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In the recent years, foam process has shown a growing potential in producing naturally fractured reservoirs. While much effort was devoted to fractured reservoir characterization and laboratory design of foaming chemicals, decisionmaking for field development goes through reservoir simulation. This work assesses foam flooding performance through dual-media reservoir simulations, to optimize injection strategy and foam key features such as stability, mobility reduction, adsorption and interfacial tension (IFT) reduction.

Foam flooding may improve significantly oil recovery in fractured oil-wet reservoirs through a better fluid mobility control and an increase in viscous forces in fractures, improving the sweep efficiency. Additionally, foaming chemicals can lead to low to ultra-low interfacial tension between oil and water, and thus enhance oil mobilization. This study evaluates the sensitivity of foam flooding performances to foam properties and injection strategy at pilot-scale.

This sensitivity analysis is based on the variance decomposition (Sobol indexes) of the response model (such as oil production), while a surrogate model is built to limit the number of simulations required to evaluate the objective function. Optimizations are performed to constrain the process to be more efficient than gas and/or water injection.

The foam process optimum is a trade-off between oil recovery maximization and costs minimization, which corresponds to a rise in viscous forces that force out the oil from the matrix while respecting the fracture pressure and limiting the amount of injected chemicals.

This sensitivity assessment brings new insights for pre-feasibility studies, in particular for the foaming formulation design. Specifically, as foam flooding recovery mechanisms interplay, impacts of chemicals adsorption, injection strategy and optimization parameters will strongly differ whether foaming chemicals achieve or not low interfacial tension. The foam process efficiency mainly depends on viscous forces developed in the fracture network whereas the "low-IFT" effect mainly relies on the penetration of aqueous chemicals in the matrix.The proposed optimization workflow demonstrates its ability to evaluate and to guide the selection of the most appropriate process at pilot scale, according to the reservoir specificities.

Introduction

For an oil-wet naturally fractured reservoir (NFR) produced with a successful but slow kinetics gas-oil gravity drainage (GOGD), the choice of an alternate optimal recovery process may be challenging. To help the decision-making for field development, a sensitivity study and optimization on oil recovery and economics are conducted at pilot scale for different processes and injection strategies, including foam injection, gas and/or water injection. Foam injection has the potential to significantly improve oil production [START_REF] Chevallier | Design of a combined foam EOR process for a naturally fractured reservoir[END_REF] in NFR through a better mobility control of injected fluids and an increase in viscous forces in fractures, leading to a more efficient sweep in the matrix. In addition, some advanced low-IFT foams can reduce drastically interfacial tension between oil and water (IFT), improving potentially the oil mobility and enabling water entrance in the matrix in case of unfavourable wettability.

The applied methodology combines sensitivity studies and numerical simulations performed with IFP Energies nouvelles reservoir simulator Puma, taking into ac-count matrix-fracture exchange within a dual-medium framework [START_REF] Quandalle | Typical features of a multipurpose reservoir simulator[END_REF][START_REF] Lemonnier | Simulation of naturally fractured reservoirs. State of the art part 1 -physical mechanisms and simulator formulation[END_REF][START_REF] Lemonnier | Simulation of naturally fractured reservoirs. State of the art part 2 -matrix-fracture transfers and typical features of numerical studies[END_REF] and production mechanisms related to foam and surfactant.

To model the different injection strategies, a conceptual oil-wet NFR pilot-scale model is built based on published material about the Natih reservoir (Oman) [START_REF] Van Dijkum | Fractured reservoir simulation and field development, Natih field[END_REF] for the only purpose of demonstration. Gas and water injections have been considered as production processes. Water injection is poorly efficient to produce oil from matrix whereas gas injection invades fractures and leads to a slow oil recovery from the matrix by gravity drainage [START_REF] Van Dijkum | Fractured reservoir simulation and field development, Natih field[END_REF]. This behaviour will be considered as a general behaviour of oil-wet NFR.

A technical and economic assessment is performed on such NFR model to select the appropriate production process. First, a sensitivity and optimization analysis is performed to maximize oil recovery with a foam process. To deepen this analysis, an economic analysis is performed, on the one hand with uncertainties in resources prices, and on the other hand, by optimizing the foam process to obtain a better profitability compared to gas and/or water injection.

A similar comparative analysis is performed by considering foaming formulations that achieve significant IFT reduction between oil and water or not. Such a comparison is of primary importance when probing a foam pilot response and when choosing the foaming formulation to be designed.

Method and theory

Darcy-scale foam model

Foam is modelled through a gas mobility reduction FM which reads [START_REF] Gassara | Calibrating and scaling semi-empirical foam flow models for the assessment of foam-based EOR processes (in heterogeneous reservoirs)[END_REF][START_REF] Gassara | Calibrating and interpreting implicit-texture models of foam flow through porous media of different permeabilities[END_REF][START_REF] Gassara | Equivalence between semi-empirical and population-balance foam models[END_REF][START_REF] Batôt | WAG management with foams: influence of injected gas properties and surfactant adsorption[END_REF] 

FM = 1 1 + (M ref -1) ∏ 4 i=1 F i (1) 
with
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where M ref is the reference (maximum) gas mobility reduction under optimal conditions of the rock-fluid-additives system under consideration, and F i are functions of four physical parameters that are surfactant concentration in the water phase C s w , water saturation S w , oil saturation S o and gas phase Darcy velocity u g (through the gas capillary number N cg , see below). Specifically:

-F 1 function accounts for lamellas stability that is obtained for surfactant concentrations larger than some threshold C s w,ref [START_REF] Weaire | The physics of foams[END_REF][START_REF] De Gennes | Capillarity and wetting phenomena: drops, bubbles, pearls[END_REF]. -F 2 function governs the sharpness of the transition from the low-quality to the high-quality regime, through the dimensionless constant Θ, as water saturation decreases in the vicinity of S * w [START_REF] Gassara | Calibrating and scaling semi-empirical foam flow models for the assessment of foam-based EOR processes (in heterogeneous reservoirs)[END_REF][START_REF] Gassara | Calibrating and interpreting implicit-texture models of foam flow through porous media of different permeabilities[END_REF][START_REF] Gassara | Equivalence between semi-empirical and population-balance foam models[END_REF]. -F 3 function accounts for oil impact on foam performance. -F 4 function accounts for foam shear-thinning behaviour through the gas capillary number N cg = µ g u f g /(Φσ wg ), where µ g denotes the gas viscosity, u f g the Darcy velocity of the gas phase in the presence of foam, Φ the rock porosity and σ wg the interfacial tension between gas and water.

Mobile and adsorbed surfactant concentrations are related with an adsorption law such as a Langmuir isotherm. Whenever the foaming chemicals reduce the interfacial tension σ ow between oil and water, the following mechanisms are accounted for [START_REF] Douarche | Modeling chemical EOR: some illustrations from lab to reservoir scale[END_REF][START_REF] Leray | Multi-objective assisted inversion of chemical EOR corefloods for improving the predictive capacity of numerical models[END_REF]:

-Water-oil capillary pressure is proportional to the interfacial tension between water and oil phases. -A capillary desaturation curve (CDC) relationship S or (N c ), where N c = µ w u w /σ ow denotes the capillary number, may mobilize the capillary-trapped oil in the matrix medium. -Water-oil relative permeabilities dynamically depend on the capillary number N c and tend to be cross-shaped for large capillary number values such that S or (N c ) = 0 ultimately.

More detailed investigations in foam stability and interactions with low-IFT properties can be found in companion papers [START_REF] Chevallier | Design of a combined foam EOR process for a naturally fractured reservoir[END_REF][START_REF] Chevallier | Advanced EOR foam in naturally fractured carbonates reservoirs: optimal balance between foam and interfacial tension properties[END_REF][START_REF] Gland | New developement of cationic surfactant formulations for foam assisted CO 2 -EOR in carbonates formations[END_REF].

In the following, we denote "foam only" a foaming formulation that does not reduce significantly the interfacial tension between oil and water, whereas "low-IFT foam" stands for a foaming formulation that significantly lowers IFT (from 10 -1 to 10 -3 mN/m). While such a classification is somehow arbitrary, it proved to be very useful in order to separate foam production mechanisms. Foaming chemicals that achieve mobility reduction with or without IFT reduction are referred as to foaming agent or surfactant indifferently in the following.

Oil-wet naturally fractured reservoir pilot-scale

dual-medium model set-up Following [START_REF] Quandalle | Typical features of a multipurpose reservoir simulator[END_REF][START_REF] Lemonnier | Simulation of naturally fractured reservoirs. State of the art part 1 -physical mechanisms and simulator formulation[END_REF][START_REF] Lemonnier | Simulation of naturally fractured reservoirs. State of the art part 2 -matrix-fracture transfers and typical features of numerical studies[END_REF][START_REF] Warren | The behavior of naturally fractured reservoirs[END_REF], we set up a dual-medium model such that only the equivalent fracture medium is connected. Fluxes from one matrix block to another are only possible through the fracture medium and oil reimbibition in the matrix medium is not accounted for in this work.

The pilot under consideration is a quarter five-spot of 500 m length and width and 100 m height, with a 4 degrees dip. Matrix and fracture equivalent media are meshed with a regular space discretization of 20 × 20 × 10 m. Dual-medium parameters are defined in Table 1. As reported in Fig. 1, the injection well is located in the deepest bottom left corner whereas the production well is located in the most elevated top right corner. Both wells are perforated over the reservoir height. In this work, foam is considered through water and gas co-injection. Foam forms whenever water and gas phases spatially overlap and when an aqueous foaming agent is transported by water, which results in a gas phase mobility reduction FM given by Eq. 1. Well flow rates are controlled by a bottom-hole pressure of 110 bar for the injector and 30 bar for the producer. The quality factor f g , or gas fractional flow, which is defined as the ratio of the volumetric gas flow rate over the total water and gas flow rates, is kept constant in the near wellbore during the simulation while the total volumetric flow rate may differ according to the injected fluid properties. Reservoir pressure is 60 bar and matrix and fractures are initially saturated with oil. Injec-tion parameters such as foaming agent concentration, foam injection duration and quality factor are addressed through a sensitivity and optimization study. Parameters initial estimates and ranges are given hereafter.

Reservoir and fluid properties are mainly based on estimations or measurements reported in [START_REF] Van Dijkum | Fractured reservoir simulation and field development, Natih field[END_REF] for the Natih carbonated NFR in Oman, for the only purpose of demonstration. Some properties, such as lateral block size, oil-water entry capillary pressure and fracture permeability, have been qualitatively calibrated to reproduce the dynamic behaviour of this oil-wet NFR, as reported in [START_REF] Van Dijkum | Fractured reservoir simulation and field development, Natih field[END_REF]. Thus, these properties are set such as oil recovery is maximized by gas injection while minimized by water injection (Fig. 2) based on a preliminary sensitivity analysis on these properties.

The considered matrix and fracture equivalent media are homogeneous. Their average equivalent properties are reported in Table 1. Fluid PVT properties directly come from [START_REF] Van Dijkum | Fractured reservoir simulation and field development, Natih field[END_REF] and are given in Fig. 3. The dissolved gas ratio has been slightly tuned to match an initial equilibrium state with a bubble pressure of 60 bar. Petrophysical properties are based on [START_REF] Van Dijkum | Fractured reservoir simulation and field development, Natih field[END_REF] as well. Matrix relative permeabilities are set as power laws that are representative of an oil-wet rock, as reported in Table 2, whereas fracture relative permeabilities are cross-shaped (no preferential flow). Specifically, three-phase flow relative permeabilities are computed using Stone 1 model [START_REF] Aziz | Petroleum reservoir simulation[END_REF][START_REF] Fayers | Extension of Stone's method 1 and conditions for real characteristics in three-phase flow[END_REF] based on two-phase flow water-oil and gas-oil relative permeabilities, which read 1 and2. For water injection, the difference in pressure is not sufficient to overcome capillary forces outside the near-well zone, therefore the matrix drainage is inefficient.
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where S orw and S org stand for the residual oil saturations to water and gas injection respectively, and S wi and S gr denote the irreducible water and gas saturations. Fracture medium capillary pressure is neglected. Matrix medium water-oil and gas-oil capillary pressures, defined as p cow (S w ) = p op w and p cog (S g ) = p gp o , are reported in Fig. 4 and are representative of an oil-wet porous medium with a water-oil entry capillary pressure of -0.1 bar (see Table 1). Water-oil S orw 0.12 Gas-oil S org 0.12 S wi 0.22 In addition to injection parameters, foam properties are also part of the optimization. To-be-optimized parameters are the reference mobility reduction M ref , oil saturation threshold S * o , foaming agent rock adsorption capacity Q max (Langmuir coefficient is set to 10 L/g) and minimum water-oil IFT whenever the foaming formulation reduces IFT (see Fig. 5). Other foam parameters are reported in Table 3. The considered CDC which is reported in Fig. 5 is assumed to be representative of an oil-wet rock [START_REF] Humphry | Impact of wettability on residual oil saturation and capillary desaturation curves[END_REF][START_REF] Humphry | Impact of wettability on residual oil saturation and capillary desaturation curves[END_REF].
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Sensitivity and optimization method

The sensitivity of simulation results is quantified through Sobol index calculation. These indexes are an estimation of parameters influence based on model outputs variance [START_REF] Sobol | On sensitivity estimation for nonlinear mathematical models[END_REF]. The Sobol index calculation requires to evaluate many times (i.e. for many different parameters values combinations) the costly flow simulation results. To avoid this computational cost, we replace the flow simulation by a response surface model which approximates the relationship between parameters and flow simulation output [START_REF] Feraille | Prediction under uncertainty on a mature field[END_REF][START_REF] Douarche | Sensitivity analysis and optimization of surfactantpolymer flooding under uncertainties[END_REF]. This mathematical approximation (also called response surface model or metamodel) is built by applying kriging method on some simulated data [START_REF] Scheidt | Toward a reliable quantification of uncertainty on production forecasts: Adaptive experimental designs[END_REF]. For each studied time period, a response surface based on Gaussian process technique is used for Sobol index calculation. Parameters values are sampled by applying the Latin Hypercube Sampling method (LHS [START_REF] Mckay | A comparison of three methods for selecting values of input variables in the analysis of output from a computer code[END_REF]). This design of experiments is a space-filling design, with a flexible number of evaluations and takes into account every domain of the input space while varying simultaneously every parameter. Thus, this design gives information about input parameters effects and their interactions on simulated output. Prior to response surface modelling and Sobol index calculation, a qualitative sensitive analysis is also performed on simulations results from the LHS. The optimization is performed with the L-BFGS-B quasi-Newton method [START_REF] Byrd | A limited memory algorithm for bound constrained optimization[END_REF], and is based on previously built response surface models. Again, the interest in using these metamodels is to predict, within metamodel error, the expected recovery for all parameters combination in the studied input space while limiting the computational effort to the initial simulated samples. This is critical considering the costly computational time of these numerical simulations. The objective of the optimization is to maximize the foam recovery process after 10 years of foam injection (maximum foam injection duration) within a 20 years injection history.

Simplified economic analysis

Injection process profitability is assessed by taking into account injected water, gas and foaming agent costs and income from produced oil. However, these resources prices are not known a priori. Therefore, we consider the following uncertainties:

-Oil price π o ranging from 40 to 80 $/bbl, -Injected water cost π w ranging from 0.1 to 2 $/bbl, -Injected gas cost π g ranging from 0.1 to 5 $/m 3 , -Injected foaming agent cost π f ranging from 5 to 15 $/kg.

This calculation takes into account the main operational expenditures (OPEX). Capital expenditures (CAPEX) are not considered in this work. Economics are quantified with the cash flow (denoted CF), which is defined as the difference between incomes and costs per year, and reads for year n:

CF(n) = π o (V n o -V n-1 o ) -[π w (V n w -V n-1 w ) + + π g (V n g -V n-1 g ) + π f (M n f -M n-1 f )] (3) 
where V n o,w,g denote the cumulative volumes of produced oil, injected water and gas at year n since the beginning of the project, and M n f the cumulative foaming agent mass. Costs π o,w,g, f are assumed to remain constant with time. The net present value (denoted NPV) is defined as the discounted sum of cash flows and reads for year n:

NPV (n) = n ∑ i=1 CF(i) (1 + d) i (4) 
where the sum runs over years i = 1, . . . , n and d stands for the discount rate (set to 0.08 here). Eventually, the differential net present value between a foam injection and a gas injection is quantified though the difference ∆(NPV ) = NPV foam -NPV gas . Economic sensitivity analysis is performed directly with a Monte-Carlo sampling on NPV or NCF calculations, using the response surface models previously built. The objective of the economic optimization is to maximize the foam process profitability compared to other processes. Considering the uncertainty in resources prices, two economic optimizations are performed. The first optimization is based on average economic indicators relatively to resources prices. The second optimization is more conservative and considers the difference between the average and the standard deviation of economic indicators relatively to resources prices variability.

"Foam Only" process sensitivity analysis and optimization

Sensitivity analysis

Studied parameters and interval values are summarized in Table 4. Foam injection starts at t = 0. A LHS design of experiments of 150 simulations is built. It results that foam injection recoveries are mainly superior to water, gas or co-injection recoveries, as reported in Fig. 6 when varying all the parameters listed in Table 4, specifically at early times or for relatively small injected pore volumes. Therefore, oil recovery can be enhanced by foam injection, for a relevant set of foam parameters, relatively to co-injection and gas injection. With these results (Fig. 6), we also recalled that reservoir properties are set such as gas injection is much more favorable to oil recovery than water injection. Because of strong capillary forces against water imbibition, the higher the quality factor, the greater the oil recovery is for these processes. We also noticed a jump in recovery for some foam injection cases. These are explained by a drastic change in flow rates when stopping foam injection and beginning co-injection. Here, well flow rate is controlled by pressure and foam injection may significantly reduce the injectivity compared to co-injection. While injecting foam, at least for 2 years, oil recovery variability is mainly due to M ref and S * o according to the Sobol index (see Fig. 7, with "oil impact" for S * o ). The effect of S * o is particularly significant at short term (Fig. 9) because of the oil drainage in fractures in the near wellbore zone. While draining oil in fractures, a lower S * o value limits foam mobility control and thus leads to foam destabilization with a very pronounced gas flow towards the top of the reservoir. This delays foam mobility control and contracts foam plume in fracture. Consequently, exchanges between matrix and fracture are restricted to a lower volume with a lower S * o . This effect is less significant at longer term when oil has already been drained in fracture. Oil recovery is strongly sensitive to M ref (Fig. 7) and is inversely correlated to it for the considered range (Fig. 9). The higher M ref is, the lower the gas mobility. Therefore, the injectivity and consequently the recovery is limited for high M ref values. This means that for initial gas and water viscosities of 0.013 and 0.37 cP respectively, a low mobility reduction (about 100) is sufficient to control gas mobility and limit the loss in injectivity. This is found for all parameters combinations. Other parameters do not impact significantly oil recovery at short term.

When foam is no longer injected for all the considered scenarios (e.g. around 10 years), the influence on oil recovery is mainly from M ref (still inversely correlated, Fig. 9), the influence from foaming agent concentration and injection duration has significantly increased while sensitivity to S * o has decreased (Fig. 7). Oil recovery is strongly correlated with foaming agent concentration and foam injection duration because foam efficiency depends on the fracture volume that is invaded by the foaming agent. Indeed the foam process is based on fluid mobility control in the fracture medium, increasing viscous forces and finally allowing oil drainage in the matrix medium. The invaded volume may be limited by foaming agent transfer from the fracture to the matrix medium. While comparing two foaming agent concentration scenarios, for instance 1000 ppm and 5000 ppm, differences in recovery and mobility control are significant (see Fig. 8). However, if water flux between fracture and matrix are inhibited, the differences between both cases are significantly lowered. By increasing the injected foam volume, fracture-matrix transfers are partly compensated and recovery and invaded area are increased.

On the contrary, adsorption effects are minor for the efficiency of "foam only" process at all times (Fig. 7). Foaming agent adsorption is negligible in fractures because their porous volume is very small. Foaming agent adsorption can be significant in matrix blocks, but since mobility reduction has a minor effect in the matrix blocks (the major effect being the increase in viscous forces in fractures to improve matrix blocks imbibition kinetics), the main risk is to increase significantly diffusive exchanges between matrix and fracture due to reduction in foaming agent concentration. However, this effect is negligible compared to other mechanisms because diffusive exchanges are slow and the invaded area by water in matrix remains limited.

Changes in parameters influences between 10 and 20 years are mainly due to change in production process: when the foaming agent is no longer injected and the co-injection is continued, the main recovery mechanism tends to be gas-oil gravity drainage. Therefore, larger values of the quality factor (that maximize gas amount) will lead to higher oil recoveries (Fig. 9). Consequently we observe a high oil recovery sensitivity to the quality factor after 10 years (Fig. 7). On the contrary, while injecting foam, the recovery is barely sensitive to foam quality. Indeed, quality has two opposite effects while injecting foam: increasing quality increases the amount of gas to drain the matrix, whereas decreasing quality increases the water amount and consequently the amount of foaming agent. In this case, the quality can be optimized to find a trade-off between both interests. We can find consistency between these results and the estimated correlation lengths, calculated for each parameter when building the response surface using Gaussian process. For example at 20 years, the lowest correlation lengths are found for foam concentration, mobility reduction and quality factor, the contrary is found for the adsorption and the oil impact. Globally, it is worth noting, for a sufficiently low M ref , that a high quality factor is more efficient for oil recovery, whereas for a high M ref (that limits injectivity), a lower quality factor may counterbalance the amount of injected foaming agent. The residual influence from foam parameters at the end of production (20 years) shows the significant influence of foam process on final results.

Optimization

Following this sensitivity study, critical parameters to optimize for oil recovery are M ref , injection concentration and duration and the oil saturation threshold S * o that impacts foam. Optimization is performed for oil recovery at 10 and 20 years. Optimization at 10 years may be more relevant for foam injection process since, at 20 years, co-injection parameters become the most influential ones on results (quality factor).

From a Monte-Carlo sampling, 5000 parameters values combinations are evaluated on response surfaces. Metamodels predictivity was checked through the quality index leave-one-out cross-validated Q 2 . We obtained satisfactory Q 2 , above 0.9 for all cases. Expected distributions of oil recovery at 10 and 20 years are extracted from these results as shown in Fig. 10. According to these distributions, optimum oil recovery should be close to 20% at 10 years and 25% at 20 years.

Predicted optimum values for oil recovery and optimized parameters values are consistent with these expected maxima and previous sensitivity analysis (Table 5). Optimized value of oil recovery at 10 years is confirmed by flow simulation: simulation of the optimum case yields a cumulative oil production of 0.8098 × 10 6 m 3 (20.6% OOIP) which is similar to the predicted optimum value. These optimizations are relevant for the studied ranges of parameters.

Although these optimizations maximize oil recovery, they do not take into account process costs such as foaming agent cost. Meanwhile, an operator will target a minimum cost to optimize profitability. This profitability is assessed and optimized in the following section.

Economic analysis

A first analysis is performed with simulation results from the previous 150 samples on which we apply prices uncertainties. A sampling of 50 combinations of resources prices yields 7500 economic indicators. NPV results for foam injection reported in Fig. 11 are largely dispersed: contributions from both uncertainties in prices resources and technical parameters variations widens the results. It clearly shows a lower risktaking when considering the highest quality factor values, whereas NPV are mainly negative for the lowest f g values.

Foam process could be further optimized to ensure a better profitability than gas injection even though additional foaming agent is injected. On the contrary, coinjection profitability is less interesting than gas injection.

Sensitivity analysis is performed on NPV for foam injection. The final objective will be to maximize process profitability while ensuring a better profitability than for gas injection. According to the calculated Sobol indexes (Fig. 12), quality factor is obviously the most constraining parameter for process profitability at longterm. Quality factor not only impacts oil recovery but also injection costs for water, gas and foaming agent since quality factor defines the ratio between injected gas and water volumes. Moreover, water injection cost is way higher than gas injection cost. This tends to benefit gas injection which, in addition, facilitates oil drainage. For the same reason, water injection cost has o , foaming agent concentration, and oil price have a significant influence on process profitability. We explain this influence because there is still an important impact of viscous forces and a high variability of production results for this period.

Profitability optimization is evaluated at short term (5 years) since this is the period where the gap between foam and gas injection profitability is higher (Fig. 11). This optimization of foam injection parameters aims to be robust against prices uncertainties. As described earlier, two optimizations are performed, one based on mean results and a conservative one.

Optimized parameters are reported in Table 6. Mean NPV optimization is fairly robust since parameters values are close to the ones from the conservative optimization. Water and foam prices are critical since quality factor is maximum to minimize water injection for both optimizations. Even M ref is slightly higher than for the technical optimization, which probably reduces slightly foam injectivity (balance between cost and process efficiency).

Predicted NPV values (Table 6) are confirmed by numerical simulations with a mean NPV about 1.45 × 10 8 $ and a conservative NPV of 1.1 × 10 8 $. the maximum expected profitability. Robustness of this optimum is assessed by varying resources prices (Fig. 13). For all prices, this optimum reaches the expected maximum and remains more profitable than gas injection.

"Low-IFT foam" process sensitivity analysis and optimization

Previous process optimization focused on foam as a viscous fluid mainly. We now account for significant water-oil IFT reduction that can be achieved by "low-IFT foams" in addition [START_REF] Chevallier | Advanced EOR foam in naturally fractured carbonates reservoirs: optimal balance between foam and interfacial tension properties[END_REF]. From a general perspective, two additional effects may be expected from a "low-IFT foam":

-Whenever the foaming agent aqueous solution (not to be confused with foam) imbibes matrix blocks (even a small thickness of it), a significant to very large water-oil IFT reduction should lead to a proportional change in the oil-wet matrix blocks capillary pressure between oil and water, which is initially unfavorable to the matrix imbibition by water. This should improve further the kinetics of oil drainage by enhancing matrix blocks imbibition by water. Such a mechanism critically depends on the matrix blocks capillary pressure characterization. -Some capillary-trapped residual oil in matrix blocks may also be additionally mobilized if wateroil IFT reduction is large enough. As for surfactant flooding, this is usually modeled through a capillary desaturation curve yielding the evolution of S or (N c ) with N c = µ w u w /σ ow . Such a mechanism is fairly understood for water-wet porous media but remains a work in progress for oil-wet porous media. In this work, we assume such a mechanism holds for an oil-wet rock by considering the CDC reported in Fig. 5 which is assumed to be representative of an oil-wet rock [START_REF] Humphry | Impact of wettability on residual oil saturation and capillary desaturation curves[END_REF][START_REF] Humphry | Impact of wettability on residual oil saturation and capillary desaturation curves[END_REF].

To begin with, a preliminary comparison is performed between "foam only" and "low-IFT foam" processes for a scenario close to the previous profitability optimum and a second scenario that involves larger amounts of injected chemicals (denoted "test case" hereafter). In the following we only consider an IFT reduction down to 10 -2 mN/m. Results from both processes and both scenarios are reported in Fig. 14. There is little improvement in oil recovery when comparing the profitability optimum scenario. This limited enhancement is related to water entrance in matrix blocks thanks to entry capillary pressure reduction due to IFT reduction, where matrix have been invaded by the surfactant solution. Actually, no S orw reduction is achieved in such a case. The limited effect of "low-IFT foam" is explained by the low amount of injected surfactant which comes from the previous economic optimization of the "foam only" process.

When injecting a larger amount of surfactant, "low-IFT foam" gives clearly more interesting oil recovery results than "foam only" process, as reported in Fig. 14. A larger matrix zone is invaded by surfactant, leading to a decrease in IFT and then to an efficient oil-sweep by water in matrix. Indeed, while capillary forces oppose to oil drainage by water in this oil-wet context, they are almost cancelled when surfactant solution invades the matrix.

Therefore, the efficiency of "low-IFT foam" process requires a higher amount of water and surfactant to ensure the surfactant entry in sufficiently large matrix volumes, with a sufficient IFT reduction that compensates the unfavorable water-oil entry capillary pressure, and yielding an efficient matrix blocks sweep. This is the main difference between "foam only", which performs thanks to foam amount in the fractures and oil-sweep by gas in matrix blocks, whereas "low-IFT foam" process additionally requires a sufficient surfactant amount for oil-sweep by water in matrix blocks.

The oil recovery enhancement in this case is not related to an additional mobilization of trapped residual oil by surfactant flooding (CDC-related mechanism explained above). Indeed, we do not observe a decrease in oil saturation below the initial residual oil saturation. This can be a limitation of oil-wet rock behavior. With an IFT of 10 -2 mN/m, the largest capillary number that is reached is about 8.7 × 10 -5 , which is still too low to yield a S orw reduction, according to the considered CDC (Fig. 5).

When varying the minimum IFT value from 10 -1 to 10 -3 mN/m, oil recoveries obtained with a "low-IFT foam" are much higher than with a "foam only" process, as reported in Fig. 14. Still, both recoveries obtained with a "low-IFT foam" considering an IFT of either 10 -1 or 10 -3 mN/m are very similar. Thus, a minimum IFT of 10 -1 mN/m is low enough to ensure a satisfactory entry capillary pressure for a matrix drainage by water. Whether IFT is reduced to 10 -3 or 10 -1 mN/m, the capillary number that is reached in the matrix is 8.7 × 10 -6 and 8.7 × 10 -4 , respectively, which yields a residual oil saturation that remains close to the initial residual oil saturation by waterflooding.

Therefore, the significant enhancement in recovery for a "low-IFT foam" process is due to a decrease in the IFT between oil and water that leads to a modifica- tion of the oil-wet unfavorable entry capillary pressure between oil and water, thus allowing and improving matrix drainage by water. This corresponds to an additional recovery mechanism related to water-oil entry capillary pressure rather than additional oil mobilization by S orw reduction.

Because of these different recovery mechanisms, sensitivity and optimization may lead to different results depending on the considered recovery process. Needless to say, porous medium characterization constitutes a key feature. Figure 14: (a) Comparison of oil production as a function of time for a previously "foam only" optimized scenario and a test case such that a larger amount of foaming agent is injected. Both scenarios are applied to "foam only" and "low-IFT foam" (IFT of 10 -2 mN/m) processes. (b) Comparison of oil production as a function of time for two "low-IFT foam" cases such that IFT is either 10 -1 or 10 -3 mN/m and a "foam only" case (i.e. without any IFT reduction).

Sensitivity analysis

We now probe a "low-IFT" process with a sensitivity analysis while keeping constant the oil saturation threshold S * o to 0.5, considering an injection duration of 2700 days, and a foaming agent concentration of 5000 ppm. Varied parameters are foam mobility reduction M ref , minimum IFT value, foaming agent adsorption and foam quality (ranges are reported in Table 7). Foam injection starts at t = 0 and the field is initially saturated with oil, as for the "foam only" process studied previously.

This sensitivity analysis on 4 parameters is carried out with a LHS experimental design of 93 simulations which is applied on both "foam only" and "low- IFT foam" processes, in order to compare their performances. Production results displayed in Fig. 15 are more dispersed for a "low-IFT foam" process, and superior (otherwise similar) to the "foam only" process ones. Thus, "low-IFT foam" process would be more efficient technically to recover oil-in-place for the considered rock-fluid system. This is even more true for optimized injection and foam properties. Dispersion is more important for "low IFT foam" results because it is more sensitive to these 4 parameters than for "foam only". Different trends between process sensitivity are remarkable as shown in Figs 16 and17. In particular, regarding foam quality, we do not obtain the best recovery factor with the highest quality factor at 20 years for "low-IFT foam" process as for the "foam only" process. Nevertheless, for all periods, before and after foam injection, oil recovery of both processes are mainly influenced by the mobility reduction, as can be seen in Figs 19 and16, where oil recovery is inversely correlated to M ref again.

During the injection period (short term), processes sensitivities are similar (Fig. 16) with a strong correlation between processes: optimum points are similar and oil recovery exhibits a major sensitivity in mobility reduction and co-injection quality. It is worth noting that both processes tend to be inversely correlated to quality for this period, which was not observed in the previous sensitivity analysis for the "foam only" process. Such a difference comes from the fact that the lower the quality factor is, the higher the injected amount of foaming agent is while concentration is kept constant. This effect was not clearly observed previously because foam concentration was also varied. To finish with, quality factor influence is more important for the "low-IFT foam" process because:

-This process is more sensitive to the amount of foaming agent that is prone to invade the matrix medium, whose porous volume is way larger than the fracture medium one (that targets the "foam only" process). -Concomitantly, a low quality factor increases the injected amount of foaming agent and water volumes that are likely to imbibe the matrix blocks.

After foam injection, recovery trends are different between processes. Specifically:

-Regarding the "foam only" process, quality factor influence increases with time (Fig. 19) with a positive correlation between recovery and quality factor. This is because gas-oil gravity drainage becomes the main recovery mechanism after foam injection. Adsorption has still a minor influence. -Regarding the "low-IFT foam" process, oil recovery is inversely correlated to the quality at 10 years while it is no more correlated to the latter at 20 years. For this process, gas and water can imbibe matrix blocks. However, recovery becomes strongly influenced by adsorption because adsorption defines surfactant capacity to remain in solution while cancelling capillary pressure rather than being immobilized and hence, water capacity to continue to sweep matrix blocks, even after the end of injection. Thus, as observed in Fig. 18, the optimum value for foam quality to maximize oil recovery depends mainly on the adsorption value: if the adsorption can be mitigated, a low quality value will be the optimum since water can still imbibe matrix blocks. On the contrary, for high adsoprtion value, a high quality value would be recommended: in that case, the main recovery mechanisms are similar to the "foam only" process.

For all periods, oil recovery sensitivity in the wateroil IFT reduction is negligible compared to other parameters, as reported in Fig. 17. In the considered rock-fluid system, this surfactant-based improved imbibition does not require an ultra-low IFT: a minimum IFT around 10 -1 mN/m is sufficient (hence the non-sensitivity that can be observed in this parameter in Fig. 17). An extra oil mobilization mechanisms such as a significant residual oil saturation reduction seems not to be attainable for this considered case. This confirms that the additional recovery mechanism for a "low-IFT foam" process is the oil matrix drainage by water, whose kinetics is greatly improved by the surfactant solution that lowers water-oil IFT, hence the initially unfavorable oil-wet capillary pressure.

According to range values and response surface models, oil recovery for the "low-IFT foam" process is optimized for the lowest parameters values reported in Table 8. This is in agreement with the previous sensitivity analysis. At 20 years, quality factor is optimized for a slightly higher value because of the compromise between gas and water injection at long-term.

Economic analysis

Profitability is assessed as in the previous part through net present values calculations. However, this analysis is more simple and, consequently, limited because injection duration and concentration are kept constant.

According to the differences in NPV between processes reported in Fig. 19, "low-IFT foam" process is nearly always more profitable than "foam only" process, and in particular for low qualities. This is consistent with the technical analysis since the "low-IFT Figure 16: Recovery factor crossplots from LHS (93 points), function of (from left to right) recovery factor of "low-IFT foam" and "foam only" processes, M ref , foaming agent adsorption Q max , quality factor f g , minimum IFT, after 2, 10 and 20 years of fluid injection. In blue, results below the 20% percentile; in red, results above the 80% percentile.

foam" process produces more oil whereas the injection cost are about the same for both processes. This specific profitability for low quality factor is only relatively to the "foam only" process. If, for instance, such a low-IFT foam is compared to gas injection, the highest quality factor cases give the highest profitability for 'low IFT' foam process. Indeed, the injection cost of water and foaming agent hinders the process profitability while gas injection is cheaper. From an absolute perspective, a higher quality is more profitable for a "low-IFT foam" process. Eventually, the technico-economic compromise holds probably for a high quality factor. For other studied parameters, we obtain trends as expected from the technical analyses:

-"Low-IFT foam" process will be more interesting compared to "foam only" and gas injection processes if surfactant adsorption is low or can be mitigated. -"Low-IFT foam" process will be more profitable compared to "foam only" and gas injection process for relatively low mobility reduction M ref values.

Conclusions

Technico-economic efficiency of different production methods of an oil-wet naturally fractured reservoir have been compared in this study: gas and/or water injection process, foam injection process with only viscosity- This represents the evolution of sensitivity on oil production from the studied parameters. Studied ranges for these parameters are listed in Table 7.

enhancing effect ("foam only") and foam injection with both viscosity-enhancing and interfacial tension reduction effects ("low-IFT foam"). Improvement in oil recovery for "foam only" process is based on an increase in viscous forces in fractures through foam mobility reduction (relatively to gas) that increases the potential difference between matrix and fracture media. "Low-IFT foam" process may allow an additional oil recovery based on foaming agent solution entry in matrix, leading to an IFT and capillary forces reduction that enables matrix drainage by water. Consequently, the efficiency of "foam only" process depends on foaming agent quantity in fractures whereas "low-IFT foam" process depends also on foaming agent in matrix blocks. Because of these different recovery mechanisms, sensitivity and optimization lead to contrasted results that depend on the considered recovery process. Such mechanisms critically depend on the NFR and rock-fluid system characterization, specifically here capillary pressure and capillary desaturation curve, but also matrix blocks permeability and size.

"Foam only" process can be optimized such as oil recovery and profitability are maximized and higher than for gas and/or water injection, specifically at short-term from a pilot-scale perspective. The optimum is a tradeoff between lateral matrix sweep for a higher recovery, injectivity preservation and injection cost limitation. "Foam only" process can be optimized economically when the following conditions are met: high quality factor (technical compromise between foaming agent injection and gas injection to drain matrix), low mobility reduction (compromise between injectivity control and mobility reduction) and a compromise between cost and mobility control for injection duration and concentration. Adsorption is not a limiting factor for the "foam only" process. "Low-IFT foam" process can be optimized to maximize the amount of foaming agent and injected water, thus ensuring matrix drainage by water. In this work, the moderate IFT reduction (10 -1 mN/m) is sufficient to cancel the effect of an oil-wet unfavourable capillary pressure between water and oil phases in term of matrix imbibition by water, whereas ultra-low IFT did not achieve significant residual oil mobilization. Still, with its additional recovery mechanism, the "low-IFT foam" process seems to hold a significant advantage to recover more efficiently oil in place than other processes. For all foam injection processes, it seems necessary to limit the mobility reduction to ensure a sufficient injectivity while remaining competitive relatively to gas injection. To maximize the recovery of a "low-IFT foam" process, low values in mobility reduction, quality factor and adsorption do constitute key features. "Low-IFT foam" efficiency is greatly impacted by chemicals adsorption that must be minimized or mitigated to ensure the process efficiency. Whenever adsorption cannot be mitigated, a "foam only" process should be preferred.

Nomenclature

Units are specified only when necessary (-symbol stands for dimensionless).

NFR naturally fractured reservoir GOGD gas-oil gravity drainage H x,y,z effective block length, width and height Φ rock porosity (-) Φ m matrix medium effective porosity (-) Φ f fracture medium effective porosity (-) D Darcy k m horizontal matrix effective absolute permeability (D) k f fracture effective absolute permeability (D) OOIP initial (originally) oil in place volume RF oil recovery factor (cumulative volume of produced oil over initial oil in place volume; -) µ w,o,g water, oil and gas viscosity (cP, mPa•s) ρ w,o,g water, oil and gas density (kg/m 3 ) B o oil phase volume factor (-) B g gas phase volume factor (-) R s solution gas-oil ratio (-) S w,o,g water, oil and gas saturation (-) u w,o,g water, oil and gas phases Darcy velocity (m/s) u f g Darcy velocity of the gas phase in the presence of foam (m/s) f g foam quality (gas phase fractional flow; -) IFT interfacial tension between either oil and water phases or water and gas phases (mN/m) σ ow interfacial tension between oil and water phases (mN/m) σ wg interfacial tension between water and gas phases (mN/m) p w,o,g pressure in the water, oil and gas phases (bar) p cow capillary pressure between oil and water phases (bar) p cog capillary pressure between oil and gas phases (bar) k row relative permeability to oil phase in the presence of water (-) k rw relative permeability to water phase in the presence of oil (-) k rog relative permeability to oil phase in the presence of gas (-) k rg relative permeability to gas phase in the presence of oil (-) S wi irreducible water saturation (-) S orw residual oil saturation in the presence of water (-) S gr irreducible gas saturation (-) S org residual oil saturation in the presence of gas (-) S W normalized water saturation (ratio of mobile saturation over saturation range of variation; -) S G normalized gas saturation (ratio of mobile saturation over saturation range of variation; -) k 0 row maximum relative permeability to oil phase in the presence of water (-) k 0 rw maximum relative permeability to water phase in the presence of oil (-) k 0 rog maximum relative permeability to oil phase in the presence of gas (-) k 0 rg maximum relative permeability to gas phase in the presence of oil (-) n ow relative permeability to oil phase in the presence of water exponent (-) n w relative permeability to water phase in the presence of oil exponent (-) n og relative permeability to oil phase in the presence of gas exponent (-) n g relative permeability to gas phase in the presence of oil exponent (-) FM foam mobility reduction function (-) M ref reference optimal foam mobility reduction (-) LHS latin hypercube sampling BFGS Broyden Fletcher Goldfarb Shanno method (L-BFGS-B denotes a limited-memory BFGS algorithm) Q 2 response surface predictivity coefficient. See for ex. [START_REF] Feraille | Prediction under uncertainty on a mature field[END_REF] for the formulation of this coefficient CAPEX capital expenditures (monetary unit) OPEX operational expenditures (monetary unit) CF cash flow (monetary unit) NPV net present value (monetary unit) ∆(NPV ) differential NPV between two flooding processes (e.g. foam vs gas injection; monetary unit) d discount rate (-) V n o,w,g cumulative volumes of produced oil, injected water and gas at year n M n f cumulative injected foaming agent mass at year n π w,o,g water, oil and gas price (monetary unit per barrel) π f foaming agent price (monetary unit per kg) x, y, z spatial coordinates attached to the reference frame defined by the mesh t time (days) ∆t foam injection duration (days) PV injected pore volume (ratio of the cumulative injected fluid volume over the medium porous volume; -) ppm part per million Figure 19: NPV differences (in dollars) between "low-IFT foam" and gas injection processes (left) and between "low-IFT foam" and "foam only" process (right) for 93 numerical simulations and 50 prices combinations (all parameters are varying). Blue, red and black colors depend on three parameters ranges of values.

Figure 1 :

 1 Figure 1: Conceptual NFR model. The injection well is located in the deepest bottom left corner whereas the production well is located in the most elevated top right corner. Both wells are perforated over the reservoir height. Matrix and fracture media are initially saturated with oil.

Figure 2 :

 2 Figure 2: Matrix three-phase saturations (red: gas, blue: water, green: oil) after 20 years of water (left) or gas (right) injection with base case parameters reported in Tables1 and 2. For water injection, the difference in pressure is not sufficient to overcome capillary forces outside the near-well zone, therefore the matrix drainage is inefficient.

Figure 3 :Figure 4 :

 34 Figure 3: Oil (a) and gas (b) phases properties as a function of pressure (saturation pressure at 75.5 bars).

Figure 5 :

 5 Figure 5: Water-oil interfacial tension as a function of surfactant concentration (a) and capillary desaturation curve (b).

Figure 6 :

 6 Figure 6: Recovery factor, expressed as a fraction of OOIP, when varying all the parameters listed in Table 4 and as a function of injected pore volume (a) or time (b), obtained from the 150 simulations (LHS), comparing foam injection, co-injection (labeled as coinj), and gas or water injection for several quality values (colors refer to processes and to three quality interval values).

Figure 7 :

 7 Figure 7: Cumulative total Sobol index for the recovery factor as a function of time for foam injection, quantifying the time evolution of oil production sensitivity for the studied parameters.

Figure 8 :

 8 Figure 8: Cumulative oil recovery factor as a function of time for foam injection for two foaming agent concentrations (5000 ppm in black and blue, 1000 ppm in red and purple) and with (continuous lines) or without (dashed lines) allowing water flux between fractures and matrix.

Figure 9 :

 9 Figure 9: Recovery factor when varying all the parameters listed in Table 4. Crossplots as a function of (from left to right) M ref , S * o , foaming agent adsorption Q max , quality f g , injection duration, foaming agent concentration, after 2, 10 and 20 years of fluid injection for 150 simulations from LHS. Blue and red symbols correspond to results below the 20% percentile and above the 80% percentile, respectively. Table 5: Optimized foam process parameters for oil recovery at 10 and 20 years (∆t stands for the foam slug duration).

Figure 10 :

 10 Figure 10: Distribution of predicted recovery factor at (a) 10 years and (b) 20 years calculated through 5000 samples on the previously built response surface. Colored dashed lines represent recovery factor minimum (blue), maximum (red), median (black), mean (grey), percentile 0.25 (light blue), percentile 0.75 (pink).

Figure 11 :

 11 Figure 11: Net present values (in dollars) for 150 numerical simulations and 50 prices combinations for foam injection process (a) and co-injection (b). In orange, results for gas injection (only prices are varying). Blue, red and black colors depend on three quality factor ranges.

Figure 12 :

 12 Figure 12: Cumulative total Sobol index for NPV as a function of time for foam injection with uncertainties in prices, quantifying the time evolution of foam injection profitability sensitivity in the studied parameters.

Figure 13 :

 13 Figure 13: Comparison of economically optimized foam and gas injection NPVs (a) and corresponding NPV differences (b).

Table 7 :Figure 15 :

 715 Figure 15: Recovery factor bundle from a LHS of 93 points for (a) "foam only" and (b) "low-IFT foam" processes when varying all the parameters listed in Table 7. Recoveries colors are function of the maximum mobility reduction M ref .

MFigure 17 :

 17 Figure 17: Cumulative total Sobol index for the recovery factor function of time for "low-IFT foam" (a) and "foam only" processes (b).This represents the evolution of sensitivity on oil production from the studied parameters. Studied ranges for these parameters are listed in Table7.

Figure 18 :

 18 Figure 18: Response surface models for the recovery factor at 20 years for "low-IFT foam" process as a function of adsorption and quality factor (left), mobility reduction and quality factor (center and right). Other parameters are kept constant (different adsorption values are considered for the center and right figures).

F 1

 1 function accounting for foam lamellas stability (-) C s w aqueous flowing foaming agent concentration (mass fraction; -) C s w,ref reference aqueous foaming agent concentration (mass fraction; -) e s F 1 -function exponent (-) Q max foaming agent rock adsorption capacity (-, µg/g) F 2 function accounting for the sharpness of the transition from the low-quality to the high-quality regime (-) Θ F 2 -function shape coefficient (-) S * w F 2 -function water saturation threshold (-) F 3 function accounting for foam collapse in the presence of oil (-) S * o F 3 -function oil saturation threshold (-) e o F 3 -function exponent (-) F 4 function accounting for foam shear-thinning behaviour (-) N cg capillary number (ratio of gas viscous over gaswater capillary forces; -) N ref cg F 4 -function reference capillary number e c F 4 -function exponent (-) CDC capillary desaturation curve N c capillary number (ratio of water viscous over oilwater capillary forces; -) std standard deviation (unit of the considered variable)

  

Table

  

  : Base case oil-wet NFR average equivalent features.

	Blocks length/width H x = H y	2 m
	Blocks height H z	10 m
	Matrix porosity Φ m	0.2
	Fracture porosity Φ f	10 -3
	Horizontal matrix permeability k m	15 mD
	Vertical matrix permeability	1.5 mD
	Fracture permeability k f (isotropic)	515 mD
	Matrix gas/water entry capillary pressure 0.112 bar
	Matrix gas/water IFT	10 mN/m
	Matrix water/oil entry capillary pressure	-0.1 bar
	Matrix water/oil IFT	20 mN/m
	Total fluid injection duration	20 years

Table 2 :

 2 Matrix water-oil and gas-oil relative permeabilities parameters (see the text).

Table

  

Table 3 :

 3 Foam mobility reduction fixed parameters (other parameters are varied, see the text).

	Foaming agent	Water saturation	Shear rate
	conc. dependency	dependency	dependency
	C s w,ref (ppm) e s (-) S * w (-) 500 20 10 -4	Θ (-) 500	N ref cg 10 -2	e c (-) 0

Table 4 :

 4 To-be-optimized foam process parameters and studied interval values.

	Parameter	Min Max
	Mobility reduction M ref (-) Oil saturation threshold S * o (-)	100 0.1	1000 0.5
	Foaming agent adsorption Q max (µg/g) 50	1000
	Quality f g (-)	0.4	0.95
	Foam injection duration (year)	2	10

Table 6 :

 6 Optimized foam process parameters for mean(NPV ) and mean(NPV )std(NPV ) (function of prices) at 5 years.

	Case	M ref (-) S * o (-) Q max (µg/g) f g (-) ∆t (days) C s w (ppm) Predicted NPV optimum ($)
	mean(NPV )	246.7	0.5	50	0.95	1374	3560	1.48 × 10 8
	mean(NPV ) -std(NPV ) 254	0.5	50	0.95	1432	3560	1.17 × 10 8
	a significant weight on profitability at long-term.				
	At short-term (below 5 years of injection), other tech-				
	nical parameters such as M ref , S *						

Table 8 :

 8 Optimized "low-IFT foam" process parameters for oil recovery at 10 and 20 years.
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