
Introduction 
In Brazil, the pre-salt carbonate formations, rich in light 
oil and with variable-to-high CO₂ content, stand as the 
country’s most productive assets but pose serious re-
covery challenges. Gas injection (GI) has been widely 
used for both enhanced oil recovery (EOR) and CO₂ 
management, but issues such as viscous fingering, 
channeling, and poor sweep efficiency often limit its 
effectiveness. 
To overcome these conformance problems, the water 
alternating gas (WAG) process is typically employed to 
control gas mobility, improve sweep efficiency and 
help in CO2 management. However, it may suffer from 
viscous instabilities. A possible alternative is foam-
assisted water alternating gas (FAWAG) injection, 
which is a technique that combines WAG with a surfac-
tant-based foam to reduce gas mobility and enhance 
sweep efficiency. 
While FAWAG has been extensively studied in labora-
tory-scale experiments, its field-scale applicability in 
fractured and ultra-heterogeneous carbonate systems 
has still many challenges. This research addresses that 
gap through model-based reservoir simulations of 
FAWAG applied to a representative pre-salt carbonate 
region, benchmarking its performance against conven-
tional water injection (WI) and WAG strategies. 

Methodology 
The developed methodology focuses on the optimiza-
tion and comparison of the injection schemes using a 
common reservoir model to ensure consistent bench-
marking (Figure 1). 

Each scheme was first simulated to establish baseline 
performance, followed by an optimization procedure 
designed to maximize a global objective function. 
A non-hierarchical optimization approach was applied, 
simultaneously adjusting all design (group 1 variables - 
G1) and control/operation (group 2 variables - G2L) 
variables, including key foam-model parameters, to 
achieve the optimal performance. Once optimized, the 
three cases were compared in terms of oil recovery, gas 
mobility control, and overall global performance. 

Application 
The study uses a synthetic model named PT, a naturally 
fractured carbonate reservoir representative of Brazilian 
pre-salt fields. Due to its heterogeneity, dual-
permeability nature, and high computational demand, a 
representative sub-model (PT-S1) was selected to ena-
ble multiple simulations (Figure 2). PT-S1 contains 
3,565 active cells with one injector and one producer 
2,089m apart, maintaining key geological heterogenei-
ties and fracture properties of the full model. 
An empirical foam model, considering 0.1wt% surfac-
tant concentration, is implemented to capture gas mo-
bility reduction during FAWAG injection. This is 

achieved through a dimensionless gas mobility reduc-
tion factor (FM), that depends on surfactant concentra-
tion, oil and water saturation, salinity, capillary number 
and other factors (Equation 1). 

where kf
rg is the gas relative permeability in the pres-

ence of foam, and knf
rg is the initial (in the absence of 

foam) gas relative permeability. 
Computed foam parameters are adjusted based on de-
fault experimental data from the simulator (Computer 
Modelling Group Ltd., 2022; Figure 3). 

Production strategies (WI, WAG, FAWAG) are opti-
mized using the iterative discrete Latin hypercube 
(IDLHC) algorithm with net present value (NPV) as the 
objective function (OF). It is used as a techno-
economic metric that consolidates production and in-
jection outcomes to assess the global performance. 

Results and discussion 
The application of the IDLHC algorithm led to a signif-
icant improvement across all production strategies 
(Figure 4). 
In the base case, FAWAG yielded a slightly lower NPV 
than both WI and WAG (approximately 5% and 3% 
lower, respectively) primarily due to the higher cost of 
surfactant (Figure 5). However, the introduction of 
optimization significantly changed this performance 
hierarchy. 
The optimized FAWAG scenario recorded a higher 
NPV than WI by 24% and WAG by 6%. In addition, 
FAWAG achieved the best oil recovery performance, 
with cumulative oil production (Np) improving by 10% 
relative to the optimized WI case. These gains were 
achieved alongside a 33% reduction in the gas-oil ratio 
(GOR) compared to WAG, confirming FAWAG’s 
superior gas mobility control. 
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Figure 1: Simplified methodology to optimize and compare 

the three injection schemes: WI, WAG, and FAWAG. 

Figure 2: 3D view of fracture horizontal permeability (I 

direction) in logarithmic scale (mD): (a) full PT model, and 

(b) PT-S1 sub-model. 

Figure 3: Simulation data and experiment data: foam appa-

rent viscosity as a function of foam quality. 
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Results revealed that increasing surfactant concentra-
tion enhanced foam strength and gas blockage (reduced 
gas mobility/relative permeability, Figure 6), leading to 
improved sweep efficiency. Despite these advantages, 
FAWAG’s high operational costs, injection risks, and 
computational demand highlight the need for balanced 
foam design and practical field validation before large-
scale deployment. 

Conclusions 
This study investigated the potential of FAWAG injec-
tion as a strategy to enhance oil recovery and CO₂ man-
agement in Brazilian pre-salt carbonate reservoirs char-
acterized by strong heterogeneity and high gas mobility. 
Using a representative synthetic model and an empirical 

foam formulation, FAWAG was shown to effectively 
reduce gas mobility through relative permeability modi-
fication. 
Before optimization, FAWAG achieved higher oil re-
covery but lower overall economic performance due to 
elevated surfactant costs, highligting the need for holis-
tic evaluation. After optimization, however, FAWAG 
outperformed both WI and WAG schemes, yielding 
higher NPV, increased oil recovery, and reduced GOR. 
The improvement was mainly attributed to FAWAG’s 
enhanced gas mobility control, which strengthened with 
increasing surfactant concentration. 
Future work should extend this analysis using a proba-
bilistic framework applied to full-field models, to assess 
FAWAG’s robustness for pre-salt fields and its role in 
sustainable CO₂ reinjection strategies. 
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Figure 4: NPV evolution over the optimization process for 

WI, WAG, and FAWAG. 

Figure 5: Comparison of WI, WAG, and FAWAG optimized 

cases in terms of global performance, cumulative oil produc-

tion, oil recovery factor, and gas-oil ratio. 

Figure 6: Gas relative permeability in the absence and in the 

presence of foam for both base and optimized cases. 
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