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Abstract: When the reservoir pressure is decreased lower than the dew point pressure in shale gas
condensate reservoirs, condensate would be formed in the formation. Condensate accumulation
severely reduces the commercial production of shale gas condensate reservoirs. Seeking ways
to mitigate condensate in the formation and enhance both condensate and gas recovery in shale
reservoirs has important significance. Very few related studies have been done. In this paper, both
experimental and numerical studies were conducted to evaluate the performance of CO2 huff-n-puff
to enhance the condensate recovery in shale reservoirs. Experimentally, CO2 huff-n-puff tests on
shale core were conducted. A theoretical field scale simulation model was constructed. The effects
of injection pressure, injection time, and soaking time on the efficiency of CO2 huff-n-puff were
examined. Experimental results indicate that condensate recovery was enhanced to 30.36% after
5 cycles of CO2 huff-n-puff. In addition, simulation results indicate that the injection period and
injection pressure should be optimized to ensure that the pressure of the main condensate region
remains higher than the dew point pressure. The soaking process should be determined based on
the injection pressure. This work may shed light on a better understanding of the CO2 huff-n-puff-
enhanced oil recovery (EOR) strategy in shale gas condensate reservoirs.
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1. Introduction

Unconventional resources, especially shale reservoirs, have been widely developed with the
techniques of hydraulic fracturing and drilling horizontal wells, and shale gas condensate reservoirs
play an important role in regards to unconventional resources. When the reservoir pressure is decreased
lower than the dew point pressure in shale gas condensate reservoirs, condensate can be formed near
the wellbore or near/in the fracture as shown in Figure 1. This condensate blockage can reduce gas
permeability. In addition, the productivity is reduced. Studies indicate that condensate blockage is
much more severe when the permeability is low [1,2]. Also, as the condensate is formed by the heavy
components of the reservoir fluid, it has a very high economic value. Therefore, it is important to
find effective techniques to mitigate condensate blockage. Also, by mitigating condensate blockage in
formation, gas permeability can be increased and the productivity can be greatly improved.

Several techniques are used to mitigate the condensate blockage for condensate reservoirs.
Drilling horizontal wells and hydraulic fracturing have been widely used. Though the press drop in
a horizontal well may be higher, it is distributed over a larger area, and the smaller pressure drop
could help to reduce the accumulation of the condensate blockage [3–5]. Hydraulic fracturing can
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also help to reduce the pressure drop and reduce the formation of condensate blockage around the
wellbore [6–10]. Drilling horizontal wells and hydraulic fracturing are two main techniques to enhance
commercial production from shale reservoirs with ultra-low permeability. Hence, these two techniques
are discussed in the follow discussion in this paper.Energies 2018, 11, x FOR PEER REVIEW  2 of 19 
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Chemical treatment techniques such as solvent injection and wettability-alteration treatment are
also applied to mitigate condensate. By injecting solvent, the interfacial tension between condensate
and gas can be reduced, and the solvent could help to dissolve part of the condensate into gas stream.
Consequently, the condensate could be mitigated and the productivity of condensate reservoirs could
be increased [11–13]. The injection of wettability chemicals can help to change the wettability from
liquid wetting to gas wetting and the productivity of condensate reservoirs can be increased [14–17].
However, because of the low permeability of shale reservoirs, chemical treatment is not a suitable
technique, as the efficiency of the injection process can be very low.

Gas injection is widely applied to mitigate the condensate recovery. By applying gas injection,
pressure could be maintained at a higher rate than the dew point pressure. The accumulation of the
condensate can also be prevented. Furthermore, gas injection can revaporize the condensate into a gas
state. The accumulated condensate can be produced during the puff process [18,19]. The efficiency of
different gas injection modes has been investigated [20–29]. The huff-n-puff process consists of three
stages: huff (injection), soaking, and puff (production). The well is operated as both an injection well
and a production well. As Figure 2 shows, there is only one well used as both an injection well and a
production well in a huff-n-puff well. For wells of this type, the condensate region is located near the
injection well. As the function of the well is changed by gas injection, the pressure of near wellbore
region can be increased quickly. Consequently, the condensate is revaporized and recovered.
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The EOR techniques mentioned above are widely investigated in conventional gas condensate
reservoirs. However, based on the studies on shale reservoirs [30–35], because of the ultra-low
permeability of shale formations, the techniques such as water flooding and chemical flooding are
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difficult to be applied in shale formations. So far very few studies on EOR in shale gas condensate
reservoirs have been conducted. Recently, solvent injection has been investigated to mitigate
condensate blockage in shale gas condensate reservoir. Solvent injection could reduce the overall
dew point pressure to delay the formation of condensate [36]. However, the efficiency and cost of
solvent injection is questionable. Until now, CO2 huff-n-puff has gained more and more attention
in the literature [37–41]. However, the enhanced condensate performance of CO2 huff-n-puff in
shale reservoirs have not been investigated, especially in experimental aspects. The novelty of this
study is to evaluate EOR performance of CO2 huff-n-puff in shale gas condensate reservoirs using
experiments and numerical analysis. Experimental work on shale rocks is different because of the
ultra-low permeability. It is very difficult to conduct the core-flooding experiments to measure pressure
drop or visually observe condensate flow as in sand rocks. In our study, the condensate saturation in
shale rock was determined by CT and then the efficiency of huff-n-puff method could be quantified.

In this paper, first, experiments were conducted on shale core. The performance of CO2 huff-n-puff
to enhance condensate recovery in shale gas condensate reservoir was evaluated in core scale study.
Then, field scale simulation was performed to investigate the performance of CO2 huff-n-puff in shale
gas condensate reservoir. Finally, the enhanced condensate recovery performance of CO2 huff-n-puff
has been evaluated by analyzing the experimental and simulation results. In addition, the optimization
principles of CO2 huff-n-puff are discussed.

2. Materials and Methods

2.1. Experimental Setup

2.1.1. Experiment Materials

Experiment of CO2 huff-n-puff was operated on a shale core with 3.8 cm (1.5 in) in diameter and
10.2 cm (4 in) in length. The core was dried first and then the porosity and permeability was measured.
Table 1 shows the properties of the core.

Table 1. Core properties.

Diameter (cm) Length (cm) Permeability (nD) Porosity (%)

3.8 10.2 100 6.8

The initial gas mixture used in the experiment was formed of methane and n-butane with a
pressure of 2200 psi and a temperature 20 ◦C (68 ◦F). Figure 3 shows the phase diagram of the mixture.
At 68 ◦F, this gas mixture has the property of a gas condensate fluid. The liquid drop curve of this gas
condensate mixture at 68 ◦F is shown in Figure 4. As can be seen the methane-butane gas mixture has
a wide condensate region, with a dew point of 1860 psi at 20 ◦C (68 ◦F).
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2.1.2. Experiment Procedure

A schematic of the experiment is shown in Figure 5. Based on the properties of the gas mixture, the
gas mixture has a wide condensate region at room temperature. Thus, the experiment was conducted
at 20 ◦C (68 ◦F). The core holder was placed in the CT scanner during the whole experiment to evaluate
the core saturating process and measure the condensate saturation. The general procedure for CO2

huff-n-puff gas injection experiment is described as follows:

(1) During the experiment, the injection pressure should be higher than 1860 psi (dew point pressure).
And the confining pressure should be higher than the injection pressure. The initial gas condensate
mixture was injected into the core holder at 2200 psi with a confining pressure of 2500 psi. The
CT number was measured during the whole saturating process. When the CT number stopped
changing, the core was assumed to be fully saturated with the gas condensate mixture.

(2) After the saturation process, the valve on the left side of core holder was opened and the pressure
was decreased to 1460 psi. This step was used to simulate the primary depletion process, with
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the CT scanner measuring the condensate saturation in the core. Condensate saturation was
calculated by using the following equation [42]:

Sc =
CTexp − CTgr

CTcr − CTgr
(1)

CTexp represents the CT number during the experiment. CTgr represents the CT number when
the core is full of C1. CTcr is the CT number when the core is full of nC4.

(3) Afterwards, the CO2 huff-n-puff process was applied on the core. Injection pressure was set
to 2200 psi and injection time was set to 2 hours. After injection, a soaking time of 1 hour was
applied. After the soaking process, depletion process was applied again. The pressure was
decreased to 1460 psi. This process represents one cycle of CO2 huff-n-puff and 5 cycles were
operated in total. The condensate saturation in the core was measured after every cycle.

(4) By analyzing the change in condensate saturation after the CO2 huff-n-puff, the enhanced
condensate recovery could be obtained and evaluated in laboratory.
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2.2. Simulation Model Description

A field scale simulation model was built to investigate the enhanced condensate recovery
performance of CO2 huff-n-puff. The simulation work was conducted by using CMG-2015 (Computer
Management Group Ltd, Calgary, Canada). Figure 6 shows this simulation model. The reservoir
rock properties and gas condensate fluid properties were obtained from published data, as shown in
Table 2 [43]. The dimension of the model was 180.44 m (592 ft) × 470.61 m (1544 ft) × 15.24 m (50 ft).
In this model, only one fracture was set. Based on the studies [44–47], fracture propagation plays an
important role for the development of shale plays. However, the main purpose of this simulation
study was to evaluate the enhanced condensate recovery performance of CO2 huff-n-puff in shale gas
condensate reservoirs. In order to make the simulation work more effective, we just set one simple
fracture and the fracture propagation was not taken into account. The fracture half-length was 110.34 m
(362 ft) and the fracture width was 0.15 m (0.5 ft).
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Table 2. Reservoir and fluid characteristics.

Parameters Value Unit

Initial Reservoir pressure 5000 psi
Initial Reservoir Temperature 93.3 ◦C

Matrix Permeability 0.0001 mD
Matrix Porosity 0.06 -

Fracture Permeability 100 mD

The reservoir condensate composition data is presented in Table 3, with the data obtained from
published data [48]. The dew point pressure of the reservoir fluid is 2750 psi as shown in Figure 7, and
when the pressure is decreased below the dew point pressure, condensate is formed. As the pressure
continues to be decreased to 2460 psi, the liquid volume increases to a maximum value. Following
this, the condensate is revaporized as the pressure continues to decrease. Based on the study of the
effect of nano-pores on fluid flow, the fluid properties, especially gas condensate fluid properties in
nano-pores could be different [49–52]. Whether the condensate saturation could be less or more with
the confinement effect is not exactly known. However, it is certain that condensate blockage does
exist in shale gas condensate reservoirs. As the objective of this study is to evaluate the enhanced
condensate recovery performance of CO2 huff-n-puff, confinement in our model would not have an
impact on our study objective. Confinement is not taken into account.

As Figure 6 shows, only one well was set in the reservoir. The well was used as both an injection
well and a production well. During primary depletion, the well was used as a production well.
Afterwards, the well was used to inject CO2. When the injection process was finished, the well was
closed to allow for a period of soaking. Following this, the well was opened again as a production
well. In our model, the maximum injection pressure was set to 4000 psi when the well was used as an
injection well; the minimum bottom-hole pressure was set to 1500 psi when the well was used as a
production well.
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Table 3. Reservoir fluid composition.

Name Composition

CO2 0.18
N2 0.13

CH4 61.92
C2H6 14.08
C3H8 8.35
IC4 0.97
NC4 3.41
IC5 0.84
NC5 1.48
NC6 1.79
NC7 1.58
NC8 1.22
NC9 0.94
C10

+ 3.11

3. Results and Discussion

3.1. Experimental Results

As was mentioned in the previous experiment procedure, five cycles of CO2 huff-n-puff process
were performed on the shale core. After primary depletion, the pressure was decreased to 1460 psi.
The accumulated condensate saturation was 10.8% after primary depletion. The condensate saturation
was decreased to 7.5% after 5 cycles.

Condensate recovery was obtained by analyzing the condensate saturation decrease as shown in
Figures 8 and 9. The condensate recovery was enhanced to 30.36% after 5 cycles of CO2 huff-n-puff.
The experiment results indicate CO2 huff-n-puff can effectively enhance the condensate recovery from
the shale core. In addition, the first cycle of CO2 huff-n-puff had the highest condensate recovery, at
16.25%. Condensate recovery was reduced significantly after the first cycle, with the 5th cycle only
having a 1.2% recovery increment as shown in Figure 10.

Therefore, it is important to set proper cycle numbers during the application of CO2 huff-n-puff
process. Efficiency of CO2 huff-n-puff can be very low when the number of cycles reaches a
critical value.
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3.2. Simulation Results

3.2.1. Base Case

A base CO2 huff-n-puff case study was conducted with two scenarios and a total exploration time
of 8255 days. In the first scenario, the primary depletion period was 8255 days, and the production
pressure was 1500 psi. In the second one, the primary depletion time period was 5475 days, after
which, CO2 huff-n-puff was performed. The injection pressure was set to 4000 psi. The production
pressure was set to 1500 psi. Four cycles of CO2 huff-n-puff were performed. The comparison of
cumulative condensate recovery is shown in Figure 11. After 8255 days of primary depletion, the
condensate recovery was 17.7%. However, after the CO2 huff-n-puff was applied, the condensate
recovery was increased to 24.7%. The condensate recovery was effectively enhanced after the operation
of CO2 huff-n-puff.
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3.2.2. Effect of Injection Pressure and Injection Period

Four different cases were conducted in this section, and the effect of injection pressure on the
enhanced condensate recovery performance of CO2 huff-n-puff gas injection is shown in Figure 12.
Higher condensate recovery was obtained when the injection pressure was higher, with cumulative
condensate recovery factors of 19%, 22%, 24%, and 24.7% corresponding to the injection pressures
of 2500 psi, 3000 psi, 3500 psi, and 4000 psi, respectively. The cumulative condensate recovery was
increased by 3% when the injection pressure was increased from 2500 psi to 3000 psi. However, the
cumulative condensate recovery was only increased by 0.7% when the injection pressure was from
3500 psi to 4000 psi.

As Figure 13 shows, the main condensate region was near the fracture region. After injecting the
CO2, the pressure of condensate region was increased with part of the condensate being revaporized.
Thus the condensate could be produced during the puff process. Figure 14 shows pressure distribution
of four cases after the huff process of the first cycle. When CO2 was injected into the formation at 2500
psi, only the minor condensate could be revaporized. Thus, the efficiency of the CO2 huff-n-puff was
low. For case 3 (injection pressure: 3500 psi) and case 4 (injection pressure 4000 psi), it was found that
condensate recovery was highly enhanced in both cases, and the condensate recovery of these two
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cases were similar. As shown in Figure 14, the pressure of the condensate region was increased. Most
of the condensate near the fracture could be revaporized and recovered.
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Three cases with different injection time were conducted to investigate the effect of injection time
on the performance of CO2 huff-n-puff as shown in Figure 15. The production was same in three cases.
Figure 15 indicates the cumulative condensate recovery for the three cases, being 18.6%, 22.7%, and
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24.8%. During the puff process, more condensate could be recovered as the injection period was longer.
However, it can be found that during the same reservoir exploitation period, the efficiency of 100 days
injection period was similar as the efficiency of 50 days injection period. Figure 16 shows the pressure
distribution of the condensate region. After 50 days of injection, the pressure was already higher than
2750 psi. Thus, in this model, a 50 days injection period was long enough to revaporize the condensate
into a gas state and increase the condensate recovery.

It can be concluded from the above discussion that the design of the huff process should be based
on the pressure variation of the main condensate region. Applying higher injection pressure or a longer
injection period did not result in higher condensate recovery. The optimal huff process occurs when
the pressure of condensate region is increased higher than the dew point pressure.
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3.2.3. Effect of Soaking Period

A series of simulation work was conducted by applying different soaking time at different
pressures. Table 4 shows the different scenarios. For all cases, the injection time was 100 days.
The production period was 200 days and production pressure was 1460 psi. Three cycles of CO2

huff-n-puff were operated.
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Table 4. Different scenarios used in the study of soaking period effect.

Scenario Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Soaking time 0 days 50 days 100 days 0 days 50 days 100 days
Injection pressure 3000 psi 3000 psi 3000 psi 5000 psi 5000 psi 5000 psi

The results show two different trends of cumulative condensate recovery as shown in Figure 17.
When the injection pressure was 3000 psi, cumulative condensate recovery was decreased when
the soaking time was increased. However, when the injection pressure was 5000 psi, cumulative
condensate recovery was increased when the soaking time was increased (Figure 18).
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Figure 18. Cumulative condensate recovery for different soaking at 5000 injection pressure.

Figure 19 shows the pressure distribution of condensate region when the injection pressure was
3000 psi. After initial injection, the pressure of the near wellbore region was higher than 2750 psi.
However, after a 50 days soaking period, the pressure was decreased and the liquid condensate was
accumulated again near the fracture. This is because during the soaking process, the pressure was
transferred to the distal region of the reservoir. In this situation, the condensate was still formed near
the fracture during the soaking period and it had a negative effect on the efficiency of CO2 huff-n-puff
gas injection.
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Figure 19. Pressure distribution near the fracture, injection pressure: 3000 psi; (a) start of soaking time;
(b) end of soaking time.

However, when the pressure was 5000 psi, the soaking period had a positive effect on the
performance of CO2 huff-n-puff. The pressure was still higher than 2750 psi after 50 days of soaking as
shown in Figure 20. More condensate could be revaporized into a gas state. Thus, more condensate
could be recovered during the puff process.
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It can be concluded that whether a soaking process should be applied or not depends on the
injection pressure. When the injection pressure is similar as the dew point pressure, a soaking process
could have a negative effect on the efficiency of CO2 huff-n-puff. However, when the injection pressure
is much higher, a soaking process is recommended. The determination of soaking time depends
on the area of the condensate region. In general, during the soaking process, the pressure of the
main condensate region should be remained higher than the dew point pressure again, otherwise the
condensate could be formed again and the efficiency of huff-n-puff would be decreased.

3.2.4. Effect of CO2 Diffusion

Figure 21 shows the effect of CO2 diffusion on the performance of CO2 huff-n-puff. Two cases
were conducted in this section. The injection time, soaking time and production time were the same
in both cases. Results show that when the CO2 diffusion coefficient was taken into account in the
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simulation, the condensate would be lower. When the CO2 diffusion coefficient was considered in the
model, CO2 could be flowed into the distal region during the 100 days soaking period. The pressure
could be decreased and the condensate could be formed again. Thus. CO2 diffusion plays an important
role in enhancing condensate recovery during the application of CO2 huff-n-puff.
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Figure 21. Cumulative condensate recovery with and without CO2 diffusion.

3.2.5. Effect of Cycle Numbers

Figure 22 indicates the effect of the cycle number on cumulative condensate recovery. As the cycle
number of CO2 huff-n-puff was increased, cumulative condensate recovery increased. The cumulative
condensate recovery was enhanced to 27.2% after 10 cycles. Compared with primary condensate
recovery, the increment of condensate recovery after 10 cycles was 9%. However, the recovery was
increased to 29.3% after 18 cycles. The increment of the recovery was 1.4%. The latter cycles of CO2

huff-n-puff gas injection resulted in lower efficiency of enhanced condensate recovery. By considering
these simulation and experimental results, it can be concluded that the number of cycle numbers of
CO2 huff-n-puff gas injection are important. When the cycle number of CO2 huff-n-puff gas injection
reaches a critical value, the efficiency of CO2 huff-n-puff could be decreased.
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3.3. Recommended Future Work

In this work, a binary gas mixture was used in the experiment. It was used because this gas
condensate mixture has a wide condensate region at the room temperature. Thus, the experiment
could be handled in a more convenient way and the accuracy of the experiment could be improved.
This study indicates the efficiency of the CO2 huff-n-puff to enhance condensate recovery in shale gas
condensate reservoirs. In future work, gas condensate mixture from a real reservoir is recommended
to be used in the experiment. The experiment can be conducted using the reservoir condition.

In addition, the experiment was conducted on the small cores and the results show an impressive
high condensate recovery. The core-scale laboratory results cannot be directly applied to predict the
field-scale recovery of a practical shale condensate well. Due to the extremely low permeability of
shale formation, the injected gas can only penetrate a limited depth of the formation. For the field
conditions, if the shale matrix is intersected by high density hydraulic and natural fractures, then the
proportion of penetrated matrix by injected gas will be much higher, which yields a higher recovery.
However, if only the several main fractures are formed (not forming fracture networks) after the
hydraulic fracturing operation, only a near fracture matrix can be invaded by the injection gas, which
yields a much lower recovery. Therefore, the size effect plays a significant role for the condensate
recovery factor, which is recommended for future work.

4. Conclusions

An experimental study on shale core was operated to evaluate the enhanced condensate recovery
efficiency of CO2 huff-n-puff. Also, a field scale numerical simulation model was built to investigate the
performance of CO2 huff-n-puff. The purpose of this study was to evaluate the enhanced condensate
recovery performance of CO2 huff-n-puff in shale gas condensate reservoirs. The conclusions of this
study are drawn as follows:

1. The results indicate that the condensate recovery can be effectively enhanced after the application
of CO2 huff-n-puff. The condensate recovery was increased to 30.36% after 5 cycles of CO2

huff-n-puff in the experiment. In the simulation work, the condensate was enhanced to 24.7%
after 4 cycles.

2. Injection period and injection pressure should be optimized to ensure that the pressure of the
condensate region remains higher than the dew point pressure after the huff process.

3. Soaking periods should be based on the injection pressure. During the soaking periods, the
pressure of the condensate region should remain higher than the dew point pressure. If this
does not occur, condensate can be formed and the efficiency of huff-n-puff is decreased. When
the injection pressure is much higher than the dew point pressure, soaking is recommended.
Otherwise, the soaking should be neglected.

4. The determination of cycle number should depend on the condensate increment of every cycle.
When the cycle number reaches a critical value, condensate recovery decreases as does the
efficiency of CO2 huff-n-puff.
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