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Technical-Economic Evaluation of Continuous CO; Reinjection, Continuous Water Injection and Water
Alternating Gas (Wag) Injection in Reservoirs Containing CO>

Abstract. Oil reservoirs that contain high carbon dioxide (CO2) concentrations associated with
produced gas are excellent candidates for implementing CO- injection techniques as secondary
recovery method. It allows the recovery of residual oil combined with environmental benefits
by reinjecting the CO> production. This study evaluates the efficiency of the WAG technique
compared with continuous fluid injection. The proposed reservoir model consists of a
rectangular box geometry with a quarter of a five-spot configuration with two wells — one
injector and one producer, diagonally opposite from each other. Simulations were made to
compare the total volume of oil recovered in four different secondary recovery injection
scenarios: 1) continuous water injection, 2) continuous gas injection, 3) WAG injection with
cycles of 2 years and 4) WAG injection with cycles of 4 years. For each scenario, the reservoir
would produce for two years, and then would start its secondary recovery stage. The
parameters analyzed were the gas injection rate and the water injection rate, in order to
evaluate how they would affect the production rate. Both parameters were optimized using
DECE method, available in the CMG suite, to reach the maximum net present value (NPV) in
each case. The reservoir model was built with similar fluid characteristics of the pre-salt in the
Santos basin — a light oil with CO2 concentrations of up to 30%.

Keywords: Enhanced oil recovery, WAG, NPV, CO, EOR.
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1. INTRODUCTION

Oil is still the major non-renewable energy source in Brazil and one of the main sources in
the world, due to the large variety of products that are derived from its processing.

The lighter the oil, the bigger the amount of noble items derived from its refining, and
therefore the higher added value to its products. Petrobras announced the discovery of the Lula
field in 2006, with an extraordinary amount of light oil in the pre-salt layer (DINIZ, 2015).
These reservoirs contain a large volume of associated gas with an average CO> molar
concentration of 20% to 30%, and in some cases the concentration can go up to 80%. Although
very promising, the discovery also brings a very challenging scenario in terms of new
technologies to develop the wells, reservoirs and fields. On top of it, choosing the best
production strategy ensures that the reservoir full potential would be reached, even when the
reservoir enters its depletive phase.

During the well productive life, there is a drop in the production rate due to the reduction
of the reservoir initial energy. One of the main steps of reservoir management is to avoid that
this initial energy reaches a lower limit by using secondary recovery methods to extend the
production capacity. Enhanced Oil Recovery (EOR) methods help to produce part of the
irreducible oil, adding an extra portion of the residual oil to the total production. These recovery
methods have distinct characteristics among them and each one causes a consequence in the
reservoir, like changing the capillary pressure, mobility ratio, wettability, interfacial tension,
viscosity reduction and sweep correction.

The main motivations to perform EOR studies in reservoirs containing carbon dioxide
(CO2) were the presence of CO> as a contaminant combined with a high GOR (gas-oil ratio) in
the reservoir fluid. The best strategy for EOR in these fields would be to re-use the resources
available as seawater and the produced gas, making it highly attractive for water alternating gas
(WAG) technique. Another motivation to combine different methods is driven by some
undesired results of the continuous CO> injection such as, for instance, pipe and equipment
corrosion, which demands special construction, and the organic material (asphaltene)
deposition. The last one being responsible for the pore size reduction in the reservoir and
permeability variation, resulting in a reduction of the oil recovery factor.

WAG technique is used as an alternative for recycling the abundant resources available
offshore and as an optimization strategy for EOR in these kind of reservoirs. The conventional
water and gas injection methods (continuous) tend to leave some amount of residual oil, around
20 to 30%, on the other hand WAG technique can reach an efficiency of 90% when used on a
five-spot grid (MATTE, 2011).

In this particular study, the idea is to make evident the better performance of the WAG
technique compared to the continuous single fluid injection (CO2 or water) and make an
analysis of the economic feasibility for a reservoir with a considerable amount of associated
CO:o. For that, the scenarios will be simulated using the GEM module (compositional simulator)
available in the software suite from Computer Modelling Group (CMG). The reservoir to be
analyzed will be homogeneous and anisotropic modeled from a tridimensional Cartesian grid.
The injection-production grid will be designed as a quarter of a five-spot well configuration.
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2. METHODOLOGY

This paper consists in simulating four different cases of secondary oil recovery: continuous
gas injection (with reinjection of the produced gas), continuous water injection and WAG
injection, the last one with two distinct WAG cycles, two and four years. Besides these
scenarios, it is also simulated the reservoir production with no secondary recovery method,
contemplating only its primary drive mechanisms. The simulations were done utilizing the
GEM (Generalized Equation of State Model Compositional Reservoir Simulator) Module CMG
suite. This software is a compositional simulator based on the state equation to model
multicomponent flow, miscible and immiscible processes in any type of reservoir including
non-conventional ones where the fluid composition and its interactions have an important role
in the recovery method comprehension.

From the above simulations mentioned, it was analyzed each enhanced recovery method
performance, through the recovered oil volume comparison among the cases.

Once studied and evaluated the technique, it was done an economic analysis through an net
present value (NPV) calculation of each scenario, aiming the feasibility determination.

The authors also ran optimization studies using the CMOST module of the CMG suite.
CMOST is an integrated analysis tool used to change injection parameters of the reservoir in
order to achieve the best NPV output.

Figure 1 shows the proposed workflow for the experiment.
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Figura 1. Proposed workflow
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3. CASE STUDIES
The simulation details and modeling are mentioned below.
3.1  Simulation Model

A 5250 ft x 5250 ft x 197 ft tridimentional cartesian grid was designed and divided in 21 x
21 x 10 blocks, in each respective direction. The 10 blocks in “k” direction have variable
thickness, in order to try to simulate a variation in the reservoir vertical permeability, as shown
in Figure 2.

Pressure (psl) 2000-01-01 ———————

do. COZ2CON
. 10304026
- 16062017 |

9.172
l 9.159
9.145
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Figure 2. Simulated reservoir model.

The reservoir was modeled with fluid characteristics similar to the ones usually found in
Santos pre-salt basin. “k” direction — vertical — was split in layers so different properties of the
reservoir could be attributed aiming an anisotropic model. In this case, it was considered 10
layers of variable thickness as shown in Table 1:

Table 1. Layer Thickness in “k” direction.

Thickness [ft] | Number of blocks
50 1
20 3
10 4
20 1
30 1

It was considered a pressure gradient of 0.78 psi/ft to simulate a pressure profile compatible
with the ones found in Santos basin.
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3.2 Rock Properties

It was considered an anisotropic porous bulk where the permeability changes in all three
directions i, j e k, in such a way that the vector k values are distributed as the figures and tables

below.

Table 2. Permeability vector values.

iPermeabllljt[y [md] , Block
300 300 50 1
500 500 60 2
300 300 60 3
200 200 50 4
50 50 20 5
20 20 10 6
30 30 10 7
50 50 10 8
200 200 30 9
150 150 20 10

L.

Permeability | (md) 2000-01-01

File: CO2CONTZ2 b|
User: 10304025
Date: 16/05/2017

- 52.00:0

500
452
404
356
308
260
212
164
116
68

20

Figure 2. Permeability distribution — “i " and *j” direction (k; = k;).
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Figure 3. Permeability distribution — “k” direction.
It was adopted a homogeneous distribution of 30% porosity for the whole reservoir.

3.3 Operational Parameters (Initial Conditions)

The operational parameters used as input data in the simulations are presented in Table 3.
The same initial parameters were considered for all four cases studies. The injection rates were
later optimized through CMOST.

Table 3. Initial parameters.

Injection rate Production cut-off
Water (bbl/d) Gas (m3/d) Water Cut (%) | RGO (m3std/m3std)
30.000 453.000 83,3 1.700

3.4 Fluid Composition

The fluid composition used is described in Table 4 in fractions of pseudo components in
the GEM module. To describe the fluid thermodynamic interactions, it was chosen the Peng-
Robinson model.

Table 4. Fluid composition.

Component | Fraction
C1 0,50
C3 0,08
Cé6 0,05
C10 0,10
C15 0,02
C20 0,03
CO2 0,22
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3.5 Relative Permeability

The relative permeability profiles related to water, oil and gas, are presented in the graphics
below as a function of water saturation.
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Figure 4. Relative Permeability of oil and water versus water saturation.
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Figure 5. Relative Permeability of gas and oil versus gas saturation.
3.6 Reservoir Drive Mechanisms

Five cases were simulated with the first one considering only the primary drives of the
reservoir, with no additional recovery method. Two more cases with single fluid injection were
simulated for purposes of comparison with WAG effectiveness: continuous water injection and
continuous gas injection (with produced gas reinjection). Finally, as main objective of this
paper, two scenarios of WAG injection with different time cycles (4 and 2 years) were
simulated. In all cases, with any secondary recovery method, the injection process started only
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after the second year of primary production. In the WAG scenarios, it was chosen to start with
the gas injection cycle. The details of each case are described in the Table 5.

The injection grid used was the same for all cases and represents a quarter of a five-spot
configuration, that is, a producer well and an injection well in diagonally opposite corners of
the tridimensional Cartesian grid.

Table 5. Simulation scenarios.

Scenarios Recovery Method Dur;]ijoer?t(is(gars) Nucrgkélee rs o
1 Primary drive mechanisms - -
2 Continous water injection 28 -
3 Continous gas injection 28 -
4 WAG 4 years cycle 28 7
5 WAG 2 years cycle 28 14

4. RESULTS AND DISCUSSIONS

The results were obtained after an optimization process of the input parameters (water
injection rate and gas injection rate) in CMOST platform through the DECE method, running
100 experiments for each case. The optimization target was the best NPV value for the designed
scenarios. The curves below present the results of the production rates for oil, water and gas,
also the injection rates for water and gas, when applicable.

4.1 Production with Primary Drive Mechanisms

In this scenario, without any type of secondary recovery, the NPV was calculated in US$
55.40 million. In Figure 6, one can observe the estimated production and also its end after 17
years due to the GOR cut off being reached. The drop in the reservoir pressure due to the
production, without any secondary recovery method which would help keep the pressure level,
results in a pre-mature release of the associated gas in the crude oil.
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4.2

PRODUCTION WITH PRIMARY DRIVE MECHANISMS ONLY
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Figure 6. Production with primary drive mechanisms.

Production with Continuous Water Injection

In this scenario, the continuous water injection started in the third year of production. The

NPV obtained in this case was US$ 155.10 million. In Figure 7, one can observe that the
maintenance of reservoir pressure in higher levels helps to extend the productivity and the life
cycle of the reservoir. It will result in bigger volumes of recovered oil and also a higher NPV
when compared to the previous case where no injection was applied.
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Figure 7. Production with continuous water injection.
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4.3 Production with Continuous Gas Injection

As previous case showed, the secondary recovery started in the third year of production,
but in this case with continuous gas injection. One can observe the oil production dropping after
16 years at the same time the gas production increases. If the well production were extended
for more than the original 30 years predicted, the injected gas reaching the producer well would
end activating the GOR cut-off, shutting the well production, as seen in the scenario without
secondary recovery. The calculated NPV for this scenario is US$ 92.22 million.

PRODUCTION WITH CONTINUOUS GAS INJECTION
250
1800

1600
200

1400
1200

150
1000

800
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100

PRODUCTION

600
400 50

200 \

0 0
2000 2003 2006 2009 2012 2015 2018 2021 2024 2027 2030

OIL(MmM®) eem—GAS (MM m?) GAS Injection (MM m?)
Figure 8. Production with continuous gas injection.
4.4 Production with WAG injection — 4 Years Cycle

The production for the first case with WAG injection was simulated with an alternated
cycle of 4 years, with 2 years of gas injection and 2 year of water injection. For this scenario, it
was obtained the highest NPV of all the scenarios, totalizing US$ 189.80 million.
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PRODUCTION WITH 4 YEARS WAG CYCLE

1800
1600

1400

% 1200
=
O 1000
=
a
O 800
r
- 600
400
200
0
2000 2003 2006 2009 2012 2015 2018 2021 2024 2027 2030
OIL (M m3) e GAS (MM m?3)
Figure 9. Production with WAG injection — 4 years cycle.
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Figure 10. WAG injection — 4 years cycle.
45  WAG Injection — 2 Years Cycle

For the WAG injection with 2 years cycle, the NPV obtained was US$ 170.18 million. The
results showed a more constant behavior of production rate compared to the previous case.
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PRODUCTION WITH 2 YEARS WAG CYCLE
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Figure 11. Production with WAG injection — 2 years cycle.
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Figure 12. WAG injection — 2 years cycle.

4.6  Comparison Between Simulated Scenarios

In Figure 13, one can observe the comparison between the cumulative oil produced for
each one of the 5 scenarios. It is clear the better performance of the cases where the secondary
recovery method was used. As expected, the continuous gas injection showed better results in
the first years of injection when compared to the continuous water injection technique.
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However, in the long term, the continuous gas injection loses efficiency, being surpassed by the
continuous water injection method in terms of volume of oil recovered.

Unlike what occurred in the continuous gas injection case when the injected gas was
detected in the producer well, for the continuous water injection method no injected water was
produced with the recovered oil. This behavior can be explained due to the homogeneity of the
permeability and porosity used in this study.
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Figure 13. Cumulative produced oil for each scenario.

Table 6 shows a comparison between the results for NPV, Cumulative Oil Produced (Np)
and Recovery Factor (R.F.) of each case. It is easy to observe the large gap between the WAG
injection and the other cases. The 4 years WAG cycle showed the best NPV value even with
the 2 years WAG cycle presenting a large amount of oil produced after 30 years of production.

Table 6. Results comparison for Np and NPV.

Secondary Recovery Method | Cumulative Oil - Np (MM m#) | NPV (MM US$) | NPV Variation (%)| R.F.
Continuous Gas Injection 12.99 92.22 - 49,17
Continuous Water Injection 14.10 155.10 68% 53,37
WAG Injection - 4 Years Cycle 17.16 189.80 106% 64,95
WAG Injection - 2 Years Cycle 17.34 170.18 85% 65,63

5. CONCLUSIONS

The obtained results confirmed the better efficiency of the WAG method compared to the
other cases analyzed in this study. All the simulations with some sort of secondary recovery
method presented a recovery factor much higher than the primary drive mechanisms alone. The
results reinforce the importance of the continuous search for an improvement in the secondary
recovery methods.
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In all the cases analyzed above, it is clear the outperformance of the WAG technique in
both simulated cases. There is a significant difference in volume of oil and NPV value between
the 2 different WAG cycles, but considerably larger when compared to single fluid injection.

CMOST had an important role in the single fluid injection method. The optimization tool
helped to extend the life cycle of the reservoir that was being shut down after 17 years of
production. With CMOST utilization the production could reach the original 30 years expected
without reaching the GOR limit that was previously set.

As a suggestion for future studies, a better representation of the heterogeneity of the
reservoir model could create favorable paths for the injected water flow; thus helping simulate
a better displacement scenario for the water. Another point to be considered would be the
variation of the WAG ratio to minimize the gas production in the last years of the simulation.
The objective of this paper was the comparison between the mentioned secondary recovery
techniques, however this is a wide area for studies and improvement in the oil and gas industry.

ACKNOWLEDGEMENTS

The authors would like to thank Polytechnic School of the University of S&o Paulo,
FAPESP (Sdo Paulo Research Foundation), PETROBRAS and LASG (Laboratory of
Petroleum Reservoir Simulation and Management) for supporting this research and
development project. The authors would also like to thank Paulo Ranazzi and the Computer
Modelling Group Ltd. for providing the GEM® simulator and CMOST® used in this study.

REFERENCES

AL-SHALABI, E. W.; SEPEHRNOORI, K.; POPE, G. Numerical modeling of combined low
salinity ~ water and carbono dioxide in carbonate cores. Journal of Petroleum Science and
Engineering, v.137, p.157-171, 2016.

AL-SHALABI, E. W.; SEPEHRNOORI, K. A comprehensive review of low
salinity/engineered water injections and their applications in sandstone and carbonate rocks.
Journal of Petroleum Science and Engineering, v.139, p.137-161, 2016.

BATRUNY, P.; BABADAGLI, T. Effect of waterflooding history on the efficiency of fully
miscible tertiary solvente injection and optimal design of water-alternating-gas process. Journal
of Petroleum Science and Engineering, v.130, p.114-122, 2015.

DANG, C.; NGHIEM, L.; NGUYEN, N.; CHEN, Z., NGUYEN; Q. Evaluation of CO2 Low
Salinity Water-Alternating-Gas for enhanced oil recovery. Journal of Petroleum Science and
Engineering, v.35, p.237-258, 2016.

DINIZ, A. A. R. Estudo da injecdo de 4gua e CO2 em reservatdrios carbonéticos de 6leo leve.
2015. 186f. Tese (Doutorado em Ciéncia e Engenharia de Petrdleo) — Universidade Federal do
Rio Grande do Norte. 2015.

KULKARNI, M. M.; RAO, D. N. Experimental investigation of miscible and immiscible
Water-Alternating-Gas (WAG) process performance. Journal of Petroleum Science and
Engineering, v.48, n.1-2, p.1-20, 2005.

CILAMCE 2017

Proceedings of the XXXVIII Iberian Latin-American Congress on Computational Methods in Engineering
P.O. Faria, R.H. Lopez, L.F.F. Miguel, W.J.S. Gomes, M. Noronha (Editores), ABMEC, Floriandpolis, SC, Brazil,
November 5-8, 2017.



Technical-Economic Evaluation of Continuous CO; Reinjection, Continuous Water Injection and Water
Alternating Gas (Wag) Injection in Reservoirs Containing CO>

LAOCHAMROONVORAPONGSE, R.; KABIR, C. S.; LAKE, L. W. Performance assessment
of miscible and immiscible water-alternating gas floods with simple tools. Journal of Petroleum
Science and Engineering, v.122, p.18-30, 2014.

MATTE, A. C. Métodos especiais de recuperacao avancada de petrdleo utilizando injecdo de
dioxido de carbono gasoso e seus processos derivados. 2011. 63f. Projeto (Graduagdo em
Engenharia de Petrdleo), Universidade Federal do Rio de Janeiro, Rio de Janeiro.

SALEHI, M. M.; SAFARZADEH, M. A.; SAHRAEI, E.; NEJAD, S. A. T. Comparison of oil
removal in surfactant alternating gas with water alternating gas, water flooding and gas flooding
in secondary oil recovery process. Journal of Petroleum Science and Engineering, v.120, p.86-
93, 2014.

SPITERI, E. J.; JUANES, R. Impact of relative permeability hysteresis on the numerical
simulation of WAG injection. Journal of Petroleum Science and Engineering, v.50, n.2, p.115-
139, 2006.

TEKLU, T. W.; ALAMERI, W.; GRAVES, R. M.; KAZEMI, H.; ALSUMAITI, A. M. Low-
salinity water-alternating-CO2 EOR. Journal of Petroleum Science and Engineering, v.142,
p.101-118, 2016.

WANG, Z.; YANG, S.; LEI, H.; YANG, M.; LVWEI, L.; YANG, S. Qil recovery performance
and permeability reduction mechanisms in miscible CO water-alternative-gas (WAG) injection
after continuous CO; injection: An experimental investigation and modeling approach. Journal
of Petroleum Science and Engineering, v.150, p.1-20, 2005.

CILAMCE 2017

Proceedings of the XXXVIII Iberian Latin-American Congress on Computational Methods in Engineering
P.O. Faria, R.H. Lopez, L.F.F. Miguel, W.J.S. Gomes, M. Noronha (Editores), ABMEC, Floriandpolis, SC, Brazil,
November 5-8, 2017.



