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a b s t r a c t

The potential of the vertical-horizontal well hybrid SAGD technique for developing shallow heavy oil 
reservoirs is gradually being realized. However, challenges remain in terms of low thermal efficiency 
and high carbon emissions in reservoirs with interlayers. Currently, there is limited research on the low- 
carbon strategy of coupling exhaust gas from steam boilers with the VH-SAGD technique. Herein, 
considering heterogeneity, a series of flue  gas-assisted VH-SAGD experiments were conducted 
employing a high-performance 2D visualization model. The mechanism of enhanced recovery of flue gas 
in VH-SAGD and the effect of its injection methods were studied, with a focus on steam chamber 
development and oil saturation distribution. Crucially, the interlayer length was optimized to enhance 
oil recovery, providing a new perspective for well location design in heavy oil reservoirs with in
terlayers. The results showed that flue gas, as an additive, could fully exploit the well-type advantage of 
VH-SAGD. By supplementing energy at the reservoir top, flue gas effectively promoted steam chamber 
development, expanded the oil drainage area of VH-SAGD, and increased the oil recovery from 58.9% to 
71.7%. The flow channels formed by pre-injection flue gas accelerated the early-stage expansion of the 
steam chamber while also inducing lateral migration of steam, slowing steam rise, and consequently 
increasing the heating range within the low-permeability layer. When the distance between the vertical 
and horizontal wells was set to twice the interlayer length, the negative effects of the interlayer were 
more effectively turned into advantages. Because when the lateral development distance of the steam 
chamber in the low-permeability layer slightly exceeds the interlayer, enhanced heating of the lower 
part of the reservoir occurred through vertical convection of rising steam and returning condensate. The 
research results contribute to reducing carbon emissions from steam-based heavy oil extraction while 
advancing the maturity of VH-SAGD.
© 2025 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

Global conventional petroleum reserves, prized for their 
extractability, are declining steadily. This has positioned heavy oil 
and extra-heavy oil—characterized by higher pour points and 
viscosities and limited fluidity—as critical development targets 
(Santos et al., 2014). Statistical data from the American Association 

of Petroleum Geologists (AAPG) indicate that untapped heavy oil 
amounts to 9380 × 108 tons, accounting for nearly 70% of total 
petroleum reserves (Guo et al., 2016; Bata et al., 2019; Li et al., 
2020). These findings  provide critical guidance for nations to 
navigate global uncertainties and transition toward sustainable 
development. However, heavy oil extraction remains technologi
cally challenging due to its high asphaltene content and the 
presence of sulfur, oxygen, nitrogen, and other heteroatoms, which 
substantially increase production costs (Speight, 2013). Recently, 
enhancing the efficiency  and economic viability of heavy oil * Corresponding author.
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development has emerged as a priority research area in the oil and 
gas industry, aiming to strengthen its market competitiveness.

The primary challenge in heavy oil extraction lies in achieving 
significant  viscosity reduction (Pierre et al., 2004). Unlike con
ventional crude oil, heavy oil exhibits limited fluidity  under 
reservoir conditions and cannot be directly pumped out of the 
ground. However, its viscosity is highly temperature-sensitive, 
decreasing by up to 50% with a temperature increase of 8–10 ◦C 
(Bai, 2015). Thus, injecting high-enthalpy steam into formations 
has become the predominant commercial recovery method, 
including cyclic steam stimulation (CSS), steam flooding,  steam- 
assisted gravity drainage (SAGD), and in-situ combustion (Mai 
et al., 2009; Zhao et al., 2014; Wei et al., 2022). Among these, the 
SAGD proposed by Butler et al. (1981) has proven particularly 
effective for extra-heavy oil development. However, because the 
dual-horizontal well configuration provides only vertical drive, 
traditional SAGD is highly effective in medium-thick layered and 
thick massive extra-heavy oil reservoirs (Al-Bahlani and Babadagli, 
2009). Its applicability is limited in heavy oil reservoirs with 
thicknesses of less than 20 m or those with developed interlayers 
(Nguyen et al., 2012; Huang et al., 2016; Cui et al., 2022). Addi
tionally, as shale-rich interlayers gradually become longer and 
approach the injection well, the constraints on reservoir steam 
chamber expansion become more pronounced (Huang et al., 2019; 
Kumar and Hassanzadeh, 2021).

The vertical-horizontal well hybrid SAGD (VH-SAGD) is an 
improved version of the traditional SAGD technology, utilizing a 
combination of vertical and horizontal wells to improve steam 
chamber expansion efficiency. Compared to traditional SAGD, VH- 
SAGD offers better control over steam injection and fluid  flow 
paths, thereby increasing the oil recovery (Sasaki et al., 2001; 
Wang et al., 2023b). Tamer and Gates (2012) evaluated the effect 
of the geometric configuration  of steam injection wells on oil 
drainage using a 3D reservoir model that incorporated geological 
parameters. They found that multiple vertical wells delivered 
steam to the formation more efficiently  than a single horizontal 
well. Tao et al. (2021) optimized well spacing through laboratory 
experiments, suggesting that for a thick, approximately 15-m ul
traheavy oil reservoir, spacing wells between 15 and 20 m could 
improve VH-SAGD performance. The primary advantage of VH- 
SAGD is the integration of horizontal dynamic forces into SAGD, 
creating a dual mechanism of displacement and oil drainage. 
Additionally, overcoming the longitudinal shielding effect of the 
interlayer can enhance production efficiency  in heavy oil reser
voirs with thinner oil layers (Zhao et al., 2023; Gao et al., 2022; 
Hocking et al., 2011). However, like other steam-based recovery 
methods, challenges such as low thermal efficiency, and high 
carbon emissions must be optimized and addressed.

Steam generation involves the combustion of coal or natural 
gas, releasing CO2-laden flue  gas into the atmosphere, exacer
bating the greenhouse effect and contradicting the current 
emphasis on low-carbon development. To improving steam ther
mal utilization efficiency, various additives such as chemicals, 
non-condensable gases (NCG), solvents, and nanoparticles have 
been considered for use alongside steam in heavy oil development 
(Xi et al., 2019; Nasr and Ayodele, 2006; Alomair and Alajmi, 2022; 
Lu et al., 2024), and some strategies have shown significant effects. 
For instance, NCG can lower the saturation temperature, which 
may slightly hinder bitumen mobilization; however, it generally 
increases the oil/steam ratio (Austin-Adigio and Gates, 2019; Lu 
et al., 2024; Jamshid-nezhad, 2022). Furthermore, the injected 
NCG forms a thermal insulating layer that effectively reduces heat 
loss, and under optimized well configurations, it has demonstrated 
significant improvements in SAGD performance (Zhang and Maini, 
2020; Liu et al., 2012). These findings not only provide a theoretical 

foundation for SAGD optimization but also emphasize critical pa
rameters for improving heat transfer and flow characteristics 
(Huang et al., 2015). Considering cost-effectiveness, material 
availability, and environmental impact, flue gas demonstrates su
perior practical potential among the available NCG options. The 
relatively low compressibility of N2 in flue gas, combined with its 
role in formation energy supplementation during steam chan
neling, helps maintain pressure stability and enhances oil pro
duction rates (Gao et al., 2008; Chen et al., 2020). Additionally, the 
mechanism underlying enhanced thermal recovery by flue  gas 
involves its impact on heavy oil properties. Based on laboratory 
PVT experiments and theoretical calculations, Wang et al. (2017)
and Li et al. (2024) observed that the viscosity of heavy oil de
creases significantly upon flue gas dissolution, with the reduction 
degree positively correlated to the gas solubility. Furthermore, our 
recent findings  indicated that flue  gas promotes resin hydro
cracking and allosterism in heavy oil, improving steam distillation 
efficiency (Li et al., 2023).

Traditional SAGD research has extensively explored factors 
such as gas injection methods and well placement. However, 
studies combining flue gas with VH-SAGD are relatively rare, and 
the potential impacts of this combination warrant further inves
tigation. In this work, considering heterogeneity, a series of ex
periments combining flue  gas with VH-SAGD were conducted 
using a high-temperature-resistant 2D visualization model. The 
enhancement mechanisms of flue gas in VH-SAGD and the impact 
of its injection method were studied from various perspectives, 
such as steam chamber development and production dynamics. 
The length of the interlayer was also optimized to improve re
covery efficiency. This novel approach aims to efficiently  utilize 
typically wasted flue gas resources, simultaneously reducing car
bon emissions and advancing the maturity of VH-SAGD 
technology.

2. Experimental section

2.1. Materials

The two types of crude oil in this work were sourced from two 
distinct heavy oil blocks in the Xinjiang Oilfield, China, with heavy 
fraction (resin + asphaltene) contents of 25.26 and 30.99 wt%, 
respectively. The viscosities of these oils at 30 ◦C and 0.1 MPa were 
6.3 × 104 and 1.24 ×105 mPa⋅s, respectively, which are classified as 
extra-heavy oils by the International Standardization Organization 
(ISO), and detailed parameter information is provided in Table 1. To 
ensure that the results and discussion were more realistic, the oil 
samples were diluted with diesel fuel based on similarity criteria 
(SY/T 7068-2016) and experimental model parameters, and 
viscosity–temperature curves of the diluted simulated oil samples 
are shown in Fig. 1. The gas used was flue gas, which was prepared 
with N2 and CO2 at a molar ratio of 4:1. The purity of both N2 and 
CO2 was 99.9%, as determined by the Qingdao Tianyuan Gas 
Manufacturing Company. The steam used was prepared from ul
trapure water by boiling, and the simulated formation water used 
comprised ultrapure water, 800 mg⋅L− 1 CaCl2 and 35000 mg⋅L− 1 

NaCl, with a resistivity of 18.2 MΩ⋅cm.

2.2. Apparatus

The 2D oil displacement device consisted of four main compo
nents, namely, a fluid injection system, an oil displacement model, a 
data acquisition system, and a fluid collection system, as shown in 
Fig. 2. In the fluid injection system, two ISCO piston pumps (model 
100DX, Teledyne Co., Ltd., USA; pressure range: 0–50 MPa; flow rate 
range: 0–50 mL⋅min− 1; accuracy: ±0.001 mL⋅min− 1) were utilized 
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to provide the driving force for the flow of steam, formation water, 
and ultraheavy oil. Prior to injection into the model, steam was 
directly produced by a steam generator (model GL-1; Huaan Sci
entific  Instrument Co., Ltd., China; temperature range: 0–350 ◦C; 
pressure range: 0–25 MPa). To accurately control the injection of 
flue gas, a mass-flow gas meter (model Sla58550, Brooks, USA; flow 
rate range: 0–30 mL⋅min− 1) was connected between the flue  gas 
cylinder and oil displacement model.

The oil displacement model included a 2D visualization 

apparatus (model LW-5060; Haian Petroleum Research Instru
ment Co., Ltd., China; pressure range: 0–30 MPa; temperature 
range: 0–300 ◦C) and a matching heating controller (Fig. 3). The 
visual area of the apparatus was 50 cm in length and 40 cm in 
width. The visualization window was made of high-temperature 
and high-pressure resistant borosilicate glass with a thickness of 
7 cm. To ensure airtightness of the model and further enhance the 
pressure resistance of the window, a superheavy steel plate with a 
4 × 3 well-shaped grids was pressed onto the glass (Fig. 3(a)). Nut 
holes were placed on the side of the model to facilitate the 
arrangement of the wells (Fig. 3(b)). Eight modular tracking 
heating panels were staggered on the back of the model (Fig. 3(c)) 
to provide continuous heating of the target area. Simultaneously, 
there were 60 uniformly distributed temperature probes inter
connected inside the model for real-time monitoring of tempera
ture field changes. The compaction degree of the sand layer could 
be controlled by a removable piston surrounding the temperature 
probes. The data acquisition system included a computer and a 
high-definition camera (Sony ZV-E10) for collecting images, tem
perature values, and pressure data during the experiments. The 
liquid collection system included a back-pressure valve and a 
graduated cylinder to control the model pressure and to record the 
oil and water production dynamics during displacement.

2.3. Model parameter calculation

The experimental model was designed using similarity criteria 
to maintain proportionality with actual reservoir conditions. The 
obtained model parameters are listed in Table 1. The detailed 
transformation procedure of the parameters is as follows:

First, the similarity criterion R was employed to connect the 

Table 1 
Parameters of the crude oils used in the experiment.

Oil sample No. Measurement conditions Viscosity, mPa⋅s Density, kg⋅m− 3 Mass fraction, wt%

Temperature, ◦C Pressure, atm Saturates Aromatics Resins Asphaltenes

1 30 1 6.30 × 104 943 42.94 31.80 22.70 2.56
2 30 1 1.24 × 105 948 32.87 36.14 25.10 5.89

Fig. 1. Viscosity–temperature curves of the oil samples.

Fig. 2. 2D oil displacement device.
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model with the geometric dimensions of the reservoir, with the 
main physical parameters of the well spacing and reservoir size, as 
expressed in Eq. (1). The profile depth of the model was 1.2 cm. 

R=
Lm

Lf
(1) 

Subsequently, to simulate the production time in the experi
mental process, Eq. (2) from the array of similarity criteria was 
introduced. 

tm

tf
=R2⋅

αof
αom

(2) 

The conversion of steam injection rate from the actual reservoir 
to the physical simulation was achieved by Eq. (3). The perforation 
length ω of the horizontal well in the actual reservoir was 300 m. 

qm

qf
=R⋅

αomϕm
αofϕf

(3) 

The model permeability was calculated by combining dimen
sionless flow functions, as shown in Eq. (4): 
(

K
μo

)

m(
K
μo

)

f

=
1
R

⋅
αomΔρf
αofΔρm

(4) 

Finally, the initial pressure and initial temperature of the model 
were determined by Eqs. (5) and (6), respectively. 

p=
p − pmin

pmax − pmin
(5) 

T =
T − Tmin

Tmax − Tmin
(6) 

where Lm is the well spacing between the injection and production 
wells in the model, m; Lf is the well spacing between the injection 
and production wells on site, m; R is the similarity ratio, dimen
sionless; tm is the experimental production time, years; tf is the 
on-site production time, years; qm is the simulated steam injection 
rate, m3⋅d− 1; qf is the on-site steam injection rate, m3⋅d− 1; αof is 
the thermal diffusion rate of heavy oil on site, m2⋅s− 1; αom is the 
simulated oil thermal diffusion rate, m2⋅s− 1; ϕm is the porosity of 
the reservoir; ϕf is the model porosity; K is the permeability, mD; 
μo is the viscosity of crude oil at the temperature of the steam 
chamber edge, mPa⋅s; p is the average pressure, MPa; pmin is the 
minimum pressure, MPa; pmax is the maximum pressure, MPa; T is 
the average temperature, ◦C; Tmin is the minimum temperature, 

◦C; and Tmax is the maximum temperature, ◦C.

2.4. Experimental procedures

2.4.1. Two-dimensional VH-SAGD experiment
The wells were arranged based on the model parameters 

calculated in Section 2.3. The injection well (vertical well) was 
positioned 2 cm from the left side of the model. The production 
well was located 2 cm above the bottom of the model, horizontally 
aligned with the tail end of the injection well at 35 cm. A clay 
interlayer with a permeability from 5.1 × 10− 6 to 6.0 × 10− 6 μm2 

was established in the middle of the model, measuring 2 cm in 
thickness and 15 cm in length. Additionally, a caprock made of the 
same material as the interlayer was placed at the top of the model 
to maintain the thickness of the reservoir at 20 cm. The layout is 
shown in Fig. 4.

It is vital to note that the heavy oil reservoir simulated in this 
work is a reverse stratum formation, with an average permeability 
of 7600 × 10− 3 μm2 required for the model. The permeability ratio 
between the high-permeability and low-permeability zones is 2 
(Table 2). Therefore, when establishing the clay interlayer, 80- 
mesh and 120-mesh quartz sands were used to fill  the high- 
permeability and low-permeability zones, with permeabilities of 
10000 × 10− 3 and 5000 × 10− 3 μm2, respectively. Tempered glass 
and steel plates were positioned on the rubber sealing ring at the 
model edges, and the detachable bolts on the back of the model 
were tightened. After 12 h of vacuum pumping, the vertically 
placed model was sequentially saturated with water and crude oil 
at a rate of 1 mL⋅min− 1, with the back-pressure regulator (BPR) set 
to 1 MPa. Subsequently, the model was heated to 100 ◦C and 
maintained for 24 h.

Before the experiment begins, the pipeline connecting the 
steam generator and the model needs to be preheated to 100 ◦C 
with a heating belt to prevent steam liquefaction. The injection 

Fig. 3. Two-dimensional visualization model. (a) Front of the model; (b) side of the model; (c) back of the model.

Fig. 4. Well location arrangement for VH-SAGD.
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parameters of steam and flue gas are listed in Table 3. Notably, in 
the three groups of flue gas-assisted VH-SAGD experiments, flue 
gas injection was stopped once the total injected volume reached 
5.0 PV. During the process, a high-definition camera was used to 
capture the development characteristics of the steam chamber. 
The experiment was stopped when the water cut in the produced 
liquid exceeded 98%.

2.4.2. Determination of the oil saturation in oil sands
To analyze the impact of displacement methods on the extent 

of residual oil recovery, oil sand samples were collected from the 
model for oil content determination (Zhang et al., 2014). First, a 
measured quantity of oil sand (m1) was wrapped in filter paper 
and placed in a constant-pressure dropping funnel. Then, a certain 
volume of solvent was added to a round-bottom flask containing 

Table 2 
Matching parameters of the reservoir and the model.

Physical property Field parameter Model parameter

Geometrical dimensions, m 50 × 20 0.5 × 0.2
Injection–production well spacing, m 35 0.35
Porosity, % 27 38
Average permeability, 10− 3 μm2 1200 (800/1600) 7600 (5000/10000)
Oil saturation, % 66 90
Oil viscosity @100 ◦C, mPa⋅s 300 20
Thermal diffusivity of crude oil, m2⋅s− 1 8 × 10− 8 7.6 × 10− 8

Production time, years 6.5 6.8 × 10− 4 (i.e. 6 h)
Perforation length of the horizontal well, m 1.2 0.12
Steam injection rate, m3⋅d− 1 0.64 (150 t⋅d− 1) 8.64 × 10− 3 (6 mL⋅min− 1)
Original pressure, MPa 1.1 (average value) 1
Original temperature, ◦C 100 (average value) 100
R 0.01 0.01

Table 3 
Experimental parameters.

Displacement mode Simulated oil sample 
No.

Injection method of 
gas

Porosity, 
%

Permeability, 
10− 3 μm2

Gas injection rate, 
mL⋅min− 1

Steam injection rate, 
mL⋅min− 1

VH-SAGD 1 / 38.10 5147/9948 0 6
Flue gas-assisted VH- 

SAGD
1 Co-injection 39.17 5030/9761 6 6
2 Co-injection 39.38 5152/9647 6 6
1 Gas pre-injection 38.84 5103/9832 6 6

Fig. 5. Steam chamber expansion and temperature field changes in VH-SAGD and flue gas-assisted VH-SAGD.
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zeolite. The flask was connected to the funnel, and the solvent was 
heated to evaporate into the funnel, where it extracted heavy oil 
from the oil sand. Once enough volume of solvent accumulated, 
the mixture was refluxed into the flask. Heating ceased when the 
refluxed solvent in the funnel became colorless. The sample in the 
funnel was then dried in an oven at a controlled temperature for 
4 h and weighed to determine the mass of quartz sand (m2). 
Subsequently, the extracted liquid in the flask was distilled until 
no solvent remained. The residual viscous liquid was dried for an 
additional 3 h, and its mass (m3) was determined by subtracting 
the flask's mass, representing the heavy oil content in the oil sand.

Due to the destruction of the porous structure of the oil sand 
during extraction, direct measurement of oil saturation at the 
sampling location was unfeasible. Instead, oil saturation was 
calculated based on the determined oil content in the oil sand, as 
follows: 

So =
Vo

Vp
× 100% (7) 

Vo =
m3
ρo

(8) 

Vp =
m2

ρsand
×

ϕ
1 − ϕ

(9) 

where So is the oil saturation; Vo is the volume of crude oil 
extracted from the oil sand, mL; Vp is the pore volume of the 
porous medium (before saturation with crude oil), mL; m2 is the 
mass of quartz sand in the oil sand, g; m3 is the mass of crude oil in 
the oil sand, g; ρo is the density of crude oil in the oil sand, g⋅cm− 3; 
and ρsand is the density of quartz sand in the oil sand, g⋅cm− 3.

3. Results and discussion

3.1. Effect of flue gas on VH-SAGD

To investigate the oil recovery characteristics of VH-SAGD in 
reservoirs with an interlayer and the influence of flue gas on this 
process, 2D visualization experiments were conducted with 
simulated oil sample No. 1, including VH-SAGD and flue  gas- 
assisted VH-SAGD. The analysis focused on the steam chamber 
development characteristics, oil displacement dynamics, and dis
tribution of the residual oil saturation in reservoirs with 
interlayers.

3.1.1. Steam chamber development
The quality of steam chamber development is pivotal in 

enhancing the recovery of heavy oil through steam-based extrac
tion methods (Liu et al., 2018; Pang et al., 2021). Fig. 5 shows the 
steam chambers and corresponding temperature fields at different 
times in the VH-SAGD and flue  gas-assisted VH-SAGD experi
ments. At the same moment, the shapes of the steam-affected area 
and temperature field  closely match, which indicates that the 
experimental results are accurate and reliable.

Due to the large lateral distance between the vertical and 
horizontal wells, a brief piston displacement process occurs during 

Fig. 6. Comparison of steam chamber expansion rate.

Fig. 7. Oil sand distribution and typical displacement phenomena. (a) Steam chamber and fluid flow at the end of VH-SAGD; (b) steam chamber and fluid flow at the end of flue 
gas-assisted VH-SAGD; (c) fingering effect of gas; (d) oil drainage at the top of the model.
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the early development stage. When the oil saturation around the 
vertical well decreases, steam gradually occupies oil containing 
pores, forming the steam chamber. In the first 50 min of VH-SAGD, 
the steam chamber primarily develops in the perforation segment 
of the vertical well, with slightly better development in the upper 
part of the interlayer. During the middle stage of development 
(50–120 min), once the steam chamber reaches the cap rock, it 

begins to expand laterally along it. At 120 min, the leading edge of 
the steam chamber at the cap rock is about one-third of the lateral 
length of the model. During steam chamber expansion, steam in 
the lower part of the interlayer floats upward along the left side of 
the injection well, limiting steam chamber development in the 
lower part of the interlayer and resulting in a smaller expansion 
area. In the later stage (120–300 min), the steam chamber 

Fig. 8. Comparison of the oil displacement dynamics between VH-SAGD and flue gas-assisted VH-SAGD. (a) Oil recovery and water cut of VH-SAGD; (b) oil recovery and water cut 
of flue gas-assisted VH-SAGD; (c) oil production rate; (d) cumulative oil–steam ratio; (e) flue gas storage.
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primarily develops longitudinally, but significant heat dissipation 
during upward steam movement causes the leading edge to 
advance in a sloped shape.

During the same period, the steam chamber expansion area and 
rate of flue gas-assisted VH-SAGD were both greater than those of 
VH-SAGD. As shown in Fig. 5, at 50 min, the upper edge of the 
steam chamber of the flue gas-assisted VH-SAGD has reached the 
cap rock. At 120 min, the leading edge of the steam chamber at the 
caprock is nearly half the lateral length of the model. The steam 
chamber expansion rates in both methods decrease over time, but 
the decline rate is significantly  lower for flue  gas-assisted VH- 
SAGD than for VH-SAGD (Fig. 6). After 300 min of oil displacement, 
the steam sweep efficiency of flue gas-assisted VH-SAGD is 32%, 
which is 12.47% higher than that of VH-SAGD. This means that 
about 38% of the steam can be saved by achieving the same wave 
volume.

The comparison of the oil sand distributions and typical oil 
displacement phenomena is shown in Fig. 7. During the VH-SAGD 
process, the rapid heat dissipation of steam to the reservoir rock 
matrix and the caprock results in the steam chamber developing 
mainly in the upper-left corner of the model, especially in low- 
permeability reservoirs. However, the lateral expansion of the 
top steam chamber is limited, and the vertical gravity drainage 
effect directly above the horizontal production well is relatively 
weak. The thermal fluid  primarily flows toward the production 
well in the manner depicted as pattern ① in Fig. 7(a). This occurs 
because, in regions distant from the production well, heavy oil 
flowing  downward under gravity is driven laterally toward the 
production well through channels created by horizontal forces. 
The interlayer acts as the cap layer of the low-permeability 
reservoir at the bottom of the model, which inhibits the uplift of 
steam to the high-permeability layer and promotes the lateral flow 
of steam along the interlayer in the form of pattern ②. This 
effectively improves the lateral development of the steam cham
ber in the lower part of the model, similar to the mechanism of the 
hybrid steam drive/SAGD process and the hybrid CSS/SAGD pro
cess in enhancing oil recovery in reservoirs containing lean zones 
(Xu et al., 2014, 2017). Compared with SAGD, this method is more 
suitable for the development of heavy oil reservoirs with lean 
zones and thinner layers, but it needs optimize the location of the 
vertical well in combination with the distribution characteristics 
of the lean zones.

With the synergistic effect of the flue gas, the lateral migration 

distance of steam and the gravity oil drainage efficiency  are 
significantly improved. As shown in Fig. 7(b), the enhanced flow 
pattern ② results in the leading edge of the steam chamber in the 
low-permeability layer extending beyond the right end of the 
interlayer, with pattern ③ demonstrating a more significant 
drainage effect compared to VH-SAGD. It is analyzed that the 
mechanism of flue  gas-induced lateral steam migration involves 
two key factors. (1) Creation of lateral flow channels: When the 
upward migration of flue gas beneath the interlayer is obstructed, 
its non-condensable and highly diffusive characteristics cause it to 
accumulate and form fingering  effect, which establish lateral 
migration pathways for thermal fluids,  including steam, as 
depicted in Fig. 7(c). (2) Reduction of flow resistance: The disso
lution of flue  gas lowers the threshold pressure of heavy oil, 
thereby reducing the resistance to lateral steam migration. There is 
another factor for the improvement in thermal sweep efficiency. 
The flue gas accumulated at the reservoir top not only minimizes 
steam heat loss but also compensates for energy deficits caused by 
channeling and other unidentified  factors (Austin-Adigio and 
Gates, 2019), thereby driving the lateral oil displacement and 
vertical drainage in VH-SAGD (Fig. 7(d)).

3.1.2. Oil displacement dynamics
To objectively characterize oil displacement in VH-SAGD and 

flue  gas-assisted VH-SAGD, the produced liquid was placed in a 
high-temperature oven for 24 h to ensure complete oil–water 
separation. During settling, the containers were sealed with 
plastic wrap to prevent water evaporation.

Fig. 8 shows the oil displacement dynamics of VH-SAGD and 
flue gas-assisted VH-SAGD. The oil recovery of the two displace
ment modes rapidly increases at the beginning, followed by a 
gradual decline in the oil production rate at the middle to later 
stages. The recovery rate slowly increases and eventually stabi
lizes, with VH-SAGD achieving a final  oil recovery of 58.9%. The 
limited thermal range of pure steam keeps the viscosity of heavy 
oil high in unheated regions, and the highly mobile condensed 
water tends to channel. This is especially noticeable in the later 
stages, where fluid  channeling creates high-permeability paths, 
leading to substantial steam heat loss (Dong et al., 2019). 
Comparing Fig. 8(a) and (b), the final  oil recovery of flue  gas- 
assisted VH-SAGD is 71.7%, which is 12.8% higher than VH-SAGD. 
Analysis suggests that combining flue  gas with steam increases 
the total flow  rate of the displacing fluid,  which significantly 

Fig. 9. Variation curve of the displacement pressure difference with time. (a) VH-SAGD; (b) flue gas-assisted VH-SAGD.
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boosts the oil production rate during the piston-like displacement 
stage before gas channeling occurs. As shown in Fig. 8(c), the 
maximum oil production rate of flue  gas-assisted VH-SAGD is 
7.2 mL⋅min− 1, which is 1.8 mL⋅min− 1 higher than that of VH-SAGD.

Moreover, the improvement in the oil recovery with the 
assistance of flue gas is reflected in the extended production time. 
The displacement end time for flue  gas-assisted VH-SAGD is 
437 min, 80 min longer than VH-SAGD. This occurs because after 
gas or water channeling, flue gas can convert the oil–water two- 
phase flow  into an oil–gas–water three-phase flow  in VH-SAGD. 
The bubbles formed by it and the oil and water phases will pro
duce the Jamin effect (Wright, 1933) when they migrate in throats 
in the porous medium, forcing the flow channels to expand and 
sustaining crude oil production in a scraping manner.

As a byproduct of steam, flue  gas offers not only short-term 
economic advantages over other additives but also long-term 
benefits in terms of environmental and reservoir sustainability for 
flue gas-assisted VH-SAGD. As shown in Fig. 8(d), at the end of the 
displacement, the cumulative oil–steam ratio of the two modes are 
approximately 0.2. but flue gas-assisted VH-SAGD operates 80 min 
longer than VH-SAGD. When the flue gas injection volume reaches 
1 PV, nearly one-third of the flue gas remains in the reservoir in the 
form of free gas and dissolved gas (Fig. 8(e)), which is higher than 
that of flue  gas-assisted steam flooding  (Wang et al., 2022). The 
emphasis on the dual-phase capture (structural capture and solu
bility capture) of CO2 in flue  gas not only aligns with decarbon
ization goals but also ensures a stable long-term impact on the 
reservoir, without significant adverse effects. This is because N2 is 
more stable in nature and has weaker interactions with heavy oil 
and rocks. Dissolved CO2 enhances the distillation efficiency  of 
steam through extraction and by improving heat exchange between 
steam and heavy oil molecules (Li et al., 2023), while free CO2 
stabilizes asphaltenes through competitive adsorption (reducing 
aggregate size). These mechanisms collectively improve the long- 
term mobility of heavy oil. Although prolonged CO2 exposure may 
induce rock mineral dissolution (Mikunda et al., 2021), the risk of 
formation damage from this reaction can be minimized by pre- 
injecting low-salinity water (Othman et al., 2019).

Fig. 9 shows the variation in the displacement pressure differ
ence over time. The entire displacement process can be divided 
into three stages: sufficient energy supply stage, steady production 
stage, and high-water cut stage. In the stage of sufficient energy 
supply, the maximum displacement pressure for VH-SAGD is 
1.14 MPa, and after steam breakthrough, it quickly shifts to the 
high water cut stage, with a relatively short steady production 
stage. In contrast, the maximum displacement pressure difference 
for flue gas-assisted VH-SAGD is 1.43 MPa, 0.29 MPa higher than 
VH-SAGD, and the duration of steady production is significantly 
extended from less than 50–190 min. This indicates that the 

expansion of the flue  gas during the formation of high perme
ability channels can make up for the energy deficit of the reservoir 
to a certain extent. More importantly, the gas dissolved in heavy oil 
is gradually released, promoting foam oil generation, which helps 
alleviate the decline in oil recovery due to channeling and delays 
the onset of the high-water cut period.

3.1.3. Remaining oil distribution
After the oil displacement experiment, oil sand samples were 

collected from the 2D flat plate model. The 36 sampling locations 

Fig. 11. Comparison of the oil saturation fields. (a) VH-SAGD; (b) flue gas-assisted VH- 
SAGD; (c) quantitative comparison.Fig. 10. Distribution of the oil sand.
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are shown in Fig. 10. The samples at each location were divided 
into 3 parts, and the average value was calculated after the oil 
saturation was measured.

Fig. 11 shows the oil saturation fields of VH-SAGD and flue gas- 
assisted VH-SAGD. In both cases, the mobilization of heavy oil in 
the high-permeability layer above the interlayer is relatively 
higher than in the low-permeability layer below the interlayer. The 
oil saturation near the injection well remains relatively low. In the 
VH-SAGD experiment, the areas with the highest oil saturation are 
I and II, at 40% and 38%, respectively. A significant decrease in oil 
saturation occurs between these two areas, to the left of the hor
izontal well, forming a distinct concave. This indicates that the 
thermal fluid does not effectively pass through low-permeability 
area I but migrates from the high-permeability layer downward 
to the production well, as shown by the red arrows in Fig. 11(a), 
providing further evidence for the discussion in Section 3.1.1. In 
flue  gas-assisted VH-SAGD, the oil saturation in each region de
creases compared to VH-SAGD, with an average saturation of 
21.6%, which is 5.6% lower than that in VH-SAGD. The highest oil 
saturation is less than 34% (Fig. 11(c)). The utilization degree of 

heavy oil in the low-permeability layer below the interlayer has 
been improved, especially in areas I and II. This is due to the strong 
diffusion capacity of flue gas, which mobilizes residual oil that has 
not been significantly heated. Meanwhile, the oil saturation in the 
high-permeability layer at the top of the production well de
creases, and the concavity between areas I and II becomes less 
pronounced (Fig. 11(b)). This indicates that under the action of flue 
gas, the heating degree of heavy oil in the high-permeability layer 
on the right side of the model increases, and the oil drainage area 
increases, which diversifies the flow path of thermal fluid and fully 
utilizes the characteristics of the VH-SAGD well type.

3.2. Effect of pre-injection gas on flue gas-assisted VH-SAGD

Although flue gas-assisted VH-SAGD has shown promising re
sults, the relationship between the flue gas injection method and 
oil displacement effectiveness remains unknown. In the flue gas- 
assisted VH-SAGD experiment with pre-injection gas, 0.25 PV of 
flue gas was injected into the model before the co-injection of flue 
gas and steam.

Fig. 12. Steam chamber expansion and temperature field changes for the three types of flue gas-assisted VH-SAGD.
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3.2.1. Steam chamber development
Fig. 12 shows the steam chamber expansion and temperature 

field  changes for three types of flue  gas-assisted VH-SAGD. Pre- 
injection gas results in a faster steam chamber development 
speed during the early development stage (0–50 min). Both the 
high and low permeability layers exhibit a trend of lateral devel
opment. At the middle stage of development (50–120 min), the 
development rate of the low-permeability layer declines, while the 
development of the high permeability layer steam chamber is 
basically the same as that of the direct co-injection. At the later 
stage of development (120–300 min), the expansion trend of the 
steam chamber is characterized primarily by lateral expansion in 
the high-permeability layer and weak radiation in the low- 
permeability layer. By the end, the lower part of the steam 
chamber develops over a greater distance compared to direct co- 
injection, but the development in the upper part of the steam 
chamber is slightly inferior.

As the viscosity of heavy oil increases, the area of the steam 
chamber decreases during each displacement stage. Because of the 
deterioration of heavy oil fluidity, it is more difficult to push the 
steam laterally, and the steam chamber mainly expands upward 
along the injection wells. After steam overlap, the trend of steam 
chamber expanding laterally along the caprock only applies to the 
top of the model, with weaker lateral development in the middle 

and lower parts. At 120 min, the leading edge of the steam 
chamber at the caprock is slightly larger than one-third of the 
length of the model. By the end of the experiment, the steam 
chamber in the low-permeability lower layer of the interlayer re
mains weakly developed.

During the oil displacement, the expansion rate of the steam 
chamber was recorded, and after completion, the thickness of the 
steam overlap and the development length of the steam chamber 
in the middle and lower parts of the oil reservoir were measured. 
The results are shown in Fig. 13. The steam chamber in the flue gas- 
assisted VH-SAGD conducted with simulated oil sample No. 2 
occupies 20.4% of the entire model, a decrease of 11.6% compared 
to simulated oil sample No. 1. Additionally, the development dis
tance of the steam chamber in the middle and lower parts of the oil 
reservoir and the development thickness of the steam chamber at 
the cap layer decrease by 3.5 and 3.0 cm, respectively. In the early 
stage, the steam chamber expansion rate with pre-injection gas is 
greater than with direct co-injection. By the end, the development 
distance of the steam chamber in the middle and lower parts of the 
oil reservoir increases by 6 cm compared to direct co-injection, 
and the steam chamber proportion increases by 1.5%. The key 
reason lies in the significant  differences in the steam chamber 
development patterns between the two modes. The flue gas pre- 
injected in the early stage is not heated, resulting in weaker 

Fig. 13. Quantitative comparison of the oil sand distribution and steam chamber. (a) Flue gas-assisted VH-SAGD using oil sample No. 1; (b) flue gas-assisted VH-SAGD under pre- 
injection gas; (c) flue gas-assisted VH-SAGD using oil sample No. 2; (d) comparison of steam chamber expansion rate; (e) quantitative comparison of the steam chambers.
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upward dynamics. Its flow  direction is horizontal (toward the 
outlet), and the resulting flow channels can directly induce lateral 
steam migration once co-injection begins. This increases the initial 
steam chamber expansion rate and extends the lateral develop
ment distance of the steam chamber in both the middle of the 
reservoir and the low-permeability layer.

3.2.2. Oil displacement dynamics
Fig. 14 shows the oil recovery dynamics of the three types of flue 

gas-assisted VH-SAGD experiments. The oil recovery with pre- 
injection gas is 73.8%, which is a slight improvement compared to 
direct co-injection. While the oil recovery and water cut for both 
injection methods increase rapidly at first and then gradually slow 
down before stabilizing, the variation in the slope of the oil recovery 
curve for pre-injection gas is relatively low. This difference can be 
attributed to the formation of microchannels within the reservoir 
under the influence  of pre-injection gas, reducing the threshold 
pressure at the piston oil displacement stage. This accelerates the 
development of the steam chamber at the early stage of displace
ment. The advantage of the gas pre-injection in comparing oil 
production rate mode is more intuitive. While the maximum oil 
production rate decreases from 7.2 to 6.7 mL⋅min− 1, the oil pro
duction rate during the steady production phase with pre-injection 

gas is clearly higher than with direct co-injection, becoming similar 
only at 200 min (Fig. 14(b)). This explains how the higher oil re
covery is achieved despite the lower maximum oil production rate.

The results discussed above are further supported by the 
comparison of pressure difference changes (Fig. 14(d)). With pre- 
injection gas, the maximum displacement pressure difference is 
1.18 MPa, which is slightly lower than with direct co-injection. 
However, the pressure drop after the peak is relatively small. 
Moreover, the pressure peak in flue gas-assisted VH-SAGD occurs 
later than that in gas pre-injection. This is because the permeation 
channels established by pre-injection gas create a larger affected 
area for subsequent oil displacement, requiring more fluid injec
tion to replenish energy.

An excessive viscosity of heavy oil exerts a negative impact on 
oil recovery. The oil recovery for simulated oil sample No. 1 is 
71.7%, which is 7.6% lower than that for simulated oil sample No. 2. 
The maximum oil production rate is 6.9 mL⋅min− 1, which is not 
significantly  different from the simulated oil sample No. 1, with 
only a decrease of 0.3 mL⋅min− 1. Notably, when using simulated oil 
sample No. 2, the water cut reaches 80% in 97 min, which is 32 min 
earlier than with simulated oil sample No. 1. This indicates that the 
early arrival of the high-water cut period is a significant  factor 
contributing to the reduction in oil recovery for highly viscous 

Fig. 14. Comparison of the oil displacement dynamics for the three types of flue gas-assisted VH-SAGD experiments. (a) Oil recovery; (b) oil production rate; (c) water cut; (d) 
displacement pressure difference.
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heavy oil.

3.2.3. Remaining oil distribution
Fig. 15 shows the 3D distribution of the oil saturation for the 

three types of flue  gas-assisted VH-SAGD experiments. The most 
obvious characteristic of pre-injection gas is that the oil saturation 
in the low-permeability layer below the interlayer is significantly 
lower than in direct co-injection. This also corresponds well to the 
development characteristics of the steam chamber for both injec
tion modes, indicating that this approach improves the steam flow 
environment and enhances the heating of the low-permeability 
layer. In the experiment conducted using simulated oil sample No. 
2, the oil saturation in various regions of the model is higher than 
that in the experiment conducted with simulated oil sample No. 1, 
and this difference is larger in the low-permeability layer below the 
interlayer and on the right side of the top of the model. The largest 
difference is observed in the lower-right corner, where the oil 
saturation for simulated oil sample No. 2 is close to 38%, while that 
for simulated oil sample No. 1 is only 35%. Therefore, when applying 
flue  gas-assisted VH-SAGD, pre-injection flue  gas before flue  gas- 
assisted VH-SAGD can positively impact the expansion of the 
steam chamber, provided the gas injection volume is well- 
controlled. The viscosity of the heavy oil should not be too high; 
otherwise, the system may prematurely enter a high-water-cut 
phase, disrupting the synergy between oil displacement and oil 
drainage.

3.3. Effect of interlayer length on flue gas-assisted VH-SAGD

The fluid flow and the final development of the steam chamber 
are closely related to the characteristics of the position of the 
barrier layer (Kumar and Hassanzadeh, 2021). To clarify the impact 
of interlayer length on fluid  migration characteristics during oil 
displacement and to optimize well placement strategies in actual 
field operations, further experiments were conducted on flue gas- 
assisted VH-SAGD with different interlayer lengths (0, 15, 25, 
35 cm) based on the methods described in Section 2.4.

Fig. 16 shows the oil recovery of flue  gas-assisted VH-SAGD 
with different interlayer lengths. The oil recovery first  increases 
and then decreases as the ratio of the interlayer length to the well 
spacing increases. The oil recovery peaks at 72.6% when the ratio is 
0.5. As the ratio increases to 0.7, the recovery decreases to 69.4%, 
which is lower than the recovery of 69.8% without interlayer. It is 
important to note that when the ratio of interlayer length to well 
spacing is less than 0.5, the oil recovery increases at a gradually 
rising pace. These characteristics suggest that when there is no 
interlayer or the interlayer length is very short, its impact on re
covery efficiency is minimal. When the length of the interlayer is 
about half of the well spacing, it is more conducive to improving 
the development efficiency.

Fig. 17 shows the schematic of steam chamber development 
mechanism under the influence of the interlayer. A relatively small 
interlayer length exerts a weak impact on the upward movement 
of steam and downward flow  of hot water. Because the lateral 
development distance of the steam chamber at the early stage of 

Fig. 15. Comparison of the oil saturation fields. (a) Flue gas-assisted VH-SAGD using oil sample No. 1; (b) flue gas-assisted VH-SAGD under gas pre-injection; (c) flue gas-assisted 
VH-SAGD using oil sample No. 2; (d) quantitative comparison.
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development can easily exceed the interlayer length. Although this 
may affect the fluid  streamlines inside the steam chamber, it is 
essentially similar to steam flooding  with dual vertical wells, as 
shown in Fig. 17(a). When the interlayer length is too long, the 
downward movement of the condensed hot water from the high- 
permeability layer above the interlayer is obstructed. As a result, 
the hot water flows laterally along the top of the interlayer but 
struggles to bypass it. Similarly, the lateral development of the 
steam chamber in the low-permeability layer beneath the inter
layer is limited, as shown in Fig. 17(c). Although steam gradually 
accumulates beneath the interlayer, the spatial position is not 
conducive to oil drainage. As a result, most of the steam flows to 
the production well in the form of channeling, making the oil in 
the low-permeability layer even more difficult to recover.

For heavy oil reservoirs with confirmed  interlayers, it is 
essential to select appropriate injection-production well locations 
based on the injection-production parameters of steam and flue 
gas. The spacing between vertical and horizontal wells should 
ideally be maintained at about twice the length of the interlayer. 
Because this is more conducive to promoting the lateral expansion 
of the lower steam chamber in the model. As shown in Fig. 17(b), 
The steam injected from the low-permeability layer gradually rises 
and bypasses the interlayer, flowing upward along the right side of 
the interlayer. Simultaneously, condensed hot water from the 

high-permeability layer flows downward along the displacement 
front. Under the convective action of rising steam and downward- 
flowing  condensed water, the lateral development of the steam 
chamber in the middle and lower parts of the reservoir is signifi
cantly improved. This phenomenon has been partially confirmed 
through numerical simulations and industrial-scale experiments 
(Wang et al. 2020, 2023a; Zhang et al., 2022). For example, the 
Xinjiang Oilfield  in China has adopted a vertical and horizontal 
well spacing of 15–35 m based on the width of the interlayer, 
which has increased the oil to gas ratio from 0.13 to 0.14, effec
tively alleviating the negative impact of the interlayer. However, 
this optimization is based on pure steam. With the combined ef
fects of flue gas and steam, the actual development performance of 
reservoirs with interlayers is anticipated to improve further.

4. Conclusions

In this work, a series of 2D visualization experiments were 
conducted focusing on flue gas-assisted VH-SAGD. The combined 
effects of flue gas and VH-SAGD in a heterogeneous environment 
were explored, and the interlayer length was optimized to enhance 
oil recovery. The obtained results are as follows:

(1) Compared to that of VH-SAGD, the oil recovery of flue gas- 
assisted VH-SAGD increases from 58.9% to 71.7%, better 
leveraging the well-type characteristics of VH-SAGD. From 
the perspective of thermal sweep efficiency, maintaining 
the same sweep volume, the steam injection volume can be 
reduced by approximately 38%. The flue gas can significantly 
increase the thickness of steam accumulation at the top of 
the reservoir. Additionally, by supplementing the energy of 
the steam chamber, the oil drainage area of VH-SAGD is 
further expanded.

(2) The flow channels formed by pre-injection gas can induce 
lateral steam migration, slow down steam rise, and the gas 
dissolution process can reduce crude oil viscosity in 
advance, improving the steam flow  environment and 
increasing the lateral development distance of the steam 
chamber in the low-permeability layer. When the injection 
volume is controlled at 0.25 PV, pre-injecting flue  gas in
creases the oil recovery of flue  gas-assisted VH-SAGD by 
2.1%.

(3) For flue  gas-assisted VH-SAGD, the distance between the 
vertical and horizontal wells is twice that of the interlayer, 
which is more beneficial  in transforming the negative ef
fects of the interlayer into advantages. When the lateral 
development distance of the steam chamber in the low- 
permeability layer is just beyond the interlayer, upward 

Fig. 17. Schematic of steam chamber development mechanism under the influence of the interlayer.

Fig. 16. Effect of interlayer length on the oil recovery of flue gas-assisted VH-SAGD.
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and downward convection of floating  steam and reflux 
condensate will enhance heating in the lower part of the 
reservoir, which can better leverage the oil displacement 
advantage of the vertical well without affecting the oil 
drainage effect.
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