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ABSTRACT 
 
Quality map is an important tool which can assist in the definition and 
refinement of production strategies, since it indicates the production potential 
of each place of the reservoir, combining several parameters that influence oil 
recovery efficiency. This work 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 the initial process of strategy definition, 
all schemes were optimised. The refinement 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 refinement, 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. 
 
Keywords: Production strategies, Quality maps, Waterflood, Horizontal 
wells. 

 
 
NOMENCLATURE 
 
FR Recovery Factor, % 
MQ Quality Map 
NPV Net Present Value, MMUS$ 
 
INTRODUCTION 
 

The efficient management of reservoirs 
encompasses the setting of the best production 
strategy, taking into account physical, operating and 
economic restrictions. Due to the large number of 
variables involved, however, the definition of 
production strategies is often a long and subjective 
process where reservoir engineers are usually faced 
with a set of possible options, instead of a unique 
solution. Among these variables are the reservoir 
characteristics, the number and type of wells coupled 
with their operating conditions plus the geological 
uncertainties. 

The constant search for cost reduction, 
productivity maximization and extension of the 
production lifetime of reservoirs has been aided by 
the technological development of the last few years. 
Advances in perforation and completion techniques 
have made possible the use of horizontal wells, which 
present important advantages over vertical ones 
(Mascarenhas and Durlofsky, 2000). Among these 
advantages one could quote their higher productivity 
and capacity of increasing reserves, resultant of their 
greater length when compared to vertical wells. The 

larger area of contact with the producer layer also 
yields a more complex interaction between the 
reservoir and the well, thus using horizontal wells 
might increase either the potential of success or 
failure of the strategy; for example, in reservoirs 
containing aquifers, an horizontal well crossing a 
region of high vertical permeability might present 
early water breakthrough in some sections 
(Raghuraman et al., 2003). Therefore, thorough 
studies of the several parameters affecting the 
behaviour of such wells are essential to achieve the 
goals set by the management team. 

The proper identification of the more suitable 
regions for production is no simple task, since there 
are numerous parameters governing fluid flow 
through reservoirs. It is not easy to predict the 
reservoir behaviour during production even when all 
the parameters are available separately, especially 
when dealing with heterogeneous reservoirs, due to 
the complex, non-linear interaction between these 
parameters (Cruz et al., 2004). For instance, given a 
reservoir, one must consider the presence (or 
absence) of gas cap and aquifer, besides their 
distance to the wells; large horizontal permeability 
values in the production layers are favourable to oil 
extraction, whereas smaller vertical permeability 
values between the production layers and an aquifer 
may be desirable to reduce water production (Cruz, 
2000). Other important variables are the saturation 
(of oil, gas and/or water), the porosity and the relative 
permeability. 
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PRODUCTION STRATEGY DEFINITION AND 
REFINEMENT 
 

Projects of reservoir recovery can be divided 
into two main stages (or phases) regarding 
production strategy: the first phase is marked by the 
existence of great uncertainty in the values of the 
reservoir properties, when the strategy is defined and 
the numerical simulation models are simpler; 
simulation runs are shorter, however, there is a broad 
range of possible schemes; Mezzomo and Schiozer 
(2003) proposed a methodology for strategy 
definition which divided this phase in six steps, as 
shown in Fig. 1; the purpose of such a methodology 
is to allow the definition of feasible production 
strategies for the development of new fields; the first 
step is characterised by the largest number of 
possible strategies and at each stage the less suitable 
ones are discarded, which guarantees that only the 
best strategies remain when step number 6 is 
concluded. The next (seventh) step (Schiozer and 
Mezzomo, 2003) is part of the second phase, which is 
marked by lower uncertainty in the reservoir 
properties and more complex simulation models. 
 

9. Mature
fields

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

 
 

Figure 1. Methodology for strategy definition and 
refinement 

 
The aim of the refinement process in steps 7 to 

9 is to attain the best production configuration, 
considering the company’s goals, which are 
represented in the refinement process by the 
minimization (or maximization) of an objective 
function, e.g., the net present value, oil, water and 
gas cumulative production, or even a combination of 
these parameters; step n° 7 concerns the refinement 
of the strategies defined in steps 1-6 and it is 

characterised by a reasonably wide range of 
alternatives for well modifications, whereas in step 8 
one must consider restrictions such as platform 
maximum capacity for oil storage or water treatment, 
conditions for raising the oil to the platform and so 
on. Step 9 has the characteristic of involving a 
reservoir which is better known due to the data 
gathered during the several years of production, 
however the production strategy is already 
established and there are fewer options for 
modifications. The work presented here refers to step 
n° 7 in the sense that the reservoir characteristics are 
known and no uncertainty analysis was performed. 

 
QUALITY MAPS 
 

Conventional 2D and 3D maps can show one 
property at a time, for instance oil saturation; 
therefore, during the stages of production strategy 
definition and refinement, engineers must analyse 
several maps in order to predict the reservoir 
behaviour and probable performance during 
production. Quality maps represent an important tool 
as they can combine several parameters, e.g. oil 
saturation, cell porosity and relative permeability, in 
one graphical representation. This 2D representation 
works as a measure of the potential for production of 
each area in the reservoir and, since it aggregates 
static and dynamic parameters such as cell porosity 
and oil saturation, quality maps change during the 
production process as a reflection of the changes in 
those properties (Nakajima, 2003). There are 
different ways of generating these maps (Nakajima 
and Schiozer, 2003) and more research work on this 
subject is ongoing, however, the best consolidated 
method to the present is the generation of quality 
maps by numerical simulation. Numerical simulation 
can properly evaluate the productivity of a well, since 
it can take into account the several variables which it 
depends upon and the highly non-linear dependence 
between them. Maps can be generated either by using 
simulation of vertical or horizontal wells, 
individually or in groups (Nakajima, 2003), and the 
well productivity can be assessed in terms of a 
technical parameter such as the cumulative oil 
production, Np, or an economic parameter, e.g., the 
net present value, NPV. The results thus obtained are 
normalized, yielding the “quality factor” (or 
“index”), which is a parameter varying from 0 (zero) 
to 1 (one); the closer to 1, the better the production 
potential. The whole reservoir must be evaluated, 
meaning that several simulation runs are usually 
necessary to generate a quality map. 
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PRODUCTION STRATEGY DEFINITION 
 

Three different well patterns, all using 
horizontal wells both for injection and production, 
were studied: a 5-spot pattern, a peripheral 
injection/central production (hereafter cited as 
“peripheral”), and a well configuration based on a 
quality map (referred to as MQ). 

An offshore reservoir was simulated using a 
commercial black-oil simulator; the model grid was 
composed of 80x45x22 blocks and the total 
simulation time was 9862 days (27 years) in all runs. 
The definition of strategies for the 5-spot and the 
peripheral patterns started with a single well, 
allocated in a region of the reservoir with high oil 
saturation; more wells were added gradually to the 
subsequent runs, in intervals of 90 days, according to 
the pattern previously defined and the observed 
reservoir oil saturation maps (producers were 
allocated in areas of high oil saturation and the 
injectors position was chosen according to the 
reservoir pressure behaviour). Figure 2 shows the 
economic behaviour of the field (measured by the net 
present value) during the simulation and as wells 
were added; a total of twelve simulations were run. 
The initial configuration (1A) and the best one (10A) 
were plotted with markers to allow better 
visualisation of the process, where many attempts 
resulted in worse performance (lower NPV); run 10A 
involves the use of 8 producer wells and 4 injectors 
and was taken to the next stage, of strategy 
refinement. 
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Figure 2. Behaviour of Net Present Value with time 

and runs (5-spot) 
 

Similarly to the 5-spot case, the definition of the 
peripheral strategy started with a single well and 
others were added according to the peripheral pattern 
and the oil saturation maps; Fig. 3 shows the 
evolution of NPV with time for each run; simulation 
run 1A was the starting point, and again run 10A 
presented the best performance, which was then taken 
as the base case to the next stage (refinement); in this 
case, there are 7 producers and 3 injectors. 
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Figure 3. Behaviour of Net Present Value with time 

and runs (peripheral) 
 

With the MQ strategy, a quality map was 
initially generated and then used to allocate the initial 
number of wells, which formed the base case of the 
next stage; in this case, it was not necessary to add 
wells one by one as the quality map already displayed 
the best regions; 8 producers and 4 injectors were 
used, to start with a total number of wells equivalent 
to the ones from the previous cases. The map, which 
can be seen in Fig. 4, was generated by a single 
simulation run with 51 wells spread through the 
reservoir (run 1A). The parameter used to indicate the 
block quality factor was the net present value (NPV). 
The red colour indicates the areas with best 
production potential; the green area represents 
regions with intermediate potential and the blue 
colour signals areas with poor production potential. 
The producer wells were then allocated in the red 
area, with the injectors positioned in the green area, 
near the border between green and blue. The axes of 
the quality map are the areal (XY) grid block 
coordinates. 
 

 
 
Figure 4. Quality map generated by 1 simulation run 

with 51 wells 
 

Table 1 shows a summary of the cases which 
presented better performance in the 5-spot and 
peripheral strategies, which were taken to the next 
stage as base cases; the initial strategy defined solely 
with the aid of the quality map is also presented; it is 
possible to observe that the financial performance of 
this configuration (MQ), despite being worse than the 
other two cases, shows already a positive value for 
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NPV and a cumulative production of oil which is not 
too different from those obtained after several 
simulation runs in the other case studies. 
 
Table 1. Summary of cases to be used as a basis for 
the refinement process 

Strategy Number 
of wells 

Number 
of runs 

NPV  
(MM US$) 

Np  
(106 m3) 

5-spot 12 12 120 39.61 
Peripheral 10 14 146 38.57 

Quality 
Map (MQ) 

12 1 115 31.32 

 
 
PRODUCTION STRATEGY REFINEMENT 
 

Refinement works often use algorithms to 
achieve their goals, where the user’s job usually is to 
evaluate the final answer, checking for consistency. 
Recently, some authors have made use of refinement 
procedures such as genetic algorithms (GA): 
Bittencourt and Horne (1997) and Montes et al. 
(2001) resorted to GA to help in the search for the 
best location for wells, whereas Guyaguler and Horne 
(2000) presented a refinement procedure based on a 
hybrid genetic algorithm, which reduced the number 
of simulations when compared to simple GA. 

The refinement process presented in this work 
follows a different approach, where an expert system 
is used to assess the field and wells performance, then 
suggest modifications to the user, who can carry them 
out or decide for other changes; it is, therefore, an 
interactive process which aims at taking advantage of 
both a robust problem analysis and the user’s 
experience and knowledge of reservoir engineering. 
The analysis performed by the system is based on the 
parameters below; the data from parameter N° 6 was 
not used for strategies 5-spot and peripheral, as these 
were defined and optimised without any assistance 
from a quality map: 

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

2. Cumulative oil production of each 
producer (Np), 

3. Cumulative water production of each 
producer (Wp), 

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 

from the 5-spot, peripheral and MQ configurations; 
modifications were made to the wells pointed out by 
the expert system; next, the simulation models were 
run again and a new analysis was made; this 
procedure was repeated until the improvement in the 
field performance became negligible in comparison 
to the effort spent to attain it, that is, many 
modifications followed by simulation runs would 
result in little increase of NPV. Another parameter 
considered was the recovery factor (FR): a lower 

limit of 35% to 40% was set for these simulations and 
this kind of reservoir. 

Figure 5 shows the strategies tested for the 5-
spot pattern; “Strategy A” refers to the simulation 
runs used to define the production strategy, which 
were described in the previous section. The best 
performing run (10A) was used as the base case for 
the refinement (strategy paths B, C and D). The 
highest NPV achieved occurred in run 14B and 10 
simulations were run in the refinement stage of this 
case study. 
 

 5-spot strategies

0
20
40
60
80

100
120
140
160
180
200

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

N
PV

 (M
M

 U
S$

)

Strategy A
Strategy B
Strategy C
Strategy D

Strategy 
definition

Optimisation 
of strategy

 
 
Figure 5. Field performance in terms of Net Present 

Value (5-spot configuration) 
 

The peripheral strategy results are presented in 
Fig. 6; again, “Strategy A” refers to the definition 
phase, whereas four different strategies were tried in 
the refinement stage, accounting for 11 simulation 
runs. Simulation 10A was used as the base case for 
the refinement, and the best configuration was 
achieved in run 17E. 
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Figure 6. Field performance in terms of Net Present 

Value (peripheral configuration) 
 

Figure 7 presents the paths followed during the 
refinement of the strategy assisted by the quality 
map; a single run was necessary to define the 
strategy, and 15 simulations to optimise it; the best 
result was obtained in simulation run 10E (which was 
very close to runs 8E and 9E). 
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Quality map strategies
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Figure 7. Field performance in terms of Net Present 

Value (MQ configuration) 
 

The comparison between the three cases can be 
seen at Fig. 8, which shows the NPV evolution 
during the simulation time for the three base cases 
(beginning of the refinement) and for the best 
production strategies obtained, using the 5-spot 
pattern, the peripheral injection/central production 
configuration and the strategy optimised with the 
assistance of the quality map. There was a 
considerable difference between the starting point in 
the peripheral configuration and the other two base 
cases (5-spot and MQ), however this difference was 
reduced significantly during the refinement: the 5-
spot and peripheral patterns present very similar NPV 
profiles, whereas the MQ strategy performance is 
slightly better (higher NPV). 
 

Performance of 5-spot, peripheral and MQ

-100

-50

0

50

100

150

200

250

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Time (days)

N
PV

 (M
M

 U
S$

)

BASE_5spot
BASE_periph
BASE_MQ
14B_5spot
17E_periph
10E_MQ

 
 

Figure 8. Field performance – base cases and best 
strategies of all configurations (5-spot, peripheral and 

MQ) 
 

Considering only the refinement stage, it took 
the MQ strategy more runs to achieve the final result; 
however, when the steps needed to define the base 
cases are taken into account, one can see that the 
strategy assisted by the quality map was the fastest 
one, as can be seen in Tab. 2, where the total number 
of runs is the sum of runs needed in the first stage 
(definition) and the second stage (refinement). For 
the 5-spot and peripheral patterns, simulation runs 
other than the ones shown in Tab. 2 achieved higher 
recovery factors; however, the field NPV in those 

cases was lower due to the concomitant higher 
production of water. In the MQ case, the data shown 
in Tab. 2 represent both the highest NPV and Np 
obtained in the simulations. 
 
Table 2. Final refinement results 
Optimised 
Strategy 

Total 
number 
of runs 

NPV  
(MM US$) 

Np  
(106 m3) 

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 

 
CONCLUSIONS 

 
Three different production patterns were 

compared: 5-spot, peripheral injection/central 
production and a quality map-assisted configuration. 
The results show that, after refinement, different 
production patterns can achieve similar results, even 
when there is a considerable difference between the 
initial strategies. 

It has been shown that the quality map can be a 
valuable tool in the definition and refinement of 
production strategies, by providing visual information 
of the reservoir regions with best production 
potential, therefore reducing the time needed to 
define feasible strategies and helping the refinement 
procedure to achieve better results. 

The methodology followed in this work makes 
use of an expert system to assist with the refinement 
of production strategies, allowing users to interact 
closely with the problem and decide which path (or 
paths) to follow; the database generated by the 
system makes it possible to compare the performance 
of wells relative to each other and the field 
performance of all the simulation runs. The well 
modifications are suggested not only for the worst 
ones, but also for wells presenting good performance, 
in order to further improve their results. 
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