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ABSTRACT

Many potential users argue against using expert systems for solving
problems. The two main reasons for this argument are (1) the relatively
high cost of specialized LISP Machines and the large expert system shells
written for them, and (2) some expert systems are used for jobs that the
average professional could do with a relatively short literature search, a
few hours of reading, and a few calculations. This paper demonstrates how
a small expert system can be written with inexpensive shells (CLIPS and
EXSHELL) and run on inexpensive personal computers. CLIPS is a forward-
chaining rule-based system written in the C language. Rules are entered in
a LISP-like format. EXSHELL is a backward-chaining rule-based system
written in the PROLOG language. These shells werc used to write a smali
expert system, an expert assistant, which is used to help petroleum
engineers screen possible enhanced oil tecovery candidate processes.
Though the final candicat: process is selecied on the basis of an economic
evaluation, the expert assistant greatly reduces the amount of work
involved. Rather than having to do exhrustive economic calculations for all
possible processes, the work is reduced 10 an economic comparison
between two or three canaidates.  Rather than having to glean information
and data from graphs or charts in techmeal papers, the user and the



system work interactively to obtain the needed information. The system
selects the optimal collection of paths to the solutions and is easily updated
as new dJdata become -railable. This paper also demonstrates the utility
and ease of use of these inexpensive shells, compares the approach used
by each, and demonstrates the relative advantages of forward-chaining
versus backward-chaining for this problem.

INTRODUCTION

Some of the reasons to study enhanced oil recovery (EOR) are listed
in a 1986 paper by Stosur (1). At the time his paper was printed, only
27% of the oil ever discovered in the United States had been produced.
Under current economic conditions about 6% more will be produced using
existing techinology. This leaves the remaining 68% as a target for EOR.
Currently, only about 6% of our daily oil production comes from EOR.
These numbers indicate that, even in these times of reduced awareness of
an impending energy crisis, the study of EOR can be rewarding because of
the high potential payoff.

EOR is expensive. It is necessary for engineers to pick the best EOR
method for the reservoir in question to make or optimize profits. The
entire screening method is expensive and typically involves many steps.
The first step is to consult the technical screening guide. Screening guides
consist of a table or several charts that list the rules of thumb for picking
the proper EOR technique as a function of reservoir and crude oil
properties. The candidate techniques are often subjected to laboratory
flow studies. Data from these studics are often used to demonstrate the
viability of the selected technique. Economic evaluations are usually
carried out throughout the screening process.

Our expert assistant was developed to replace the tables and graphs
presented in the technical screening guides and computerize this part of
the screening process. The expert assistant provides essentially the same
information as the old table and graph method, but it is more
comprehensive than the tables and is easier to use than the graphs. At the
end of each session, it provides the user with a weighted list of poiential
techniques. Dcveloping such a list is difficult to do with the tables. The
expert assistant is user friendly; it asks all the questions and leads the user
through the first stage of the screening process. Although the final choice
of a technique will be based upon economics, the first screening step is
quite important because of the high cost of going through all the steps of
the screening process and determining and choosing the most economically
optimum EOR technique.
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A prerequisite for our expert assistant was to make it easily
available to several users. So rather than use our sophisticated hybrid
expert system shell and LISP machine, we used expert system shells that
were inexpensive and designed to run on a PC. It was ther a simple
rnatter for users to request a floppy disk containing the shell and the
expert system. With a few instructions they could be “in business” with
this user friendly expert assistant.

THE PC-BASED EXPERT SYSTEM SHELLS

We felt fortunate to find ‘wo inexpensive PC-based snells CLIPS (2)
and EXSHELL (3) that were adequate for our expert assistant.

CLIPS was developed by NASA. It is a forward-chaining, rule-based
shell written in the C programming language, which emulates the LISP
programming Language. To program with the CLII' S shell, it is helpful,
though not essential, to know both the C and the LISP programming
languages.

EXSHELL was developed by the University of New Mexico Computer
Science Department. It is a backward-chaining, rule-based shell written in
the PROLOG programming language. One must know some PROLOG in order
to program with EXSHELL.

Both of these shells are valuable tools, even though they have
different features. One significant result of our study is that the
comparisons of the shells and the programs may be useful to other
investigators in the future. For this reason we have included a section on
program comparisons.

Even though our expert assistant is not large, compared with some
expert systems, it does use over 300 rules. Both chells handle this expert
system easily and it appears that neither will have any trouble as new
rules are added in the future.

THE EOR SCREENING PROBLEM

For this study we define EOR as any technique that goes beyond
water flooding or gas recycling to increcase oil well production. This
includes the injection of materials not usually found in the reservoir. The
expert assistant we have developed relics mainly on the work of Taber
and Martin (4) and Goodlet et al. (5,0) for its rules.



Enhanced oil recovery processes may be divided into four general
categories: ihermal, gas injection, chemical flooding, and microbial.
Thermal techniques may be further subdivided into in situ combustion and
steam flooding. To be technically and economically feasible, thermal
methods must be applied in reservoirs with fairly high permeabilities.
Steam flooding is the EOR method that accounts for the highest daily
production in the US at presemt. Traditionally, steam flooding has been
applied to relatively shallow reservoirs containing heavy, viscous oils and
this traditional use of the method is reflected in the screening criteria used
for the expert systems developed here. Recently, however, studies and
field tests have indicated that steam injection may be attractive in deeper
reservoirs containing lighter, less viscous oils. One of the advantages of an
expert system over the compilations of charts and graphs of present day
screening guides is that the expert system may be modified by changing a
few program steps to reflect advances in our understanding of technology.
Thus, we could modify the expert systems presented here to reflect the
development of steam flooding in light oil veservoirs when an ~xpert in
that technology becomes available to us, without changing other
information already resident in the program.

Miscible gas injection techniques are, in a sense, the opposite
extrernc to steam flooding. For these methods to be feasible, the reservoirs
must have considerable depth so that the process pressure is adequate for
achieving miscibility between a displacing fluid and the displaced fluid.
However, the reservoir permecability is usually not a critical factor and it is
easier to generate miscibility in light oils. Miscible gas injection may be
subdivided into hydrocarbon, nitrogen and flue gas, and carbon dioxide
injection. And similarly to new developments in steam flooding, there has
been a considerable development of immiscible gas flooding technology
since the screening guides used for the rules fcr our expert systems were
presented. Likewise, when an expert in immiscible gas flooding becomes
available to us, we can easily modify our programs to reflect this new
knowledge.

Chemical flooding may be divided into polymer, surfactant-polymer,
and alkaline flooding. With chemical flooding, feasibility imposes some
restrictions on reservoir permeability. But more often, reservoir
characteristics such as temperature, formation brine and rock composition,
which affect the chemical stability, are the limiting parameters.

Miscrobial techniques are relatively new and primarily experimental
at this time and thus were included for completeness. We did not



subdivide this category. Figure 1 illustrates the EOR categories and
subdivisions, or EOR methods, as the search tree for the expert assistant.

We often hear this comment: "We have excellent papers on this
subject with graphs and tables and information to help us solve the
problem. Why do we need an expert system?” Although you dou't
absolutely need an expert system for this problem, you can solve it more
quickly, and often better, with.one. Table 1 (from Ref. 4) is a matrix of
eight EOR techniques and nine EOR criteria.

Theoretically, if engineers know the values of the EOR criteria for the
reservoir in question, they should be able to pick some candidate processes
from Table 1, even if they know very little about the subject of EOR. Some
simple examples will show some of the problems with this argument. For
Example 1, we will use the following EOR criteria with Table 1:

(1) Gravity = 18 deg API

(2) Viscosity = 500 cn

(3) Coruposition = high percent Cq4 - Cy
(4) Oil Saturation = 50%

(5) Formation Type = Sandstone

(6) Payzone Thickness = 35 ft

(70 Average Permecability = 1000 Md
(8) Well Depth = 2000 ft

(9) Temperature = 110°F

If we scarch the table by starting at the top and moving left-to-right
before moving down a row, we are using the backward-chaining or goal-
driven method. With this method, we first assume a solution, e.g.,
hydrocarbon gas-injection, then check the data cither to verify or to
disprove that assumption. With the data-driven or forward-chaining
approach, the search would begin in the upper left-hand corner of the
tabie and move down row by row to the bottom before moving to the next
cclumn. Thus, the search would start with the datum value for the oil
gravity and check thai value against every EOR method before moving on
to the other data. In this example 've use backward-chaining to find that
steam flooding is the only good method to use for this case. The results of
this search are shown in Fig. 2. Although it is possible that in situ
combustion techniques would ulso work, it is not perfectly clear what is
meant, in Table 1, by "greater than 150°F preferred.”



This situation is not ideal because we have only one candidate
method for the next screening step. This candidate method could be
eliminated, for other reasons, in a later screening step, and we would then
have no candidate recovery methods for this case. Having a reservoir that
is not recommended for EOR is certainly legitimate. But we should not
eliminate the possibility because of too little knowledge. If we change our
example just a little, we can have the opposite problem. Example 2 has the
following values for the EOR criteria:

(1) Gravity = 35 deg API

2} Viscosity = 10 cp

(3) Composition = high percent C4 - C7 and some organic acids
(4) Oil Saturation = 50%

(5) Formation Type = Sandstone

(6) Payzone Thickness = 10 ft

(7) Average Permeability = 1000 Md

(8) Well Depth = 5000 ft

(9) Temperature = 150°F

If we search Tabie 1 again with a backward-chaining technique, we
obtain the results shown in Figure 3. This time only one potential EOR
method, steam flooding, has been eliminated. Thus, we go to our second
step with possibly too many candidates.

This is not a criticism of Ref. 4 or of tables like Table 1. In fact, for
every case like the examples above, there are several that will fall in
between these exiremes. It is merely an effort to point out that we will
often need more information than is available in these tables to do a good
first screening step.  Much of the information is available in Refs. 4, 5,
and 6. References 5 and 6 also have Tables similar to Table i. Table 2
contains all of the material from Table 1, as well as some of the
information from the table in Ref. 6, including another EOR methed,
microbial drive. Although this additional infcrmation helps to improve the
results of our search, we still need more iaformation on the impact of a
formation temperature of 110°F when a temperature greater than 150°F is
preferred. We need information that will help us rank two or more
methods when they all fall within the acceptable range. What we need
from this screening step is a ranked list of mcthods. A ranked list can be
obtained, even by a nonexpert, by reading the papers and, in some cases,
by conducting a short literature search in addition to using Table 1 or 2.
The time invested by the nonexpert in this screening step is now greater
than just the few minutes required for searching the tables.  If the exercise
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has to be repeated several times or by several different nonexperts, a
small PC-based expert system can easily be justified for this job.

Figures 4-14 demonstrate the basis of our scoring system for the
various EOR criteria and EOR methods. Figures 5, 11, and 12 were taken
from Ref. 4 and modified. The others were created by studying Fefs. 4-9.
Figures 4-14 show the relative influence of each of the EOR criteria on each
of the EOR methods. OQur scoring system is empirical, and it is designed to
add some of our gqualitative judgements, based on our expertise, to the
expert system. The scoring system is based on the key words in Figs. 4-14,
and works as follows:

Not Feasible -50
Very Poor -20
Poor 0
Possible 4
Fair 6
Good 10
Not Critical 12
Prefcrred 15

Note that Not Critical is a very good situation to have.

For the microbial drive method, the affect of viscosity, and to a large
extent, porcsity, are unknown. Until we have more information, we are
assigning a score of 6 for an Unknown (the same as the grade for a Fair).

As an example of the scoring system, turn to Table 5 and consider an
oil with a viscosity of about 500 cp. The hydrocarbon gas injection,
surfactant-polymer, and alkaline chemical flood techniques are all Poor
and all score zeros. The other two gas injection techniques, nitrogen and
flue gas and carbon dioxide, are both Fair and cach gets a score of 6. The
polymer flooding technique cannot be used with a viscosity this high, so it
gets a score of -50. Each of the theimal techniques is Good and each gets a

score of 10. The microbia urive method has an Unknown, so it gets a score
of 6.

Some of the EOR criteria carry more weight than others, and in some
cases, a given criteria may affect one method more than another. In the
program, the scores listed above have been adjusted slightly up or down to
reflect these differences. Score adjustments have also been made in these
cases. Much of the relative scoring ar.d many of the adjustments to these



scores have been made on the basis of experience and judgement. They
were also influenced by a study of the more than 200 enhanced EOR
projects listed in Ref. 9. The scores are listed in the program and can
easily be changed by someone with different experience or with new
information.

An important task of the expert system is to give the user
meaningful advice about the individual EOR methods based on the raw
scores computed by the program. For the CLIPS programs, we designed a
system that produces numbers that are similar to the confidence factors
found in many shells, including EXSHELL. The scores are computed on the
basis of a maximum possible score of 100% for the best possible process.
The best possible process is steam flooding. Thus, if all of the methods
were to receive the best possible score they could get, steam flooding
would get the highest, with 148 points. This method has the highest
number of "Preferred” ratings in Figs. 4-i4. The other EOR methods, with
the exception of microbial drive, are all quite close. The raw score of 148
corresponds to 100%. All raw scores are divided by 148 to produce their
relative confidence factor.

At the end of a session, the scores are tallied. The user now has a
ranked list of candidates to take to the next screening step. So far, this
approach has given realistic results. We have run these expert systems,
with much of the information given in Ref. 9, for actual EOR projects. In
about 60% of the cases run, the method ranked highest by the expert
system was the method used by that project. In most other cases, the
actual method used was ranked in the top three by the expert system.
This is not too unusual because these data did influence the scores used by
the expert system. That's the way expert systems are built. We keep
comparing the results of the expert system with the results given by the
experts and keep modifying until it is as good as the experts. This
approach gives us confidence in the results predicted by our expert
system. This approach is data-driven or forward-chaining, as opposed to
the goal-driven or backward-chaining tec.inique, which works well when
using data given in the form of Tables 1 and 2. For this reason we built
expert systems using both the forward-chaining and the backward-
chaining modes, as will be discussed in the next section.

THE EXPERT ASSISTANTS -- HOW THEY WORK

If engineers were solving the EOR screening problem by hand, using
the backward-chaining or goal-driven method, they would first pick a goal
(e.g. the hydrocarbon gas injection method) from the left-hand side of



Tables 1 and 2. The engineers would then pick subgoais that must be met
before the original goals could be satisfied (e.g., the gas injection category).
The selection of subgoais would go on as long as necessary. In our case, w:
have only one subgoal, so it would step here. The engineers would ask
only those questions that are necessary to determine whether gas injection
is a feasible category. When the gas injection category was established, the
engineers would ask only those questions necessary to detsrmine whether
the hydrocarbor method would be feasible. If not, another goal would be
picked. If yes, the problem will be solved unless more than one solution is
desired. In this case, another goal is picked and the process is continued.
The PROLOG-based EXSHELL works this way, with the PROLOG language
doing much of the program control.

With the forward-chaining or data-driven approach, the engincer
lets the data help find the way through the search tree. The system keeps
asking questions until it is clear which node to move to next. The CLIPS
shell is designed to work in this manner. CLIPS can also be programmed to
do backward-chaining, but it normally requires more programming steps
than forward-chaining. In either case, the programmer has more
responsibility for program control than does the EXSHELL programmer.

Our first EOR expert assistant was written with CLIPS and with
forward-chaining. The approach is to first find an acceptable EOR category
from the list (chemical flooding, gas injection, thermal, or microbial) by
asking for the values of the three EOR criteria that best delincate the
categories (permeability, well depth, and viscosity). A category score is
compuicd on the basis of average category scores represented by Figs. S,
11, and 12. If the category score is less than a preprogrammed threshold
value, the entire category is eliminated from further consideration.

The program then goes to the first acceptable category and tries to
eliminate individual methods with the questions about oil temperature,
gravity, and composition. The category methods are individually scored at
this point. If the score is less than a second preprogrammed threshold, it
is eliminated from further consideration. If all of the category methods
are not eliminated at this point, the program goes on to ask questions
about the salinity, and the remaining reservoir properties and the methods
are scored further.

The program checks to see if there are any more acceptable
categories to investigate. If therc arc, it rcpeats the process just described.



If there are not, it stops and prints the scores of the remaining candidate
methods. A flow diagram for this version of the expert assistant is given
in Fig. 15.

The first backward-chainirg expert assistant was written with
EXSHELL. This program works basically with Table 2, with several
modifications from Figs. 4-14. The approach is to first assume that
hydrocarbon injection is going: to work. In order for hydrocarbon injection
to work, the category of gas injection must be applicable. In order for gas
injection to be applicable both io the oil property data and the reservoir
characteristics data must fall within the limits shown in Table 2.

The program starts by trying to verify these subgoals, by asking
questions about gravity, viscosity, oil composition, etc. It continues until
the final goal is met or until an assumption is rejected at some level. When
an assumption is rejected, that branch of the search tree is pruned. The
program then moves to the next unpruned branch to the right and picks
that EOR process as a goal and continues until a solution is found. In this
case, since we want a ranked list of candidate EOR methods, the program
searches the tree until all possible solutions are found. When the search is
finished, the solutions are printed with a confidence factor for each
process. The confidence factors give a ranking to the candidates. They are
simiiar to the rankings in the first program, but not exactly the same.

Figure 1€ is an and/or graph for 2 portion of the search space for the
EXSHELL version of the expert assistant. It is called an and/or graph
because the branches connected by an arc are "and" branches, that is, all
the leaves must be true before the branch is resolved. The unarched
branches are "or" branches. They require a single truth for resolution.

An important feature of EXSHELL is that it has an explanation
facility. Users may ask “why” to any query. EXSHELL will present the
rule that it is trying to resolve with that particular query. Users may also
ask "how"” when they want to know how EXSHELL obtained a particular
fact. EXSHELL will present the branch of the tree (the list of rules) that led
to that fact. When the solution is found, EXSHELL will ask users if they
want a trace. EXSHELL can give the entire logic set that led to the solution.
One problem with this version of the expert assistant is that it does not
capture the numeric score associated with the "goodness” of the EOR
criterion for each EOR method, as demonstrated in Figs. 4-14, as well as the
CLIPS version does.  This will be discussed in the next section.



On the basis of our experience with this particular problem, we feel
that it is more easily understood and that the expert assistant is easier (o
write when it is done in the goal-driven or backward-chaining mode. For
this reason, we wanted a backward-chaining method that handled the
relative scores as well as the first CLIPS versicn did. We had the choice of
working more with EXSHELL or more with CLIPS. This time we chose to
work with CLIPS. We forced CLIPS into the backward-chaining mode and
used minimal scores, based on:Figs. 4-14, for tree pruning or for
eliminating unlikely candidate methods. This version works much like the
EXSHELL version, except for the scoring. Figure 17 shows a portion of the
search space for this version of the problem in and/or graph form. We
have also added a simple explanation facility. At the end of the session,
the user can ask why a given EOR method was eliminated from
consideration. The program will explain which set of EOR criteria values
caused the score to drop below the threshold, anc therefore, caused that
candidate to be eliminated. An example session with this program is
described in the appendix.

PROGRAM COMPARISONS AND SUMMARY

The forward-chaining version of the expert assistant was very
difficult to write, for this problem, though this is not always the case.
Expert system problems are often different, cach requiring a different tool
or a different approach for the optimal solution. We have used CLIPS and
the forward-chaining approach with an expert control system and an
advisor to help engineers pick the best equation of state for a given
problem (10,11). In the expert systems described in Refs. 10 and 11, we
have been able to prune the search tree easily and early. In both of these
cases, the categories were more clearly delincated. With the EOR screening
problem, even though it is sometimes possible to eliminate all but one EOR
category with a few questions, it isn't always possible.

In our first attempt to work the EOR screening problem we tried to
write a system that would eliminate all but one category early in the
session. We used this approach because it has worked so well for us in the
past, that is, we have had problems in which the data have guided us
casily through the search tree. In our attempt to try and prune the tree to
one category, we had to program in so many contingencies that, quite
often, we would not find the best category until we had found the best
method.

Another difference with the EOR screening problem is that we are
trying to find a ranked list of candidates as opposed to one solution. In
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Ref. 11, we produced a small ranked list with our CLIPS program, but all
candidates nearly always came from the same category. With the EOR
problem, the first and second ranked candidates often come from different
categories. With this problem, we don't have to find the "best” path
through the search tree, we just have to find all acceptable paths. This
reduces some of the advantages that a data-driven approach may have
over the goal-driven approxch.

Because our first attempt a. the forward-chaining approach was so
cumbersome, we scrapped it. Our second attempt ended with a program
that did a forward-chaining exhaustive search. This program gave a score
to every method.

We then wrote our first backward-chaining program with EXSHELL.
This was easy because we could actually see how we were progressing
with an individual method as the questions were being asked. Writing the
backward-chaining approach gave us better insights into the problem. We
were then able to go back to the forward-chaining appro .ch, with the new
insight, and prune the tree. Our third effort produced an expert system
with some intelligence, and it produces answers as good as those produced
by the exhaustive search program. With the exhaustive search, CLIPS
fired over 300 rules every time with no problems. It actually ran quite
fast on a PC-386. This might not be the case with a much bigger expert
system that conducts exhaustive secarches.

Our EXSHELL version of this program was not without its problems.
EXSHELL is written in PROLOG, which deals best with symbolic logic and
truth. It deals very well with questions such as, "Is the formation thin and
dipping? Yes or no.” It has more problems with questions like, “What is
the viscosity”? In our program, the user may need to answer a question
such as, “Is the viscosity less than 15"? and later on answer the question
“Is the viscosity less than 10"? This makes the program a little awkward.
The real problem, however, is the scoring system. It is easy for EXSHELL
to handle probabilities or confidence factors but much more difficult to
handle a scoring system such as the one described for the CLIPS versions.
For this reason, we lose some of the informatien shown in Figs. 4.14. On
the plus side, EXSHFLL has an excellent explanation facility, and it is
essentially frec. We do not have to program it in.

EXSHELL is easier to program than CLIPS. CLIPS, on the other hand,
is more flexible, putting more program control in the user's hands. We
were therefore able to force CLIPS to do backward-chaining.  We were also



able to write a simple explanation facility, but we had to program it
ourselves.

We have written three expert assistants, all of which help users
perform the first screening step in the selection of an EOR process. Each of
the expert assistants is slightly different, but each gives nearly the same
results. We have tested them against available data, and they have
performed well.
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APPENDIX -- SAMPLE SESSION WITH THE EXPERT ASSISTANT

We have chosen the backward-chaining version of the CLIPS expert
assistant for the sample session because it is the one we like best and
because it is the one we have polished the most.

The example is the first sample problem in this paper, with two
added conditions from Table 2. The salinity is 0,000 ppm, and the
porosity is 28%. When engineers use this information with Table 2, they
will get the same solution that we obtained in our sample session (shown
in Fig. 2 and described in the text); the only method that can be used is
steam flooding. The expert assistant, however, produces a ranked list of
five different candidate processes. They are, in order

SQORE
(1) Steam flooding 89%
(2) In situ combustion 85%
(3) Alkaline flooding 76%
(4) Polymer flooding 73%
(5) Microbial drive 72%

The expert system solves the two problems we had earlier, when we
only used Table 1. We get a ranked list of candidates instead of just one
candidate or a large unranked list of candidates. It allows methods like
in situ combustion to be ranked because it uses a relative score to "weigh”
problems like "What does it mean 10 have a temperature of 110°F when
the table says greater than 150°F preferred"?

The session with the expert assistant is self-explanatory. Some

explanation has been built in to this program but the explanation facility is
not as sophisticated as the one with EXSHELL.
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(reset)
CLIPS> (run)

What is the oil saturation (%)? 50
What is the payzone thickness (ft)? 35
Which best describes the reservoir formation?

= Mostly sand,

Mostly hcmogeneous sandstonc,
Mostly heterogeneou sandstone,
Mostly homogeneous carbonate,
Mostly heterogeneocus carbonate

]
2
3
4
5
6 = Nonspecific or Unknown 2

What is the formation porosity (%)? 28

What is the formation salinity (ppm)? 50000
What is the formation temperature (°F)? 110
What is the oil gravity (API)? 18

Which best describes the oil composition
Note: The choices are in increasing order of importance.

Asphaltic components and Organic acids (0.4 mg/g oil),
Asphaltic components & any weighi of oil,

Organic acids (0.4 mg/g oil) & any weight of oil,

A high % of low-weight components (C1-C7),

- A high % of medium-weight components (C2-C7),

A high % of high-weight components (C5-C12), or

- No predominant major components mentioned above. 5

NV A WN

What is the formation permcability (md)? 1000
What is the oil viscosity (cp)? SO0
What is the well depth (feet)? 2000

The method, Microbial was found to be a
suitable EOR process with a certainty of - 72%.

15



The inethod, In-Situ-Combustion was found to be a
suitable EOR process with z certainty of - 85%.

The method, Steam-Flooding was found t¢ be a
suitable EOR process with a certainty of - 89%.

The method, Polymer-Flooding was found to be a
suitable EOR process with a certainty of - 73%.

The method, Alkaline-Flooding wa< found to be a
suitable EOR process with a certainty of - 76%.

Would you like to see an explanation of
why the methods not show in the final
results were eliminated (‘yes’ or ‘no’)?

The category, Gas-Injection did not score
well enough (>25) to continue investigating
any methods in this category. The reason
for this is based on the ratings assessed for
the parameters;

Permeability Grade = 10
Well Depth Grade =0
Viscosity Grade = 11

Would you like to continue (‘yes’ or ‘no’)? yes

The method, Surfactant-Polymer's oil
characteristics score was not good enough
(>25) to continue investigating this method.
ThL: reason for this based on the ratings
assessed for the parameters;

10
0
11

Temperature Grade
Oil Grade
Oil Composition Grade

it

It

The method, Carbon-Dioxide's oil
characteristics score was not good enough
(>25) to continue investigating this method.
The reason for this is based on th ratings
assessed for the parameters;

16



Temperature Grade =12
Oil Graviwy Grade =3
Oil Composition Grade =6

The method, Nitrogen-Flue-Gas's oil
charactenistics score was not good enough
(>25) to continue investigating this method.
The reason for this is based on the ratings
assessed for the parameters;

Temperature Grade =10
Oil Gravity Grade =2
Oil Composition Grade = 10

301 rules fired
run time is 75.1640625 seconds
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TABLE 1

SUMMARY FOR SCREENING CRITERIA FOR ENHANCED RECOVERY METHODS¢

Of Properties Reservolr Characteristics
Net Averags
Gravity Viscosity ot Formation Thickness Permeabfity Depth Temperature
9AP! {cp) Compositon  Satura¥on type ) (md) {fr.) (°F)
Gas Injection Methods
=~ 2-acarben >35 <10 High% of  >30%PV Sendsione Thin unless NC >2000 (LPG) NC
C,-Cy or Carbonate dipping te <5000 HP gas
S rogen 8 Flus Gas >24 <10 High% ol  >30% PV Sandstone Thin urless NC >4500 NC
>35S for N ¢ -G cr Carbonate dipping
latx Zovde >25 <15 High % of >30% PV Sandswone Thin unless NC >2000 NC
C¢-Cyy or Carbonate dipping
Chemicai Flooding
Sc-acan, Poymer »>25 <0 Ught inter- >30% PV Sandsione >10 >20 <8000 <175
mediaws preferred
desired
Suy—er »25 <150 NC >10% PV Sandstone preferred NC >10 <9000 <200
Moble of  Carbonate possible (normally)
Akare 1335 <200  Some o'ganic Above wamr- Sandstons NC »20 <9000 <200
Ackds flood residual prelerred
Thermel
JormNisaen <40 <1000 Some asphafic >40-50% PV Sand or Sandstone >10 >1002 >150 >150
(10-25 normally) components with hich porosity prefurred preferred
Srea~Facdng <25 >20 NC >43-5.% PV Sand or Sandstone >20 >200D 300-5000 NC

NC = not ¢ritical
2 Transmissibilty >20 md ft/cp
= Transmissibility > 100 ma fep

2o reference 4.

with high porosity



FABLE (<

SUMMARY OF SCREENING CRITERIA FOR ENHANCED RECOVERY METHODS °

Qil Properiies

Reservoir Characteristics

Net

Average

Gravity Viscosity Salinity oil Formation Thickness permeability  Depth Temperature  Porosity
oAP| {cp) ComposiSon {(pom) saturation type n {md) (i) (°F) %
Gas i~jection methcds -
=,z 3caben >35 <10 High % of NC >30% PV Sandsione Thin uniess NC >2000 (LPG) NC NG
€zrC, or Cartbonate  dipping to 5000 (HP gas)
S oragen & fue gas >24 <10 High % of NC >30% PV Sandsione Thin unless NC >4500 NC NC
>35 tor N, Cy-C,y ol Carbonale dipping
Catirzerde >26 <i$ High % ot NC >30% PV Sandstone  Thin unless NC >2000 NC NC
CgsCyy or Carbonate dipping
Chemical Ficoding
So*aciant oclymer »25 <0 Light inter- <140,000 »>30% PV Sandstone >10 >20 <8000 <175 »20
mediatas preferred
desired
So,er >25 <150 NC «<100,000 >10% PV  Sandstone preferred NC ~10 <9000 <200 220
Moblle ol  Carbonate possible (normally)
Lez-g 1335 <200 Someorgenic <100,000  Above water- Sandstone NC >20 <9000 <200 220
Acids flood residual prefer.ad
Ther~a
Simn_grze >40 <1000 Some asphaltic NC >40-50% PV Sand or Sandstone >10 >1004 >500 >150 >20C
725 normally) comoonents with high porosity preterred
Sea=razs~g <25 20 NC NC >4C-30% PV Sand or Sandstcne  >20 »20080  300-5000 re »>25d
with high porosity
Micrebisl
Liarzh g cove >18 - Absence of toxic  <100,00C NC Sandstone or No >15C <8000 <140 —
oconc. of metals. Carbonate
No bioddes prasent
~C = Not Critical
T-zrsmissibility >20 md fucp

T-3~smissibility > 100 md fi/cp
s-z-e ! s3turation times porosity > 0.08

G (5
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SOLUTION TO EXAMPLE PROBLEM 1

. ol Format'on| Net Average

Gas Injection Methods | Gravity { Viscosity| Composition | Saturation| Type |Thiciknesd Permeabliity [Depth| Temperature
Hydrocarbon no >
Nitrogen & Fiue Gas no -
Carbon Dioxide no —
Chemical Flooding
Surfactant/Polymer no -
Polymer no -
Alkaling yes no -
Thermal

! Combustion yes yes yes yes yes yes yes yes no

{ Steam Fleoding yes | yas NC yes yes yes yes |yes| NC

NC = not critical

Figure 2




SOLUTION TO EXAMPLE PROBLEM 2

Gas Injection Methods | Gravity | viscosity| Composition Satﬁ'ﬁmn F°¥'}S‘e'°" mgﬁﬁesapmffzﬁmy Depth| Temperature
Hydrocarbon yes yes ok yes yes ok NC yes NC
' Nitrogen & Flue Gas | yes | yes ok yes yes ok NC |yes NC
Carbon Dioxide ves yes ok yes yes ok NC yes NC
Chemical Flooding Lo L
Surfactant/Polymer yes yes ok yes yes yes yes yes yes
Polymer yes yes NC yes yes NC yes yes yes
Alkaline yes yes ok yes yes NC yes yes yes
Thermal _ o R ‘ R 1
Combustion yes yes ok yes yes ys yes yes NC
Steam Flooding no >

NC = not critical

Figure 3




OIL GRAVITY SCREENING DATA

Hydrocarbon Miscible
Nitrogen & Flue Gas
Carbon Dicxide
Surtactant/Polymer
Polymer Flooding
Alkaline Flooding
In-situ Combustion
Steam Flooding
Microbial Drive

(°API)
0 2|o 40 610 810 100
poor good preferred
poor * preferred

possible** | fair good

poor preferred

poor preferred
pooit | preferred fair
fair 1 pref. fair poor
fair | pref. . poor
poor good -

* Minimum preferred, 24 for flue gas and 35 for nitrogen.
** Possible imMiscible gas displacement.

T No organic acids are presant at this gravity.

Figure 4



OIL VISCOSITY SCREENING DATA

(CP)
0.1 1.0 1l0 1(l)0 10?0 10,?00 100,000

Hydrocarbon Miscible| pref. | good | fair poor
Nitrogen & Flue Gas good fair poor
Carbon Dioxide pref. good fair poor
Surfactant/Polymer good fair Door not feasible
Poiymer Flooding fair preferred |poor not feasible
Alkaline Flooding goced fair poor | not feasible
In-situ Combustion poor good not feasible

team Flooding poor fair good fair
Microbial Drive unknown

Figure 5



OIL COMPOSITION SCREENING DATA

Hydrocarbon Miscible
Nitrogen & Flue Gas
Carbon Dioxide
Surfactant/Polymer
Polymer Flooding
Alkaline Fiooding
In-situ Combustion
Steam Flooding
Microbial Drive

ST GO GV, | AGRRC componens
preferred | good fair NC NC
guod preferred fair NC NC
fair fair preferred NC NC
fair fair preferred NC NC
NC NC NC NC NC
NC NC NC preferred NC
NC NC NC NC preferred
NC NC NC NC NC
NC NC NC NC NC

NC = not critical

Figure 6
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OIL SATURATION SCREENING DATA

0

Hydrocarbon Miscible

Nitrogen & Flue Gas

Carbon Dioxide

Surfactant/Pelymer

Polymer Flooding

Alkaline Flooding

In-situ Combustion

Steam Flooding

Microbial Drive

(%PV)

210 4? 610 80 100
poor good preferred*
poor good
poor good
poor preferred possible

poor possiblél fair preferred*
above waterflood residual
poor fair good preferred*
poor fair good preferred*
not critical

* Preferred status is based on the starting residual oil saturations of successfully
producing wells as documented by Ref. 9.

Figure 8




FORMATION TYPE SCREENING DATA

Hydrocarbon Miscibie
Nitrogen & Flue Gas
Carbon Dioxide
Surfactant/Polymer
Polymer Flooding
Alkaiine Flcoding
In-situ Combustion
Steam Flooding
Microbial Drive

Sand

Homogeneous

Heterogeneous Ho eneous Heterogeneous
Sandsions | | cany 2

one arbonate Carbonate
good good poor good poor
good good poor good poor
good good poor good poor
preferred | preferred poor good poor
preferred | preferred | good fair poor
poor preferred fair  |not feasible|not feasible
good good good good fair
good good fair good fair
good good poor good poor

Figure 9




NET THICKNESS OF SCREENING DATA

0

Hydrocarbon Miscible
Nitrogen & Flue Gas
Carbon Dioxide
Surfactant/Polymer
Polymer Flooding
Alkaline Flooding
in-situ Combustion
Steam Flooding
Microbial Drive

(FEET)
25 5? 715 1?0 >100
preferred thin unless dipping
preferred thin unless dipping
preferred thin unless dipping
poor preferred good
not critical
not critical
fair good fair
poor | fair preferred good
not critical

Figure 10



PERMEABILITY SCREENING DATA

0.1

(md)

1.0
l

10

100

1,600 10,000
]

Hydrocarbon Miscible

preferred

good

Nitrogen & Flue Gas

not critical if uniform

Carbon Dioxide

high enough for good injection rates

Surfactant/Polymer

Polymer Flooding

Alkaline Flooding

In-situ Combustion

Steam Flooding

Microbial Drive

poor poor preferred
poor possiblel fair preferred fair
poor poor preferred
poor fair preferred
poor ! fair{ preierred
pocr good

Figure 11



WELL DEPTH SCREENING DATA

0

Hydrocarbon Miscible
Nitrogen & Flue Gas
Carbon Dioxide
Surfactant/Polymer
Polymer Flooding
Alkaline Flooding
In-situ Combustion
Steam Flooding
Microbial Drive

(FEET)
2,000 4I,000 6.1000 8,0100 10,000
poor fair good
poor fair preferred
poor possibler preferred
preferred poor
preferred poor
preferred poor
NiP good
P{ preferred l possible poor
| good poor

P =possible N = not feasible

Figure 12



FORMATION TEMPERATURE SCREENING DATA

Hydrocarbon Miscible
Nitrogen & Flue Gas
Carbon Dioxide
Surfactant/Polymer
Polymer Flooding
Alkaline Flooding
in-situ Combustion
Steam Flooding
Microbial Drive

(°F)
0 1?0 2?0 3?0 4?0 500
not critical
good better
not critical
preferred] good poor not feasible
preferred good | poor not feasible -
good fair poor
poor | good preferred
not critical
good not feasible

Figure 13



FORMATION POROSITY SCREENING DATA

Hydrocarbon Miscible
Nitrogen & Flue Gas
Carbon Dioxide
Surfactant/Polymer
Polymer Flooding
Alkaline Flocding
in-situ Combustion
Steam Floeoding

(%)
0 10 20 30 40 50
l l | 1
poor not critical
poor not critical
poor not critical
poor fair good
poor fair |Jgood preferred
poor possiole preferred
poor possible {good preferred
poor possible good preferred
poor unknown

Microbial Drive

Figure 14



Permeability?

'

Well-depth?

Y

Viscosity? l

=

Pick a category J

Y

Is there another | Qil-temp?
acceptable Oil-gravity?
category? Qil-composition

Quit

Are all EOR
method scores
high enough in this
category to
continue?

yes

Qil satyration?

| Payzone thickness?
Formation?
Porosity?

Salinity

Save

Figure 15. F'ow diagram for the CLIPS forward-chaining version of the problem,



find-method {advice)

ﬁ_ .

method (y) use (y, advice)
m—
method (hydrocarbon- method (nitrogen-fg- metiod (carbon-dioxide method (surfactant-
injection) injection) injection) polymer-flooding)

viscosity < 10

gravity > 26

composiiion
high % C4 - C

. composition
gravity » 35 lhl h ,2002 -G,

composition

depth > 4500 high % Ce- Cy
viscosity < 10
hemical-floodi
category (gas-injection) category (chemical-flooding)
o pr_Openies (gas- reservoir-characteristics / \
e (pas-injection) / \
/0\

gravity > 24 viscosity < 15

depth > 2000

oil saturation > 30

sandstone | | carbonate

Thickness is thin unless
dipping

Figure 16. And/or graph for a portion of the search space for the EXSHELL
version of the EOR screening expert assistant.
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Print list of EOR methods
with suitable grades

N —

—> output
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S—
Surfactant- T
Hydrocarbon | | Nitrogen/fuel | | Carbon dioxide | | “polymer
injection gas injection injection flooding
”~
P 7 s
~ - -
~ / <
\ -~
Oll properties Catego Reservolr /
properties
suitable? suitable sultable?
Ol saturation? Salinity?
Temperature? Viscosity?
N
Payzone Porosity?
Gravity? Permeability? thickness?
Composition? Woell depth?
Formation
type?
Figure 17. And/or graph for a portion of the search space for

the CLIPS backward-chaining version of the problem.



