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The definition and management of a production strategy for petroleum fields is one of the
most important tasks in reservoir engineering. It is a complex process due to the high
number of parameters, operational restrictions and objectives involved, and due to
uncertainties in geological and economic scenarios. This work shows an important tool to
improve the performance of such a process, called quality map. Quality map is a tool that
indicates the production potential of each place of the reservoir, combining several
parameters that influence oil recovery efficiency. It serves as a visualisation tool and as a
quality index distribution allowing the automation of production strategy definition. The
case studies presented in this work involve numerical smulation of horizontal wells in
offshore reservoir models. It is observed that quality maps constitute a powerful tool that
can be used (1) to locate wells and (2) to speed up the optimisation process by efficiently
allowing the analysis and quantification of several parameters and their influence on the
reservoir exploitation.
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Introduction

One of the main purposes of reservoir engineersgthie
efficient management of reservoirs by setting tlest kproduction
strategy, taking into account physical, operatingl aconomic
restrictions. Defining production strategies howeisea long and
most often subjective process where reservoir esgiare usually
faced with a set of possible options, instead afnaue solution.
The complexity of efficiency analysis is basicatlye to the large
number of variables involved, such as reservoirrattaristics,
number and type of wells coupled with their opemgtconditions
and position in the reservoir, geological and ecoical
uncertainties, to name a few.

The technological development of the last few yéwas greatly
helped in the constant search for cost reductiadyctivity
maximization and extension of the production lifei of reservoirs.
In particular, advances in perforation and comptettechniques
have made possible the use of horizontal wells,civhpresent
important advantages over the traditional verticalells
(Mascarenhas and Durlofsky, 2000). It is possiblguote, among
these advantages, their higher productivity andaciép of
increasing reserves, resultant of their greategttewhen compared
to vertical wells (horizontal wells are not limitdxy the reservoir
thickness). The larger area of contact with thedpoer layer also
yields a more complex interaction between the weserand the
well, thus parameters influencing horizontal wefisrformance
present a higher level of uncertainty than thodectihg vertical
ones; for example, in reservoirs containing agsjfan horizontal
well crossing a region of high vertical permeailihight present
early water breakthrough in some sections (Raghamaet al.,
2003). As a result, using horizontal wells mightrease either the
potential of success or failure of the strateggrdfore, thorough
studies of the several parameters affecting thenbebr of such
wells are essential to achieve the goals set byndreagement team.

Another subject of great interest to reservoir pagis is the
ability to identify which regions are more suitalite production
and, therefore, where to allocate wells; this issimple task, since
there are numerous parameters governing fluid flthwough
reservoirs. It is not easy to predict the reser@haviour during
production even when one can visualise all the maters
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separately, especially when dealing with heterogeseaeservoirs,
due to the complex, non-linear interaction betwiase parameters
(Cruz, 2000). For instance, given a reservoir, must consider the
presence (or absence) of gas cap and aquifer,dselidir distance
to the wells; reservoir pressure and net pay ase @&hportant

parameters; large horizontal permeability valueshia production

layers are favourable to oil extraction, whereaslkm vertical

permeability values may be desirable to reduce m@tauction; in

the case of heterogeneous reservoirs, the degrdetygpe of

heterogeneity in itself may strongly influence dyria behaviour.

Some other important variables describing resesvaire the

saturation (of oil, gas and/or water), the porosibd the relative
permeability.

The development of robust numerical simulation progs has
greatly helped engineers in the study and predictb reservoir
responses to changes in their properties (duringdymtion),
however, the number of variables to be considered af
production configurations make it prohibitive toatyse all the
possible scenarios (Glyaguler et al.,, 2002). Raghan et al.
(2003), when studying reservoir risk managemermir@pmated the
normal distribution of property values to a finitamber of equally
probable points (three), in order to reduce the memof required
stochastic simulations. Some other works, dealingh whe
optimisation of well position, have proposed catiens:
Wagenhofer and Hatzignatiou (1996), for examplerked on the
optimal placement of horizontal wells considerihg tvater-oil and
gas-oil contacts. Based on a study of the timesionultaneous
eruption of water and gas, the authors sought terckéne the ideal
location for the wells and stated that the parametehich
influenced the most this allocation were oil floate, oil viscosity,
oil formation volume factor, difference of densligtween the oil,
perforation interval length, oil water mobility @atand water
column height. Some authors have chosen to fultpraatise the
process of optimising production systems, by makiag of recent
techniques, such as genetic algorithms (GA): Bitbemt and Horne
(1997) and Montest al. (2001) resorted to GA to help in the search
for the best location for wells, whereas Guyagalet Horne (2000)
presented an optimisation procedure based on aichgemetic
algorithm, which reduced the number of simulationden
compared to simple GA. Yang et al. (2003) presergeslystem
which simulated the reservoir, the wells and thdase facilities;
the authors used GA and simulated annealing (A§)rithms to
optimise the global system.
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Another possible approach is to develop a methayolohich
allows the combination of the reservoir engineexperience and
common sense with the great potential that visatidis techniques
present for the solution of problems such as the ontlined
previously. This alternative was presented by Ceuzl. (1999),
who introduced the concept of quality maps appiethe study of
petroleum reservoirs.

Nomenclature

a = length of drainage volume (m)

b = width of drainage volume (m)

A= drainage area (n%)

B = formation volume factor (reservoir m3/stock-tank m3)

Cy = geometric factor

Gp = cgmulative gas production of each producer (stock-tank
n)

h = thickness of drainage volume (m)

ky = permeability in x-direction (mD)

k, = permeability in y-direction (mD)

k, = permeability in z-direction (mD)

Mp = data from the Quality Map

NPV = Net Present Value of each producer well (US3)

Np = c3umu|ative oil production of each producer (stock-tank
nT)

pr = volumetric average pressure of reservoir (kPa)

pw = flowing bottom hole pressure (kPa)

g = constant rate of production (stock-tank m/d)

Qo = averageoil production rate (stock-tank m*/d)

rw = wellbore radius (m)

Sk = pseudo skin factor dueto fractional penetration

Wp = CszmuIative water production of each producer (stock-tank
n)

Xo = position of well (m)

Yo = position of well (m)

Z, = position of well (m)

M = Vviscosity (mPa/s)

Quality Maps — Definition

Conventional 2D and 3D maps can show one propéitiane,
for instance oil saturation, or permeability in omkrection;
therefore, during the stages of production stratelgfinition,
operation, optimisation of production strategie®.,iduring the
commercial life span of a reservoir, engineers namslyse several
maps in order to acquire a global view of the nasier
characteristics and probable performance. Qualagswepresent an
important tool for reservoir engineers since then acombine
several parameters, e.g. oil saturation, cell pgrasnd relative
permeability, in one graphical representation. ThD
representation brings the combined factor namedlfiyuindex” (or
“quality factor”), which is a measure of the poiahfor production
of that area in the reservoir and, since it aggesgatatic and
dynamic parameters such as cell porosity and tilraton, quality
maps change during the production process as ectiefh of the
changes in those properties.

Quality maps can be used to compare different dietdassify
realisations and include the reservoir uncertasniie the decision
process of the recovery strategy plan. They are \asy useful in
helping determine the most suitable location fowall; such a
characteristic is even more important when deabith horizontal
wells, due to the higher number of parameters toabalysed.
Suggestions on how to modify existent wells ca &ls improved
with the assistance of quality maps, which show ghtential for
production of the different reservoir regions.
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Quality Maps — Generation

In order to generate a map, it is necessary tdksttahow to
assess the “quality” of a reservoir or, more speatlif/, of each cell
composing the reservoir grid. In this work, the &tjity index” was
defined as the productivity of wells, which canébgressed by the
net present value of the well (NPV) or the cumukabil production
(Np), for example. This is a difficult task due tiee number of
parameters that can influence well performance dund to the
necessity to assess the quality index taking ictmant the same
conditions that will be used during the productiphase. Three
generation methods will be shown here: (1) numesaaulation,
(2) analytical and (3) fuzzy logic methods. Thesethnds were
adequate to the examples tested in this work hthduresearch is
necessary to generalize the procedure.

Generation of Quality Maps by Numerical Simulation

Numerical simulation is an appropriate method taleate the
productivity of a well, since it can take into aoot the several
variables which it depends upon and the highly lwoear
dependence between them. Quality maps can be gedaither by
using simulation of vertical or horizontal wellspwever, there are
several possibilities to generate the maps, somevtith are
presented here. In the present work, Np was chasenthe
expression of the well productivity; the produdgvof each well
was divided by the highest value, thus yielding liggiandexes in
the range [0,1].

Single Vertical Well

Cruz et al. (1999) proposed the simulation of a single well,
which was positioned sequentially in each cellh& grid. Usually,
the number of simulations would be very high td @®sgery cell of
the grid so selected positions can be evaluateshewn in Fig. 1.
The other grid cells quality index can be interpeta A higher
number of block tests yields a better precisiorpeewlly for
heterogeneous reservoirs.

Figure 1. Well position variation.

Groups of Vertical Wells

An alternative technique which attempts to approdhk
reliability of the aforementioned method yet demagdfewer
simulations is to use groups of wells; these arénssuch a way that
allows the assessment of the whole reservoir. Quoh possible
configuration can be seen in Fig. 2, which shows tywoups of
wells spread evenly through the reservoir.
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Use of Quality Maps in Reservoir Management

Figure 2. Distribution of vertical wells in 2 group s to build quality map.

All wells belonging to a group are opened at thmesdime,
however, different groups are simulated separaielyboth cases
production time is set in order to drain as muchasi possible.
When working with a single group, the reservoirgsige is reduced
faster than with two or more groups, therefore ttftal simulation
time is shorter. When simulating different groufise results are
combined to achieve a solution that is valid f@ whole reservoir.

Generating quality maps by simulating horizontalllsvas
similar to the process using vertical ones, exdeptthe fact that
horizontal wells are drilled through single layefherefore, the
steps described here must be repeated for each dagethen an
average is calculated to acquire a final, 2D repregion of the
reservoir.

The case with a single, horizontal well was note@ssince it
presents basically the same problem of singlejocagnivells, which
is the large number of simulations required, thisetmultiplied by
the number of reservoir layers.

Groups of Horizontal Wells

A procedure to generate quality maps using horedomells was
tested in this work; the wells were placed evemlgoeighout one
layer of the reservoir and simulation took placée twells
distribution can be seen in Fig. 3, for one layer.
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Figure 3. Distribution of horizontal wells in 1 gro up to build quality map.
There are other possibilities to generate the tyuatiap using
numerical simulation. Basically, it can be obsentbd precision
increases as the number of simulations increasesibe more tests
are performed guaranteeing a better resolutionhefrhap and a
better definition of the influence of each wellthe reservoir. The
generation of quality maps using injectors are glsssible but this
technique was not used so far. In this work 2-disi@mal maps are
used; 3-dimensional maps can be generated usingsémee
procedure but they would increase the computatidimaé; this
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could be necessary when working with reservoirsgméng great
variations in the vertical permeability, that isttwa high degree of
heterogeneity in the vertical direction, howevarseveral cases the
generation of 3D quality maps would bring no simgaiht
improvements to the process compared to 2-dimeabk@mres.

Generation of Quality Maps by Analytical Methods

As an attempt to speedup the process, analytictdads can be
used. However, this approach is not recommendedée®ervoirs
with strong heterogeneities. The method studie@ hexrs based on
the work of Babu and Odeh (1989), who considereditorm flux
solution. In this method, the “quality” was takes the production
rate of a well positioned in a specific locatiordamas given by the
following equation (Nakajima and Schiozer, 2003):

708x107by/kk, (P ~ Put)

1
B{In[AZ /rw] +In(Cy) - 075+ SR}

@)

where
|n(CH)=621{%\/%][(1/3)—%/a)+(><o/a)z]—lnsir(lsd’zo/h)—o.sm[l:‘/i;]—loss @

Different well locations are set so that the entégervoir can be
analysed thus the map can be built. Some variabies be defined
prior to the calculations, namely the horizontataaof drainage
(typically, a box surrounding the well), the thigss of the drainage
volume and the properties of the drainage volumethBthe
thickness and the properties are averaged valuesdesing all the
layers and all the drainage cells.

Generation of Quality Maps by Fuzzy Logic

The previous methods are somewhat similar, corisigiehat
they basically integrate a series of variables ctifig well
productivity and provide a single output parametgsed as a
“quality index”. This third method offers a differeapproach to the
same problem; fuzzy logic systems do not requirmmdational
models or mathematical equations to establish atioakhip
between input and output parameters. Such a nasdtip is set via
simple rules defined by a knowledge basis. Theegftr generate a
quality map it was necessary to build the fuzzytesys using some
of the variables which influenced most the produitstiof horizontal
wells: porosity, net to gross ratio, oil saturafiorertical and
horizontal permeability values, distances of wellaguifer and to
gas cap; these variables were chosen based orti\dBnsinalysis
and literature review. The classification appliedie parameters to
build the fuzzy system is shown in Table 1.

Table 1. Input parameters for fuzzy system.

Porosity Net to gross ratio
0.2-1.0 High 0.6-1.0 High
0.1-0.2 Medium 0.3-0.6 Medium

0-0.1 Low 0-0.3 Low
Horizontal permeability (mD) Vertical permeability (mD)
1500+ High 300+ High
300-1500 Medium 100-300 Medium
0-300 Low 0-100 Low
Distance to aquifer (m) Distance to gas cap (m)
30+ High 30+ High
10-30 Medium 10-30 Medium
0-10 Low 0-10 Low
Oil saturation
0.2-1.0 | High [ T o002] Low
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A set of fuzzy rules was determined by simulatingeservoir
with all the possible combinations of the valuesveh in Table 1.
These simulations involved a 36x36x7 grid with ragk well at the
centre, used to determine the oil production. Gtheefuzzy system
is configured, new maps can be generated by pruyidhe
parameter values for each grid cell; the systenh tvén return a
value between 0 (zero) and 1 (one), which is tredityuindex.

Quality Maps — Application

The model studied was derived from a real reserwith some
alterations made to its permeability: high horizbrpermeability
channels were added, as can be seen in Fig. 4.

Horizontal Permeability (mD)

I T I ]
0 500 1000 1500

2000

Figure 4. Reservoir model with horizontal permeabil ity channels.

Different methods for building quality maps will ejd
somewhat different maps; Table 2 shows a compargdfosome
methods (Nakajima and Schiozer, 2003; Nakajima3200can be
seen that the best method (highest correlationofpovas the
numerical simulation using a single well; it tookamy more
simulations than the others, though, and this cteldh restricting
factor depending on the size of the reservoir. Tinezy logic
system, on the other hand, needs no simulation tresystem is
built because the fuzzy rules are set in a gesedliorm and it has
presented a good correlation factor. Therefore, ftiezy logic
system was chosen in this work.

Table 2. Comparing methods for building quality map S.

Method _ Numl_)er of Correlation
simulation rung factor (R)

Simulation of a group of horizontal 1 0.1395
wells
Simulation of a group of vertical well§ 1 0.846
Simulation of 2 groups of vertical wel|s2 0.8152
Simulation of 4 groups of vertical wel|s4 0.7849
Simulation of a single vertical well 58 0.8963
Fuzzy logic system* | e 0.865
Analytical | - 0.7808

* previous simulations are necessary to generateybtem

A comparison between two strategies of production the
reservoir depicted above was performed; both gfiegeinvolved
the use of 14 producer wells and 12 injectorstiategy number 1,
they were allocated in a 5-spot configuration, weerin strategy
number 2, a quality map was used to allocate tbdymer wells, as
shown in Fig. 5; the producers were located in sudamedium to
high quality factors, while the injectors were distited according
to the producers distribution and the need to Emeepressure in
specific regions of the field (which is why somgeitors can be
seen in areas of high quality indexes).
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0.2 0.3 0.4 0.5 0.6

0.7 0.a

Figure 5. Initial strategy. Producer wells are blac Kk, injectors are white.

As can be seen from Fig. 6, the strategy basecherytiality
map yielded better results, with higher values ef present value
and cumulative oil production. This difference @bk even bigger
when larger reservoirs are considered, due to thle humber of
wells used in these fields.

Case VPL (MM US$)
Without Map 762

Np(MMm3) Wp(MMm3)  Gp (MM m3)
5349
5598

+5%

Using Map 878

22
-46%

Figure 6. Comparing Strategies 1 and 2.

Variation +15%

Strategy Optimisation

Projects of reservoir recovery can be divided itw@ basic
stages, when considering a new field: the firstsphalso called
“strategy choice”, where one defines important pwters
associated to recovery strategies, e.g. well tgmesgeometry; this
and other evaluations can be undertaken either afignor as part
of an automatic methodology, as proposed by Mezzand
Schiozer (2003). The second phase, named “stradefjpition”,
consists of optimising the choices made in thet fitage, which
involves the minimization (or maximization) of anbjective
function, e.g., the net present value, oil, wated gas cumulative
production, or even a combination of these parameidis phase is
where the work presented here is situated.

The methodology developed in the current work wased on
the analysis of the net present value of each mexdwell (NPV),
the cumulative oil production of each producer (Npg average oil
production rate (Qo), the cumulative water productiof each
producer (Wp) and the cumulative gas productioeaafh producer
(Gp) for processes 1 and 2 below; for process nurBbeahese
parameters were also analysed, with the additionaosixth
parameter, the data from the quality map (Mp). €hearameters
were divided in three categories: high, medium & values,
which were then used to assign the wells to “clasdion regions”
(Nakajima, 2003). The purpose of such regions isprovide a
robust and consistent procedure to classify thésvesld point out
which ones should be altered first. Additionallye tgas-oil ratio and
the water cut of each producer well were also @salyto obtain a
more accurate diagnosis of the reservoir production
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Use of Quality Maps in Reservoir Management

Three optimisation processes were analysed, i éodevaluate
the usefulness of quality maps:
Process 1: the quality map was not used; initiatagy based
on a 5-spot wells configuration.
Process 2: the quality map was used only to ddfieeinitial

strategy; for such a task, the map was built at the
using the properties at the
beginning of the simulation) and it was used to
define the initial location of the wells; for the

initial time (i.e.,

decision making stage and in the wells reallocatieading to more
secure and correct actions.

Table 3. Comparing process data.

Process 1 Process|2 Procegs 3
NPV (US$ millions) 1024 1021 1031
Np (1F m°) 43.8 47.5 48.6
Total number of runs 33 25 18

remaining of the optimisation, the five parameters

described above were used.

Concluding Remarks

Process 3: the quality map was used during the evhol
optimisation process; the map was generated at the Quality maps are powerful visualisation tools thah combine
beginning of the simulation, however, its qualityseveral parameters characteristic of the resemvaler analysis and
index values were used to help in the definition ofield a final index, which can serve as an invaleabol for the

the classification regions during the optimisatias,
described previously.

The quality maps actually made it possible to abthétter
results with a lower number of simulations, as barseen in Fig. 7.
The relationship between NPV and the cumulativelpction of oil
is more direct in process 3, indicating that th@rovement in the
income was due to higher oil production, whereas ridationship
displayed in process 1 implies that the higher ineavas a result of
cost cuts (reduction of water production or investts). In process
1, the wells presenting bad performance were simgtyoved from
the simulations, resulting in the increase in NR¥¢ampanied by a
decrease in Np. When using the quality map, howeitewas
possible to determine if the region surroundinghsueells had
potential for better production, in which case m@atés to recover
those wells (=improve their production) looked fakable. Fig. 7
also shows that using the map only at the beginrohghe
simulation should yield better results, but adgptime map index as
an additional parameter during the process resulta more
straightforward path to the desired goal, sinchdws the reservoir
characteristics with regard to the potential ofdurction.

As production optimisation is a subjective taske ttrategy
referring to process 1 could eventually reach timalfpoint of
process 2 or 3, however it would take many moreukitions and,
therefore, time, than when working with the assistaof these
maps.

NPV x Np for each run
1050

Optimized Optimized
u |} .
1000 - .,
~ .a -,'-‘.
g -2
P a-" -
@ 950 <, _
1) PE
s ‘\/ » g
Z 900 P
= | T
g \
e Base Case
Z 850 Y
“ _
800 - T—— -
> ~N
> Base Case
750 ; : ‘ ‘ ‘ ‘
42 43 44 45 46 47 48 29
Np (MM m?3)
‘ —e—Process1 - #- Process2 —Ai- -Process 3 ‘

Figure 7. Evolution of optimisation processes: infl uence of map quality.

Table 3 shows some more information about the gemse The
third process resulted in higher NPV and Np valueking
considerably less simulations to achieve such teslithough
optimisation is a subjective process, the qualitgpnhas shown
itself to be quite useful in the cases studied ;hiérbelped in the
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optimisation of production strategies. Well alldoatis a complex
task which can require a relatively long time ie @nalysis of the
reservoir characteristics. These maps can assiBeidetermination
of the best regions to place a producer well, tegylin a better
starting point.

During optimisation of production strategies, oneuld
conclude, by simply analysing productivity profilegbat the best
way to deal with poorly performing wells would eremove them
from the simulation; quality maps can, in thesaatibns, define if
the well should be excluded or recovered, by priogdnsight into
the potential for production of the area of thelwiéit is located in
a region with good potential, the well could beoegred, whereas
attempts to recover wells located in bad regionsldvonly lead to
waste of simulations and time. This tool can, tfaree help with
improving the efficiency of the optimisation prosdsy eliminating
future steps and leading a more direct path towduelslesired goal.

The methods for building quality maps shown hengresent
approximate solutions, due to the simplificatiorsne during the
process; they can, however, evolve to higher acgusalutions as
the reservoir is evaluated during the optimisation.
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