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Abstract: This paper summarizes the research progress and applications of oxygen-reduced-
air-assisted gravity drainage (OAGD) in enhanced oil recovery (EOR). The fundamental
principles and key technologies of OAGD are introduced, along with a review of domestic
and international field trials. Factors influencing displacement performance, including
low-temperature oxidation reactions, injection rates, and reservoir dip angles, are discussed
in detail. The findings reveal that low-temperature oxidation significantly improves the
recovery efficiency through the dynamic balance of light hydrocarbon volatilization and fuel
deposition, coupled with the synergistic optimization of the reservoir temperature, pressure,
and oxygen concentration. Proper control of the injection rate stabilizes the oil-gas interface,
expands the swept volume, and delays gas channeling. High-dip reservoirs, benefiting
from enhanced gravity segregation, demonstrate superior displacement efficiency. Finally,
the paper highlights future directions, including the optimization of injection parameters,
deepening studies on reservoir chemical reaction mechanisms, and integrating intelligent
gas injection technologies to enhance the effectiveness and economic viability of OAGD in
complex reservoirs.

Keywords: oxygen-reduced-air-assisted gravity drainage; low-temperature oxidation; gas
injection rate; reservoir dip angle

1. Introduction

With the continuous growth of the global energy demand, conventional oilfields are
progressively transitioning into high water-cut development stages, significantly increas-
ing the difficulty of recovering residual oil. Consequently, oilfield development is facing
increasingly severe challenges [1-3]. Against this backdrop, enhanced oil recovery (EOR)
technologies have become a critical research focus in the field of oilfield development [4—6].
Gas-assisted gravity drainage (GAGD), as an advanced EOR technology, leveraging gravity
segregation effects, has gained significant attention due to its ability to utilize the density
difference between gas and crude oil to expand the swept volume and enhance the displace-
ment efficiency. Among these, OAGD technology has demonstrated promising potential,
particularly in reducing oxidation risks, delaying gas channeling, and stabilizing gas drive
fronts. This technology shows broad application prospects, especially in low-permeability,
ultra-low-permeability, and complex reservoirs, where it exhibits remarkable oil recovery
potential [7].
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Compared to conventional water flooding, oxygen-reduced air gravity drainage
demonstrates significant advantages in expanding sweep efficiency and enhancing gas
flooding stability. However, the diverse and complex nature of reservoir conditions presents
numerous challenges for its practical application. Key issues include optimizing the injec-
tion rates and oxygen concentrations to delay gas channeling and maximize the recovery
efficiency, clarifying the mechanisms of chemical interactions between oxygen-reduced air,
reservoir minerals, and crude oil and their impact on reservoir stability, and developing
effective injection production strategies tailored to heterogeneous reservoirs. Addressing
these challenges remains critical for advancing this technology.

In recent years, researchers both domestically and internationally have conducted
extensive studies on OAGD technology. These studies have focused on various aspects,
including the mechanisms of LTO reactions and the optimization of gas injection parameters,
gas migration patterns, and oil-gas interface stability. Laboratory-scale physical simulations
and numerical modeling have unveiled the dynamic changes of the oil-gas interface during
gas injection and identified key influencing factors. Field trials have further validated the
feasibility of this technology in low-permeability reservoirs, high-dip reservoirs, and heavy
oil reservoirs [8]. However, these studies still exhibit notable limitations, particularly in
the investigation of multi-factor synergistic effects under complex reservoir conditions,
the impact of reservoir heterogeneity on oil recovery efficiency, and the optimization of
injection production strategies for engineering applications. Further exploration is required
in these areas.

This paper provides a systematic review of the research status of this technology,
focusing on its fundamental principles, key techniques, and influencing factors. It further
addresses existing scientific issues and engineering challenges, proposing future research
directions and development recommendations to offer theoretical insights and technical
guidance for the advancement of oxygen-reduced air gravity drainage technology and its
application in practical reservoir development (Figure 1).
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Figure 1. Structural flow chart of the OAGD review.

2. OAGD
2.1. Fundamental Principles of Oxygen-Reduced Air Gravity Drainage

OAGD combines the principles of oxygen-reduced air injection with gas-assisted
gravity drainage (GAGD). Compared to traditional water flooding techniques, GAGD
leverages the density difference between gas and crude oil to effectively mobilize residual
oil under the influence of gravity. This method is particularly suitable for high-angle,
thick, or complex heterogeneous reservoirs where conventional technologies struggle to
achieve sufficient coverage and recovery [9-11]. The core advantage of this technology lies
in its ability to fully utilize gravity segregation effects. The injected gas diffuses upward
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within the reservoir, causing crude oil to flow downward under gravitational forces toward
the production well, thereby significantly enhancing the vertical displacement efficiency
(Figure 2). This displacement method prevents water breakthrough and channeling issues
commonly encountered in water flooding processes, effectively expanding the swept
volume and mobilizing a greater proportion of residual oil [12].

Overburden

Qil Zone
Water Zone
Underburden

Figure 2. Schematic diagram of the GAGD process.

The selection of oxygen-reduced air as the medium for oxygen-reduced-air-assisted
gravity drainage is primarily based on its safety, economic feasibility, and EOR efficiency.
Compared to conventional air injection techniques, oxygen-reduced air reduces the oxygen
content, effectively mitigating the explosion risks associated with oxidation reactions while
retaining the critical displacement efficiency characteristics of air injection [13,14]. This
refinement not only enhances the controllability of the technology but also expands its
applicability in complex reservoir conditions. Its core advantage lies in combining LTO
reactions with gravity segregation effects to improve oil recovery. During the displacement
process, LTO generates flue gases (such as CO, and water vapor), which further increase
the swept volume, reduce crude oil viscosity, and elevate the reservoir temperature, thereby
enhancing the oil recovery efficiency [15-17]. Compared to conventional water flooding or
other gas displacement methods, oxygen-reduced air flooding demonstrates exceptional
performance in high-dip, low-permeability reservoirs. It effectively mobilizes residual oil
and delays gas breakthrough, significantly improving the recovery efficiency [18-20].

2.2. Oxygen-Reduced Air Preparation Technologies

In terms of resources and cost effectiveness, oxygen-reduced air offers inherent ad-
vantages. Its production relies on well-established technologies, such as pressure swing
adsorption (PSA), membrane separation, and cryogenic separation, ensuring low costs and
abundant gas supply. This makes it particularly suitable for oilfield development projects
with high economic requirements. Compared to nitrogen or carbon dioxide flooding, the
acquisition and preparation of oxygen-reduced air are more convenient while maintaining
significant oil recovery efficiency and operational safety [21]. Therefore, oxygen-reduced air
has emerged as an ideal displacement medium for gas-assisted gravity drainage, making it
a preferred choice for EOR during the later stages of oilfield development.

2.2.1. Cryogenic Separation

Cryogenic separation involves a series of purification, compression, and cooling
processes, where air is passed through a primary heat exchanger to achieve liquefaction,
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forming liquid air. The liquid air is then introduced into a distillation column for separation,
utilizing the differing boiling points of oxygen and nitrogen. Oxygen, with its higher boiling
point, gradually accumulates at the lower section of the distillation column, forming oxygen-
enriched liquid air. Meanwhile, oxygen-reduced air can be obtained from the upper section
of the column as required [22]. The typical process of cryogenic separation is illustrated in
Figure 3.
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Figure 3. Cryogenic separation process flow. 1—air compressor, 2—pre-cooling unit, 3—molecular
sieve adsorber, 4—electric heater, 5—cold box, 6—turbo expander, 7—main heat exchanger, 8—
rectification column, and 9—condenser evaporator.

2.2.2. Membrane Separation Method

The core of membrane separation technology lies in the selection of membrane mate-
rials. For specific membrane materials, nitrogen and oxygen in the air exhibit significant
differences in solubility and diffusion rates, particularly under higher pressure conditions.
By utilizing the pressure differential across the membrane, faster-diffusing gases such as
water vapor and oxygen preferentially pass through to the low-pressure side, forming
oxygen-enriched gas, while slower-diffusing nitrogen accumulates on the high-pressure
side, thereby achieving the separation of oxygen-reduced air [23]. The process flow of the
membrane separation method is shown in Figure 4.

Oxygen-Enriched
Gas Venting
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Figure 4. Process flow of membrane separation method. 1—air compressor, 2—filter, 3—dryer,
4—electric heater, and 5—membrane module.
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2.2.3. Pressure Swing Adsorption (PSA) Technology

PSA technology is a separation process based on the adsorption phenomenon. It
utilizes porous solid media in contact with gas or liquid phases to selectively adsorb
specific components from the fluid on the solid surface, thereby achieving separation
and enrichment of the desired components [24]. This technology adjusts the pressure
during the adsorption and desorption processes, significantly altering the composition and
concentration of the fluid’s components [25]. The entire PSA nitrogen production process
can be divided into four sub-processes: pressurized adsorption, pressure maintenance,
depressurization regeneration, and purging [22,26,27]. The classic PSA process flow is
shown in Figure 5.

A
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-
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Figure 5. Pressure swing adsorption process flow. 1—air compressor, 2—filter, 3—dryer, 4—PSA
tower, and 5—buffer tank.

2.2.4. Comparison of Oxygen-Reduced Air Preparation Processes

In oilfield applications requiring nitrogen, the nitrogen purity in oxygen-reduced air
must be maintained at 90-95% to ensure safety. The PSA (pressure swing adsorption)
process offers significant economic advantages with lower equipment investment costs,
being particularly suited for medium-purity nitrogen requirements. Compared to cryogenic
separation, PSA does not require operation at low temperatures, simplifying the process
flow, reducing equipment investment and operating costs, and greatly enhancing economic
efficiency (Table 1).

Furthermore, PSA technology’s rapid start-up and shutdown capabilities make it well
suited to fluctuating demands for oxygen-reduced air in oilfields, accommodating frequent
start-stop operations. In contrast, cryogenic separation, with longer start-up and shutdown
times, is less flexible and unsuitable for the dynamic needs of oilfields. Additionally, PSA
is simple to operate, requires minimal maintenance, and can achieve long-term, low-cost,
and stable operation in the complex environments of oilfields.
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Table 1. Comparison of oxygen-reduced air preparation processes.

Comparison Criteria

Cryogenic Separation

Membrane Separation

PSA

Process complexity

Complex process, more
equipment, and long
flow paths

Simpler than PSA, with no
switching valves

Simple process with less
equipment

Start/stop flexibility

Low flexibility, with 12 h to
start and 24 h to shut down

High flexibility and short
start-up time

Flexible, with rapid
start-up/shutdown

Nitrogen purity efficiency

Highest efficiency for
high-purity nitrogen;
suitable for >99% purity

Similar to PSA, efficiency
decreases above 99%

Higher efficiency below
97%; efficiency decreases
above 99%

Air compression
requirement

Medium pressure
requirements

Higher pressure
requirements

Medium pressure
requirements

Product pressure stability

Stable output pressure

Stable output pressure

Requires buffer tank for
pressure stabilization

Investment cost

High equipment and land
requirements; high
investment cost

Membrane components are
expensive; high investment

Low initial investment cost

2.3. Field Trials in China and Internationally

2.3.1. International Field Trials

Air injection technology has progressed internationally since its first trial in 1963,

demonstrating significant production increases. By 1996, it had achieved large-scale ap-

plication, with recovery rates improving from 6% to over 30% (Table 2). This evolution

validated its enhanced oil recovery potential, refined the approach through optimization,
and facilitated its global adoption.

Table 2. Field trials of air injection/oxygen-reduced air injection abroad.

Year Field Trial Results Significance
Demonstrated the
Increased oil production by  effectiveness of air injection in
1963-1966 Nebraska Sloss [28] over 1 million barrels. EOR in water-flooded
reservoirs.
Validated the feasibility of air
. Recovery factor improved and flue gas injection in
1971-1982 W. Heidelberg [29] from 6% to 30%. high-temperature deep
reservoirs.
Recovery factor improved to }II_II 1iﬁlllge}:siif;eirpi?z?tti?i(i)rf1
1977 BRRU [30] 21%; cumulative production & If e
. o ow-permeability,
increased by over 15%. . .
high-pressure reservoirs.
Recovery factor increased Demonstrated the significant
1987-1994 MPHU [31] from 15% to 28.2%; gas-to-oil ~ enhancement in recovery for
ratio reached 1182.62 m3/t. low-yield reservoirs.
. Showecased excellent economic
Increased production by and recovery performance of
1996 Horse Creek [32] 1 million tons; recovery factor yP

improved by over 10%.

high-pressure air injection for

further promotion.

In 1965, gravity-stable displacement trials in the United States laid the foundation
for subsequent developments. By 1975, gas injection enhanced the recovery efficiency in
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the Hawkins Field. In 1992, gravity-stable displacement effectiveness was validated in
Hungarian oilfields. In 1997, Indonesia’s oilfields achieved a recovery rate of 59.2%. By 2000,
the Cantarell Field successfully stabilized the oil-gas interface and boosted production,
marking the maturity and widespread adoption of the technology (Table 3).

Table 3. Research progress on gravity-stable gas injection field trials abroad.

Year Field Injection Method Significance
Conducted the first vertical gravity-stable gas
1965 America [33] Top-down gas injection injection field trial, establishing a foundation for
subsequent studies.
Tob—down non-miscible Doubled oil recovery compared to water flooding,
1995-1997 Handil Main Zone [34] P s reaching 59.2%. Laboratory studies showed a 24%
dry gas injection : o -
increase in displacement efficiency.
Over four years, 39.6 billion m? of gas was injected,
_ R producing an additional 1.402 million barrels of oil.
1981-1992 Nagy Lengyel [35] Gas injection The oil-gas interface remained stable, with no gas
channeling observed.
Increased oil recovery by over 5%, effectively
2000 Cantarell [36] Top—c?oyvn .mtrogen cqntrolhng the wa.ter cut and increasing 011- O}Jtp}lt.
injection This was the first nitrogen non-miscible gas injection
field trial in the region.
2.3.2. Field Trials in China
In recent years, air injection technology has seen significant advancements in China.
Trials conducted in oilfields such as Zhejiang and Jilin have demonstrated great potential.
The Baise Oilfield achieved a cumulative production increase of 14,800 tons, and the Tuha
Oilfield improved recovery rates by 10-20%. Moreover, oilfields in Zhongyuan, Liaohe,
Zhejiang, and Jilin reported increased production and reduced water cuts, underscoring
the potential for broader application of this technology (Table 4).
Table 4. Field trials of air injection/oxygen-reduced air injection in China.
Year Field Trial Results Significance
. L Validated the effectiveness of
Cumulative production increased by ir/ foam-assisted water injection in
1996 Baise Field [37] 14,800 tons, with significant economic alr/roarm-assisted water rjection u
. controlling water and enhancing oil
benefits. .
production.
Oil recovery efficiency improved by Provided theoretical and practical support
2003 Tuha Field [38] 10-20% compared to water flooding for applying air injection in complex
under LTO. reservoirs in Tuha Field.
Oil production increased by 12%; water =~ Demonstrated the effectiveness of air/foam
2007 Zhongyuan Field [39] cut reduced by 4%, with no gas injection in high-temperature, high-salinity
channeling observed. heterogeneous reservoirs.
Annual decline rate reduced from 22% Sucicrssescitilcl)lr)ll tiﬁﬁﬁzioxyiie;;?g;ﬁﬁ a
2012 Liaohe Field [40] to 14.5%; cumulative oil production jectt . 8Y
. reservoirs, laying the groundwork for
increased by 110,000 tons. ¢ .
large-scale implementation.
Daily oil production increased to S
2016 Zhejiang Field 2.5 tons/day; water cut decreased Addressed water injection challenges and
by 20%. enhanced recovery efficiency and output.
Daily oil production increased by Provided a successful case study of
2017 Jilin Field [41] 2.2 times; water cut reduced by oxygen-reduced air injection for high

3.7 percentage points.

water-cut, low-permeability reservoirs.




Energies 2025, 18, 557

8 of 18

Top gas injection technology in China is still in its exploratory phase. In 1994, the
Yanling Oilfield conducted the first trial; in 2007, the Weizhou Oilfield optimized injection
production well patterns; in 2015, the Huabei Oilfield achieved a recovery increase of over
10%; and in 2024, the Qinghai Oilfield enhanced the stability of gas drive, further improving
the gravity-stable gas injection efficiency (Table 5).

Table 5. Research status of gravity-stable gas injection field trials in China.

Year Oilfield Injection Method Significance
Enhanced recovery by over 5%, with significant
1994 Yanling Oilfield [42] Top—c?oyvn nitrogen water.co?tr(.)l and oil increment e.ffe.cts. Cpnducted
injection China’s first top-down non-miscible nitrogen
injection field trial.
Laboratory and simulation studies confirmed the
. . g N effectiveness of top—down gas injection in improving
2007 Weizhou Oilfield [43] Top-down gas injection recovery. Clarified the principles for well placement
of injectors and producers.
Predicted recovery improvement of over 10%, with
2016 Huabei Oilfield [44] Top-down air injection cumulative oil production of 1.789 million tons.
Ensured safe production without gas explosion risks.
Research confirmed that injection production
Top-down coordination and pressure-controlled zonal
2024 Qinghai Oilfield oxygen-reduced air production significantly stabilized the oil-gas
injection interface, enhancing the gravity-stable gas injection
efficiency.

3. Key Factors Influencing OAGD
3.1. LTO

The LTO process of oxygen-reduced air gravity drainage is a critical mechanism for
EOR. It is influenced by multiple factors, including the segmentation of oxidation stages,
regulation of oxygen concentration, characteristics of oxidation product formation, and
experimental methodologies. Simultaneously, experimental studies and numerical mod-
eling provide theoretical support for elucidating the reaction pathways and oil recovery
mechanisms of LTO. Future research should focus on the coupling effects of the reservoir
temperature, pressure, and oxygen concentration on LTO efficiency. An in-depth explo-
ration of its dynamic effects and application potential is essential to optimize technical
parameters and improve the stability and feasibility of oil recovery.

The LTO process of crude oil can be divided into four stages: light hydrocarbon evapo-
ration, low-temperature oxidation, fuel deposition, and high-temperature oxidation [45,46].
Among these, the LTO stage, due to its lowest activation energy, is the most likely phase for
crude oil oxidation reactions to occur. During this stage, the oxidation process generates
heat and flue gases (such as CO, and water vapor), which help reduce crude oil viscosity
and increase the reservoir temperature. As the temperature rises, the oxidation reaction
rate accelerates; however, excessively high temperatures may lead to saturation of the oil
recovery effect [47,48]. Therefore, it is essential to optimize the oil displacement conditions
based on reservoir temperature to balance oxidation efficiency and operational safety.

Oxygen concentration plays a decisive role in the LTO process of crude oil. Higher
oxygen concentrations can intensify the oxidation reaction but may also result in pore
blockage and safety risks. In oxygen-reduced air flooding, controlling the oxygen concen-
tration enables the achievement of optimal LTO efficiency while ensuring the safety of the
gas injection process (Figure 6) [18]. An appropriate oxygen concentration can also delay
gas breakthrough, optimize gas flow pathways, enhance sweep efficiency, and improve oil
recovery performance [49].
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Figure 6. Mechanism of LTO [18].

The products of LTO reactions include heat, flue gases such as CO,, CO, and CHy, as
well as partial oxidation derivatives such as alcohols, ketones, and organic acids [17,46,48].
These products not only help reduce crude oil viscosity and oil-water interfacial tension but
also enhance oil recovery efficiency through gas miscibility and oil expansion. Furthermore,
the generated flue gases contribute to maintaining reservoir pressure and delaying gas
breakthrough [50]. However, heavy components formed during the oxidation process may
deposit locally, impairing the reservoir’s permeability and flow capacity, which necessitates
effective control measures [51].

Common methods for studying the LTO process include thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), gas chromatography (GC), and Fourier-
transform ion cyclotron resonance mass spectrometry (FT-ICR-MS). These techniques are
instrumental in revealing heat release, compositional changes, and reaction pathways
during the oxidation process [52,53]. In porous media, static and dynamic oxidation experi-
ments combined with kinetic models can be employed to investigate reaction behaviors
under varying temperatures, pressures, and oxygen concentrations. These studies facilitate
the optimization of injection parameters for oxygen-reduced air flooding.

The reaction pathways of LTO are primarily determined by the reservoir temper-
ature, pressure, and oxygen concentration [20,36]. At temperatures below 120 °C, the
reaction products are predominantly oxygenated derivatives. As the temperature increases,
fuel deposition and high-temperature combustion gradually become dominant processes
(Figure 7) [54,55]. Studies have shown that appropriate oxidation conditions not only
improve crude oil mobility but also optimize gas flow pathways through self-correction
effects, further expanding the sweep area and enhancing the oil recovery efficiency [56].
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Figure 7. Reaction pathways of crude oil during LTO [55].

3.2. Injection Rate

By carefully designing the injection rate, it is possible to stabilize the oil-gas interface,
optimize the displacement efficiency, and meet the requirements of various reservoir
conditions. Numerical simulations and experimental studies provide theoretical and
practical support for optimizing injection rates, with a focus on balancing the injection
production rates, sweep efficiency, and economic benefits.

Proper control of the gas injection rate is crucial for maintaining the stability of
the oil-gas interface. Lower injection rates can help establish a stable oil-gas interface,
slow the downward movement of the interface, and prevent the occurrence of viscous
fingering [57,58]. However, excessively high injection rates can compromise interface
stability, accelerating the movement of the gas front and causing gas channeling, which
reduces the oil recovery efficiency. This issue is particularly pronounced under miscible
displacement conditions (Figure 8) [10,59,60].

Determining the optimal range of injection rates is equally important, as oil recovery
typically exhibits a trend of initially increasing and then decreasing with the injection
rate [61]. Studies have shown that appropriately reducing the injection rate can decrease
residual oil saturation, increase the gas swept volume, and enhance oil recovery [62].
However, excessively low injection rates may lead to insufficient viscous force and capillary
trapping, prolonging the breakthrough time and impacting economic efficiency. Conversely,
excessively high injection rates can exacerbate gas breakthrough, resulting in a decline in
oil recovery (Figure 9) [10].
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Figure 8. Comparison of the gas injection rate on oil saturation before the breakthrough time [60].
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Figure 9. Stable nitrogen flooding process diagram [10].

The design of injection rates must consider reservoir characteristics and the specific
stage of displacement. In low-permeability reservoirs, lower injection rates can prevent
rapid gas breakthrough and uneven flow. In contrast, in high-permeability reservoirs
or light oil reservoirs, moderately higher injection rates can enhance the displacement
efficiency, provided they do not compromise interface stability due to excessive rates [63—65].
In addition, factors such as the reservoir temperature, pressure, and oxygen concentration
significantly influence the optimal range of injection rates. These parameters must be
carefully balanced to achieve effective displacement and maintain reservoir stability.

Through numerical simulation and experimental analysis, the optimization of injection
rate parameters can be effectively achieved. Studies have demonstrated that lower injection
rates not only enhance oil recovery but also expand the gas swept volume and maintain
reservoir pressure more effectively [66]. In experiments conducted in the Qinghai Oilfield,
oxygen-reduced air demonstrated significant LTO effects at a moderate injection rate,
leading to improved ultimate oil recovery. Similarly, studies in the Honghe Oilfield revealed
that optimized injection rates and oxygen concentrations enhanced the oil displacement
efficiency. Furthermore, numerical simulations indicate that the impact of the injection
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rate on the oil recovery efficiency is closely tied to the balance among gravity, viscous
forces, and capillary forces. Experimental calibration of the model parameters is essential
to achieve optimal displacement performance (Figures 10 and 11) [67,68].
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Figure 10. Relationship between oil recovery factor and injected gas volume at different injection
rates [67].
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Figure 11. Relationship between gravity number and oil recovery factor in oxygen-reduced air gravity
drainage [68].

3.3. Reservoir Inclination

Reservoir inclination is a critical factor in OAGD. High-inclination reservoirs enhance
gravity segregation, resulting in a more stable gas cap for oil displacement, reduced gas
channeling, and significantly improved oil recovery rates. In practical applications, it
is essential to prioritize the evaluation of reservoir inclination and associated geological
conditions. Optimizing well placement and gas injection parameters is key to leveraging
the advantages of reservoir inclination effectively [61].

In high-inclination reservoirs, gas naturally migrates upward due to its lower density,
forming a gas cap. This gas cap utilizes the density contrast between gas and crude oil
to drive the oil-gas interface downward, effectively displacing residual oil located at the
top and near faulted areas, commonly referred to as “attic 0il” [69-71]. As the reservoir
dip angle increases, the gravitational differentiation effect becomes more pronounced,
significantly enhancing the stability of the oil-gas interface, reducing viscous fingering,
and expanding the swept volume, thereby improving recovery efficiency. In reservoirs
with smaller dip angles, gas tends to break through the oil zone, leading to gas channeling
and reduced displacement efficiency. In contrast, larger dip angles allow gas to accumulate
more effectively at the reservoir top, delaying the onset of gas channeling.

Experimental and numerical simulations indicate that the reservoir dip angle has a
direct impact on displacement efficiency. As the dip angle increases, the gravitational force
component becomes more pronounced, significantly EOR efficiency. The data in Table 6
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show that as the dip angle increases from 0° to 80°, the ultimate recovery factor improves
from 31.87% to 55.64%, representing a significant increase of 23.77% [72]. In addition, the
gas displacement front in high-dip reservoirs is more stable, facilitating the accumulation
of residual oil at the front to form an oil bank. This enhances the displacement efficiency,
extends the displacement duration, and expands the sweep area [73].

Table 6. Displacement experiment results under different reservoir inclination angles [72].

c Displacement Final . .
No. Inchnatl(?n Angle Hydr(‘);alrbon Pore E fﬁcienzy Before Gas Displacement . Efficiency .
©) otume Breakthrough (%) Efficiency (%) mprovement (%)
1 0 0.18 19.08 31.87 0
2 30 0.21 31.95 41.85 9.98
3 45 0.24 39.95 46.80 14.93
4 60 0.31 42.21 50.52 18.65
5 80 0.35 44.79 55.64 23.77

In high-dip reservoirs, a greater reservoir dip angle corresponds to a higher gravita-
tional stability number (e.g., Non-Dimensional Gravity-Assisted Gravity Index (NGAGI)),
which promotes the formation of a stable oil-gas interface [62]. Studies indicate that when
the reservoir dip angle reaches 13.8°, the gravitational stability number exceeds 1, signify-
ing that the gas injection process can achieve stable gravity-driven oil recovery. Enhanced
gravitational stability models further demonstrate that an increased dip angle not only
improves the efficiency of gas migration to the reservoir top but also reduces the residual oil
saturation at the top, thereby enhancing displacement stability and recovery efficiency [74].

In the practical application of oxygen-reduced air injection, the advantages of high-dip
reservoirs have been validated through experiments and numerical simulations [45,46].
For example, in the Weizhou QOilfield experiment, arranging injection wells at the top of the
reservoir and production wells at the bottom enabled gravity-stabilized gas flooding, which
ultimately enhanced the recovery factor [62]. Meanwhile, studies have also shown that
reservoir dip angle and injection rate are the most critical factors influencing oil recovery
efficiency. Parameters such as the production rate, vertical-to-horizontal permeability
ratio, and crude oil viscosity significantly impact efficiency, whereas capillary pressure and
reservoir heterogeneity have relatively minor effects.

3.4. Reservoir Types

The applicability of oxygen-reduced-air-assisted gravity drainage (OAGD) largely
depends on the geological and fluid properties of the reservoir. Studies indicate that
reservoirs with moderate to steep dip angles (5-36°) are most suitable for OAGD [61].
These reservoirs significantly enhance gravity segregation, stabilizing the oil-gas interface
during gas injection. For instance, the Weeks Island Reservoir (26° dip angle) and Bay St.
Elaine Reservoir (36° dip angle) demonstrate strong gas accumulation capabilities, delaying
gas breakthrough and improving recovery efficiency. This highlights the critical role of dip
angles in gas distribution and displacement stability, where overly low angles may weaken
gravity segregation, and excessively high angles could lead to uneven gas flow.

Reservoir thickness is another crucial factor influencing the sweep efficiency and
stability of the injection front. OAGD technology performs exceptionally well in reservoirs
with thicknesses ranging from 15 to 290 m. For example, the Wizard Lake Reservoir [75]
(198 m thick) showcases the advantages of thick reservoirs for displacement, while the
Handil Main Reservoir [76] (15-25 m thick) demonstrates that medium-thickness reservoirs
can also achieve significant recovery improvements with optimized injection production
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strategies. However, thinner reservoirs may face limitations in sweep efficiency, requiring
adjustments in their injection rates and gas distribution paths to maximize effectiveness.

Permeability plays a decisive role in determining the efficiency of gas flow and oil
displacement. OAGD technology has been successfully applied across a wide permeability
range from 10 to 3400 mD. High-permeability reservoirs like the Hawkins Dexter Reservoir
(3400 mD) exhibit excellent gas flow performance, while low-permeability reservoirs such as
the Donghe 1 Reservoir [77] (60 mD) have achieved notable recovery improvements through
optimized injection parameters. Nevertheless, gas flow resistance in low-permeability
reservoirs necessitates careful regulation of the injection pressure and oxygen concentration,
while high-permeability reservoirs require measures to prevent gas channeling.

The viscosity and density of crude oil directly impact the efficiency of OAGD. Research
shows that low- to medium-viscosity oils (viscosity below 50 mPa-s) are better suited for
gravity-driven segregation processes, while lower-density oils (API gravity above 25°)
enhance gas displacement and viscosity reduction effects. These fluid characteristics make
OAGD particularly advantageous in low-permeability and complex reservoirs. For high-
viscosity oils, additional measures such as thermal recovery or chemical modification may
be needed to enhance applicability.

Reservoir lithology is another critical factor for the successful application of OAGD.
Both sandstone and carbonate reservoirs exhibit good adaptability. Sandstone reservoirs
(e.g., Weeks Island and Donghe 1) typically offer higher gas permeability, whereas car-
bonate reservoirs (e.g., Westpem Nisku) excel under steep dip angles due to their fracture
development, providing superior gravity-driven displacement. However, fractures may
also lead to premature gas breakthrough, requiring optimized injection production designs
for mitigation.

In summary, OAGD is well suited for reservoirs with moderate to steep dip angles,
significant thickness, medium to high permeability, and low- to medium-viscosity and
-density oils. By aligning reservoir characteristics with injection production strategies,
such as adjusting the injection rates, optimizing the oxygen concentration, and controlling
the injection pressure, the efficiency and adaptability of OAGD can be further enhanced.
This provides a robust theoretical foundation and practical guidance for its application in
complex reservoir conditions.

4. Conclusions and Outlook
4.1. Challenges

1. While extensively studied, LTO in OAGD faces critical challenges. Current research
predominantly examines single-factor effects, such as temperature, oxygen concentration,
and pressure, under idealized laboratory conditions. This approach limits the under-
standing of dynamic coupling mechanisms in complex reservoirs, leading to discrepancies
between experimental results and field applications. Key issues include the insufficient
exploration of the combined effects of reservoir heterogeneity, rock wettability, and pres-
sure variations on LTO reactions and gas transport. Furthermore, the impact of oxidation
byproducts, such as heavy component deposition causing pore blockage and permeability
reduction, is poorly understood. Long-term gas injection studies remain underdeveloped,
with inadequate insights into reservoir temperature, oxygen concentration, and reaction
rate dynamics.

2. The injection rate significantly influences oil-gas interface stability, sweep efficiency,
and recovery. However, challenges persist in understanding multi-factorial effects, includ-
ing reservoir heterogeneity, temperature, pressure, and the oxygen concentration. Most
studies focus on initial stages, overlooking temporal variations in injection rates and their
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impact on reservoir pressure distribution and fluid flow. Additionally, field validation of
injection production strategies is limited, particularly in complex reservoir conditions.

3. High dip angles improve gravity segregation, stabilize gas caps, and enhance recov-
ery efficiency. However, existing research focuses on homogeneous reservoirs, neglecting
the effects of fractures, connectivity, and permeability contrasts in heterogeneous systems.
The interplay between the dip angle and injection rate is poorly understood, and long-term
oil-gas interface stability remains inadequately analyzed.

4.2. Recommendations and Future Perspectives

1. Future studies should develop integrated coupling models that account for reservoir
heterogeneity, thermodynamic, and kinetic factors to uncover the synergistic effects of gas
transport and LTO reactions. Comprehensive evaluations of oxidation byproduct distri-
bution and deposition mechanisms are necessary to mitigate pore blockage and maintain
reservoir permeability. Prolonged injection experiments should focus on optimizing the
oxygen concentration, pressure, and temperature for enhanced recovery stability.

2. Research should prioritize multi-factor coupling mechanisms using experimental
and numerical simulation approaches to assess dynamic injection rate effects in complex
reservoirs. Long-term monitoring and analysis are essential to establish robust, field-
applicable injection strategies tailored to diverse reservoir conditions.

3. Investigations should emphasize the influence of heterogeneity, including fractures
and permeability contrasts, on gravity segregation and gas migration in steeply dipping
reservoirs. The coupled effects of dip angle and injection rate should be systematically
studied to optimize injection production strategies. Enhanced monitoring of oil-gas inter-
face stability during extended injection processes is critical for providing precise theoretical
guidance and practical solutions.

4.3. Summary and Conclusions

OAGD presents significant potential for enhancing oil recovery, particularly in com-
plex reservoir conditions. LTO remains a pivotal process, with oxygen concentration control
being critical to balancing reaction intensity and safety. Injection rate optimization can
stabilize oil-gas interfaces and improve the recovery efficiency, while the reservoir dip
angle enhances gravity segregation and the swept volume. Addressing challenges related
to multi-factor coupling, byproduct impacts, and long-term dynamics will enable OAGD
to achieve its full potential. Comprehensive research integrating experimental, simulation,
and field data is vital for advancing the technology and providing actionable insights for
practical applications.
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