Proceedings of the 100 Brazlian Congress of Thermal Sciences and Engineering -- ENCIT 2004
Braz. Soc. of Mechanical Sciences and Engineering -- ABCM, Rio de Janeiro, Brazl, Nov. 29 -- Dec. 03, 2004

Paper CIT04-0261

THE INFLUENCE OF DIFFERENT STRATEGIES ON THE PRODUC TION
OF OIL FIELDS STIMULATED BY WATERFLOODING

Rogério F. Martini

Research Group on Reservoir Simulation — UNISIM
Departament of Petroleum Engineering — DEP
School of Mechanical Engineering — FEM

State University of Campinas - UNICAMP

Caixa Postal 6122

13083-970 Campinas — SP — Brazil
rogeriom@dep.fem.unicamp.br

José Sérgio A. Cavalcante Filho
UNISIM/DEP

School of Mechanical Engineering — FEM
State University of Campinas - UNICAMP
Caixa Postal 6122

13083-970 Campinas — SP — Brazil
jsergio@dep.fem.unicamp.br

Denis J. Schiozer

DEP

School of Mechanical Engineering — FEM
State University of Campinas - UNICAMP
Caixa Postal 6122

13083-970 Campinas — SP — Brazil
denis@dep.fem.unicamp.br

Abstract. Quality map is an important tool which can assist in the definition and optimisation of production strategies, since it
indicates the production potential of each place of the reservoir, combining several parameters that influence oil recovery
efficiency. Thiswork has used numerical simulation to analyse the performance of different production strategies used in waterflood
projects for an offshore reservoir; these strategies included peripheral injection/central production, a 5-spot injection/production
scheme and a strategy defined with the assistance of a quality map; after theinitial process of strategy definition, all schemes were
optimised. The optimisation procedure was assisted by an expert system which proposes well modifications based on the analysis of
economic and technical parameters and stores the analysed parameters in a databank. The results show that the use of the quality
map improved to a great extent the processes of strategy definition and optimisation, yielding better results and requiring fewer
simulation runs. The application of quality maps to petroleum reservoirs is still quite recent, with very few works published;
however, they present great potential for the E&P industry, as presented here.
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1. Introduction

The efficient management of reservoirs encompasgesetting of the best production strategy, talitig account
physical, operating and economic restrictions. Ruthe large number of variables involved, howetlee, definition of
production strategies is often a long and subjecpirocess where reservoir engineers are usualbdfadith a set of
possible options, instead of a unique solution. Agnthese variables are the reservoir charactesjgtie number and
type of wells coupled with their operating conditioplus the geological uncertainties.

The constant search for cost reduction, produgtiwiaximization and extension of the productiontiifee of
reservoirs has been aided by the technological lderent of the last few years. Advances in perforatand
completion technigues have made possible the ukertfontal wells, which present important advaegagver vertical
ones (Mascarenhas and Durlofsky, 2000). Among tlabantages one could quote their higher prodigtiand
capacity of increasing reserves, resultant of tge#ater length when compared to vertical wellse Tdrger area of
contact with the producer layer also yields a marmplex interaction between the reservoir and tke#, whus using
horizontal wells might increase either the poténtiasuccess or failure of the strategy; for examph reservoirs
containing aquifers, an horizontal well crossingegion of high vertical permeability might preserdrly water
breakthrough in some sections (Raghuraman et @032 Therefore, thorough studies of the severahmpaters
affecting the behaviour of such wells are essettialchieve the goals set by the management team.

The proper identification of the more suitable oegi for production is no simple task, since theeraimerous
parameters governing fluid flow through reservoitss not easy to predict the reservoir behaviduring production
even when all the parameters are available sepgragpecially when dealing with heterogeneousrreses, due to the
complex, non-linear interaction between these patara (Cruz et all, 2004). For instance, givensemair, one must
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consider the presence (or absence) of gas cap quifera besides their distance to the wells; lahgeizontal
permeability values in the production layers areotaable to oil extraction, whereas smaller vettigarmeability
values between the production layers and an aqoiésr be desirable to reduce water production (C2090). Other
important variables are the saturation (of oil, gad/or water), the porosity and the relative pexpilety.

2. Production Strategy Definition and Optimisation

Projects of reservoir recovery can be divided imto main stages (or phases) regarding productiatesty: the
first phase is marked by the existence of greaédammty in the values of the reservoir propertigsen the strategy is
defined and the numerical simulation models argEmsimulation runs are shorter, however, ther@ broad range of
possible schemes; Mezzomo and Schiozer (2003) peaba methodology for strategy definition whichidigd this
phase in six steps, as shown in Fig. (1); the mepof such a methodology is to allow the definitmihfeasible
production strategies for the development of nehd§. The next (seventh) step (Schiozer and Mezz@01@3) is part
of the second phase, which is marked by lower uacgy in the reservoir properties and more comgemwulation

models.
1. Definition of recovery
method and well types

2. Evaluation of production/
injection patterns

3. Assessment of the
number of wells
4. Obligatory
optimisation
5. Uncertainties
impact evaluation
6. Economic

sensitivity
analysis

7. Refinement
of the solutions

8. Operating
restrictions

9. Mature
fields

Figure 1. Methodology for strategy definition and @timisation

The aim of the optimisation process in steps 7 te ® attain the best production configurationnsidering the
company’s goals, which are represented in the agdition process by the minimization (or maximizajiof an
objective function, e.g., the net present value vekter and gas cumulative production, or eveomakination of these
parameters; step n° 7 concerns the optimisatiothefstrategies defined in steps 1-6 and its cheriaetl by a
reasonably wide range of alternatives for well rfiodtions, whereas in step 8 one must considericdshs such as
platform maximum capacity for oil storage or wateatment, conditions for raising the oil to thatfdrm and so on.
Step 9 has the characteristic of involving a resienwhich is better known due to the data gathehadng the several
years of production, however the production stnatés) already established and there are fewer optifor
modifications. The work presented here refers ép st° 7 in the sense that the reservoir charatitsriare known and
no uncertainty analysis was performed.

3. Quality Maps
Conventional 2D and 3D maps can show one propéréytame, for instance oil saturation; thereforaring the

stages of production strategy definition and opation, engineers must analyse several maps im todeedict the
reservoir behaviour and probable performance dysiegluction. Quality maps represent an importaot &s they can
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combine several parameters, e.g. oil saturatidhpoeosity and relative permeability, in one gragah representation.
This 2D representation works as a measure of thenpal for production of each area in the resaramid, since it
aggregates static and dynamic parameters suchllapocesity and oil saturation, quality maps chardiging the
production process as a reflection of the changethose properties (Nakajima, 2003). There aresudifit ways of
generating these maps (Nakajima and Schiozer, 28@8)more research work on this subject is ongdiogever, the
best consolidated method to the present is therggoe of quality maps by numerical simulation. Nenmal
simulation can properly evaluate the productivityaovell, since it can take into account the selvesisiables which it
depends upon and the highly non-linear dependegiweckn them. Maps can be generated either by ssmgation of
vertical or horizontal wells, individually or in gups (Nakajima, 2003), and the well productivity dee assessed in
terms of a technical parameter such as the cumaelati production, Np, or an economic parametey,, ¢he net
present value, NPV. The results thus obtained arenalized, yielding the “quality factor” (or “ind&x which is a
parameter varying from O (zero) to 1 (one); thesetado 1, the better the production potential. Whele reservoir must
be evaluated, meaning that several simulation anesisually necessary to generate a quality map.

4. Production Strategy Definition

Three different well patterns, all using horizontalls both for injection and production, were séald a 5-spot
pattern, a peripheral injection/central product{bareafter cited as “peripheral”), and a well cgofation based on a
quality map (referred to as MQ).

An offshore reservoir was simulated using a comiaktalack-oil simulator; the model grid was composaf
80x45x22 blocks and the total simulation time w862days (27 years) in all runs. The definitiorstshtegies for the
5-spot and the peripheral patterns started withingles well, allocated in a region of the reservwiith high oil
saturation; more wells were added gradually todthiesequent runs, in intervals of 90 days, accortinthe pattern
previously defined and the observed reservoir atution maps (producers were allocated in ardalsigh olil
saturation and the injectors position was choseording to the reservoir pressure behaviour). Eg@) shows the
economic behaviour of the field (measured by thepnesent value) during the simulation and as weése added; a
total of twelve simulations were run. The initi@nfiguration (1A) and the best one (10A) were gdtwith markers to
allow better visualisation of the process, whereynattempts resulted in worse performance (loweW¥NPun 10A
involves the use of 8 producer wells and 4 injectord was taken to the next stage, of strategynegatiion.
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Figure 2. Behaviour of Net Present Value with timeand runs (5-spot)

Similarly to the 5-spot case, the definition of theripheral strategy started with a single well atlders were
added according to the peripheral pattern andittsaturation maps; Fig. (3) shows the evolutiofN&¥fV with time for
each run; simulation run 1A was the starting pant] again run 10A presented the best performaritiech was then
taken as the base case to the next stage (opfimnisah this case, there are 7 producers andeiojs.
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Figure 3. Behaviour of Net Present Value with timend runs (peripheral)

With the MQ strategy, a quality map was initiallgreerated and then used to allocate the initial rurob wells,
which formed the base case of the next stage;isnctise, it was not necessary to add wells onenbyas the quality
map already displayed the best regions; 8 produmeds4 injectors were used, to start with a totahber of wells
equivalent to the ones from the previous cases. riidp, which can be seen in Fig. (4), was generayed single
simulation run with 51 wells spread through theeresir (run 1A). The parameter used to indicate btoek quality
factor was the net present value (NPV). The redwrahdicates the areas with best production pikrthe green area
represents regions with intermediate potential #nedblue colour signals areas with poor producpotential. The
producer wells were then allocated in the red awdth the injectors positioned in the green aresarnthe border
between green and blue. The axes of the qualityanagthe areal (XY) grid block coordinates.
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Figure 4. Quality map generated by 1 simulation rurwith 51 wells
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Table (1) shows a summary of the cases which preddretter performance in the 5-spot and periplstrategies,
which were taken to the next stage as base cdsefitial strategy defined solely with the aidthé& quality map is
also presented,; it is possible to observe thafittamcial performance of this configuration (MQEgpite being worse
than the other two cases, shows already a posiitee for NPV and a cumulative production of oilighis not too
different from those obtained after several simatatuns in the other case studies.

Table 1. Summary of cases to be used as a basistiog optimisation process.

Strategy Number of wellss  Number ofrufjs NPV (MM JS$ Np (1F m’)
5-spot 12 12 120 39.61
Peripheral 10 14 146 38.57
Quality Map (MQ) 12 1 115 31.32

5. Production Strategy Optimisation

Optimisation works often use algorithms to achithair goals, where the user’s job usually is toleste the final
answer, checking for consistency. Recently, sonthoasi have made use of optimisation procedures asahenetic
algorithms (GA): Bittencourt and Horne (1997) anarites et al. (2001) resorted to GA to help in thareh for the
best location for wells, whereas Guyaguler and Hd2000) presented an optimisation procedure basea hybrid
genetic algorithm, which reduced the number of &thans when compared to simple GA.

The optimisation process presented in this worlofed a different approach, where an expert systemsed to
assess the field and wells performance, then stuggedgifications to the user, who can carry them autlecide for
other changes; it is, therefore, an interactiveepss which aims at taking advantage of both a tgimablem analysis
and the user’s experience and knowledge of reseengiineering. The analysis performed by the sys¢dmased on the
parameters below; the data from parameter N° 6neasised for strategies 5-spot and peripherahesetwere defined
and optimised without any assistance from a quatiayp:

1. Net present value of each producer well (NPV),

2. Cumulative oil production of each producer (Np),
3. Cumulative water production of each producer YWp
4. Cumulative gas production of each producer (Gp),
5. Average oil production rate (Qom),

6. Data from the quality map (Mp).

This methodology was applied to the base cases tihend-spot, peripheral and MQ configurations; rficdiions
were made to the wells pointed out by the expestiesy; next, the simulation models were run agathaanew analysis
was made; this procedure was repeated until theowement in the field performance became negligibleomparison
to the effort spent to attain it, that is, many iifiodtions followed by simulation runs would residtlittle increase of
NPV. Another parameter considered was the recofastor (FR): a lower limit of 35% to 40% was set these
simulations and this kind of reservoir.

Figure (5) shows the strategies tested for thedb-ppttern; “Strategy A” refers to the simulatiaams used to
define the production strategy, which were descriimethe previous section. The best performing (A0A) was used
as the base case for the optimisation (stratedys@it C and D). The highest NPV achieved occumedn 14B and 10
simulations were run in the optimisation stagehid tase study.



Proceedings of ENCIT 2004 -- ABCM, Rio de Janeiro, Brazl, Nov. 29 -- Dec. 03, 2004, Paper CIT04-0261

5-spot strategies

200
180 1 —— Strategy A )
Strategy B /\.\
160 1 Strategy C /L
g)c,? 140 ~— —=— Strategy D )—/ \V
D
120 4\
Z 100 -
% 60
40 \\// Strategy Optimisation
20 definition of strategy
O T T T T T T T T T T T T T T T

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Simulation run

Figure 5. Field performance in terms of Net Presenvtalue (5-spot configuration)

The peripheral strategy results are presentedgn(B); again, “Strategy A” refers to the definitiphase, whereas
four different strategies were tried in the optiatisn stage, accounting for 11 simulation runs. aton 10A was
used as the base case for the optimisation, angefteconfiguration was achieved in run 17E.
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Figure 6. Field performance in terms of Net Presenvalue (peripheral configuration)

Figure (7) presents the paths followed during the&naisation of the strategy assisted by the quatigp; a single
run was necessary to define the strategy, andm@laiions to optimise it; the best result was ai®diin simulation run
10E (which was very close to runs 8E and 9E).
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Figure 7. Field performance in terms of Net Presentalue (MQ configuration)

The comparison between the three cases can bease€g. (8), which shows the NPV evolution durirget
simulation time for the three base cases (beginafrtge optimisation) and for the best productitrategies obtained,
using the 5-spot pattern, the peripheral injectientral production configuration and the strategtimised with the
assistance of the quality map. There was a coraitierdifference between the starting point in tlegigheral
configuration and the other two base cases (5-&padtMQ), however this difference was reduced sicauiftly during
the optimisation: the 5-spot and peripheral pastgpresent very similar NPV profiles, whereas the [gitategy
performance is slightly better (higher NPV).
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Figure 8. Field performance — base cases and bestsegies of all configurations (5-spot, peripherabind MQ)

Considering only the optimisation stage, it took ¥MQ strategy more runs to achieve the final reqwdtvever,
when the steps needed to define the base caséakareinto account, one can see that the strategjgtad by the
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quality map was the fastest one, as can be sekabin(2), where the total number of runs is the sfimuns needed in
the first stage (definition) and the second stam#irhisation). For the 5-spot and peripheral pagesimulation runs
other than the ones shown in Tab. (2) achievedenigbcovery factors; however, the field NPV in thamses was
lower due to the concomitant higher production atev. In the MQ case, the data shown in Tab. (@esent both the
highest NPV and Np obtained in the simulations.

Table 2. Final optimisation results.

Optimised Strategy Total number ofrups NPV (MM JS$  Np (1¢ m) Recovery factor (%)
5-spot 22 181 41.20 35.72
Peripheral 25 175 44.64 38.71
Quality Map (MQ) 16 193 49.44 42.86

6. Conclusions

Three different production patterns were compatedpot, peripheral injection/central production andjuality
map-assisted configuration. The results show ity optimisation, different production pattermm@achieve similar
results, even when there is a considerable difterdetween the initial strategies.

It has been shown that the quality map can be aabéd tool in the definition and optimisation ofoguction
strategies, by providing visual information of tt@servoir regions with best production potentiagrefore reducing the
time needed to define feasible strategies and g lipie optimisation procedure to achieve bettarltes

The methodology followed in this work makes usamfexpert system to assist with the optimisatioprofiuction
strategies, allowing users to interact closely wiith problem and decide which path (or paths) log the database
generated by the system makes it possible to caribar performance of wells relative to each othet the field
performance of all the simulation runs. The welldifications are suggested not only for the worsgsprbut also for
wells presenting good performance, in order tchierimprove their results.
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