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It is challenging to enhance heavy oil recovery in the late stages of steam flooding. This challenge is due to reduced residual oil
saturation, high steam-oil ratio, and lower profitability. A field test of the CO2-assisted steam flooding technique was carried
out in the steam-flooded heavy oil reservoir in the J6 block of the Xinjiang oil field (China). In the field test, a positive
response to the CO2-assisted steam flooding treatment was observed, including a gradually increasing heavy oil production, an
increase in the formation pressure, and a decrease in the water cut. The production wells in the test area mainly exhibited four
types of production dynamics, and some of the production wells exhibited production dynamics that were completely different
from those during steam flooding. After being flooded via CO2-assisted steam flooding, these wells exhibited a gravity drainage
pattern without steam channeling issues, and hence, they yielded stable oil production. In addition, emulsified oil and CO2
foam were produced from the production well, which agreed well with the results of laboratory-scale tests. The reservoir-
simulation-based prediction for the test reservoir shows that the CO2-assisted steam flooding technique can reduce the steam-
oil ratio from 12m3 (CWE)/t to 6m3 (CWE)/t and can yield a final recovery factor of 70%.

1. Introduction

Enhanced oil recovery (EOR) of heavy oil resources mainly
focuses on the reduction of heavy oil viscosity [1]. Two
methods are normally used: thermal methods and gas injec-
tion. Thermal methods are the most widely used techniques
at present. Thermal methods rely on the use of heating to
reduce the viscosity of heavy oil, leading to a larger recovery
factor [2]. Gas injection (such as CO2) is another important
method of increasing recovery from light-oil reservoirs. Lab
research and field practices have shown that CO2 has a good
solubility in light oil, which helps enhance the oil-swelling
and viscosity reduction effect. CO2 miscible flooding has
achieved great success in light oil reservoirs [3–5]. Immisci-
ble CO2 injection (including CO2 huff-and-puff and contin-
uous CO2 injection) is mainly explored for the cold recovery
of heavy oil [1, 6–8]. CO2 is rarely used in thermal recovery
because the solubility of CO2 is lower under high-

temperature conditions, which negatively affects the viscos-
ity reduction effect.

Steam flooding is used as a succession technique after
steam huff-n-puff to effectively improve the recovery factor.
Steam huff-n-puff is normally converted to steam flooding
through conventional completion, in which multiple zones
are perforated and produced in a commingled manner.
However, such a direct conversion strategy has led to some
problems, such as severe steam channeling, a high steam-
oil ratio, a lower displacement efficiency, and poor economic
benefits [9, 10]. In order to solve the problem of steam
channeling, many oil fields have adopted a series of plugging
control measures, including gas foam injection, high-
temperature gel, and other profile control techniques
[11–14]. Using these measures, the steam channeling direc-
tion can be changed in the short term, resulting in the
short-term blocking of high-permeability channels, adjust-
ing the steam absorption profile, expanding the steam-
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sweeping volume to a certain extent, and thus improving the
oil recovery factor. However, these profile control methods
cannot help to improve the oil recovery in the long term
since they cannot fundamentally solve the steam channeling
problem or the other flooding problems. Therefore, it is
highly important to develop and apply effective replacement
techniques in the late stage of steam flooding. Both physical
laboratory-scale experiments and numerical simulations
have shown that by adjusting the perforation intervals and
injecting CO2 to assist the steam injection, the heavy oil
recovery rate can be greatly improved, the steam-oil ratio
can be reduced, and the performance of the later stage of
steam flooding can be effectively improved. A field pilot test
of CO2-assisted steam flooding was conducted in the J6
block of the Xinjiang oil field. This paper reports the prelim-
inary findings of this pilot test.

2. Geologic Background of the Test Area

The Xinjiang J6 block is a shallow heavy oil reservoir. The
sedimentary environment is composed of a set of braided
river delta front sediments, including estuary sand dams,
tributary bays, and underwater distributary channel micro-
facies. The production layer system is J3q2

2−1 + J3q2
2−2,

which is composed of a set of fine to coarse grain sandstones.
The J3q2

2-1 sand body has an average porosity of 30.3%, an
average permeability of 2623 × 10−3 μm2, and an average
oil saturation of 78%. The thickness of the J3q2

2-1 layer is
13.0–25.0m, with an average thickness of 18.0m. The thick-
ness of the J3q2

2-2 layer is 13.0–26.0m, with an average thick-
ness of 21m. The J3q2

2-2 layer has an average porosity of
28.2%, an average permeability of 1200 × 10−3 μm2, and an
average oil saturation of 73%. These two layers have a high

degree of heterogeneity. For instance, the permeability of
the medium-fine sandstone at the top of the J3q2

2-1 and
J3q2

2-2 layers ranges from 4000mD to 5000mD. A set of
0.5–2.0m thick argillaceous sandstone, glutenite, and mud-
stone layers are sandwiched by the J3q2

2-1 and J3q2
2-2 layers.

The permeability of the argillaceous sandstone and the glu-
tenite layers varies from 100mD to 800mD. Nine well
groups involving a total of 48 wells in the Xinjiang J6 block
were selected to conduct the field test.

2.1. Development History of the Test Area. The test area was
developed using an inverted nine-spot well pattern, with a
total of 48 wells (i.e., nine steam injection wells and 39 pro-
duction wells). Steam flooding began in 1998. In 2016, the
steam-oil ratio reached 12m3 (CWE)/t, indicating that this
reservoir could not be developed economically and faced
possible shutdown. The overall development process can
be divided into two stages: (1) the pre-steam-breakthrough
stage and (2) the post-steam-breakthrough stage. Figure 1
shows the production history of the test reservoir. It can be
seen from Figure 1 that in the eight years of production
before steam breakthrough, a total of 0.8 PV was injected,
the cumulative recovery was 15.6%, and the steam-oil ratio
was 6.67m3 (CWE)/t. The oil recovery during the pre-
steam-breakthrough stage was satisfactory, accompanied by
a good heat utilization efficiency of the steam. A steam
breakthrough event occurred after 2007. After the steam
breakthrough, a total of 0.7 PV of steam was injected in 11
years, leading to an oil recovery of 7.2% and a steam-oil ratio
of 12.5m3 (CWE)/t. It is obvious that, in the post-steam-
breakthrough stage, the heat utilization efficiency of the
steam steeply declined, leading to a reduced oil recovery effi-
ciency. After the steam breakthrough, the production wells
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Figure 1: Production history of the test reservoir [7, 9].
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exhibited high-temperature and high-water-cut characteris-
tics. In addition, the steam was mainly concentrated in the
2–3m thick oil layer at the top of J3q2

2-1, leading to preferen-
tial flooding and ineffective steam circulation. The volume of
the steam chamber was difficult to expand further. Intermit-
tent steam injection and intermittent opening of the oil wells
for production were implemented to maintain production in
an inefficient way [15]. Figure 2 shows the variation in the
steam absorption profiles of well I in the Xinjiang J6 block.
It can be seen from Figure 2 that after steam breakthrough,
there was a steam adsorption peak in the top part of the per-
foration interval.

2.2. Remaining Oil Distribution. In order to clarify the distri-
bution characteristics of the remaining oil in the test area
and to provide a basis for adjusting the well pattern and per-
foration intervals, four wells were drilled in the test area and
were subsequently cored to study the distribution of the
remaining oil. Figure 3 shows a schematic diagram showing
the locations of the nine test wells (solid blue circles) and the
three cored wells (solid red circles).

According to the statistics of the cored wells, the distri-
bution characteristics of the remaining oil in the J6 block
can be summarized as follows: (1) the oil saturation of the
J3q2

2-1 layer gradually increased from top to bottom, and
the same was true for the J3q2

2-2 layer; (2) the J3q2
2-1 and

J3q2
2-2 layers had low remaining oil saturation in their upper

parts because preferential steam flooding occurred in these
locations; (3) the challenging steam issues at the top of the
J3q2

2-1 layer were more serious than those at the top of the
J3q2

2-2 layer; and (4) layers J3q2
2-1 and J3q2

2-2 were two rela-
tively independent flow units. The interlayers served as an
effective impermeable barrier between J3q2

2-1 and J3q2
2-2,

resulting in the injected steam failing to pass through the
interlayers and staying within the two production layers.

Table 1 presents a statistical summary based on the
information obtained from the cored wells. On average, the
initial oil saturation of the J3q2

2-1 layer was higher than that
of the J3q2

2-2 layer. Although the overall recovery factor of
the J3q2

2-1 layer was 10–15% higher than that of layer
J3q2

2-2, there was still a great recovery potential in the middle
and lower parts of the J3q2

2-1 layer.
Based on the coring results obtained after steam flood-

ing, J3q2
2-1 and J3q2

2-2 represented two relatively indepen-
dent flow units, both of which formed steam channels,
resulting in low remaining oil saturations at the tops of the
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Figure 2: Variation in the steam absorption profiles of well I in the Xinjiang J6 block [7, 9].
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Figure 3: Schematic diagram showing the locations of the nine test
wells (solid blue circles) and the three cored wells (solid red circles)
[7, 9].
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two oil layers. Both layers exhibited increasing oil saturation
from top to bottom, which was partially due to the vertical
heterogeneity of the permeabilities of the two layers. In view
of the above phenomenon and the actual properties of the
reservoir, a numerical simulation model was established
(Figure 4). The model simulates an inverse nine-point well
pattern. There are nine wells in the model, with a steam
injection well in the middle and production wells around
it. The grid size of the model is 140m × 140m × 29m, and
the grid resolution is 9:3m × 9:9m × 1m, with a total of
6525 grids. The net gross ratio of the model is 0.55, the aver-
age porosity of reservoir J3q2

2-1 is 0.3, the porosity of reser-
voir J3q2

2-2 is 0.28, and the porosity of the interlayer is
0.05. The permeability of J3q2

2-1 varied from 5000mD to
1200mD from top to bottom, with an average value of
2600mD. The permeability of J3q2

2-2 varied from 4500mD
to 800mD from top to bottom, with an average value of
1100mD. There was a 1m thick physical interlayer between
the J3q2

2-1 and J3q2
2-2 layers. The two sets of numerical sim-

ulation results were compared. From the model, it was found
that there were high permeability layers on the tops of J3q2

2-1

and J3q2
2-2. The purpose of the model was to simulate

whether the interlayer permeabilities of 50–400mD had an
impact on the residual oil distribution law of each reservoir
when the bottom hole steam quality was 0.6 and 0.3, repre-
senting high-quality and low-quality steam, respectively.
Both the production wells and the steam injection wells
adopted a perforation method which perforates the entire
reservoir section.

Figure 5 shows the simulation results for a steam quality
of 0.6. When the steam quality was 0.6 and the permeability
of the interlayer was greater than 100mD, the low oil satura-
tion zone located at the top of J3q2

2-2 did not appear. When

the permeability of the interlayer was less than 100mD, the
low oil saturation zone located at the top of J3q2

2-2 started to
appear. This means that the interlayer permeability may play
an important role in the sweeping efficiency in the lower
J3q2

2-2 layer. When the quality was 0.6, the fluid entering
the high-permeability layer at the top of the J3q2

2-2 layer
was mainly steam. So, when the permeability of the inter-
layer was greater than 100mD, the interlayer did not have
the ability to block the steam’s permeation, allowing it to
permeate through the interlayer and into the upper oil layer.
The low oil saturation zone at the top of J3q2

2-2 was not
obvious.

Figure 6 shows the simulation results for a steam quality
of 0.3. When the steam quality was 0.3, even when the inter-
layer permeability increased from 50 to 800, there were low
oil saturation areas at the top of layer J3q2

2-1 and layer J3q2
2-2

for all of the calculation results. The reason for this phenom-
enon is that the liquid phase is the main component in low
dryness steam. Due to the gravity differentiation, layer
J3q2

2-2 was mainly hot water driven, and layer J3q2
2-1 was

mainly steam driven. At this time, the injection medium
had a great impact on the distribution of the remaining oil.

It can be seen from the calculation results that both the
injected medium and the interlayer affect the distribution
pattern of the remaining oil. The interlayer between J3q2

2-1

and J3q2
2-2 in the J6 block is mainly argillaceous sandstone

with a permeability of 200–800mD, which does not have
the ability to block steam flow. Under the condition of
high-quality steam injection, the steam can effectively pene-
trate the interlayer and form effective steam-oil gravity seg-
regation over the two layers. Therefore, the low dryness of
the injected steam is the reason for the formation of this
residual oil distribution pattern. In the later stage of steam

Table 1: Statistical summary based on the information obtained from the cored wells [7, 9].

Well G01 compared to its adjacent wells

Oil layer
Initial oil saturation of adjacent well (%) Oil saturation of cores (%)

Recovery factor (%)
Adjacent well P7 Adjacent well P8 Average G01

J3q2
2-1 76.5 78.7 77.6 55.7 28.22

J3q2
2-2 72.1 70.8 71.5 57.7 19.24

Well G02 compared to its adjacent wells

Oil layer
Initial oil saturation of adjacent wells (%) Oil saturation of cores (%)

Recovery factor (%)
Adjacent well P7 Adjacent well P8 Average G02

J3q2
2-1 76.5 78.7 77.6 29.9 61.47

J3q2
2-2 72.1 70.8 71.5 40.5 43.32

Well G03 compared to its adjacent wells

Oil layer
Initial oil saturation of adjacent wells (%) Oil saturation of cores (%)

Recovery factor (%)
Adjacent well P7 Adjacent well I Average G03

J3q2
2-1 76.5 76.1 76.3 40.6 46.79

J3q2
2-2 72.1 62.8 67.5 41.9 37.88

Total contrast between adjacent wells and cored wells

Oil layer
Initial oil saturation of adjacent wells (%) Oil saturation of cores (%)

Recovery factor (%)
Average Average

J3q2
2-1 77.2 42.1 45.49

J3q2
2-2 70.1 46.7 33.40

4 Geofluids



Interlayer
(1 m)

Permeability
(md)

5,000
96-P2 96-l 96-P6

4,520
4,040
3,560
3,080
2,600
2,120
1,640
1,160
680
200

Figure 4: Numerical simulation model built to simulate the steam flooding process in the J3q2
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2-2 layers.
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Figure 5: Remaining oil saturation profiles simulated under different interlayer permeabilities after steam flooding for 2600 days. A constant
steam quality of 0.6 was used in these simulations.
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flooding, intermittent steam flooding and low-quality hot
water flooding are normally used to mitigate the steam
channeling issue. Then, the remaining oil distribution will
be dominated by the hot water flooding process (Figure 6).
In this hot-water-flooding-dominated case, the channeling
issue in both layers becomes more severe than that in the
steam-flooding-dominated process.

2.3. Engineering Design of CO2-Assisted Steam Flooding

2.3.1. Perforation Design. Nine well groups in the later stage
of steam flooding in the J6 block were selected as pilot test
areas for the CO2-assisted steam flooding technique. The test
area was basically in a state of shutdown before the conver-
sion. The total daily oil production of the nine well groups
was 10 t, the steam-oil ratio was 12.5, and the recovery factor
was 45%. Because traditional steam flooding adopts a perfo-
ration scheme in which both zones are fully perforated, once
the steam breaks through to the production well more steam
will be produced, resulting in an invalid steam circulation.

The above discussion shows that the interlayers between
J3q2

2-1 and J3q2
2-2 are mainly argillaceous sandstones. Since

the interlayers cannot block the steam flow, they can be
developed as a single layer. The adjustment of the perfora-
tion scheme is shown in Figure 7. As shown by Figure 7, par-
tial perforation was implemented in the middle and lower
parts of the J3q2

2-2 layer to prevent the steam from breaking
through to the production well from the upper high-
permeability zones of the two layers. By coinjecting CO2
and high-quality steam into the middle and lower part of
the J3q2

2-2 layer, the steam could rise and pass through the
interlayer, which effectively produced the heavy oil in the
middle and lower parts of the J3q2

2-1 layer and the heavy
oil in the upper part of the J3q2

2-2 layer. Subcool control
can also be leveraged to achieve a gravity drainage produc-
tion model, which helps to fundamentally solve the problem
of steam channeling.

Table 2 and Figure 8 show the simulation results and the
effect of perforation thickness on the production perfor-
mance. The smaller the perforation thickness, the closer
the perforation position to the bottom of J3q2

2-2. This will
help create a longer effective production time and will ulti-
mately lead to a higher cumulative oil production. Overall,
in the numerical simulation model, the smaller the perfora-
tion thickness, the lower the initial liquid production, but the
perforation thickness has little effect on the liquid produc-
tion. Due to the heterogeneity of the actual reservoir, in
order to ensure that the production well can produce liquid
normally and has more upper space for gravity oil drainage,
it is recommended that the perforation thickness be 4–5m.

2.3.2. Injection Volume Design. Numerical simulations were
conducted to examine the effect of coinjecting different
amounts of CO2 and steam on the production performance.
Based on the simulation results, we found that the reservoir
responds to the coinjection of CO2 and steam in a more
favorable way than to pure steam injection. The peak oil
production was also found to be higher. Figure 9 shows the
effect of coinjecting different amounts of CO2 with 50 t of

steam on the production performance. As can be seen from
Figure 9, adding more CO2 to the steam results in a faster
production response and a higher peak oil production. Fur-
ther careful checking of the additional cumulative oil pro-
duced per ton of CO2 injected indicates that injecting 1 ton
of CO2 with 50 t of steam provides the optimal performance,
leading to an additional 2–3m3 of oil production per ton of
CO2 injected.

From an operational point of view, an alternating injec-
tion mode can be more easily implemented than a coinjec-
tion mode. After careful consideration, the field test was
conducted by alternatively injecting a larger slug of steam
and a much smaller slug of CO2. In the field test, the CO2
was injected in the form of a small slug, and each slug con-
tained 10 tons of CO2. The steam injection was stopped
when the CO2 was injected, and the steam injection was
resumed after the CO2 injection was completed. Each injec-
tion cycle lasted around 10 days. This injection strategy
could help mitigate the corrosion problem caused by CO2
injection, but the injection pressure should be strictly moni-
tored to ensure that the fluctuation in the injection pressure
does not exceed 20% of the designed pressure value. This
was done to avoid the scenario in which the subcooling in
the production well becomes difficult to control due to
excessive pressure fluctuations.

3. Preliminary Results of the Field Test

3.1. Production Response of the Test Area to CO2-steam
Coinjection. The CO2-steam coinjection was started at the
end of October 2018. Figure 10 shows the production pro-
files of the test area in response to the CO2-steam coinjec-
tion. After CO2-steam coinjection, the fluid production in
the early stage of the field test increased steadily, while its
oil cut also exhibited an increasing trend. Both the steam-
oil ratio and the water cut showed an effective reduction.
Figure 11 shows the average wellhead pressure and the
production-injection ratio recorded during the field test.
The instantaneous production-injection ratio in the test area
remained larger than 1.5 after November 2018. The average
oil (wellhead) pressure increased from the initial value of
0.01MPa to 0.15MPa, indicating that the formation was
reenergized by the CO2 injection. Overall, the reservoir
responded fairly well to the CO2-steam coinjection.

Figure 10 further shows that the liquid production could
not be effectively curbed, exhibiting a continuously increas-
ing trend. It should be noted that there are active water bod-
ies in the eastern and southern parts of the test area. The
water recovery rate (i.e., the ratio of the produced water to
the injected water) in the steam huff-n-puff+steam flooding
stage was 136%, indicating that the test area was already
under the influence of water invasion from the water bodies.
As of January 31, 2020, the water recovery rate during the
CO2-assisted steam flooding stage had reached 114.67%,
which was lower than the recovery rate experienced in the
steam huff-n-puff+steam flooding stage, so the injection of
CO2 can control the water invasion. Unfortunately, since
January 2020, due to the impact of COVID-19, the on-site
injection of CO2 was stopped. Although the production-
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injection ratio was still higher than 1.5 (Figure 11), the water
cut increased to about 96% and the average wellhead pres-
sure decreased from 0.15MPa to 0.062MPa. After stopping
the CO2 injection, the production to injection ratio
increased, which led to a decrease in the formation pressure.
This decrease in pressure could further aggravate the water
invasion issue, leading to an increase in the water cut and

a decrease in the oil production. At present, the test area is
undergoing operational adjustment.

3.2. Classification of Production Wells in the Test Area. Based
on the analysis of the production dynamics in the early stage
of the CO2-steam coinjection, it was found that the produc-
tion wells in the test area exhibited four different types of
dynamic production characteristics.

The first type (type I well) was characterized by a high
produced-liquid temperature and a large liquid production
after conversion. Figure 12 shows the production dynamics
of this type of well. After only opening the perforation inter-
val in the lower part of the J3q2

2-2 layer, this type of well was
converted to CO2-assisted steam flooding. The produced-
liquid temperature increased in the beginning of the produc-
tion stage, generally at a temperature of ~100°C. In addition,
a larger liquid production volume ensued. Such wells were
deemed to have sufficient residual energy in the middle
and lower parts of the J3q2

2-2 layer during the previous steam
flooding stage. Moreover, this type of well has a very good
connection with the steam injection well, so it had a high
temperature and a high liquid volume at the beginning of
conversion and such pattern remained stable for a long time.
As such, strict liquid withdrawal control measures needed to
be implemented in these wells to prevent steam/gas
channeling.

The type II wells exhibited a gradual decrease in both the
fluid production volume and the produced-liquid

Full
perforation Full

perforation

Lower
perforation

Lower
perforation

Figure 7: Adjustment of the perforation scheme.

Table 2: Simulated reservoir production performance under different perforation thicknesses.

Scheme
Effective production time

(day)
Cumulative oil
production (t)

Cumulative steam injection
(m3)

Cumulative steam-oil ratio (m3

(CWE)/t)

Perforation
7.2m

1364 11919.83 68250 0.175

Perforation
5.8m

1485 12468.15 74250 0.168

Perforation
4.5m

1706 13470 85500 0.158

Perforation
3.6m

2023 14162.55 101250 0.140

Perforation
2.7m

2555 15270.45 127750 0.120
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Figure 8: Daily liquid production simulated under different
reservoir thicknesses.
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temperature after conversion. Figure 13 shows the produc-
tion dynamics of this type of well. These wells were able to
recover certain areas of the middle and lower parts of

J3q2
2-2. At the beginning, the J3q2

2-2 layer in these wells also
had a large amount of residual energy from the original
steam flooding, just like the type I wells, but the difference
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Figure 10: Production profiles of the test area in response to CO2-steam coinjection.
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was that these producers did not have a stable connection
with the steam injection well, and the energy supplemented
by the CO2-steam coinjection was insufficient. Therefore,
when all of the remaining energy was produced, the energy

supply was insufficient, so the liquid production and liquid
temperature decreased. Some of these types of wells could
be developed after a period of time, resulting in a gradual
increase in fluid production. If no fluid was produced in
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Figure 12: Typical production curves for a type I well.

2018/11/1 2019/1/1 2019/3/1 2019/5/1 2019/7/1
Date

Pr
od

uc
tio

n 
in

je
ct

io
n 

ra
tio

Production injection ratio

Av
er

ag
e o

il 
pr

es
su

re
 (M

pa
)

Average oil pressure

2019/9/1 2019/11/1 2020/1/1
–0.1

–0.05

0

0.05

0.1

0.15

0.2

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

Figure 11: Average wellhead pressure and production injection ratio in the test area recorded during the field test.

9Geofluids



NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC JAN
2018 2019 2020

0.0

1.0

2.0

3.0

4.0

5.0
D

ai
ly

 o
il 

(m
3 /d

)

D
ai

ly
 li

qu
id

 (m
3 /d

)

0

15

30

45

60

NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC JAN
2018 2019 2020

0

30

60

W
ell

he
ad

 te
m

pe
ra

tu
re

 (°
C)

90

120

150

Figure 13: Typical production curves of a type II well.
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the late stage or the wells have a low fluid production volume
in the long term, steam huff-n-puff can be performed to pro-
mote the connection with the steam injection well.

The type III wells were the type with low or no fluid pro-
duction after conversion. Figure 14 shows the production
dynamics of this type of well. These wells had poor connec-
tivity with the steam injection wells, and during the original
steam flooding, layer J3q2

2-2 was not effectively utilized. Usu-
ally, the liquid production volume was generally less than
8 t/d, or no liquid was produced at all. For such wells, mea-
sures such as steam huff-n-puff could be taken to accelerate

the connection with the steam injection wells. The well
shown in Figure 14 could not be effectively developed after
conversion, and one round of steam huff-n-puff was carried
out to create communication with the steam injection well.

The type IV wells exhibited a gradually increasing tem-
perature and fluid production volume after conversion.
Figure 15 shows the production dynamics of this type of
well. This type of well slowly established thermal communi-
cations with the steam injection wells, leading to a gradually
increasing liquid production. It can be seen from Figure 15
that this type of well exhibited a better production response
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Figure 15: Typical production curves of a type IV well.
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Figure 16: Emulsified foam oil produced via CO2-steam coinjection [7, 9].
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compared with the other types of wells because the oil pro-
duction was more stable and the water cut was lower. Similar
to the type I wells, when the liquid production volume
reaches a certain threshold, the liquid production should
be properly controlled to prevent steam/gas channeling.

Another interesting phenomenon was observed in the
fluids produced by the CO2-steam coinjection process.
Figure 16 shows the digital images of the emulsified foam
oil produced by the CO2-steam coinjection process. This
phenomenon did not occur in the steam-only-treated wells.
Both the lab and field tests showed that this type of emulsi-
fied foam oil could significantly reduce the viscosity of heavy
oil [16, 17]. Further research is required to reveal what
mechanisms lead to the formation of this type of emulsified
foam oil, which is created when steam and CO2 are coin-
jected to recover heavy oil. This phenomenon mainly occurs
in wells with relatively low production temperatures. It is
preliminarily believed that the bottom hole oil viscosity of
these wells is high, the solubility of carbon dioxide is high,
and the free gas is released during the depressurization pro-
cess. However, because the viscosity of the oil is high, the
free gas is trapped in the oil and no continuous free gas
phase is formed, so this foam oil is formed. Foam oil can
help reduce the viscosity of heavy oil.

4. Conclusions

(1) By first considering the geological characteristics of
the J3q2

2-1 and J3q2
2-2 layers and the remaining oil

distributions in these two layers, researchers com-
bined both into a single layer for development. The
perforation intervals of the production well and the
steam injection well were repositioned to the middle
and lower parts of the J3q2

2-2 layer. The perforation
thickness was decreased to 4–5m. In the later stage
of steam flooding, CO2-assisted steam flooding was
conducted. First, a large slug of steam was injected,
and then, a much smaller CO2 slug was injected.

(2) The CO2-assisted steam flooding technique can
effectively increase the formation pressure, reduce
the water cut, and increase the production-injection
ratio. In general, the field test showed that CO2-
assisted steam flooding effectively suppressed the
steam channeling in the test area.

(3) Four types of producers, which exhibited different pro-
duction responses to the CO2-assisted steam flooding,
were classified. The type IV wells responded favorably
to the CO2-assisted steam flooding treatment, while
the other types of wells responded less favorably to
the CO2-assisted steam flooding treatment.

(4) The CO2-assisted steam flooding exhibited signifi-
cantly different production characteristics than those
of steam flooding. One unique phenomenon
observed in the fluids produced by the CO2-assisted
steam flooding process was the formation of emulsi-
fied foam oil. This emulsified foam oil could signifi-
cantly reduce the viscosity of the heavy oil.
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