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Introduction

Oil and gas are the main sources of energy in the
world. Most of the fields are mature and the decline
phase is triggered. Therefore, it is necessary to per-
form an EOR method, i.e., an external force or the in-
jection of chemicals that are not naturally present in
the reservoir, into the hydrocarbon reservoir to achieve
more recovery [ 1, 2]. However, these methods are very
expensive, and choosing one of them to apply in a sig-
nificant reservoir requires careful research and study to
avoid large economic losses. Choosing the best meth-
od requires paying attention to the rock and fluid prop-
erties, reservoir characteristics, and other structures of
the formation.

Several researchers are attempted to propose a method
to choose the best EOR method. Some data-driven
(e.g., artificial neural network models) methods were
utilized to screen the methods [3-5]. However, deci-
sion-making about selecting the best EOR methods is
challenging.

The main objective of this study is to develop an in-
tegrated model including a fuzzy model, and artificial
neural network based on lessons learned from success-
ful EOR projects, e.g., reservoir rock and fluids prop-
erties for screening and selecting the best candidate for
EOR.

Materials and Methods

The main purpose of this study is to apply different
screening methods and combine these models to make
the final decision. For this purpose, an ensembled
method including traditional methods, fuzzy logic, and
artificial neural networks was utilized.
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Design of Experiment

In this study, the history data of 257 successful proj-
ects carried out in different fields were gathered. To
increase the number of data points, the design of the
experiment, i.e., the statistical approach was used as a
useful and practical tool to generate some observations
(488 data samples) from EOR-GUI software. Box
Behnken design method was used to create a selection
table in which -1, 0, and +1 represent the minimum,
mean, and maximum values for each factor, respec-
tively.

Artificial Neural Network and Fuzzy Logic

The network models are data-driven. In other words,
ANN models are created based on data. The architec-
ture of a neural network usually consists of an input
layer, intermediate hidden layers, and an output layer.
The number of hidden layers and neurons in each lay-
er, the type of activation function, initialization, and
the model training algorithm are adjustable parameters
of a network to improve its performance. In general,
with the increase in the number of layers and the num-
ber of neurons inside each layer, the complexity of the
model increases. However, using one hidden layer for
fitting, classification, and pattern recognition problems
will be sufficient to provide a suitable solution [6].

AU = gl gy 114170 4 10y (1)

In the above equation (equation 1), I is the number of
hidden layers, W, b7 and A" are the weights, bias
value and outputs of the activation function in the hid-
den layer, respectively. The symbol g’ represents the
activation function applied to each layer.

The fuzzy systems are based on human knowledge. In



other words, after determining and defining fuzzy
variables, fuzzy expressions or rules including
antecedent and consequent should be created (equation
2). Then, fuzzy implication, e.g., Sugeno implication is
utilized to evaluate each rule. Finally, the aggregation
method is performed to calculate the output value [6].
Sugeno implication is used to create an explicit
relationship between inputs and outputs. The Gaussian
membership function is applied, and finally, it is
expressed as equation 3:
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In this equation, x and y represent input and output
variables. The parameters n and r indicate the number
of data and fuzzy rules, m; and ¢ indicate the mean and
standard deviation, respectively.

Results and Discussion

In the first step, to prepare the input data, some
available data from successful field projects were
tabulated from the literature. But there exist two basic
problems among the data. First, most of these projects
arerelated to thermal operations and gas injection in the
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fields. Chemical EOR methods have been performed
less. For this reason, an imbalance is created among
data to develop a classification model. Secondly, the
existence of data without value, i.e., missing value is
also a fundamental problem.

Hence, box Behnken designs and GUI-EOR software
was utilized to generate more data to address this
problem. According to Fig. 1, the maximum, average,
and minimum values of a parameter are displayed as
+1, 0, and -1 numbers.

A knowledge-based fuzzy system can be designed
by determining the membership functions for all the
parameters related to the different EOR methods. For
this purpose, it is possible to define fuzzy rules by using
the created fuzzy sets. For this purpose, the connection
between the output (EOR method) and input (reservoir
parameters) is done by defining different conditions. In
this study, rules were defined for all EOR methods and
the results are presented in Fig. 2 In fact, at this stage,
the knowledge-based fuzzy model is ready to select
the EOR methods for observation from new fields.
Consequently, after determining the exact values of
reservoir parameters as input parameters, it is possible
to propose the appropriate EOR candidate method.
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Fig. 1 Design of Experiment using Box Behnken method.
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Fig. 2 Fuzzy Inference system for screening EOR methods.
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In this study, a feedforward neural network with a
sigmoid activation function in the output layer was
used. The input data were divided into two segments
including training data (70%) and test data (30%).
Bayesian Regularization and Levenberg-Marquardt
algorithm was applied for training. After tuning the
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parameters of the model, the neural network with one
hidden layer and 20 neurons was considered the most
optimal model with correlation coefficients equal to
95, 92, and 94% for training, test and total data (Fig.
3).
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Fig. 3 Network performance for a) training, b) validation, and c) test data.

Conclusions

In this study, fuzzy logic and artificial neural networks
were utilized to select the best EOR method. The
input features include: API gravity, oil viscosity, oil
saturation, depth, reservoir temperature, and absolute
permeability. Due to the small number and insufficient
balance between the field data, to create a balance
between data, the design of experiment method was
used for data generation from EOR-GUIL In this
research, an ensemble decision-making approach was
used, including the screening software along with the
knowledge-based model (fuzzy logic) and the data-
driven model (artificial neural network).

Fuzzy variables are defined using different membership
functions, e.g., gaussian, and then fuzzy implications
were utilized to evaluate the rules. The trained network
(20 neurons — Bayesian regularization training
algorithm) provides appropriate performance for
screening EOR methods with accuracy (92%). Hence,
the integration of artificial neural networks method,
fuzzy logic, and screening software is suggested to
select the best EOR candidate in the development of
oil fields.
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