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Abstract

This study examines the impact of hysteresis effects on oil recovery during CO₂-Water Alternating Gas (WAG) injection, a 
widely applied enhanced oil recovery (EOR) technique with significant implications for carbon capture, utilization, and storage 
(CCUS). Hysteresis, which describes the cyclic variations in relative permeability during alternating imbibition and drainage 
cycles, plays a critical role in accurately modeling multiphase flow in porous media. However, its effects on CO₂-WAG efficiency 
remain underexplored in many reservoir simulations. To address this gap, a sector model was developed to simulate CO₂-
WAG injection, incorporating hysteresis effects to assess their influence on oil recovery and CO₂ trapping. The results reveal 
that considering hysteresis leads to a 0.9% increase in the oil recovery factor, demonstrating its role in enhancing residual oil 
mobilization. Moreover, hysteresis significantly contributes to greater CO₂ retention within the reservoir, improving long-term 
sequestration potential and reducing gas production rates. The findings underscore the necessity of incorporating hysteresis 
in CO₂-WAG simulations to improve the accuracy of EOR performance predictions and optimize CCUS strategies. Neglecting 
hysteresis can lead to an underestimation of both oil recovery and CO₂ trapping potential, impacting reservoir management 
decisions. This study highlights the importance of precise relative permeability modeling in CO₂-WAG injection to ensure 
reliable performance forecasts and efficient field implementation. 
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Abbreviations 

CCUS : Carbon Capture, Utilization, and Storage; CO₂-WAG: 
Carbon Dioxide-Water Alternating Gas; EOR: Enhanced Oil 
Recovery; GOR: Gas-Oil Ratio; WAG: Water Alternating Gas; 
Sw – Water Saturation; Krw – Relative Permeability of Water; 
Kro – Relative Permeability of Oil; Sg – Gas Saturation; So – Oil 
Saturation; Sor – Residual Oil Saturation; Sgc – Critical Gas 
Saturation.

Introduction 

A significant portion of oil remains unrecovered after 
conventional waterflooding methods in oil reservoirs. 
Enhanced oil recovery (EOR) techniques, particularly Water-
Alternating-Gas (WAG) injection, have emerged as promising 
solutions to improve hydrocarbon recovery. Among WAG 
processes, CO₂-WAG injection has gained increasing 
attention due to its dual role in enhancing oil production and 
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facilitating carbon capture, utilization, and storage (CCUS) [1-
3]. The efficiency of CO₂-WAG injection, however, is strongly 
influenced by various reservoir characteristics, including 
rock wettability, relative permeability, and hysteresis effects 
in multiphase flow.

The CO₂-WAG process involves alternating injection of 
CO₂ and water to enhance oil displacement efficiency. This 
technique leverages the advantages of both CO₂ flooding 
and waterflooding, improving microscopic displacement 
efficiency by reducing oil viscosity while also enhancing 
macroscopic sweep efficiency through controlled mobility. 
Extensive research has demonstrated that CO₂-WAG injection 
provides superior recovery performance in comparison to 
continuous CO₂ injection [4,5]. However, various operational 
challenges, such as early gas breakthrough, viscous 
fingering, and inefficient CO₂ utilization, necessitate further 
optimization of injection strategies.

Several field applications of CO₂-WAG have demonstrated 
significant improvements in oil recovery, particularly 
in mature reservoirs [6,7]. Experimental studies have 
confirmed that alternating gas and water injection results 
in better sweep efficiency and reduced gas override in 
heterogeneous reservoirs [8,9]. However, the effectiveness 
of CO₂-WAG is significantly affected by relative permeability 
hysteresis, which dictates the phase flow behaviour during 
cyclic injection sequences.

Hysteresis in relative permeability refers to the cyclic 
variation observed during successive imbibition and 
drainage processes. In CO₂-WAG injection, these effects 
influence phase mobility and fluid displacement efficiency, 
ultimately impacting oil recovery and CO₂ sequestration [10]. 
The primary cause of hysteresis is the presence of capillary 
trapping, which results in different relative permeability 
curves during drainage and imbibition cycles. Hysteresis 
is particularly significant in three-phase flow, where the 
transition between gas, oil, and water saturations introduces 
complex interactions that conventional models often fail 
to capture accurately. Neglecting hysteresis in numerical 
simulations can lead to an underestimation of both oil 
recovery and CO₂ trapping efficiency [11,12] .

The impact of hysteresis on relative permeability can be 
described mathematically using the Larsen-Skauge model, 
which accounts for cyclic saturation variations:
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where Kro and Krg are the relative permeabilities of oil and 
gas, respectively and n and m are empirical parameters 
derived from experimental data.

Recent studies highlight the importance of incorporating 
hysteresis in CO₂-WAG simulations. Wang et al. synthesized 
advancements in CO₂-WAG techniques and found that 
accounting for hysteresis significantly enhances the 
prediction of oil recovery and gas retention. Moreover, Kumar 
et al. demonstrated that CO₂ trapping is more pronounced 
when hysteresis is included, reducing gas breakthrough 
and stabilizing the gas-oil ratio (GOR). Their work aligns 
with the findings of Abdullah & Hasan, who reported a 12% 
incremental oil recovery in reservoirs where WAG injection 
was preceded by waterflooding, emphasizing the role of 
phase trapping mechanisms.

Despite significant advancements, further research is 
needed to develop more accurate models that fully integrate 
hysteresis effects in CO₂-WAG processes. Most existing 
reservoir simulators still rely on simplified empirical 
correlations, which may not capture the complex multiphase 
interactions occurring in heterogeneous reservoirs [13,14]. 
Recent efforts have explored the use of machine learning 
and artificial intelligence to improve hysteresis modelling 
in CO₂-WAG simulations [15-20]. Future work should focus 
on refining these models to enhance predictive capabilities 
and optimize WAG injection parameters for various reservoir 
conditions.

This study presents a novel approach by integrating a 
comprehensive hysteresis-dependent relative permeability 
model into CO₂-WAG simulations to enhance the accuracy 
of oil recovery predictions. Unlike previous research that 
often oversimplifies hysteresis effects, this work explicitly 
accounts for cyclic variations in multiphase flow to provide 
more reliable assessments of oil displacement and CO₂ 
sequestration efficiency. By refining the representation of 
hysteresis within numerical models, this study addresses 
key uncertainties in CO₂-WAG injection performance 
and offers practical insights for optimizing field-scale 
implementation. Furthermore, this research contributes to 
the ongoing advancement of EOR and CCUS technologies 
by demonstrating how improved modelling techniques can 
maximize both oil recovery and long-term carbon storage.

Materials and Methods 

Properties of the Sector Model

A compositional simulation software was used for the 
numerical simulation of this study. Figure 1 demonstrates a 
3-D view of a seven-point CO2-WAG sector model.
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There are 32 layers in the model, each layer has its own 
characteristics. The porosity and permeability distribution 

in some of the layers are shown in the figures below.

Figure 1: 3D view of CO2-WAG sector model.

Reservoir Porosity

In this reservoir, the porosity ranges from 0.070 to 

0.091. Most of the layers have the same porosity, however, 
the highest porosity value of 0.091 was found in layer 20. 
Figure 2 portrays porosity distributions in Layers 17 and 18.

   
Figure 2: Porosity distribution in layer 17 (left) and in layer 18 (right).
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Reservoir Permeability

The study reservoir is heterogeneous. Permeability 
variation is high, with permeability ranging from 1 to 70 md. 
Most of the layers have the same permeability. The highest 
permeability was found in layers 20 and 22 (Figure 3). In 
reservoirs with high permeability contrast, CO2 migration, 

and trapping efficiency are affected by the variability in flow 
paths. High-permeability layers, such as layers 20 and 22, act 
as conduits, enabling faster CO2 migration. Low-permeability 
layers may impede vertical migration and provide additional 
trapping mechanisms.

    
Figure 3: Permeability distribution in layer 20 (left) and in layer 22 (right).

Relative Permeability Curves 

Figures 4 and 5 depict the relative permeability data for 

two rock types (Type 1 and Type 2). Both formations are 
water-wet (Swx values when krw/kro vs. Sw intersect are larger 
than 0.5). 

     
Figure 4: Relative permeability curves (Rock type 1).
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Figure 5: Relative permeability curves (Rock Type 2).

In water-wet rocks, despite the enhanced trapping, an 
early gas breakthrough may occur in high-permeability zones, 
requiring careful control of injection rates and cycle timing. In 
addition, high water retention in smaller pores can lead to water 
blockage in low-permeability zones, reducing oil recovery 
efficiency. However, the addition of CO2 will potentially alter 
rock wettability over time (e.g., shifting to intermediate-wet 
conditions), affecting long-term WAG performance.

Results and Discussions 

Capillary Pressure Curve

This capillary pressure curve in Figure 6 demonstrates 
the hysteresis effect in a water-wet system during CO₂-

WAG (Water Alternating Gas) injection, illustrating the 
relationship between capillary pressure and water saturation 
for both drainage (gas injection) and imbibition (water 
injection) cycles. In water-wet reservoirs, capillary pressure 
is generally higher at low water saturations due to strong 
water-wetting tendencies, which retain water in smaller 
pores and make it more challenging for gas to enter those 
pores. This behaviour is evident in the drainage curve, where 
capillary pressure decreases sharply as water saturation 
increases. The hysteresis loop, represented by the separation 
between the drainage and imbibition curves, reflects the 
cyclic changes in relative permeability due to the alternating 
injection of water and gas. When water saturation increases 
during the imbibition phase, capillary pressure does not 
return along the same path as in drainage.

Figure 6: Capillary pressure profile (w/ hysteresis effect).
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Instead, it follows a lower-pressure path due to the 
residual trapping of CO₂ within the pore spaces. This trapped 
CO₂ leads to a lower relative permeability for gas and a higher 
relative permeability for oil, aligning with the findings from 
our simulation results.

Alignment with Research Findings

The observed hysteresis effect supports several key 
findings in this research work:
Increased Oil Recovery: By enhancing oil mobility through 
trapped CO₂, hysteresis increases the oil recovery factor. As 
seen in our results, oil production was 0.9% higher when 
hysteresis was included in the model, showing that this effect 
contributes positively to oil displacement efficiency.

Reduced Gas Production and Lower GOR: With more CO₂ 
retained within the reservoir due to hysteresis, the gas-oil ratio 
(GOR) was lower compared to scenarios without hysteresis. 
This aligns with the curve, where increased CO₂ trapping is 
indicated by the lower capillary pressure along the imbibition 
path, implying that less gas is produced back to the surface.

Enhanced CO₂ Trapping and CCUS Potential: The 
hysteresis loop in this water-wet model highlights how CO₂ 

is effectively sequestered within the reservoir. This trapping 
effect not only boosts oil recovery but also strengthens the 
potential for carbon capture and storage (CCUS), supporting 
the dual objectives of CO₂-WAG injection in both EOR and 
environmental sustainability.

Impact of Hysteresis on CO2-WAG Sector Model

Typically, hysteresis refers to the reversal of saturation 
changes, whether they are from growing to decreasing or vice 
versa. When two consecutive injections are made in the same 
direction, as in CO2-WAG flooding, there may be a hysteresis 
effect between them in terms of relative permeability. Hence, 
it is crucial to have a solid grasp of three-phase relative 
permeability that considers cyclic hysteresis effects to 
simulate a WAG process numerically and accurately. Using 
the well-known Larsen-Skauge model, the influence of 
relative permeability hysteresis effects on WAG simulation 
was investigated. The study findings demonstrated that 
taking hysteresis into account increased oil output.

The oil production rate increased with the effect 
of hysteresis, as seen in Figure 7. There was a frequent 
fluctuation in both cases throughout the period.

Figure 7: Oil production rate of CO2-WAG (w/ and w/o hysteresis effect).

In terms of oil production, considerable improvement 
was observed with the effect of hysteresis (Figure 8). The 
cumulative oil production for CO2-WAG w/ and w/o hysteresis 
at the end of the period was recorded at about 48,000 m3 

and 45,000 m3, respectively. With the effect of hysteresis, the 
cumulative oil production of the CO2-WAG model was around 
3,000 m3 higher compared to the one without the hysteresis 
effect.
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Figure 8: Cumulative oil production in CO2-WAG (w/ and w/o hysteresis effect).

The same amount of gas was injected in both scenarios. 
However, the simulation results showed that less gas was 
produced by CO2-WAG when hysteresis effects were included. 
This implies that the hysteresis effect can not only help in 

improving oil production but is also effective in lowering gas 
production. The gas injection and production during CO2-
WAG w/ and w/o hysteresis effect is presented in Figure 9.

Figure 9: CO2-WAG gas injection and production (w/ and w/o hysteresis effect).

Effects of hysteresis on Gas-oil ratio (GOR) were also 
studied (Figure 10). The simulation results indicated that 

GOR values went down when hysteresis was considered. The 
reason is attributed to more CO2 trapping in the reservoir.

Figure 10: CO2-WAG gas-oil ratio (w/ and w/o hysteresis effect).
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As depicted in Figure 11, water cut values in production 
also dropped when considering the effect of hysteresis, 

leading to lower operational costs. 

Figure 11: CO2-WAG water cut (w/ and w/o hysteresis effect).

The three-phase relative permeabilities, which have a 
considerable effect on the recovery of oil, are decided in large 
part by the phase mobility. To obtain accurate three-phase 
relative permeability estimates, the effects of hysteresis must 
be taken into consideration in the WAG flooding simulations. 
By considering the effects of hysteresis, we essentially 
consider the impact of the trapped CO2 in the reservoir. 
Substantial quantities of trapped CO2 (sequestered) in the 
reservoir cause lower relative permeability for gas and higher 
relative permeability for oil, which increases oil mobility and 
in turn enhances oil recovery efficiency.

Accordingly, by excluding hysteresis effects, both 
sequestered CO2 volumes and oil recovery are underestimated.

Figure 12 compares the CO2 content in the water-wet 
reservoir model for the CO2-WAG injection w/ and w/o 
hysteresis effects. The figure on the left represents a CO2-
WAG simulation that does not include hysteresis effects, 
whereas the figure on the right characterizes a model that 
does. As depicted in the Figure, CO2 trapping is considerably 
higher when hysteresis effects are considered.

Figure 12: Comparison of CO2-WAG oil mole fraction (CO2) (w/ and w/o hysteresis effect).

Finally, the oil recovery factor also increased by 
considering hysteresis effects. Without added hysteresis 
effects, the recovery factor of CO2-WAG was 26% however, 

it jumped to 26.9% by including hysteresis effects (Table 1). 
This implies that the recovery factor increased by 0.9% when 
considering hysteresis effects.
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Injection Methods Oil Recovery Factor
CO2-WAG 26.0%

CO2-WAG with hysteresis 26.9%

Table 1: Oil recovery factors with and without hysteresis 
effect.

Conclusions

This study underscores the significant role of hysteresis 
effects in enhancing the efficiency of CO₂-WAG injection 
for oil recovery and carbon sequestration applications. By 
incorporating hysteresis in the sector model, we observed 
a 0.9% increase in the oil recovery factor, a reduced gas 
production rate, and a lower gas-oil ratio (GOR), all of which 
highlight the importance of accurately modelling three-phase 
relative permeability under cyclic saturation changes. The 
presence of hysteresis led to greater CO₂ trapping within the 
reservoir, not only boosting oil recovery but also contributing 
positively to CCUS efforts by effectively sequestering CO₂ in-
situ.

 
This research findings indicate that without hysteresis, 

models may underestimate both oil recovery and CO₂ trapping 
potential, leading to unrealistic projections. Therefore, 
incorporating hysteresis is essential for reliable simulation 
outcomes in CO₂-WAG processes, which ultimately enhances 
decision-making in EOR and CCUS projects. Future research 
could expand on these findings by exploring hysteresis 
effects under varying injection parameters and reservoir 
conditions, further optimizing CO₂-WAG applications for 
sustainable oil recovery and carbon storage.
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