarbon gas under different pressures.

H.-C. Zhang, Y. Tang, Y.-W. He et al. Petroleum Science 21 (2024) 1018e1031
where Vs is the simulated value; Ve is the experimental value; Re is
the relative error.
Injection pressures, MPa Oil recovery factor, %

26 69.1
29 78.6
32 85.5
35 92.5
38 95.9
41 97.9

Fig. 3. The MMP for the slim-tube simulation.
2.2. Simulation of slim tube

The slim-tube experimental results are used to develop the
simulation model of the slim tube. The length of the tube is 20 m.
The one-dimensional slim tube model with grid blocks of
50 � 1 � 1 is shown in Fig. 2. The model dimension is
20 m � 0.0034 m � 0.0034 m. This model includes one production
well and one injection well. The temperature of the slim tube re-
mains constant during the simulation (97.8 �C). Table 4 displays the
oil recovery factor by injecting hydrocarbon gas under different
pressures. The minimummiscible pressure (MMP) for the slim tube
simulation can be found in Fig. 3.

The pressure is about 34.3 MPa when the oil recovery factor
reaches 90%, which is the MMP of the slim-tube simulation. The
results of the slim-tube simulation and the physical experiments
are in good agreement (MMP is 33.5 MPa), which indicates that the
fluid model can be used for the numerical model of hydrocarbon
gas huff-n-puff. The reservoir pressure is 35MPa. The pressure near
the wellbore is increased after the hydrocarbon gas is injected into
the formation and it becomes much higher than the MMP. Miscible
displacement can be achieved at current pressure.
Fig. 2. One-dimensional slim tube model.

1020
2.3. Gas huff-n-puff numerical models considering complex fracture
networks

Since rectangular grids cannot accurately describe the features
of fractures, this work uses unstructured grids to characterize
fractures with higher accuracy. Rectangular grids are chosen to
characterize the matrix to reduce the number of grids. In order to
accurately simulate the seepage between fractures and matrix, an
MFHW hydrocarbon gas huff-n-puff model is established with
considering complex fracture networks. The basic parameters of
reservoir and wells can be seen in Table 5.



Table 5
Basic parameters of reservoir, wells and fluid.

Parameter Value Parameter Value

Model size, m � m � m 2260 � 2260 � 48 Average permeability of matrix, mD 0.8
Model area, km2 5.11 Number of fractures 195
Number of grids 76614 (113 � 113 � 6) Porosity 0.06
Grid size, m � m � m 20 � 20 � 8 Initial reservoir pressure, MPa 55
Horizontal well length, m 1250 Reservoir temperature, �C 97.8
Reservoir depth, m 3500 Density of crude oil, t/m3 0.8

Fig. 5. The 3D grid of the well group model.

Fig. 6. The unstructured grid model of the complex fracture network.
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(1) Numerical model gridding

The fractures are defined based on the results of micro-seismic
monitoring, and unstructured grids are used to refine the grid near
fractures. The rectangular grid is used in areas far from the hori-
zontal wells to improve the speed of model calculations. The
impression of reservoir boundaries during the hydrocarbon gas
huff-n-puff should be avoided. The model dimension is
2260 m � 2260 m � 48 m, corresponding to length, width, and
height. Among them, each matrix grid is set to 113 � 113 � 6, and
the grid size is set to 20 m � 20 m � 8 m. The longitudinal strati-
fication coefficient is set to 3. The micro-fracture size is set to 3 m.
In the following images, Fig. 4 shows the planar grid, Fig. 5 shows
the 3D grid of the well group model, and Fig. 6 shows the un-
structured grid model of the fracture.

(2) Property model

By interpolating the interpretation data of single well logging, a
property model is obtained. The logging interpretation shows that
the permeability of the matrix reservoir is 1.18 mD, the perme-
ability of the fractures is 104.6 mD, and the reservoir porosity is 6%.
Fig. 7 displays the distribution of formation permeability, formation
porosity, and oil saturation.

(3) Matrix and fracture zoning

During oil production, the stress-sensitive effects of fracture can
impede the transfer of pressure drop funnels, thereby reducing the
control range of the horizontal well. In order to get more accurate
simulation results, the model considers the stress sensitivity of
fractures and simulates the pressure drop pattern. The partitioning
of fracture and matrix is shown in Fig. 8.

By setting different relative permeability and compressibility,
Fig. 4. The planar grid.
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the transfer between matrix and fracture can be better character-
ized. The proppant is set through a pumping procedure to improve
fracture conductivity.

(4) Fluid data

Formation fluid data is mimported into the numerical model.
The initial conditions are set through equilibrium initialization, and
the fluid component model for simulating gas huff-n-puff is
established.

The geological reserve of the numerical model is calculated to be
173� 104 t. The actual geological reserves are 181� 104 t. The error
between the reserves calculated by the numerical model and the
actual reserves is 4.42%. Therefore, the established numerical
model is accurate.
2.4. Design of huff-n-puff schemes

The parameters used to establish the numerical model were all



Fig. 7. Reservoir permeability, porosity, and oil saturation in the numerical model.

Fig. 8. The partitioning of fracture and matrix.

H.-C. Zhang, Y. Tang, Y.-W. He et al. Petroleum Science 21 (2024) 1018e1031

1022
derived from oilfield data. The reservoir pressure and temperature
are 35 MPa and 97.8 �C, respectively, with a saturation pressure of
3.87 MPa.

The EOR performance can be evaluated based on a change of
incremental cumulative oil production and oil-exchanged rate in 5
years of hydrocarbon gas huff-n-puff. The oil-exchanged rate (R) is
defined as the ratio of the cumulative increased oil production to
the cumulative gas injection. The calculation equation of the oil-
exchanged rate is shown in Eq. (2).

R¼ Ci
Cg

(2)

where Ci is the cumulative increased oil production, 104 t; Cg is
cumulative gas injection, 104 t; R is oil-exchanged rate, t/t.

The study uses single-factor analysis to analyze the effect of
individual parameter comparedwith primary depletion. The ranges
of each parameter can be designed base on the known production
parameters. Table 6 displays specific parameters of gas huff-n-puff.

The oil and water relative permeability curves of matrix and
fracture are shown in Fig. 9, and the gas and oil relative perme-
ability curves of matrix and fracture are shown in Fig. 10.

3. Optimization of injectioneproduction parameters

After establishing the numerical model of hydrocarbon gas huff-
n-puff considering complex fracture networks, the parameter of
hydrocarbon gas huff-n-puff is optimized, which can provide en-
gineers guidance for the development of unconventional oil res-
ervoirs. The significant factors include gas injection time, single-
well cumulative gas injection, injection rates, daily oil production,
soaking time, and huff-n-puff cycles.

3.1. Gas injection time

The gas injection time was determined according to the initial
reservoir pressure. Four comparison schemes were set up (80%,
70%, 60% and 55% of the original formation pressure) to analyze oil
production performance. The single-well cumulative gas injection
is 1000 t, and the oil production rate is 45 m3/d.

The change rule of gas injection time and cumulative oil pro-
duction is shown in Fig. 11. Although higher oil production can be
obtained by later gas injection, the cumulative oil production is
increased by 0.05% when it occurs after the formation pressure has
fallen from 60% to 55% relative to the original formation pressure.

The period of stable oil production becomes longer, and the
daily oil production declines slower by earlier gas injection as
shown in Fig. 12. When gas injection is started at 60% of the initial
formation pressure, the period of stable oil production is less than
three months. Therefore, gas injection is started at 60% of the
original formation pressure for target unconventional reservoirs,
which is beneficial for EOR by hydrocarbon gas huff-n-puff.

Fig. 13 illustrates that the formation pressure drops significantly
after soaking by later gas injection. Gas injection interferes with oil
production during high formation pressure. Gas injection into the
formation can effectively replenish energy and improve oil recov-
ery. The formation pressure increases as the hydrocarbon gas
continues to be injected. And high formation pressure reduces the
effective sweeping volume of the injected gas and makes it difficult
to dissolve the crude oil far away from thewellbore. Therefore, high
formation pressure is not beneficial for EOR.

3.2. Cumulative gas injection (single well)

The most significant cumulative gas injection (single-well) are



Table 6
Parameters of the huff-n-puff.

Parameter Value Basic case

Gas injection time, % 80, 70, 60, 55 60
Cumulative gas injection (single-well), t 500, 1000, 1500, 2000, 2500, 3000 1000
Gas injection rate, t/d 20, 50, 100, 200, 250 100
Soaking time, d 5, 10, 15, 30, 45, 60 10
Daily oil production rate, t/d 10, 15, 20, 25, 30, 45 45
Huff-n-puff cycle 1, 2, 3, 4, 5, 6 1

Fig. 9. Oil and water relative permeability curves.

Fig. 10. Gas and oil relative permeability curves.

Fig. 11. Cumulative oil production under different gas injection time.

Fig. 12. Daily oil production rates under different gas injection time.
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obtained by altering the single-well cumulative gas injection (200,
500, 1000, 1500, 2000, 2500, 3000 t). Each scheme starts with gas
1023
injection at 60% of the initial formation pressure, and other con-
ditions remain unchanged.

Fig. 14 shows that as the increase in single-well cumulative gas



Fig. 13. Formation pressure distribution at the end of the soaking.

Fig. 14. Incremental cumulative oil production and oil-exchanged rates under different
cumulative gas injection (single well). Fig. 15. Cumulative oil production under different cumulative gas injection (single-

well).

Fig. 16. Daily oil production rates under different cumulative gas injection (single
well).
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injection (from 500 to 3000 t), the incremental cumulative oil-
production rate is gradually increased by 7.86 � 104 m3. In the
same changes, the oil-exchanged rate first rises and then falls,
wherein the oil-exchanged rate approaches its highest point when
the single-well cumulative gas injection reaches 1000 t.

Figs. 15 and 16 show that the EOR performance significantly
improves as the gas injection rate (single well) increases. The
period of steady oil production after soaking becomes longer with
higher single-well cumulative gas injection rates (Fig. 15). The oil
production rate declines rapidly when the cumulative gas injection
for a single well is less than 500 t. High bottom hole pressure can
lead to a rapid drop in pressure during soaking. Therefore, the
single-well cumulative gas injection of 1000 t can yield good oil
production performance.

As the cumulative hydrocarbon gas injection accumulates, the
range of hydrocarbon gas sweep becomes wider, and the oil satu-
ration around the bottom hole decreases rapidly (Fig. 17). Under
high bottom hole pressure, crude oil with dissolved hydrocarbon
1024



Fig. 17. Variation in oil saturation of hydrocarbon gas huff-n-puff of cumulative gas injection of 1000 t (single-well).

Fig. 19. Cumulative oil production under different gas injection rates.
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gas near the end of the well is pushed away from the producing
well, which can cause a rapid decrease in oil saturation. High bot-
tom hole pressure is not beneficial to EOR.

3.3. Gas injection rate

The hydrocarbon gas injection rates required for analysis after
the optimal injection time (started at 60% of the initial formation
pressure) and single-well cumulative gas injection (1000 t) are
determined. Five sets of gas injection rates are devised, that is 20,
50, 100, 200, 250 t/d, and other conditions remain unchanged.

Fig. 18 shows the increase in oil-exchanged rate and incremental
cumulative oil production as the hydrocarbon gas injection rate
increases from 20 to 50 t/d, while they decline when the hydro-
carbon gas injection rate exceeds 100 t/d. The oil-exchanged rate
reaches 0.573 t/t when the gas injection rates are 50 and 100 t/d.

Through observation, compared to cumulative gas injection
Fig. 18. Incremental cumulative oil production and oil-exchanged rates under different
gas injection rates. Fig. 20. Daily oil production rates under different gas injection rates.
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Fig. 21. Reservoir pressure variation of gas huff-n-puff at gas injection rate of 100 t/d.

Fig. 22. Incremental cumulative oil production and oil-exchanged rates under
different soaking time.

Fig. 23. Cumulative oil production under different soaking time.
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rates (single-well), the impact of gas injection rate on oil recovery is
minimal (Figs. 19 and 20). When the injection rate reaches 250 t/d,
the bottom hole pressure approaches 34 MPa, which makes it easy
to quickly push crude oil containing a large amount of dissolved
hydrocarbon gas out of the near-wellbore zone. In order to improve
oil recovery, the optimal gas injection rate is 50e100 t/d.

The bottom hole pressure rises rapidly as the gas injection rate
increases, and the formation fluid achieves a miscible phase, shown
in Fig. 21. The high injection rate inhibits hydrocarbon gas diffusion,
and the bottom hole pressure rises rapidly. Due to high injection
rates, surface equipment requirements have become more strin-
gent, increasing the economic cost of reservoir development.
Fig. 24. Daily oil production rates under different soaking time.
3.4. Soaking time

Five types of soaking time (5,10,15, 30, and 45 d) are designed to
investigate the impact of soaking time on production performance.
After depletion, gas injection begins at 60% of the initial formation
1026



Fig. 25. Reservoir pressure at the end of soaking at different soaking time.

Fig. 26. Incremental cumulative oil production and oil-exchanged rates under
different daily oil production rates.

Fig. 27. Cumulative oil production under different daily oil production rates.

Fig. 28. Different daily oil production rates.

Fig. 29. Oil-exchanged rates under different hydrocarbon gas huff-n-puff cycles.

H.-C. Zhang, Y. Tang, Y.-W. He et al. Petroleum Science 21 (2024) 1018e1031

1027



Fig. 30. Cumulative oil production under different hydrocarbon gas huff-n-puff cycles.

Fig. 31. Daily oil production rates under different hydrocarbon gas huff-n-puff cycles.
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pressure. The single-well cumulative gas injection is set as 1000 t,
with other conditions remaining unchanged.

Fig. 22 indicates that a soaking time of 15 d will result in the
highest oil-exchanged rate and incremental cumulative oil pro-
duction. The incremental cumulative oil production is increased by
70 t, and the oil-exchanged rate is enhanced by 0.015 t/t when the
soaking time is altered from 5 to 15 d. The influence of gas huff-n-
puff can be inferred that soaking time has minimal effect on hy-
drocarbon gas huff-n-puff.

As the soaking time increases, the cumulative oil production for
different soaking times is almost the same (Fig. 23). The period of
steady oil production become longer, and the production decline
rate becomes slower by longer soaking time as illustrated in Fig. 24.
The oil-exchange rate rises to 0.574 t/t after 15 d of soaking.

The formation pressure decreases significantly with the pro-
longation of soaking time (Fig. 25). Hydrocarbon gas and crude oil
are completely dissolved, and as the soaking time prolongs, the
production performance of gas injection in increasing reservoir
pressure is poor. Short soaking time can lead to the insufficient
dissolution of injected gas and oil, resulting in poor oil production
efficiency.
3.5. Daily oil production rate

Six daily oil production rates (10, 15, 20, 30, 45, and 60 m3/d) are
designed to analyze the oil production performance of the hydro-
carbon gas huff-n-puff. Other conditions remain unchanged.

When the oil production is maintained at 20 m3/d, the highest
oil-exchanged rate and incremental cumulative oil production rate
can be attained. When the daily oil production rate climbs from 10
1028
to 20 m3/d, the incremental oil production is increased by 690 m3,
and the oil-exchanged rate is increased by 0.11 t/t (Fig. 26).

The growth in incremental cumulative oil production is less
than 1.4% with the increase in daily oil production (Fig. 27). At the
same time, the period of steady oil production becomes shorter. The
rate of decreasing production becomes faster with higher daily oil
production rate (Fig. 28). The highest oil production rate for M oil
reservoir is approximately 15e20 m3/d.

3.6. Gas huff-n-puff cycles

Six cases are designed, with gas huff-n-puff cycles ranging from
1 to 6. In each cycle, the single-well cumulative gas injection is
maintained at 1000 t, and the single-well hydrocarbon gas injection
rate is 100 t/d. It is started at 60% of the original formation pressure,
and the oil production rate is 20 m3/d. Other conditions remain
unchanged.

When the gas huff-n-puff cycles change from 1 to 3, the oil-
exchanged rate rises to 0.32 t/t. In contrast, when the huff-n-puff
cycles change from 3 to 6, the oil-exchanged rate significantly
drops (Fig. 29). The cumulative gas injection in a single cycle
remained constant as huff-n-puff cycles continue to increase, but
the incremental cumulative oil production decreases since the
near-well zone gets less saturated with crude oil after several cycles
of hydrocarbon gas huff-n-puff, resulting in less effective for EOR. In
general, gas huff-n-puff for 3e4 cycles yield good EOR performance
with an oil-exchange rate of 0.52e0.54 t/t per cycle.

Fig. 30 demonstrates that cumulative oil production increases
with rising gas huff-n-puff cycles. The steady production of single-
cycle oil production rates decline by more hydrocarbon gas huff-n-
puff cycles can be seen in Fig. 31. The bottom hole pressure drops
fast during each cycle, and the oil enhancement effect degrades
after too many cycles of gas huff-n-puff. As a result, the ideal cycle
for hydrocarbon gas huff-n-puff is 3e4 cycles.

The oil saturation after each gas huff-n-puff cycle is shown in
Fig. 32. The oil saturation around fractures near the wellbore drops
with more frequent gas huff-n-puff cycles. The viscosity of forma-
tion oil gradually drops as it approaches the well bottom, and the
range of the viscosity reduction grows as the region of hydrocarbon
gas wave area increases. Increasing the huff-n-puff cycle can
significantly improve incremental cumulative oil production. For
the M unconventional reservoir, maximal oil improvement can be
achieved by 3e4 cycles of hydrocarbon gas huff-n-puff.

4. Dominated factor analysis

4.1. Range analysis

This work analyzes the dominant factors of
injectioneproduction parameters by utilizing a range analysis
approach with increased oil as the evaluation indicator. The
extreme difference in incremental cumulative oil production was
obtained by subtracting the highest and minimum values of in-
cremental cumulative oil production for each parameter to assess
the sensitivity of the injectioneproduction parameters. The
conclusion is that the most sensitive factor of oil enhancement
through hydrocarbon gas huff-n-puff is gas injection time, followed
by single-well cumulative gas injection and daily oil production
(Fig. 33).

4.2. Hierarchical analysis

Based on the analytic hierarchy process (AHP), the incremental
cumulative oil production changes derived from the extreme dif-
ference analysis method are used as evaluation criteria for different



Fig. 32. Oil saturation at the end of individual gas huff-n-puff cycles.
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injectioneproduction parameters, and a discriminant matrix of
injection-production parameters is constructed. Fig. 34 shows the
flowchart of the hierarchical analysis.

Table 7 lists the relative weight values A¼ [0.40, 0.28, 0.07, 0.05,
0.20]T of the injectioneproduction parameters on incremental cu-
mulative oil production. The consistency test analysis yielded
CR ¼ 0.025 < 0.1, which proved that the injectioneproduction
parameter matrix passed the test, and the weight values met the
requirements.

Gas injection time is the critical sensitive factor among the
injectioneproduction parameter with a weight of 0.40, followed by
single-well cumulative gas injection (with a weight of 0.28).
1029
5. Conclusions

This work develops a numerical model of hydrocarbon gas huff-
n-puff of multiple MFHWs with complex fracture networks to
obtain the optimal injectioneproduction parameters. The fuzzy
hierarchical analysis is used to determine the dominant factors of
hydrocarbon gas huff-n-puff, which provides theoretical guidance
for the hydrocarbon gas huff-n-puff in MFHW under complex
fracture networks.

(1) In the M oil reservoir, the MMP for hydrocarbon gas is
33.5 MPa from the simulation of slim tube, and the current
pressure of hydrocarbon gas injection can achieve miscible
displacement. The cumulative oil production of hydrocarbon
gas huff-n-puff is 17.4 � 104 m3. The incremental cumulative



Fig. 34. Flowchart of the hierarchical analysis.

Table 7
Discriminant matrix of incremental cumulative oil production by
injectioneproduction parameters.

Gas
injection
time

Single-well
cumulative
gas
injection

Gas
injection
rate

Soaking
time

Daily oil
production
rate

Weight

Gas injection
time

1 2 6 6 2 0.40

Single-well
cumulative
gas
injection

1/2 1 5 5 2 0.28

Gas injection
rate

1/6 1/5 1 2 1/4 0.07

Soaking time 1/6 1/5 1/2 1 1/4 0.05
Daily oil

production
rate

1/2 1/2 4 4 1 0.20

Fig. 33. Range of incremental cumulative oil production with different
injectioneproduction parameters.
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oil production is 1.05 � 104 m3 compared with primary
depletion.

(2) Hydrocarbon gas huff-n-puff beginning at 60% of the original
formation pressure after depletion is beneficial for EOR. The
optimal injection and production parameters include the
cumulative gas injection of an individual well (1000 t), gas
injection rate (50e100 t/d), soaking time per cycle (10e15 d),
and daily oil production rate after gas injection (15e20 m3/
d). Overall, 3 to 4 cycles can yield good EOR performance.

(3) Incremental cumulative oil production is used the evaluation
indicator of injectioneproduction parameters. In addition,
the key factor of hydrocarbon gas huff-n-puff considering
complex fracture networks is gas injection time (with a
weight of 0.40), followed by cumulative gas injection of
single-well (with a weight of 0.28).
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