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Abstract
Availability of gases at the field level makes attractive to water-alternating-gas (WAG) process for low viscosity and light 
oils carbonate reservoir. However, impact of reservoir heterogeneity on WAG performance is crucial before field application. 
In general, ramp carbonates have heterogeneity due to variation of permeability and porosity. However, WAG performance 
significantly affected by permeability variations. This article investigates merits and demerits of WAG displacement due 
to permeability heterogeneities such as permeability anisotropy, high permeability streaks (HKS), matrix permeability, 
dolomite and thin dense stylolite layers. High-resolution compositional simulations with tuned equation of state (EoS) were 
carried out using 2D and 3D sector models. The study focuses on WAG performance in terms of oil recovery, vertical sweep, 
solvent utilization, gas oil ratio (GOR), water cut (WCT), WAG response time, gravity override, hysteresis, un-contacted 
oil saturation and economics. The results of simulation show that the heterogeneous reservoir provides initially faster WAG 
response, lower expected ultimate recovery (EUR), faster gas breakthrough, higher GOR and WCT production compared to 
homogeneous reservoir. The gas gravity override at smaller wells spacing is less in homogeneous reservoir as compared to 
heterogeneous reservoir, but it is reverse in case of larger well spacing. In heterogeneous reservoir, the HKS shows signifi-
cant gas override resulting in poor vertical sweep due to capillary holding, and the high permeability dolomite layer shows 
early water breakthrough. This reservoir has higher solvent utilization in initial stage, and then, it becomes nearly equal to 
homogeneous reservoir. Simulation in both reservoirs overestimates incremental recovery of 2–3% OOIP at one pore volume 
injection because of not involving un-contacted oil saturation as predicted in core flood. The findings of this study will help 
to understand WAG performance and design in highly heterogeneous reservoirs for field applications.
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Abbreviations
EOR  Enhanced oil recovery
WAG   Water-alternating-gas
TWAG   Tapered water-alternating-gas, 

respectively

OOIP  Original oil-in-place
HCPVI  Hydrocarbon pore volume injection
GOR  Gas oil ratio
WCT   Water cut
GBT  Gas breakthrough
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WBT  Water breakthrough, respectively
HKS  High permeability streaks
EoS  Equation of state
MMP  Minimum miscible pressure, respectively
IFT  Interfacial tension
SUF  Solvent utilization factor
G  Gravity viscous number, respectively
RF  Recovery factor (%OOIP)
EUR  Expected ultimate recovery (%OOIP)
Pc  Capillary pressure
Krw  Water relative permeability
Krg  Gas relative permeability
Kv/Kh  Vertical to horizontal permeability ratio, 

respectively
D  Represent to sector model dimension, 

i.e., 2D or 3D
ηvol  Volumetric sweep efficiency
ηd  Displacement sweep efficiency
ηt  Total sweep efficiency, respectively
Sw  Water saturation
Sorm  Un-contacted oil saturation
M1 to M6  Major porous layers of the subject 

reservoir
D1 to D6  Thin stylolite (dense) intervals in the 

subject reservoir
MDT and RFT  Modular dynamic tester and repeat for-

mation tester
∆ρ  Density difference (displaced to displac-

ing fluids)
V  Injected fluid velocity
Kv  Vertical permeability
kh  Horizontal permeability
L  Length
H  Height
M  Mobility ratio
g and μo  Gravitational constant and oil viscosity, 

respectively
Cin,  Net cash inflow (revenue) during period t
Cout  Net cash investment during period t
Co  Investment costs
r and t  Discount rate and number of years, 

respectively
CAPEX  Capital expenditure cost ($)
UDC  Unit development cost ($/bbl)
UTC   Unit technical cost ($/bbl)
NPV  Net present value ($), respectively

Introduction

After uneconomic primary and secondary production 
from limited recoverable resources, the IOR (improved 
oil recovery) and EOR (enhanced oil recovery) methods 

evolve to meet the growing global hydrocarbon demand 
(Dong et al., 2005). While gas-based EOR methods can 
be more attractive for low viscosity and light oil reservoir 
if gases are available at reservoir level. Theoretically, if 
favorable mobility is achieved, the residual oil saturation 
may approach zero in the swept area of the reservoir with 
miscible gas injection as capillary number becomes infi-
nite (Shahverdi et al. 2011). Therefore, miscible gas-based 
EOR process is considered as most suitable method of 
currently available EOR technologies (Chen et al. 2010). 
The dominating mechanisms of miscible gas flooding to 
improve oil recovery are lowering interfacial, reducing oil 
viscosity and increasing capillary number (He et al. 2018; 
Li et al. 2016, 2020; Lv et al. 2017).

The  CO2 gas is the most commonly used gas during mis-
cible injection in the temperatures range of 40 to 100 °C, 
oil viscosity range of 0.25–1.5 cp and API gravity range 
of 35.1–45° (Ahdaya and Imqam, 2020). However, the 
injected gases result in poor sweep efficiency caused by vis-
cous fingering, bypass oil and early breakthrough due to 
reservoir heterogeneities such as high permeability streaks 
(HKS), high permeability dolomite layers, fault and fractures 
(Birarda, 1990). Hence, gas injection results in poor macro-
scopic sweep. But the advantages of microscopic (displace-
ment) sweep by gas overcome the disadvantages of macro-
scopic (volumetric) sweep (Hustad and Holt, 1992; Touray, 
20,013). While the gas-assisted gravity drainage (GAGD) 
processes can provide higher oil recovery compared to con-
tinuous gas injection (CGI) and water-alternating-gas injec-
tion (WAG) processes, the GAGD process has advantage 
of natural segregation of reservoir fluids to provide grav-
ity-stable oil displacement by injecting gas through verti-
cal wells to formulate a gas cap which allows oil and water 
drainage down to the horizontal producers (Mahmoud and 
Rao, 2007; Al-Mudhafar et al. 2017a; 2017b). Mahmoud and 
Rao (2007) showed that various mechanisms are responsible 
for high oil recoveries in GAGD process, i.e., Darcy-type 
displacement until gas breakthrough, gravity drainage after 
breakthrough and film drainage in the gas invaded regions. 
They also demonstrated that GAGD is also applicable in 
naturally fractured reservoirs. However, the GAGD method 
is not suitable for this field as the thickness of pay zone is 
low for vertical sweep efficiency and causes early break-
through of injected gas (Tavousi et al. 2016). In addition, 
CGI leads to lower recovery compared to the WAG process, 
due to its unfavorable mobility ratio, while the main goal of 
the WAG projects is to control the mobility and to decrease 
the problem of viscous fingering, leading to improved oil 
recovery by combining the benefits of gas injection (GI) and 
water flooding (WF) (Afzali et al. 2018). Therefore, water-
alternating-gas (WAG) injection was developed in industry 
to overcome these problems (Knappskog, 2012; Pariani and 
McColloch, 1992; Kulkarni and Rao, 2005; Zahoor et al. 
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2011; Tabatabaei Nezhad et al. 2006), which can increase 
displacement sweep efficiency by creating favorable mobil-
ity ratio (Christensen et al. 2001).

Actually, the displacement sweep efficiency provides oil 
mobilization at the pore spaces level after sweeping by the 
injected fluid (Ahmed, 2018), which depends on oil compo-
sition, slug size, reservoir pressure, rock wettability, mobil-
ity ratio, temperature, rock-pore geometry/structure, satura-
tion history of rock-fluid system, fluid behavior and fluid 
properties (Ghedan, 2009), while the total oil recovery (ηt) 
of gas or WAG displacement is the product of displacement 
sweep efficiency (ηd) and volumetric sweep efficiency (ηvol) 
(Thakur and Satter, 1998) as below:

where ηA and ηv are the areal and vertical sweep efficiencies, 
respectively.

The volumetric sweep efficiency is the product of vertical 
and areal sweep efficiencies (Ahmed, 2018). The vertical 
sweep efficiency is the percentage of cumulative height of 
pay zone vertical section of that contacted by injected fluid, 
and the areal sweep efficiency is expressed as the fraction 
of pattern area from which reservoir fluid is displaced by 
the injected fluid. The vertical sweep efficiency depends on 
mobility ratio, hydrocarbon pore volume injection (HCPVI), 
flow rate, density difference of displacing to displaced flu-
ids, vertical permeability, high permeability streaks, baffles, 
stylolite layers and dolomite layers (Ghedan 2009), while 
areal sweep efficiency is affected by reservoir fracture, fault, 
directional permeability, mobility ratio, injection pattern, 

(1)ηt = ηd ∗ ηvol, where ηvol = ηA ∗ ηv

formation dip angle and dip azimuth. The local displacement 
efficiency is greatly affected by injected solvent miscibility 
with the in situ oil (Stalkup 1983; Henderson et al. 1998). 
The hysteresis impact on WAG displacement is important 
due to strong flow reversals (Spiteri and Juanes 2004).

Therefore, the performance of WAG displacements in 
terms of microscopic and macroscopic level, the oil pro-
duction is highly affected by some critical parameters, 
categorized based on their controllability, i.e., uncontrol-
lable and controllable parameters (Leach and Yellig 1981; 
Green and Willhite 1998; Heinrich et al. 2003; Clancy et al. 
1985), as shown in Fig. 1. The controllable parameters can 
be changed/possibly optimized to increase the profitability 
of WAG displacement, while uncontrollable parameters such 
as reservoir heterogeneities, stratification and petro-physical 
properties are either impossible or too difficult or costly to 
modify (Birarda 1990).

However, the permeability heterogeneities and strati-
fication are the main concern, which typically affect the 
flow characteristic and so the oil recovery, especially 
when reservoir is produced through gas injection, which 
affect stability of flood front (Figuera et al. 2014; Cuesta 
and Merrit, 1982). In general, ramp carbonates have het-
erogeneity due to variation of permeability and porosity. 
However, WAG performance is significantly affected by 
permeability variations (Pande 1992, Araktingi and Orr, 
1990, Perrin and Benson 2010, Zhao et al. 2011, Zhang 
et al. 2013, Lv et al. 2017, Al-Bayati et al. 2019). The 
permeability is influenced by the rock grain size, shape, 
size distribution as well as the grain arrangement and the 
extent of compaction. The permeability heterogeneities 

Fig. 1  Uncontrollable and controllable parameters in gas and WAG displacements
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are mainly present due to non-uniform pore size distribu-
tion, which varies with the degrees of interconnectivity in 
majority of the reservoirs and affects the stability of flood 
front. These heterogeneities can be characterized based 
on fluid movement communication between the layers of 
the reservoir (Muskat 1981). The effective flow commu-
nication of layers causes difficulties in presence of lenses, 
high permeability streaks (HKS), unconformities, faults, 
fractures, high permeability dolomite layer, thin stylolite 
layers, barriers, baffles, vertical permeability anisotropy 
and lateral facies variation. The permeability heteroge-
neities cause different impacts on WAG performance as 
mentioned below:

• The under-riding and overriding phenomena will leave 
a large amount of oil due to un-swept (Chang-lin et al. 
2013);

• Gravity segregation accrues due to water flow bottom and 
gas flowup (Panda et al. 2009);

• The permeability anisotropy and stratification affect ver-
tical conformance (Surguchev, 1992);

• High stratifications of the reservoir lead to bypassing 
considerable residual oil in the layers with less perme-
ability as displacement front tends to move along the 
highly permeable layers (Donaldson et al. 1989);

• A higher vertical permeability results in perpendicular 
crossflow to the bulk flow (Rogers and Grigg, 2000);

• The increase in vertical transmissibility results decreases 
in oil recovery (Bunge and Radke, 1982);

• Significant impact of  Kv/Kh on the overall production 
efficiency (Egermann, 2000);

• The low permeable layers decrease fluid flow velocity in 
the reservoir and result in gravity segregation problems 
(Kulkarni, 2003);

• The crossflow created by capillary imbibitions assists 
the vertical sweep efficiency for favorable mobility ratio 
in immiscible displacement in heterogeneous reservoir 

(CRAIG, 1971; Yokoyama and Lake, 1981; Hawes, 
1986);

• Flow into each layer is essentiality proportional to the 
fraction of the overall system KH and almost independent 
of WAG ratio (Knappskog, 2012);

• The relative permeability of each phase might not be 
accurately applicable in WAG due to the cyclic hysteresis 
nature (DiCarlo, 2000; Fenwick and Blunt, 2013);

• IFT affects the relative permeability curvatures (Harbert, 
1983; Henderson et al. 1998; Chen et al. 1999; Touray, 
2013);

• Early gas breakthrough is caused not only by mobility 
ratio but also by the reservoir heterogeneity and espe-
cially high permeable layers (Caudle and Dyes, 1958; 
Gorell, 1990a, b; Lien et al. 1998; Chakravarthy et al. 
2006).

Therefore, reservoir permeability heterogeneity impacted 
on several parameters, which affect WAG performance as 
shown in Fig.2.

Therefore, it is important to understand the positive and 
negative effect of permeability heterogeneities on WAG dis-
placement performance before WAG field application. Some 
of the recent studies carried out for permeability heterogene-
ity impact on WAG performance are presented in literature 
as specified below:

Jones et al. (1989) presented that the oil recovery is a 
strong function viscosity ratio of fluids and thief zone to 
matrix permeability ratio. Gorell et al. (1990) reported that 
vertical WAG displacement is highly affected by the flow 
communications between the different types of permeability 
zones in the reservoir. Gharbi et al. (1997) investigated the 
effect of heterogeneity on the performance of EOR processes 
with horizontal wells three-dimensional, finite difference, 
chemical flood simulator (UTCHEM). They concluded 
that the performance of EOR processes with horizontal 
wells is strongly affected by the permeability variation and 
the spatial correlation of the reservoir heterogeneity. The 

Fig. 2  Reservoir permeabil-
ity heterogeneity impact on 
different parameters in WAG 
displacement
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combination of high permeability variation and high correla-
tion length significantly reduces the performance of horizon-
tal wells. Christensen et al. (2000) reported the oil recovery 
differences with and without hysteresis cases in WAG dis-
placement using in 2-D and 3-D compositional numerical 
simulations. Rogers and Grigg (2000) showed that larger 
portion of solvent slug passes through HKS, which losses 
the injectivity in low permeability layers due to less solvent 
movement in low permeability layers. White et al. (2001) 
carried out experiments to examine the variability in pro-
duction predictions caused by geological heterogeneity and 
uncertainty with new method. Their approach can be used 
for model comparison, sensitivity analysis and estimation 
of probability distributions of geological model parameters. 
Johns and Dindoruk (2013) analyzed the influence of sol-
vent enrichment impact on oil recovery with different res-
ervoir heterogeneity and WAG parameters. They indicated 
that continuous slug injection outperforms WAG with richer 
gases in low  Kv/Kh heterogeneous reservoir. Singhal and 
Springer (2006) have characterized the reservoir heteroge-
neity based on performance of infill wells in waterfloods. 
They divided reservoir into horizontal or vertical "compart-
ments" due to spatial variations in reservoir attributes (such 
as permeability, thickness, environment of deposition and 
post-depositional changes). Schembre and Kovscek (2003) 
showed that the capillary forces dominate in the area of 
bypassed oil in fine-scale heterogeneity porous media dur-
ing WAG displacement because non-wetting phase not over-
comes capillary force. Ghomian et al. (2008) investigated the 
impact of hysteresis in relative permeability on  CO2 WAG 
displacement and CO2 sequestration using compositional 
simulator-based correlations, WAG ratio, solvent slug size 
and reservoir heterogeneity. Rashid et al. (2012) introduced 
an improved heterogeneity/homogeneity index to character-
ize heterogeneity and rank geological realizations in terms 
of their impact on secondary-recovery performance. They 
showed that index's ranking ability is preserved for miscible 
and immiscible displacements at different viscosity/mobility 
ratios. Jeong et al. (2014) studied reservoir heterogeneity and 
WAG ratio impact on incremental oil through NPV. They 
showed that the optimum WAG ratio is altered with reser-
voir heterogeneities. Nguyen et al. (2015) provided more 
realistic and unbiased evaluation of reservoir heterogeneity 
and their impact on improved oil recovery. They used new 
approach involving the integration of geological software, a 
reservoir simulator and a robust optimizer in a closed loop 
for generating multiple geologically driven realizations and 
uncertainty assessment of different recovery processes. They 
concluded simulation results that the lithofacies has a domi-
nant effect on oil recovery in all recovery processes. The 
coarsening-upward distribution demonstrates superior per-
formances over the fining-upward distribution. Additionally, 
the heterogeneity of lithofacies also affects the flow direction 

and injectivity of displacing fluids and, consequently, influ-
ences the ultimate oil recovery factor. Saneifar et al. (2017) 
demonstrated that WAG injectivity loss is approximately 
30% higher in heterogeneous reservoir compared to homo-
geneous reservoir. Yu et al. (2017) showed that displace-
ment sweep depends on different flow unit, which mainly 
affected by permeability in low permeability reservoir. Deb-
babi et al. (2017) identified that vertical sweep significantly 
affected by mobility contrast in WAG of stratified reservoir. 
Pan et al. (2018) developed a practical method to determine 
permeability anisotropy using inter-well transient tests at 
different azimuths in heterogeneous reservoirs. Hoare and 
Coll (2018) carried out simulation and found that hysteresis 
effects were shown by simulation to improve the recovery 
factor from WAG injection compared to water injection by 
another 10% (making 15% total improvement), while WAG 
cycle length has a relatively minor impact on recovery fac-
tor. Khorsandi and Johns (2018) reported that reservoir dip 
angle, permeability and reservoir heterogeneity, wettability, 
pore structure, fluid composition and water and gas con-
nectivity are having a significant impact on oil recovery. 
Al-Mudhafar et al. (2018) studied the effects of reservoir 
heterogeneity and anisotropy on cyclic CO2-assisted gravity 
drainage (GAGD) process performance in a heterogeneous 
multi-layering sandstone reservoir. They concluded that the 
impact of permeability anisotropy on the GAGD process 
is higher than that of heterogeneity, because the main con-
cept of GAGD process considers vertical fluid movements 
from the top-layer injection wells to the horizontal produc-
ers. Al-Bayati et al. (2019) demonstrated that crossflow in 
the different permeability layers has negative influence on 
WAG displacement incremental oil recovery due to reduc-
tion mobilized oil by crossflow in the presence of HKS. Ren 
et al. (2019) identified that optimal WAG ratio (at the mini-
mal net utilization factor) increases with decrease in perme-
ability anisotropy. This net solvent utilization factor depends 
on reservoir heterogeneities, well injection pattern and WAG 
operating ratio. Xie et al. (2020) observed lower ultimate oil 
recovery with increase of permeability ratio between zones.

As per our knowledge, most of the studies regarding 
permeability heterogeneity impact on WAG displacement 
not in integrated form as discussed in above paragraph. We 
have investigated in depth all permeability heterogeneities 
impact on WAG displacement as integrated form and car-
ried out economic study to understand combined effect of 
all permeability heterogeneities in both heterogeneous and 
homogeneous reservoirs. Therefore, the novelty of this arti-
cle is merits and demerits investigations of permeability 
heterogeneities of ramp carbonates on WAG displacement 
performance. First, the fine-gridded 3D sector of synthetic 
as well as real field models of homogeneous and hetero-
geneous reservoirs was constructed to carry out composi-
tional EOR simulation for WAG displacement using tuned 
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9-components equation of estate (EoS). The sector model’s 
pressure was maintained slightly above initial reservoir pres-
sure (4200psi), which was above MMP to achieve miscibility 
of injected solvent. The optimum grid size was identified to 
use in simulation so that numerical discretization effect will 
minimize in the results. Then, in-depth investigations for 
merit and demerit of WAG displacement by different type 
of permeability heterogeneities such as permeability anisot-
ropy, high permeability streaks (HKS), high permeability 
dolomite layer, matrix permeability and thin-dense stylolite 
layers were discussed. The investigations were carried out 
in terms of vertical sweep, displacement sweep, total oil 
recovery, gravity override, gas utilization, response time, 
hysteresis, un-contacted oil saturation, gas oil ratio (GOR) 
production. Finally, the economics of the process was also 
compared using highly heterogeneous and homogeneous 
reservoirs to understand economical impact of each WAG 
performance parameters. The advantages of this study are to 
provide better understanding about WAG performance and 
design in highly heterogeneous reservoirs for field applica-
tions, while disadvantages are that to quantify the perme-
ability heterogeneity without uncertainty to see their impact 
on WAG displacement performance.

Reservoir and simulation models descriptions

The subject field is 32°API oil carbonate reservoir with aver-
age thickness, initial pressure and formation temperature in 
the range of 125–150 ft, 3850 psi at 7,550ft TVDSS and 
210°F, respectively. This field is divided according to perme-
ability range into three reservoirs such as heterogeneous in 
east (20–60 mD), moderate heterogeneous in central (10–15 
mD) and tight homogeneous in west (< 3mD). The east het-
erogeneous reservoir has high-frequency HKS in upper lay-
ers. This field has 7-45ft-thick six major layers (M1–M6) 
separated by 2–4ft thin stylolite (dense) intervals (D1–D5) 
in vertical direction as shown in Fig. 3. In addition, the 

dolomite layer (high permeability) is located in M5 porous 
layer at bottom of the reservoir.

The static models were constructed by extrapolating well 
log data across reservoir. The recent advance technologies 
such as 3D deconvolution and Radon demultiple were used 
to interpret faults, fracture, structure, HKS/dolomite map-
ping and rock typing (Sultan et al. 2005; Al Shateri et al. 
2009; Yamamoto et al. 2012; Miyamoto et al. 2017). Reser-
voir facies, matrix permeability, initial water saturation were 
populated using sequential indicator simulation, sequential 
Gaussian simulation with co-kriggged with acoustic imped-
ance and saturation height function derived from capillary 
pressure, respectively (Bushara et al. 1997; Venkitadri et al. 
2005; Ghedan et al. 2006; Al-Suwaidi et al., 2010; Bachar 
et al. 2011; Al-ameri et al. 2011; Voleti et al. 2014). The 
matrix permeability was modeled independently of excess 
permeability (HKS and dolomite layers) using core-derived 
porosity–permeability transforms. The modeling of high 
permeability streaks (HKS) was done using dynamic well 
test data, while dolomite layer permeability modeling is 
done through porosity log by characterizing high dolomite 
content. The final permeability model was populated after 
integration of matrix and excess permeability (Bushara 
et al. 2002; Poli et al. 2009; Brantferger et al. 2012; Skene 
et al. 2014; Adeoye et al. 2015; Kohda et al. 2017; Ruel-
land et al. 2009). Then, history matching was carried out 
after construction of dynamic simulation model from static 
P50 model. The history matching process has been done 
by matching field reservoir pressure, wells shut-in bottom-
hole pressure, well water breakthrough, well water cut, field 
water breakthrough, field water cut production from simula-
tion model (Branferger et al., 2011, 2012) as shown in Plot 
(a), Plot (b) and Plot (c) of Fig. 4. This subject large field 
is divided into three reservoirs based on their heterogenei-
ties as explained above. The heterogeneous reservoir shows 
higher water cut in some wells due to high permeability 
streaks as shown in plot (a) of Fig. 4, while homogeneous 
shows very low water cut as shown in plot (b) of Fig. 4. 

Fig. 3  Porous and stylolite 
layers vertical representation 
with average petro-physical 
properties of each porous layer 
of subject field
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Overall this large field (integrated both type reservoirs) 
shows very low water cut ~ 10% after history match as shown 
in plot (c) of Fig. 4.

The fine-gridded 3D sector of synthetic as well as real-
field models of homogeneous and heterogeneous reservoirs 
was constructed as shown in Fig. 5 and Fig. 6. Real-field 
simulation sector models of 1 km*3 km area (heterogeneous 
reservoir) and 500 m*3 km area (homogeneous reservoir) 
were cut directly from full-field history matched model, 
while synthetic simulation models (1 km*3 km area for both 
homogeneous and heterogeneous reservoirs) were generated 
by populating the average geological properties using a geo-
logical concept.

The 23 high-graded PVT samples of the field were used 
to tune equation of estate (EoS) model. The 9-component 
tuned unified EoS models as shown in Fig. 7 matched 
all the conventional and special PVT data. The calcu-
lation steps used to build PVT 9 component tuned Eos 
PVT model as: fluid component properties; plus fraction 
characterization; multi-contact miscibility calculations 
and ternary diagram generation; flash, saturation and 
envelop calculations; recombination and constant compo-
sition expansion calculations, differential liberation and 
constant volume depletion; separator; and swelling tests. 
This unified EoS model was used in composition simula-
tion, which provide reliable results in EOR development 
options such as gas injection or WAG. The sector model 

Fig. 4  History matched profile of oil rate, water cut and pressure for wells and field
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(a) Heterogeneous Model                   (b) Homogeneous Model 

Fig. 5  3D Synthetic models

Fig. 6  3D actual sector models
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pressure maintains slightly above initial reservoir pres-
sure (4200psi). The injectors keep at boundaries of sector 
models to avoid influence of adjacent producing pattern. 
The maximum bottom-hole injection pressure (5500psi) 
of each injector is kept below fracture pressure. The grid 
size optimization had been done using several simulation 
sensitivities. Finally optimum grid size 10 m*10 m (i.e., 
below this grid size not significant impact of oil recov-
ery and breakthrough) was used in all subsequent simula-
tions. The tapered WAG ratio provides high oil recovery 
with efficient gas injection; therefore, it will be used in 
all subsequent simulation sensitivities for miscible WAG 
displacement.

Any hydrocarbon-bearing reservoir has unevenly dis-
tribution of interconnection between the pores due to non-
uniformity in pore size of the rock, which results in hetero-
geneities and complex fluid flow behavior in the reservoir. 
The quantification of permeability heterogeneities is impor-
tant before to see its impact on WAG displacement. The 
interpretation of dynamic data (such as production injec-
tion, ILT, PLT, downhole sampling, core flood, pressure test) 
can provide quantification of permeability heterogeneity 
at some extent, However, uncertainty in quantification of 
permeability heterogeneities is always there in subsurface 
geological environment. For example, the frequency of high 
permeability streaks and baffles due to tight stylolite lay-
ers is highly uncertain in cramp carbonate reservoirs. The 

reservoir learning/understanding of geological uncertainty 
is continued until end life of the reservoirs.

The carbonate reservoir heterogeneities depend mainly 
on depositional environments (diagenetic processes) such 
as cementation, solution, precipitation, dolomitization, dis-
solution, compaction and recrystallization of their miner-
als. These depositional environments create different shapes, 
size and origins of the pores, which results in unevenly 
distribution of permeability and porosity due to induced 
complex pore distribution (Akbar et al. 1995; 2000). The 
most of the heterogeneous reservoirs have different types 
of permeability heterogeneities like HKS, dolomite layer, 
stylolite layers, fractures, faults, vugs and baffles. Therefore, 
understanding the degree of fluid movement communication 
between different layers is crucial for WAG displacement 
due to uncertainty of permeability heterogeneity of the res-
ervoir. The stratification and heterogeneity in the reservoir 
can affect on various parameters such as solvent miscibility 
with oil, injectivity, mobility ratios, injected fluid conning, 
relative permeability, injected fluid channeling and capil-
lary pressure in WAG displacement process (Torabi et al. 
2010; Dawe et al. 2011). The WAG displacement perfor-
mance is severely affected by heterogeneity due to viscous 
fingering from different mechanisms (i.e., spreading, split-
ting, shielding and coalescence) (Brock and Orr Jr, 1991). 
Reservoir heterogeneities effect on WAG efficiency has been 
recognized by previous work notably by Virnovsky et al. 

Fig. 7  Nine-component tuned equation of state (EoS) used for PVT in the simulation models
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(1996) and Surguchev et al. (1992a, b) due to impact on 
the stability of displacement front. The gas fingering and 
early breakthrough were observed mainly due to fractures 
and high permeable layers in WAG displacement (Xu et al. 
2020), while the solvent channeling also results from high 
permeability layers, which reduces displacement efficiency 
and storage of the injected solvent (Wu et al. 2004). The 
horizontal flow is influenced by dispersion, viscous, capil-
lary and gravity forces in vertically communicating porous 
strata (Rogers and Grigg 2000). The distributions of perme-
ability and gravity segregation (flow rate, viscosity and fluid 
densities) have highest influence on optimum WAG ratio 
(WU et al. 2004). In addition, the permeability (high and 
low) layers control the injectivity of water and gas in WAG 
displacement (Surguchev et al. 1992a, b). Reservoir stratifi-
cation may strongly affect gas or WAG displacement process 
as displacement fronts move according to the permeability 
of each layer (Sanchez 1999). Therefore, increasing the per-
meability contrast between layers results in faster GBT and 
poor oil sweep in WAG displacement process because most 
of the injected solvent displaces the oil from high preamble 
layers (Christensen et al. 2001; Masalmeh et al. 2010; AlAli 
et al. 2011). The loss of miscibility and early deterioration of 
solvent slug can be happened due to transverse dispersion by 
crossflow between differing permeability layers. However, if 
there is no crossflow between these layers, most of the por-
tion of solvent slug passes through high permeability layers, 
which results in loss of miscibility in low permeability layers 
due to availability of insufficient solvent slug (Holm 1976). 
If the high permeable layers are present in the bottom part 
of the reservoir, then the areal sweep efficiency is higher 
due to favorable gravity effect, i.e., controlled the flow path 
by formation deposition sequence of the reservoir; there-
fore, WAG process delays in GBT and increases oil recovery 
(Summapo et al. 2013). However, the presence of high per-
meability streaks typically on top of reservoir leads to water 
and gas channeling, resulting in early WBT/ GBT (Sorbie 
and Walker, 1988; AlAli et al. 2011). This causes instability 
of flood front and creates disappearance of the miscible bank 
and large amount of oil un-swept results in low oil recovery. 
The permeability anisotropy ratio  (Kv/Kh) has a significant 
impact on hydrocarbon recovery, crossflow, different forces 
(viscous, capillary, gravity and dispersive), water or gas con-
ing, well productivity, well testing, reservoir management 
and reservoir development strategy in WAG displacement 
(Landrum and Crawford, 1960; Kulkarni, 2003; Masalmeh 
et al. 2010; Mohamed et al. 2011). The deposition of thin 
shale or stylolite layers causes the difference in vertical and 
horizontal permeability. However, low  Kv/Kh results in high 
oil recovery as fluid behavior is less dominated by grav-
ity segregation (Zahoor, 2011; Rogers and Grigg, 2000). 
The higher  Kv/Kh results in perpendicular crossflow occur 
due to higher influence of dispersion and forces like gravity, 

capillary and viscous (Larsen and Skauge, 1998; Bunge and 
Radke; Lyons and Plisga, 2011). Therefore, in-depth investi-
gations were carried out to understand negative and positive 
impact of permeability heterogeneity in WAG displacement 
process as below:

Permeability heterogeneity impact on vertical 
sweep in WAG displacement

Dawe et al. (2011) presented that permeability heterogeneity 
affects the capillary pressure between the displacing and dis-
placed phase, which will impact on residual saturation and 
hydrocarbon recovery as well as the displacement patterns. 
The high permeability streaks (HKS) present in upper lay-
ers of the subject heterogeneous reservoir have a significant 
impact on the behavior of water displacement process. The 
injected water overrides toward the HKS and flooded upper 
layers selectively. In theory, the water in upper layers will 
slump down due to gravity; however, in the reservoir, the 
water is held in the upper layers against the gravity force 
due to the capillary force. Plot (a) of Fig. 8 shows water 
saturation cross section after several year water flooding. 
The plot (b) shows the capillary pressure curves of the HKS 
layer and matrix (non-HKS) layers with water saturation. 
The water saturation of the HKS layer  (Sw1) is much higher 
than the water saturation of matrix layer  (Sw2) at the same 
capillary pressure  (Pc2) level, and this difference allows high 
water saturation to be held in upper HKS layer against the 
gravity force (Namba and Hiraoka, 1995). This ‘capillary 
holding’ phenomenon causes poor vertical sweep efficiency 
resulting in high remaining bypassed oil in lower layers. 
Therefore, plot (c) of Fig. 8 shows lower oil recovery due to 
poor vertical sweep in heterogeneous reservoir (with HKS 
in upper layer) compared to homogeneous reservoir. In the 
WAG displacement, the injected solvent will also follow the 
same path as water in the reservoir with HKS to reduce verti-
cal sweep.

Permeability heterogeneity impact on oil recovery 
in WAG displacement

The WAG process leaves considerable bypasses residual oil 
in low permeable layers as the displacement front moves 
through highly permeable layers inside the stratified reser-
voir (Donaldson et al. 1989). Therefore, permeability het-
erogeneities impact was analyzed using 3D compositional 
numerical simulation. The reservoir models were con-
structed with all identical configurations and controls except 
actual reservoir permeability heterogeneities to see each 
heterogeneity impact on miscible WAG performance. The 
oil recovery relationship with HCPVI (hydrocarbon pore 
volume injection) for both actual and synthetic 3D sectors 
models is shown in Fig. 9 and Fig. 10, respectively. The oil 
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recovery of water flood is significantly lower in heterogene-
ous reservoir compared to homogeneous reservoir as shown 
in Fig. 10 due to presence of thin HKS in the upper layers 
in synthetic models. The incremental oil recovery in WAG 
displacement over water flood is also lower in heterogeneous 
reservoir compared to homogeneous reservoir for both actual 
field and synthetic models as shown in Fig. 9 and Fig. 10. 

The WAG incremental oil recoveries expressed as percent of 
OOIP over the water injection case are about 17% in homo-
geneous reservoir and 13% in heterogeneous reservoir at 1 
HCPVI. In actual field and synthetic 3D models, initially the 
heterogeneous reservoir shows faster incremental recovery, 

Fig. 8  Vertical sweep and oil recovery in water flood for homogene-
ous and heterogeneous reservoirs

Fig. 9  Actual field 3D models oil recovery factors relationship with 
HCPVI in WAG displacement

Fig. 10  Synthetic 3D models oil recovery factors relationship with 
HCPVI in WAG displacement
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which is expected due to higher matrix permeability and 
high permeability streaks, while in later time (after 0.6 
HCPVI) the incremental recovery is reduced compared to 
homogeneous reservoir as shown in Fig. 9 due to relatively 
piston-like uniform displacement in homogeneous reservoir.

The vertical permeability anisotropy will also affect oil 
recovery in WAG displacement process, which can be ana-
lyzed through vertical to horizontal permeability ratio  (Kv/
Kh). The  Kv/Kh effect on WAG performance can be easily 
explained through dimensionless gravity viscous number 
(G) in homogeneous reservoir, which is given by Fayers and 
Muggeridge (1990) and modified by Shook and Mitchell 
(2009) as below:

where ∆ρ, V,  Kv,  kh, L, H, M, g and μo are the density dif-
ference (displaced to displacing fluids), injected fluid veloc-
ity, vertical permeability, horizontal permeability, length, 
height, mobility ratio, gravitational constant and oil viscos-
ity, respectively.

As per above Eq. (2), the gravity viscous number (G) is 
proportional to square root of  Kv/Kh in WAG displacement 
for homogeneous reservoir, while the effect of  Kv/Kh on oil 
recovery in presence of permeability heterogeneities was 
found to be very complex in WAG displacement process due 
to change in flow direction of fluid movement in presence 
of different geological depositional environment (Giordane 
et al. 1985; Tidwell and Wilson 2000). The displacement 
efficiency reduces due to solvent channeling through HKS 
(Wu et al. 2004), while vertical permeability affects viscous, 
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gravity, capillary and dispersive forces (Kulkarni 2003). 
The expected ultimate recovery (EUR) of oil was affected 
insignificantly by higher  Kv/Kh (~ > 0.1), while lower  Kv/
Kh (~ < 0.1) shows slower GBT, increases in oil recovery 
and reduces GOR production in both homogeneous and het-
erogeneous reservoir as shown in Fig. 11. In heterogeneous 
reservoir, the increase in  Kv/Kh (from 0.1 to 1) results in 
increase of oil acceleration and reduces in GBT due to the 
integrated effect of permeability heterogeneities (HKS in 
upper layers, high permeability dolomite layer at bottom) as 
shown in Fig. 11. Therefore, heterogeneous reservoir with 
very low  Kv/Kh shows better sweep efficiency; hence, it will 
be advantage in WAG displacement process. 

Permeability heterogeneity impact on solvent 
utilization factor in WAG displacement

The solvent utilization factor (SUF) is represented as the 
injected gas required at standard conditions to produce one 
barrel of incremental oil from WAG process and can be 
defined as:

The GUF is important parameters to understand the pro-
ject economic of WAG displacement process, which allow 
choosing the most economically advantageous option in 
mainly case of gas to be purchased and transported to the 
injection site. This factor indicates the amount of gas that is 
needed to recover a specified amount of oil. Plot (a) and plot 
(b) of Fig. 12 show HCPVI (hydrocarbon pore volume) of 
gas injection and solvent utilization factor (SUF) relationship 

(3)

SUF =
(Solvent (gas) injected − Solvent (gas) produced), Mscf

Oil produced, stb

Fig. 11  Vertical permeability 
anisotropy impact on oil recov-
ery (Khan and Mandal, 2019)
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with time for homogeneous and heterogeneous reservoirs. 
The heterogeneous reservoir utilizes higher total gas require-
ment compared to homogenous reservoir as shown in plot 
(a) of Fig. 12. After expressing same information as solvent 
utilization factor (injection gas volume required for 1 stb 
of incremental oil recovered), initially, the solvent utiliza-
tion factor is lower in the homogeneous reservoir, while in 
later stage solvent utilization factor is nearly same for both 
homogeneous and heterogeneous reservoir as shown in plot 
(b) of Fig. 12. In the early stage, heterogeneous reservoir 
uses higher gas and provides faster oil recovery, but in later 
stage, homogeneous reservoir provides higher oil recovery 
with higher gas use due to piston-like uniform displacement 
sweep.

Permeability heterogeneity impact on gas oil ratio 
(GOR), water cut (WCT) and WAG response time 
in WAG displacement

The plots (a), (b) and (c) of Fig. 13 show the WAG incremen-
tal oil recovery (% OOIP) over water flood, GOR and WCT 
production relationship with time after WAG starts in homo-
geneous and heterogeneous reservoirs. The response time 
for homogeneous and heterogeneous reservoirs was 8 years 

and 3.5 years, respectively. Initially, heterogeneous reser-
voir provides 4.5 years faster WAG response with higher oil 
acceleration with early gas breakthrough and higher GOR 
production compared to homogeneous reservoir as shown in 
plot (a) and (b) of Fig. 13, while in later time, oil incremental 
recovery was higher in homogeneous reservoir due to more 
uniform displacement front. Therefore, permeability hetero-
geneity decreases the ultimate oil recovery efficiencies, but 
it yields a rapid increase of oil recovery at the beginning 
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Fig. 12  Hydrocarbon pore volume gas injection and solvent utiliza-
tion factor (UTF) relationship with time after gas injection starts in 
WAG process for homogeneous and heterogeneous reservoir

Fig. 13  WAG response time, GOR and WCT relationship with time 
after gas injection starts in WAG process for homogeneous and het-
erogeneous reservoirs
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of WAG displacement process. The faster gas movement 
in heterogeneous high permeability reservoir was observed, 
which is expected because initially higher pore volume gas 
is injected even though double well spacing compared to 
homogeneous reservoir. The EUR appears approximately to 
be insensitive to the timing of WAG implementation for both 
reservoirs. At the time of start of WAG, the water cut of het-
erogeneous reservoir is larger than homogeneous reservoir 
as WAG starts at 44.5% maturity in heterogeneous reservoir 
compared to 35% maturity in homogeneous reservoirs. The 
heterogeneous reservoir shows early water breakthrough and 
higher water cut production due to high matrix permeability 
as well as permeability heterogeneities (high permeability 
dolomite layers, high permeability streaks) compared to low 
matrix permeability homogeneous reservoir. Similarly, WCT 

was also higher in heterogeneous reservoir due to early WBT 
from HKS of upper layers as shown in plot (c) of Fig. 13.

Figure 14 compares the sweep efficiency between the het-
erogeneous and homogeneous reservoirs in 3D models at 
gas breakthrough time. The heterogeneous reservoir shows 
faster breakthrough and accelerates the oil production due 
to fingering; conversely, sweep in homogeneous model is 
uniform and advancing at a similar rate along the top and 
bottom due to a higher permeability dolomite layer in the 
bottom of the region.

Further, the impact of vertical permeability anisotropy 
was analyzed on GBT and GOR production using  Kv/Kh 
ratio. The homogeneous reservoir shows slower GBT and 
lower GOR production with very low  Kv/Kh (< 0.1) due to 
viscous dominant flow (i.e., gravity number < 1) as shown 
in Fig. 15, while the GOR production increases with faster 

Fig. 14  Gas volumetric sweep 
efficiency comparison

Fig. 15  Vertical permeability 
anisotropy impact on GOR 
production (Khan and Mandal, 
2019)
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GBT when  Kv/Kh increases (from 0.1 to 1) in homogene-
ous reservoir due to viscous effect suppressed by gravity 
effect and start of gravity tongue (i.e., gravity number > 1) 
as shown in Fig. 15. The heterogeneous reservoir shows very 
complex trend of GBT and GOR production due to presence 
of permeability heterogeneities. The presence of HKS in 
heterogeneous reservoir shows poor oil recovery and early 
GBT or/and WCT due to reduction of oil mobility as HKS 
response first. However, heterogeneous reservoir with very 
low  Kv/Kh (< 0.1) shows increase in WAG incremental oil 
recovery with delayed GBT and low GOR production as the 
heterogeneity (HKS) effect is suppressed by viscous-dom-
inated effect as shown in Fig. 15, while as  Kv/Kh increases 
(from 0.1 to 1), the impact of  Kv/Kh is very complex as flow 
performance is governed by permeability heterogeneity. The 
heterogeneous reservoir shows oil acceleration, early GBT 
as increase in  Kv/Kh (from 0.1 to 1) due to combined effect 
of HKS, dolomite layer permeability, matrix permeability 
and increasing in gravity as shown in Fig. 15.

Permeability heterogeneity impact on hysteresis 
in WAG displacement

In WAG displacement, the gas phase is trapped (immobile 
gas saturation in the porous rock) during water flood cycle 
after gas flood cycle. This effect creates significant hysteresis 
in drainage and imbibition processes of WAG displacement, 
which reduces the relative permeability of water phase in 
oil/mixed wet reservoirs (Land, 1968; Skauge and Aarra, 
1993; Braun and Holland, 1995; Joekar-Niasar et al. 2013; 
Masalmeh et al. 2021; Sedaghatinasab et al. 2021). The rela-
tive permeability to wetting phase increases and to that of 
non-wetting phase decreases in imbibition cycle compared to 
drainage cycle; therefore, the relative permeability of phases 
depends on whether that phase saturation was obtained by 
approaching it from a higher or lower value. These phe-
nomena arise hysteresis in relative permeability of phases 
(Larsen & Skauge, 1998; Skauge and Larsen, 1994). Hence, 
the relative permeability of phases obtained from classical 
techniques might not be applicable correctly to WAG dis-
placement process due to hysteresis (DiCarlo et al. 2000; 
Fenwick and Blunt, 2013). At least, two sources by which 
hysteresis occurs in WAG displacement are (1) trapping of 
the non-wetting phase (gas); (2) advancing the contact angle 
of wetting phase (water) displacing a non-wetting phase 
(gas). Therefore, hysteresis in capillary pressure and wetting 
and non-wetting phase’s relative permeability are important 
critical input parameters in compositional simulation to pre-
dict reliable miscible WAG floods performance. The amount 
of solvent injection perdition will be underestimated if hys-
teresis was not considered in WAG displacement.

The plots (a) and (b) of Fig. 16 represent the comparison 
of oil recovery (% OOIP) and GOR production relationship 

with HCPVI with and without hysteresis for homogeneous 
and heterogeneous reservoirs. The simulation results show 
that heterogeneous reservoir has insignificant impact on oil 
recovery due to the presence of hysteresis in gas relative 
permeability  (Krg), water relative permeability  (Krw) and 
capillary pressure  (Pc). However, the presence of HKS in 
upper layers of heterogeneous reservoir shows more hys-
teresis dominant effect due to water/gas overrides through 
HKS and leaving un-contacted oil in lower layers as shown 
in Fig. 16. The low permeability homogeneous reservoir 
shows insignificant impact due to presence of hysteresis in 
gas relative permeability, while the oil recovery and GOR 
production reduce if there is no hysteresis in water relative 
permeability. Consequently, the oil recovery and GOR fur-
ther reduce if there is no hysteresis in capillary pressure as 
represented in Fig. 16.

Permeability heterogeneity impact on un‑contacted 
oil saturation  (Sorm) in WAG displacement

In WAG displacement, gas injection half cycle provides 
more oil production (or oil recovery) due to lower interfacial 
tension between gas oil by gas invading oil trapped pores 
after the first water cycle, while water injection half cycle 
snaps off the gas bubbles at the pore throats, which create 
discontinuous oil phase due to local gas pressure fluctuations 
and capillary forces (Sohrabi et al. 2000). Therefore, gener-
ally, the major oil sweep is achieved from pores after few 
numbers of WAG injection cycles. The compositional simu-
lation shows that the oil saturation near to injector will be 
as low (nearly to zero) as predicted by equation of state, but 
laboratory core flood observation indicates nonzero residual 
oil saturation  (Sorm). Hence, miscible gas injection overes-
timates oil recovery from simulation even though miscible 
core flood tests show rarely 100% recovery as well as field 
observations show bypassed oil in miscible gas injection 
process (McGuire et al. 2005; Stalkup, 1983). One example 
is shown in cross-sectional view of oil saturation in Fig. 17, 
and the simulation results indicate that some grids have very 
small oil saturation (i.e., theoretically almost zero) near to 
injector well after miscible gas floods, which will result in 
overestimate of the miscible benefit. Hiraiwa and Suzuki 
(2007) derived a method for incorporation of this labora-
tory-based residual oil saturation  (Sorm) in compositional 
simulation. This proposed method maintains the prescribed 
residual oil using transport coefficient due to restriction of 
the excessive vaporization. Figure 17 shows WAG incre-
mental recovery factor and solvent production/injection 
ratio relationship with HCPVI generated for heterogene-
ous and homogeneous reservoirs. The simulation results 
overestimated miscible WAG incremental oil recovery fac-
tor approximately 2–3 (% OOIP) as shown in Fig. 17 for 
both heterogeneous and homogeneous reservoirs due to not 
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consideration of un-contacted oil saturation  (Sorm), while 
laboratory shows 18%  Sorm. 

Permeability heterogeneity impact on gravity 
override in WAG displacement

By well spacing

There are three forces affecting the gas behavior such as 
viscous, gravity and capillary forces. Hence, these forces 
dominant effects were analyzed due to well spacing and 
geological heterogeneity (matrix permeability, HKS layer 

Fig. 16  Hysteresis effect on oil 
recovery and GOR production 
in WAG displacement process
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and dolomite high permeability layer) for the evaluation of 
gas gravity override in miscible WAG displacement process.

Figure 18 and Fig. 19 show the cross-sectional view 
of  CO2 gas movement at GBT and after GBT with dif-
ferent well spacing in homogeneous and heterogeneous 
reservoirs. Simulation model results show that wider well 

spacing provides more gas gravity override as shown in 
Fig. 18 and Fig. 19 as gravity force becomes more domi-
nant than viscous force as well spacing increases between 
injector and producer. Hence, a lot of un-contacted oil will 
leave in the lower layers of both homogeneous and het-
erogeneous reservoirs. However, the tighter homogeneous 

Fig. 17  Cross-sectional view of small residual oil saturation (almost zero) after gas flood; type curve with and without  Sorm impact in heteroge-
neous and homogeneous reservoirs

Fig. 18  2D cross-sectional view of  CO2 gas front movement due to well spacing impact in low permeability homogeneous reservoir
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reservoir shows higher gas gravity overrides with wider 
well spacing compared to heterogeneous reservoir due to 
higher gravity force dominant over viscous force.

By matrix permeability

Lower horizontal permeability helps in improving long-
term cumulative oil recovery, while the higher permeabil-
ity adversely affects the production with higher cumulative 
water and gas production in WAG displacement process 
(Temizel et al. 2014). For the evaluation of matrix permea-
bility impact on gas gravity override, simple mechanistic 2D 
models were developed with different permeabilities as low 
as in homogeneous reservoir (1md) and high as in heteroge-
neous reservoir (25md) with same well spacing. Figure 20 
shows cross-sectional view of the shape of water and gas 
displacement front with different HCPVIs due to the effect 
of matrix permeability. The vertical waterfront movement 
is relatively uniform in low permeability case compared to 
high permeability case, which has conical shape type front 
movement toward the lower layer of the reservoir due to 
dominant gravity force that tends to move water toward the 
lower layers in high permeability reservoir, while the viscous 
force is relatively dominant in low permeability reservoir. In 
the gas injection cases, the GBT occurs from upper layers 
due to gas gravity override in high permeability case, while 
more uniform and higher vertical sweep has been observed 

in low permeability cases due to dominant effect of viscous 
in low permeability case.

By high permeability streaks (HKS)

The gas channeling becomes more severe in WAG displace-
ment for stratified heterogeneous reservoir, which has large 
permeability variation and longitudinal correlation lengths 
between the zones of the reservoir (Araktingi et al. 1990). If 
HKS is present at the bottom of the heterogeneous reservoir, 
then areal sweep efficiency will be higher due to favorable 
gravity segregation, i.e., reservoir fluids are controlled by 
formation deposition sequence; hence, WAG process delays 
in GBT and increasing oil recovery. However, the presence 
of high permeability streaks typically on top of reservoir 
leads to water and gas channeling, which results in early 
WBT and GBT. This phenomenon results in large amount 
of unswept oil due to disappearance of the miscible bank as 
developed by the flood front instability. The viscous finger-
ing also results in early GBT even though in homogeneous 
reservoir, which has less impact of gravity (Fayers and Mug-
geridge, 1990; Christensen et al.  2000). Figure 21 shows the 
cross sections of the  CO2 mole fraction in the tapered  CO2 
WAG simulation case for heterogeneous and homogeneous 
models. Gas gravity override occurred in both models, but 
the heterogeneous model shows more gas override in early 
stage due to the HKS in upper layers. This gravity override 

Fig. 19  2D cross-sectional view of  CO2 gas front movement due to well spacing impact in high permeability heterogeneous reservoir with HKS
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results in earlier GBT and faster oil acceleration in heteroge-
neous reservoir. However, finally, both models show similar 
level of gas override after long time gas injection and the 
ultimate oil recovery uplift is also similar.

By integrated impact of HKS, dolomite layer 
permeability and matrix permeability

In homogeneous reservoir, the gas moves upward and 
water moves downward due to their densities, while this 
effect will be more dominant in higher matrix permeabil-
ity reservoir due to the increasing effect of gravity force 
over viscous force, while both gas and water may move 
upward due to capillary holding phenomena in presence 
of HKS in upper layers of the reservoir. In addition, water 
may move toward down and gas toward up due to higher 
gas mobility in presence of high permeability dolomite 
layer at bottom of the reservoir. However, this effect will 
be large in presence of both HKS in upper layer and high 
permeability dolomite layer at bottom of the reservoir. 
These effects show that the increasing permeability het-
erogeneities results in more significant gravity override in 
stratified reservoir (Cullick et al. 1993). Therefore, in the 
heterogeneous reservoir, the period of maximum possible 
constant rate reduces with the increase in permeability het-
erogeneities due to early gas breakthrough (GBT), while 
the oil acceleration with less expected ultimate oil recov-
ery was observed due to arrival of large solvent and water 
slug toward the producer wells and leaving unswept oil at 
bottom of the reservoir. Therefore, permeability heteroge-
neities play strong influence on WAG displacement pro-
cess. Figure 22 compares the 2D cross-sectional views of 
injected gas movement at different HCPVI (water and gas) 

Fig. 20  Matrix permeability impact on shape of water and gas front displacement

Fig. 21  Comparison of gas override for heterogeneous and homoge-
neous models
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for WAG in homogeneous and heterogeneous reservoirs. 
The WAG shows faster gas movement in heterogeneous 
reservoir compared to homogeneous reservoir. Initially, 
the gas movement direction is different in homogeneous 
reservoir compared to heterogeneous reservoir as shown 
in the first-row snapshots of Fig. 22. The gas gravity over-
ride is higher in heterogeneous reservoir due to presence 
of higher matrix permeability and HKS in upper layer 
compared to low permeability homogeneous reservoir, 
which has high permeability dolomite layer in the lower 
layers. The second-row snapshots show the progressive 
gas movement, and ultimately, the third-row snapshots 
show higher sweep in homogeneous reservoir compared 

to heterogeneous reservoir with same level of HCPVI due 
to HKS and utilized lower injected gas.

Permeability heterogeneity impact on economics 
in WAG displacement

The net present value (NPV) is the important indicator of 
profitability for projected investment in the WAG displace-
ment process. The reservoir heterogeneity plays a vital role 
in the project economy (Bhatia et al. 2014). Ettehadtavakkol 
et al. (2014) show that increase in WAG ratio provides better 
NPV, however, after further increase in WAG ratio shows a 
decline in NPV, while NPV will be highest at optimum WAG 
ratio in both carbonate and sandstone reservoirs. However, 

Fig. 22  Cross-sectional view of 
on  CO2 gas movement due to 
impact of matrix permeability, 
HKS and dolomite layer perme-
ability in homogeneous and 
heterogeneous reservoir

Fig. 23  WAG incremental oil 
recovery and solvent recovery 
relationship with HCPVI after 
WAG starts for homogeneous 
and heterogeneous reservoir
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permeability heterogeneities have a significant impact on 
WAG ratio to achieve optimum value. The NPV is computed 
from the summing of all the present values from outgoing 
and incoming cash flows over a period (Satter and Ganesh, 
1994) as presented below:

where  Cin,  Cout,  Co, r and t are the net cash inflow (Revenue) 
during period t, net cash investment during period t, invest-
ment costs, discount rate and number of years, respectively.

In WAG displacement, the availability of gas at field 
level affects greatly the economic. However, the reservoir 
heterogeneities also play a significant role in economics 
due to effect on oil recovery, solvent utilization factor, 
WAG response time, GOR and water production. Fig-
ure 23 shows WAG incremental oil recovery and solvent 
recovery relationship with HCPVI after WAG starts for 
homogeneous and heterogeneous reservoirs. Homogene-
ous reservoir shows 3% OOIP higher recovery compared to 
heterogeneous reservoir at 1 HCPVI, which was expected 
due to less gas gravity override. However, the heteroge-
neous reservoir has higher amount of gas injected and 
higher solvent recovery, which was also expected due to 
high matrix permeability and higher gas gravity override 
through upper HKS layers. The homogeneous reservoir 
requires double number of wells due to tight permeability; 
hence, higher capital cost is required to be invested com-
pared to heterogeneous reservoir. Simulation results show 
that heterogeneous reservoir shows faster response with 
higher initial oil acceleration production but with lower 
initial solvent utilization factor compared to homogeneous 
reservoir in miscible WAG displacement. Hence, all input 
advantages and disadvantage put together and the econom-
ics calculation was carried out to see final higher miscible 
WAG impact benefit in both the reservoirs. Table 1 shows 
economics evaluation of these two reservoirs and con-
firms that heterogeneous high permeability reservoir has 
better NPV compared to low permeability homogeneous 
reservoir. Hence, it is not always true that miscible WAG 

(4)NPV =
∑t

t=1

(Cin − Cout)t

(1 + r)t
− Co

benefit (better NPV) is higher in homogeneous reservoir 
compared to heterogeneous reservoir, because it depends 
on the combined effect of incremental oil recovery, GOR 
production level, WAG response time, faster oil accelera-
tion, solvent utilization factor and solvent recovery.

Summary and conclusions

The results of this study show that the permeability hetero-
geneities play a significant role in miscible WAG perfor-
mance and their economics. The results of permeability het-
erogeneities impact on WAG performance are given below:

• The presence of HKS in upper layers in heterogeneous 
reservoir shows poor vertical sweep due to capillary 
holding phenomena;

• The permeability heterogeneities decrease the ultimate 
oil recovery (EUR), higher GOR and water cut produc-
tion. However, heterogeneous reservoir shows initially 
faster WAG response to accelerate the oil recovery, while 
in later time stage, the oil recovery is reduced compared 
to homogeneous reservoir due to relatively piston-like 
uniform displacement behavior in homogeneous reser-
voir;

• Initially, solvent utilization factor is higher in heteroge-
neous reservoir, while in later stage solvent utilization 
factor is nearly the same for both homogeneous and het-
erogeneous. The total gas utilization is higher in hetero-
geneous reservoir compared to homogenous reservoir;

• The heterogeneous reservoir shows initially faster WAG 
response to incremental oil recovery, while in later time 
the incremental oil recovery was reduced due to rela-
tively piston-like uniform displacement in homogeneous 
reservoir;

• Hysteresis (presence in  Pc,  Krg and  Kw) has insignificant 
impact on WAG incremental oil recovery and GOR pro-
duction in heterogeneous reservoir. In the homogeneous 
reservoir, hysteresis in  Krg also has insignificant impact. 
However, without hysteresis in  Krw reduces the oil recov-

Table 1  Economic indicators in homogeneous reservoir versus heterogeneous reservoir in miscible WAG displacement

At Year Incremental Cum. Oil 
(MMstb)

CAPEX (MM$) UDC ($/bbl) UTC ($/bbl) Heterogeneous 
reservoir NPV 
related to homo-
geneous reservoir 
(%)

Homogeneous Heterogeneous Homogeneous Het-
eroge-
neous

Homogeneous Heterogeneous Homogeneous Het-
eroge-
neous

30 5.1 16.2 62 35 12.2 2.2 25 11 125
55 11.8 23 62 35 5.3 1.5 20 9 135
100 15.7 24.5 62 35 3.9 1.4 18 8 135
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ery and GOR production, while oil recovery and GOR 
further reduce if there is no hysteresis in capillary pres-
sure;

• Compositional simulation overestimates 2–3 (% OOIP) 
WAG incremental recovery at 1 HCPVI in both homoge-
neous and heterogeneous reservoirs due to not considera-
tion of the un-contacted oil saturation  (Sorm);

• The higher matrix permeability shows more gas gravity 
override and early gas breakthrough (GBT) with higher 
GOR compared to low matrix permeability due to more 
advancement of gravity force. The HKS in upper layers 
causes significant gas override and fast gas breakthrough. 
The presence of high permeability dolomite layer in bot-
tom of reservoir increases water breakthrough due to 
gravity effect. The tighter homogeneous reservoir shows 
higher gas gravity overrides with wider well spacing 
compared to heterogeneous reservoir due to higher grav-
ity force dominant over viscous force;

• The economic analysis shows that the miscible WAG 
application is not always higher beneficial (high NPV) 
for homogeneous reservoir compared to heterogene-
ous reservoir due to integrated effect of incremental oil 
recovery, GOR, WAG response, faster oil acceleration, 
solvent recovery and gas utilization.
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