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Abstract9

Currently, the vast majority of subsurface carbon dioxide storage occurs in ma-10

ture oil fields, where sequestration is combined with enhanced oil recovery. When11

carbon dioxide is injected below the minimum miscibility pressure, three-phase flow12

occurs. We study the sensitivity of assumptions made in the assignment of three-13

phase relative permeabilities on predicted oil recovery and carbon dioxide storage for14

a three-dimensional reservoir models. We investigate saturation paths, time to water15

breakthrough, oil recovery and gas storage in weakly water-wet and strongly oil-wet16

reservoirs, using representative two-phase relative permeabilities. Different interpola-17

tion methods to determine the three-phase relative permeabilities are used to assess the18

impact on reservoir performance. In particular, we show how a physically-consistent19

characterization of the gas relative permeability has a critical impact on predicted20

performance. Using saturation-weighted interpolation on the gas relative permeabil-21

ity between gas/oil and gas/water endpoints, where gas is not the most non-wetting22

phase in the presence of mobile water, has a major impact on CO2 storage: compared23

to a traditional model using only the gas/oil relative permeability 10% more CO2 is24

stored, while the oil recovery is 5% lower. This work stresses the necessity of hav-25

ing accurate measurements of relative permeability when assessing CO2 storage in oil26

fields, and the importance of allowing all three relative permeabilities to vary as a27

function of two independent saturations.28

1 Introduction29

Carbon dioxide storage is a key component of efforts to reach net zero carbon emissions30

(Shu et al., 2023)(Burger et al., 2024). At present the vast majority of carbon dioxide31

storage occurs in oil fields due to the economic benefit of additional hydrocarbon recovery,32

the availability of existing injection infrastructure and the guarantee of a secure cap rock33

(Whittaker and Perkins, 2013)(Roussanaly and Grimstad, 2014)(Longe et al., 2025)(Na-34

tional Petroleum Council, 2021)(Mirzaei-Paiaman et al., 2024). Traditionally, the reason35

for injecting carbon dioxide was to increase oil recovery. Carbon dioxide is typically in-36

jected with water – water alternate gas injection, WAG – to reduce the mobility contrast37

between the injected fluids and resident oil, to increase the volume of the reservoir con-38

tacted, and to reduce costs. Furthermore, the injection pressure is often sufficiently high39

such that the carbon dioxide and oil are miscible – they form a single phase – as this leads40

to complete displacement of oil locally. If the carbon dioxide comes at a cost, the most41
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efficient design involves retaining as little of the gas in the subsurface as possible; instead42

carbon dioxide is produced, separated from the oil and then reinjected.43

If there are direct incentives or tax credits associated with permanent sequestration of44

carbon dioxide, then the injection design needs to be modified to retain as much injected45

gas underground as possible. It may therefore be desirable to inject less water than in46

recovery-focused operations, or inject at a lower pressure where carbon dioxide and oil47

form distinct phases. In such cases, the flow properties of the gas become important and48

need to be characterized accurately to predict the movement and storage of carbon dioxide.49

Traditionally, the gas relative permeability is measured in the presence of oil with50

irreducible water. In this case, gas is always the most non-wetting phase, occupies the51

largest pores and has a high relative permeability once the gas connects across the sample52

Blunt (2017). However, with mobile water present, it is possible that in an oil-wet or53

mixed-wet rock, the water is the most non-wetting phase. The water blocks the larger54

pores, while gas is confined to spreading layers or pores of intermediate size. It may55

also be poorly connected in the pore space. This is particularly true for near-miscible56

displacements, when the interfacial and wetting properties of the oil and gas become57

similar (Alhosani et al., 2021). Hence it is likely that current models over-estimate the gas58

relative permeability (Foroudi et al., 2022)(Masalmeh et al., 2025) leading to erroneous59

assessments of gas storage; in particular models may exaggerate the migration of gas, and60

how much is reproduced while under-estimating the net amount retained underground.61

Many studies have shown that the correct relative permeability model is necessary to62

make accurate field-scale predictions (Hustad, 2002)(Hustad and Browning, 2010)(Shahverdi63

et al., 2012)(Foroudi et al., 2022)(Masalmeh et al., 2025)(Jerauld, 1997a)(Guzman et al.,64

1994)(Acharya et al., 2024)(Qi et al., 2009)(Qi et al., 2008)(Brown, 2014). In three-phase65

flow, a challenge is to interpolate the behavior seen in experiments when only two phases66

are mobile (oil and water, gas and oil, or gas and water) to cases where all three phases67

can flow.68

In general, interpolation methods are only implemented for the oil-phase relative per-69

meabilities from gas/oil and water/oil systems Stone (1970). It is rare to interpolate gas70

relative permeabilities between gas/oil and gas/water displacement, and water relative71

permeabilities between water/oil, and water/gas experiments.72

In this study, we use interpolation methods for all three-phase relative permeabilities73

– CO2 gas, oil, and water – to illustrate the impact of three-phase relative permeability on74

CO2 storage capacity and oil recovery. We explore how physically-justified assumptions75

of a low CO2 relative permeability in the presence of mobile water affects field-scale pre-76

dictions of trapping and recovery. We show that using a more accurate representation of77

the gas relative permeability leads to predictions of more storage. Furthermore, we show78

that it is possible to design effective injection schemes without the use of water injection.79

2 Method80

The studies were divided into two main parts: the sensitivity of predcitions of recovery81

and storage on interpolation methods for only one phase, oil, and the sensitivity using82

interpolation methods on all three phases – CO2 gas, oil, and water.83

2.1 Interpolation Methods for Relative Permeability84

Three-phase oil relative permeabilities are estimated from measurements on oil/water and85

oil/gas systems with only two mobile phases present. Interpolation methods are used to86
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combine these two sets of data. In this work we will consider the Stone I (Stone, 1970),87

Baker (Baker, 1988) and Hustad et al. (Hustad and Hansen, 1995)(Hustad et al., 2002)88

models. We also note that other models have been proposed extending these interpolation89

methods, but these will not be considered here: (Stone, 1973; Aziz and Settari, 1979;90

Delshad and Pope, 1989; Jerauld, 1997b; Moulu et al., 1997; Blunt, 2000; Hustad and91

Browning, 2010; Shahverdi and Sohrabi, 2013, 2015, 2017; Schäfer et al., 2020; Beygi92

et al., 2015).93

2.1.1 Stone I94

The Stone I model is usually implemented on only the oil phase. The relative perme-95

abilities of gas and water are assumed to be equal to the relative permeability in gas/oil96

and water/oil systems, respectively based on the usually erroneous assumption that the97

reservoir is water-wet.98

The Stone I equations are as follows (Blunt, 2017) modified to allow the oil relative per-99

meabilities to reach the correct two-phase limit at the maximum oil saturation (Shahverdi100

and Sohrabi, 2017):101

kro =
Soe kro(w)(Sw) kro(g)(Sg)

kmax
ro (1− Swe)(1− Sge)

(1)

Soe =
So − Som

(1− Swc − Som)
(2)

Swe =
Sw − Swc

(1− Swc − Som)
(3)

Sge =
Sg

(1− Swi − Som)
(4)

where Som is the residual oil saturation, which can be determined using linear interpolation102

or empirical correlations. Here, Som is specified as 0.10 for the oil-wet rock and 0.18 for103

the weakly water-wet rock.104

2.1.2 Baker105

The Baker model is a saturation-weighted interpolation method. The oil relative perme-106

abilities are sampled from two-phase flow values at each oil saturation. The Baker model107

can be implemented in all phases: gas, oil, and water. It makes no particular assumptions108

concerning reservoir wettability. The equations of the Baker model are (Blunt, 2017):109

kro =
(Sw − Swi)kro(w)(So) + (Sg − Sgr)kro(g)(So)

(Sw − Swi) + (Sg − Sgr)
(5)

krw =
(So − Soi)krw(o)(Sw) + (Sg − Sgr)krw(g)(Sw)

(So − Soi) + (Sg − Sgr)
(6)

krg =
(Sw − Swi)krg(w)(Sg) + (So − Soi)krg(o)(Sg)

(Sw − Swi) + (So − Soi)
(7)
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2.1.3 Hustad et al.110

The Baker model was extended by Hustad et al. using the IKU3P method Hustad (2002).111

The relative permeabilities of each phase are controlled by the mobile saturation of each112

phase and not the total saturation. The effective saturation ranges of each phase are inter-113

polated linearly based on residual saturations which are derived from two-phase relative114

permeabilities. For example, the oil saturation is normalized between the lowest value115

which is estimated between Sor(w) and Sor(g) and the highest value which is estimated116

between Swr(o) and Sgr(o).The equations for the IKU3P method are as follows (Shahverdi117

et al., 2012):118

Somn =
SwSorw + SgSorg + SorgSorw(So − 1)

Sg(1− Sorw) + Sw(1− Sorg)
(8)

Somx =
SwSgro + SgSwro + SgroSwro(So − 1)

SgSwro + SwSgro
(9)

S∗
o =

So − Somn

Somx − Somn
(10)

k̂rog = knrog(S
∗
o) (11)

k̂row = knrow(S
∗
o) (12)

where n indicates an empirical exponent, k̂rog represents the normalized oil relative per-119

meability in the presence of gas at normalized oil saturation, and k̂row represents the120

normalized oil relative permeability in the presence of water at normalized oil saturation.121

The interpolated oil relative permeabilities are then calculated using the equation below,122

see Fig. 1.123

kro =
Sw

Sw + Sg
k̂row +

Sg

Sw + Sg
k̂rog (13)

124

Fig. 1: A schematic showing how to evaluate the normalized saturation in the IKU3P model (Shahverdi
et al., 2012).
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2.2 Relative Permeability Models125

We considered relative permeabilities representative of either an oil-wet or weakly water-126

wet reservoir. The equations for the Corey-type relative permeabilities are presented in127

Equations (14) – (19). The endpoint values and relative permeability assumptions are128

shown in Table 1 – 3. The relative permeabilities are shown in Figs. 2 and 3.129

Equations for oil/water systems:130

krw(o)(Sw) = kmax
rw

(
Sw − Swi

1− Swi − Sor(w)

)a

(14)

kro(w)(Sw) = kmax
ro

(
1− Sor(w) − Sw

1− Swi − Sor(w)

)b

(15)

Equations for gas/oil systems:131

krg(o)(Sg) = kmax
rg

(
Sg − Sgc

1− Swi − Sor(g) − Sgc

)c

(16)

kro(g)(Sg) = kmax
ro

(
1− Swi − Sor(g) − Sg

1− Swi − Sor(g) − Sgc

)d

(17)

Equations for gas/water systems:132

krw(g) = kmax
rw

(
Sw − Swi

1− Swi

)e

(18)

krg(w) = kmax
rg

(
1− Sw

1− Swi

)f

(19)

Table 1: Parameters for oil/water systems

Parameter Weakly water-wet Oil-wet

Sor(w) 0.3 0.15

Swi 0.2 0.2
kmax
rw 0.2 0.6

a 3 1.5
kmax
ro 0.9 0.9

b 1.5 4

133

Table 2: Parameters for gas/oil systems

Parameter Value

Swi 0.2
Sgc 0
Sor(g) 0

kmax
rg 0.9

c 1
kmax
ro 0.9

d 5

Table 3: Parameters for gas/water systems

Parameter Value

Swi 0.2
kmax
rw 1

e 1.5
kmax
rg 0.9

f 5

134
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135

Fig. 2: Oil/water relative permeabilities in oil-wet (left) and weakly water-wet rocks (right).

136

Fig. 3: Gas/oil (left) and gas/water (right) relative permeabilities in both oil-wet and weakly water-wet
rocks.

2.3 Three-Dimensional Model137

A simplified reservoir model was constructed representative of a homogeneous sandstone138

reservoir. The domain was 7,315 m in length, 4,877 m in width, and at a depth between139

884 and 975 m. The model had 96,000 active grid cells. The cell size was 61 x 61 x 9 m.140

An inverted 5-spot well pattern was used. There were 16 producers and 9 injectors. The141

injectors were used for both water and gas injection.142
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143

Fig. 4: Domain and well placement in the 3D model.

A light oil fluid model was used. Initial reservoir pressure was 26.2 MPa. The bubble144

point pressure was 25.8 MPa. The temperature was 107◦C. The oil-water contact was at145

a depth of 975 m. Permeabilities in the x- and y-directions were 100 mD, while in the146

z-direction it was 10 mD. Porosity was 25%. ECLIPSE E300 was used as the simulator.147

For the field development plan, water was injected first, followed by gas injection.148

Water was injected at around 40% to 50% of pore volume to ensure that it broke through149

to the producers. Water injection rates were calculated from pore volume and the number150

of injectors. Production rates were calculated using material balance and the ratio of the151

number of injectors to producers. Gas injection rates were set to maintain the reservoir152

pressure. The input rates in the simulator were increased slightly to allow reservoir rate153

control and bottom hole pressure control modes to be independent from the effect of154

various interpolation methods. Details are illustrated below.155

Table 4: Injection schedule over 40 years for oil-wet rock and 80 years for weakly water-wet rock

Water injection (20/60 years) CO2 injection (20 years)

Water injectors Producers Gas injectors Producers

Bottom hole pressure [MPa] 34.5 25.9 34.5 25.9

Surface rate [m3/d] 8,200 4,700 2,200,000 4,700

Reservoir volume rate [rm3/d] 8,200 4,600 8,800 4,600

156

Ternary diagrams of each interpolation method were constructed to understand relative157

permeabilities in the three-phase region. This will be considered along with the field-scale158

simulation results.159

There were 6 scenarios studied as illustrated in Figure 5.160
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161

Fig. 5: Sensitivity scenarios.

3 Results and Discussion162

3.1 Quality Check163

After running simulations, the results were verified to meet the following criteria:164

• Water broke through to the producers before the beginning of gas injection.165

• Reservoir and bottomhole pressures remained above the bubble point pressure through-166

out the simulations.167

3.2 Oil phase interpolation in weakly water-wet cases168

In a weakly water-wet system, the relative permeability of water in the presence of oil is169

lower compared to an oil-wet case. This causes the volumetric flow rate of water to be170

lower, subsequently requiring more time for water to breakthrough, as shown in Figure 6.171
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172

Fig. 6: Fraction of pore volume water injected, and water injection rates compared between oil-wet
and weakly-water wet reservoirs.

During water injection, both the Stone I and Baker models show similar oil production173

rates. However, after gas injection, the differences in oil relative permeabilities lead to174

changes in behavior. Because the kro in the Stone I model gradually enters the immobile175

zone at the start of gas injection as shown in Figure 8, the oil production peak is lower176

than using the Baker model as shown in Figure 7. In contrast, the Baker model enters the177

immobile zone immediately that allows some oil flow before entering the immobile zone178

as shown in Figure 8, which subsequently results in higher oil production rate before it179

declines and gas breaks through as shown in Figure 7. In both cases, gas breakthroughs180

occur early due to the higher value of krg(o) compared to krw(o), as shown in Figure 9.181

182

Fig. 7: Three-phase production rates from implementing interpolation of the oil phase using the Baker
and Stone I models.
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183

Fig. 8: Ternary diagram with various iso-oil relative permeabilities using Stone I and Baker. Blue arrows
represent changes in saturation during water injection, while red arrows represent changes in saturation
during gas injection.

184

Fig. 9: Ternary diagram with various iso-water and gas relative permeabilities without using interpo-
lation methods. Blue arrows represent changes in saturation during water injection, while red arrows
represent changes in saturation during gas injection.

3.3 Oil phase interpolations in oil-wet cases185

From Figure 10 and 11, interpolations of oil relative permeability show the impact at the186

field scale during gas injection. From the ternary diagram, the results from the Baker187

model pass through the highly mobile oil zone earlier than the Stone I model during early188

gas injection, which is illustrated by higher oil production between the years 20 to 24. The189

oil relative permeability in the ternary diagram reaches the immobile oil zone before the190

Stone I model. This is illustrated by the rapid drop in oil production rate between the191

years 24 and 28. As the Baker model reaches the immobile oil zone earlier, the gas flow192
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rate becomes dominant and results in earlier gas breakthrough compared to the Stone I193

model. During gas injection, the processes at the pore scale align with those at the field194

scale as shown in Figure 11 and 12: kro decreases, krw decreases, while krg increases.195

These are consistent with a decrease in oil and water production rates and an increase in196

gas production rates as shown in Figure 10.197

198

Fig. 10: Three-phase production rates from implementing interpolation of the oil phase using the Baker
and Stone I models.

199

Fig. 11: Ternary diagram with various iso-oil relative permeabilities using Stone I and Baker. Blue
arrows represent changes in saturation during water injection, while red arrows represent changes in
saturation during gas injection.
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200

Fig. 12: Ternary diagram with various iso-water and gas relative permeabilities without using interpo-
lation methods. Blue arrows represent changes in saturation during water injection, while red arrows
represent changes in saturation during gas injection.

3.4 Effect of three-phase interpolation using the Baker model in oil-wet cases201

Overall, the use of three-phase interpolation changes saturation paths during both the202

water injection and gas injection periods. During water injection, the use of oil phase203

interpolation reduces oil saturation from 80% to 33%, whereas the use of three-phase204

interpolation reduces the oil saturation only to 37% as shown in Figures 11 (right) and205

14 (left). This creates a significant discrepancy in the field-scale simulation as shown in206

Figure 13.207

At the end of the water injection period (year 20) as shown in Figure 13, with the208

use of oil phase interpolation only (one-phase interpolation), oil flow still dominates, and209

water breaks through after the three-phase interpolation case. The kro of the oil phase210

interpolation case has already passed through the highly mobile oil region and reached the211

immobile zone earlier as shown in Figures 11 (right) and 14 (left). These are illustrated212

at the field scale in Figure 13, where the oil production rate in the oil phase interpolation213

case is higher during early gas injection and then drops rapidly before the three-phase214

interpolation case declines. After the oil relative permeability in the oil phase interpolation215

case approaches the immobile zone, gas breakthrough also occurs earlier.216

In addition, the use of the Baker method shifts the gas mobile region at low oil sat-217

uration to occur slower as shown in Figures 12 (right) and 16 (left). The slope of the218

gas production rate in the oil phase interpolation case is also steeper. Therefore, in the219

three-phase interpolation case, gas moves slower and breaks through later, subsequently220

storing more CO2 underground.221

From the perspective of water relative permeability, although in the oil phase interpo-222

lation case, water breaks through later with a higher krw(o) as shown in Figures 12 (left)223

and 15 (left), oil flow still dominates, resulting in a lower water production rate as shown224

in Figure 13.225

In the Baker method, we also found that the greater the difference between end points226

the more curvature there is in the iso-relative permeability lines as illustrated in Figures 12227

(right) and 16 (left).228
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229

Fig. 13: Comparison of production profiles between oil phase interpolation only and interpolation for
all three phases using the Baker model.

230

Fig. 14: Iso-oil relative permeabilities and saturation change paths compared between the Baker and
Hustad models. Blue arrows represent changes in saturation during water injection, while red arrows
represent changes in saturation during gas injection.
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231

Fig. 15: Iso-water relative permeabilities and saturation change paths compared between the Baker and
Hustad models. Blue arrows represent changes in saturation during water injection, while red arrows
represent changes in saturation during gas injection.

232

Fig. 16: Iso-gas relative permeabilities and saturation change paths compared between the Baker and
Hustad models. Blue arrows represent changes in saturation during water injection, while red arrows
represent changes in saturation during gas injection.

3.5 Three-Phase interpolations in oil-wet cases233

Here we consider the Hustad et al. model as described in section 2. From Figure 14,234

during water injection, the relative permeability of oil in the Baker model is higher than235

in the Hustad model. This causes a higher oil production rate in the Baker model at the236

start of water injection as shown in Figure 17. Consequently, the Baker model enters the237

water breakthrough period before the Hustad model. Moreover, because the Baker model238

has a higher krw compared to the Hustad model, and the Hustad model has a large zone239

of immobile water as shown in Figure 15, the Baker model produces more water than the240

Hustad model.241
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In terms of gas relative permeability,the Hustad models change the curvatures at high242

iso-gas relative permeabilities as shown in Figure 16. However, the change in saturation243

paths only moves through the low gas relative permeability zone. Thus, the gas production244

profiles of both the Baker and Hustad models are nearly aligned.245

246

Fig. 17: Comparison of production profiles when using three-phase interpolation. The interpolation
methods include the Baker and Hustad et al. models.

From Figure 18, when the oil relative permeability is interpolated, weakly water-wet247

cases show greater differences between Stone I and the Baker model in both the fraction248

of the original oil in place recovered, Rf , and the amount of CO2 storage compared to249

the oil-wet cases. This is due to larger differences between kro(w) and kro(g). In addition,250

oil-wet cases produce more oil, which indicates better displacement efficiency of water and251

gas – non-wetting phases – in oil-wet systems as well as resulting in more pore space to252

store CO2 underground.253

Although oil phase interpolation is important, interpolation in all phases, particularly254

gas, is more significant and has a greater impact, as discussed in section 3.4, which shows255

that using oil phase interpolation only results in higher predicted oil recovery. Since256

oil flow still dominates, water production is lower in the oil phase interpolation case.257

However, in terms of gas relative permeabilities, the Baker model shifts the low gas relative258

permeabilities at low oil saturation. Hence, the three-phase interpolation cases predict259

more CO2 storage.260

The significance of these results is to highlight the importance of having an accurate261

and physically-consistent model for the gas relative permeability. While the necessity of262

an appropriate model for the oil relative permeability has been demonstrated previously263

Guzman et al. (1994), this study shows that in terms of both oil recovery and CO2 storage,264

different approximations for the gas relative permeability have an even larger effect.265
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266

Fig. 18: Comparison of oil recovery factor and amount of CO2 storage.

4 Conclusions267

The study illustrates the importance of the accurate assignment of relative permeabilities268

and interpolation methods in field-scale simulation. Two types of wettability – weakly269

water-wet and oil-wet systems – with corresponding representative relative permeabilities270

were applied to a homogeneous 3D reservoir model. The sensitivity of oil recovery and271

CO2 storage to different relative permeability models was explored using the Stone I model272

for oil relative permeability, and the Baker and Hustad et al. models for interpolation of273

water, gas, and oil relative permeabilities.274

In this context, ternary diagrams, which illustrate the paths of saturation changes275

and the behavior of iso-relative permeability from various empirical correlations, were276

compared with field-scale outputs including production profiles, recovery factor, and the277

amount of trapped CO2. The evaluation criteria included how fast water breaks through,278

how efficient the displacement process is, and how saturation changes throughout the279

simulations.280

The principal new finding in this work was the sensitivity of predicted oil recovery and281

CO2 storage on the assumptions made concerning gas relative permeability. Traditionally,282

the gas relative permeability is measured for displacement of oil with immobile water: in283

this case, gas is the non-wetting phase and once connected through the pore space has a284

high relative permeability. However, when mobile water is present, in most oilfield settings,285

water becomes the most non-wetting phase, while gas is intermediate-wet Alhosani et al.286

(2021). This means that the gas relative permeability is lower in the presence of mobile287

water, than when displacing oil alone. To capture this behavior a model that extrapolates288

the gas relative permeability between gas/oil and gas/water two-phase flow is required.289

Our results show that using this more realistic formulation, the predicted oil recovery is290

lower, but more CO2 is retained in the subsurface. This may be an important consideration291

for the design of CO2 storage, where a target volume must be stored, or increased retention292

is associated with additional revenue.293
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