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1

METHOD FOR FORECASTING THE
PRODUCTION OF A PETROLEUM
RESERVOIR UTILIZING GENETIC

PROGRAMMING

BACKGROUND OF THE INVENTION

This mvention relates to the management of o1l or gas
reservolrs, and more particularly, to the analysis of the pro-
duction of petroleum reservoirs.

A petroleum reservoir 1s a zone 1n the earth that contains, or
1s thought to contain, one or more sources of commercially
viable quantities of recoverable o1l or gas. When such a res-
ervoir 1s found, typically one or more wells are drilled into the
carth to tap 1nto the source(s) of o1l or gas for producing them
to the surface.

The art and science of managing petroleum reservoirs has
progressed over the years. Various techniques have been used
for trying to determine 11 sufficient o1l or gas 1s 1n the given
reservolr to warrant drilling, and 11 so, how best to develop the
reservolr to produce the o1l or gas that 1s actually found.

Every reservoir 1s unique because of the myriad of geologi-
cal and tluid dynamic characteristics. Thus, the production of
petroleum from reservoir to reservolr can vary drastically.
These variations make 1t difficult to simply predict the amount
of fluids and gases a reservoir will produce and the amount of
resources 1t will require to produce from a particular reser-
volr. However, parties which are interested 1n producing from
a reservoir need to project the production of the reservoir with
some accuracy in order to determine the feasibility of pro-
ducing from the reservoir. Therefore, in order to accurately
forecast production rates from all of the wells 1n a reservotr, 1t
1s necessary to build a detailed computer model of the reser-
VOIT.

Prior art computer analysis of production for an o1l reser-
voir 1s usually divided into two phases, history matching and
prediction.

When an o1l field 1s first discovered, a reservoir model 1s
constructed utilizing geological data. Geological data can
include such characteristics as the porosity and permeability
ol the reservoir rocks, the thickness of the geological zones,
the location and characteristics of geological faults, and rela-
tive permeability and capillary pressure functions. This type
of modeling 1s a forward modeling task and can be accom-
plished using statistical or soft computing methods. Once the
petroleum field enters into the production stage, many
changes take place 1n the reservoir. For example, the extrac-
tion of o1l/gas/water from the field causes the fluid pressure of
the field to change. In order to obtain the most current state of
a reservoir, these changes need to be reflected in the model.

History matching 1s the process of updating reservoir
descriptor parameters 1n a given computer model to retlect
such changes, based on production data collected from the
field. Production data essentially give the fluid dynamics of
the field, examples include water, o1l and pressure informa-
tion, well locations and performances. Thus, reservoir models
use empirically acquired data to describe a field. Input param-
cters are combined with and manipulated by mathematical
models whose output describes specified characteristics of
the field at a future time and 1n terms of measurable quantities
such as the production or 1njection rates of individual wells
and groups of wells, the bottom hole or tubing head pressure
at each well, and the distribution of pressure and fluid phases
within the reservorr.

In the history matching phase, geological data and produc-
tion data of the reservoir and 1ts wells are used to build a
mathematical model which can predict production rates form
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wells 1n the reservoir. The process of history matching 1s an
inverse problem. In this problem, a reservoir model 1s a “black
box” with unknown parameter values. Given the water/oil
rates and other production information collected from the
field, the task 1s to 1dentity these unknown parameter values
such that the reservoir gives tflow outputs matching the pro-
duction data. Since mverse problems have no unique solu-
tions, 1.¢., more than one combination of reservoir parameter
values give the same flow outputs, a large number of well-
matched or “good” reservoir models needs to be obtained in
order to achieve a high degree of confidence 1n the history-
matching results.

Initially, a base geological model 1s provided. Next, param-
eters which are believed to have an impact on the reservoir
fluid flow are selected. Based on their knowledge about the
field, geologists and petroleum engineers then determine the
possible value ranges of these parameters and use these val-
ues to conduct computer simulation runs.

A computer reservolr simulator 1s a program which con-
sists of mathematical equations that describe fluid dynamics
of a reservoir under different conditions. The simulator takes
a set of reservolr parameter values as inputs and returns a set
of fluid flow information as outputs. The outputs are usually
a time-series over a specified period of time. That time-series
1s then compared with the historical production data to evalu-
ate their match. Experts modily the input parameters of the
computer model mvolved in that particular simulation of the
reservolr on the basis of the differences between computed
and actual production performance and rerun the simulation
of the computer model. This process continues until the com-

puter or mathematical model behaves like the real o1l reser-
VOIT.

The prior art manual process of history matching 1s sub-
jective and labor-intensive, because the input reservoir
parameters are adjusted one at a time to refine the computer
simulations. The accuracy of the prior art history matching
process largely depends on the experiences of the geoscien-
tists mvolved 1 modilying the geological and production
data. Consequently, the reliability of the forecasting 1s often
very short-lives, and the business decisions made based on
those models have a large degree of uncertainty.

As described-above, the prior art history matching process
1s very time consuming. On average, each run takes 2 to 10
hours to complete. Moreover, there can be more than one
computer model with different input parameters which can
produce flow outputs that are acceptable matches to the his-
torical production data of the reservoir. This 1s particularly
evident when the reservoir has a long production history and
the quality of production data 1s poor. Determining which
models can produce acceptable matches of the production
data from a large pool of potentially acceptable computer
models 1s cost prohibitive and time consuming. Because of
those restrictions, only a small number of simulations can be
run, and consequently only a small number of acceptable
models are identified. As a result, the prior art history match-
ing process 1s associated with a large degree of uncertainty as
to the actual real world reservoir configuration. That large
degree of uncertainty in the history matching phase also trans-
lates 1nto a large degree of variability 1n the future production
forecasts.

There 1s a need to 1dentily large numbers of acceptable
computer models in the history matching phase that are con-
sistent with the geological data and the historical production
data for a given reservoir. The facilitation of multiple realiza-
tions 1n history matching enables one to reduce the uncer-
tainty in the reservoir models.
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The second phase of the computer analysis of production
for the o1l reservoir 1s prediction or forecasting. Once an
acceptable computer model has been 1dentified, alternative
operating plans of the reservoir are simulated and the results
are compared to optimize the o1l recovery and minimize the
production costs. Because of the uncertainty in the reservoir
model that has been generated from the prior art history
matching process, any future production profile forecasted by
that model also has a high degree of uncertainty associated
with 1t.

In addition, as described-above, there are a number of
computer models that have to be utilized in the prediction
phase 1n order to reduce the uncertainty in the production
forecasts. For each good model that was i1dentified in the
history matching phase, computer simulations are run to give
a future production profile. In this manner, a range of produc-
tion forecasts are determined and used to optimize the future
production of the reservoir. As with the simulations 1n the
history matching phase, the computer simulation phase 1s
time consuming and requires a great deal of expertise which
limits the number of acceptable computer models that can be
used 1n the prior art prediction phase. There 1s a need to
eificiently analyze large numbers of acceptable computer
models which have been identified in the history matching,
phase of the analysis of production for the o1l reservorr.

Even when experts are used in the analysis, there 1s much
educated trial and error effort spent 1n choosing acceptable
reservolr models 1n the history matching phase, runming the
simulations of the models, determining the optimal 1nputs for
the models to predict future production forecasts, and analyz-
ing the results from the models to determine the correct fore-
casts or a range ol forecasts. This 1s time consuming and
expensive, and 1t requires a highly skilled human expert to
provide usetul results.

If the potential pool of reservoir models 1 the history
matching phase of the analysis 1s under-sampled, the uncer-
tainty in the computer analysis of production for the reservoir
will increase. There 1s, therefore, a need to sample and 1den-
tify as many acceptable reservoir models 1n the history match-
ing phase as possible to reduce the degree of uncertainty
associated with the results of the computer analysis. There 1s
also a need to be able to elliciently analyze those identified
acceptable models and provide production forecasts for the
reservolr.

The ability to more quickly and less expensively analyze a
reservolr by whatever means 1s becoming increasingly impor-
tant. Companies that develop o1l or gas reservoirs are basing,
business decisions on entire reservolr analysis rather than just
on individual wells 1n the field. Even after a field development
plan 1s put into action, the computer analysis of production of
the reservoir 1s periodically rerun and further tuned to
improve the ability to match newly gathered production data.
Because these decisions need to be made quickly as oppor-
tunities present themselves, there 1s the need for an improved
method of analyzing petroleum reservoirs and, particularly,
for accurately forecasting the o1l and/or gas production of the
reservolrs into the future.

SUMMARY OF THE INVENTION

The present invention overcomes the above-described and
other shortcomings of the prior art by providing a novel and
an 1mproved method of utilizing computer models for pre-
dicting future production forecasts of petroleum reservoirs.

In one embodiment of the present invention, for the history
matching phase, an i1mtial sampling of reservoir models
which 1s related to a much larger set of possible reservoir

10

15

20

25

30

35

40

45

50

55

60

65

4

models representing a petroleum reservoir 1s produced. A
historical production profile 1s generated for each of this
initial sample of reservoir models. Each of the mitial samples
of reservoir models 1s qualified as either acceptable or unac-
ceptable with respect to the historical production profiles to
produce a historical set of quantifications. The historical set
of qualifications 1s mput into a genetic program in order to
generate a historical proxy. The historical proxy 1s then
applied to the large set of possible reservoir models, and each
model of the large set of reservoir models 1s qualified as either
acceptable or unacceptable to identily a set of acceptable
reservolr models.

For the forecasting or prediction phase of the present inven-
tion, a future production profile 1s generated for each of the
initial sample of reservoir models. The 1nitial sample of res-
ervoir models 1s quantified with respect to the future produc-
tion profiles to produce forecasting characterizations. The
forecasting characterizations are input into genetic programs-
ming to generate a forecasting proxy. The forecasting proxy 1s
then applied to the set of acceptable reservoir models from the
history matching process to produce a range of production
forecasts for the reservorr.

e

The present mvention provides a more eificient method of
forecasting o1l and gas production of reservoirs into the future
than the prior art. The present invention 1s also more accurate
than prior art methods. The present invention 1s able to 1den-
tify acceptable reservoir models for a given petroleum field
from potentially millions of reservoir models in the history
matching phase. The present invention 1s also able to utilize
cach of those acceptable reservoir models and produce an
accurate range of production forecasts for the petroleum res-
ervoir. The present invention greatly increases the degree of
conildence than that of prior art methods.

The method of the present invention offers further differ-
ences over the prior art. Analysis of the production of petro-
leum reservoir 1s an ongoing process. As described-above,
models are constantly being rerun and further tuned to
improve their ability to match newly gathered production
data. The present invention 1s more eflicient than the prior art
and does not assume any prior function form or model, thus
no prior bias need be itroduced 1nto the analysis.

One embodiment of the present invention improves the
accuracy of the computer analysis of production for o1l res-
ervoirs by uniformly sampling a dense distribution of reser-
voir models 1n an iput parameter space. The results of that
sampling are used to produce multiple models that accurately
match the production data history. Those models are then
used to predict future production forecasts.

One object of the present invention 1s to 1dentify the most
significant parameters of the reservoir and systematically
integrate those parameters into the analysis.

Another object of the present invention 1s to classify the
reservolr models that match the historical data of the reser-
voir. Alternatively, a further object of the present invention 1s
to classity the reservoir models that do not match the histori-
cal data of the reservorr.

An additional object of the present invention 1s to identily
common characteristics for reservoir models that do match
the historical data of the reservoir, and for reservoir models
that do not match the historical data.
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Additional features and advantages of the present mven-
tion are described 1n, and will be apparent from, the following
Detailed Description of the Invention and the Figures.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other objects, features and advantages of the
present invention will become better understood with regard
to the following description, pending claims and accompany-
ing drawings where:

FIG. 1 illustrates a tlowchart of the workiflow of one
embodiment of the present invention;

FIG. 2 illustrates a graph of the general worktlow of the
history matching and forecast phase of an analysis of produc-
tion for o1l reservoirs;

FIG. 3 illustrates a uniform design for sampling input
parameters 1n an embodiment of the present invention;

FIG. 4 1llustrates a flowchart of the worktlow of one
embodiment of the present invention;

FI1G. 5 1llustrates a 3D structural view of an o1l field which
was analyzed using an embodiment of the present invention;

FIG. 6 illustrates a 3D view of the reservoir compartmen-
talization of an o1l field which was analyzed using one
embodiment of the present invention;

FIG. 7 illustrates a graph for water oil contact, WOC,
compared to the gas o1l contact, GOC, for an analysis of an o1l
field utilizing one embodiment of the present invention;

FI1G. 8 illustrates a graph for the o1l volume, WOC-GOC,
compared to the mismatch error, E, for an analysis of an o1l
field utilizing one embodiment of the present invention;

FIG. 9 illustrates a graph for the o1l volume, WOC-GOC,
compared to the regression output, R for an analysis of an o1l
field utilizing one embodiment of the present invention;

FIG. 10 illustrates a graph for the o1l volume, WOC-GOC,
compared to the mismatch error, E, for an analysis of an o1l
field utilizing one embodiment of the present invention;

FI1G. 11 illustrates a graph for the mismatch error, E, com-
pared to the regression output, R, for an analysis of an o1l field
utilizing one embodiment of the present invention;

FI1G. 12 1llustrates a graph showing the genetic program-
ming classification results for an analysis of an o1l field uti-
lizing one embodiment of the present invention;

FI1G. 13 1llustrates a graph showing one view of the good
models which were selected by the historical proxy in an
analysis of an o1l field utilizing one embodiment of the
present invention;

FIG. 14 1llustrates a graph showing one view of the good
models which were selected by the computer simulator 1n an
analysis of an o1l field utilizing one embodiment of the
present invention;

FI1G. 15 1llustrates a graph showing one view of the good
models which were selected by the historical proxy in an
analysis of an o1l field utilizing one embodiment of the
present invention;

FI1G. 16 1llustrates a graph showing one view of the good
models which were selected by the computer simulator 1n an
analysis of an o1l field utilizing one embodiment of the
present invention;

FI1G. 17 illustrates a graph for the gas 1injection forecast by
the computer simulator compared to the gas injection forecast
by the genetic programming proxy in an analysis of an oil
field utilizing one embodiment of the present invention;

FI1G. 18 illustrates a graph for the gas injection forecast on
the 63 good models by the computer simulator compared to
the gas injection forecast by the genetic programming proxy
in an analysis of an o1l field utilizing one embodiment of the
present invention;
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FIGS. 19 and 20 1llustrate a graph showing the cumulative
gas 1njection i the year 2031 forecasted by the forecasting
proxy in an analysis of an o1l field utilizing one embodiment
of the present invention; and

FIGS. 21 and 22 illustrate a graph showing the cumulative
gas 1njection 1n the year 2031 forecasted by the 63 good
models and the computer simulator 1n an analysis of an o1l
field utilizing one embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

While this mvention 1s susceptible of embodiments 1n
many different forms, there are shown in the drawings, and
will herein be described 1n detail, preferred embodiments of
the invention with the understanding that the present disclo-
sure 1s to be considered as an exemplification of the principles
of the invention and 1s not intended to limit the broad aspect
of the invention to the embodiments illustrated.

The present invention allows one to analyze an o1l or gas
reservolr and provide more reliable future production fore-
casts than existing prior art methods. The future production
forecasts can then be used to determine how to further
develop the reservorr.

To 1mprove the confidence 1n the production forecasts of
reservoir models, a dense distribution of reservoir models
needs to be sampled. Additionally, there needs to be a method
for identitying which of those models provide a good match
to the production data history of the reservoir. With that
information, only good models will be used 1n the analysis for
estimating future production and this will result 1n a greater
degree of confidence 1n the forecasting results.

The present invention accomplishes these goals and one
embodiment of the present invention 1s 1llustrated 1n FIG. 1.
The present invention includes producing an initial sample of
reservoir models 10 which 1s related to a plurality of reservoir
models. The plurality of reservoir models being much larger
than the mitial sample of reservoir models. Two sets of data
are generated, historical production profiles 12 and future
production profiles 22. The historical production profiles are
used to qualify each of the initial sample of reservoir models
as either “good” or “bad”, or “acceptable” or “unacceptable™
14. A historical set of qualifications 1s then produced 16, and
genetic symbolic regression 1s sued to construct a history
matching proxy 18.

By way of further background, optimization methods
known as “genetic algorithms™ are known 1n the art. Conven-
tional genetic algorithms serve to select a string referred to as
a “solution vector”, or “chromosome”), consisting of digits
(“genes”) having values (“‘alleles™) that provide the optimum
value when applied to a “fitness function” modeling the
desired optimization situation. According to this techmique, a
group, or “generation”, of chromosomes 1s randomly gener-
ated, and the fitness function 1s evaluated for each chromo-
some. A successor generation 1s then produced from the pre-
vious generation, with selection made according to the
evaluated fitness function; for example, a probability function
may assign a probability value to each of the chromosomes in
the generation according to its fitness function value. In any
case, a chromosome that produced a higher fitness function
value 1s more likely to be selected for use 1n producing the
next generation than a chromosome that produced a lower
fitness function value. This 1s done by first selecting {fitter
chromosomes from the current generation to build a “repro-
duction pool”. Pairs of chromosomes are then randomly
selected, from the reproduction pool to produce offspring by
exchanging “genes” on either side of a “crossover” point
between the two chromosomes. Additionally, mutation may
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be introduced through the random alteration of a small frac-
tion (e.g., Viooo) of the genes on the new offspring. These new
offspring form a new generation of population. Iterative
evaluation and reproduction of the chromosomes 1n this man-
ner eventually converges upon an optimized chromosome.

Unlike the known prior art methods of genetic program-
ming, the present mvention employs a new variation of
genetic algorithms to construct a historical proxy 18. In the
present invention, the genetic programming differs from prior
art genetic algorithms 1n that the chromosome 1s a mathemati-
cal function. The output of the function 1s used to decide 11 a
reservolr models 1s an acceptable or unacceptable match to
the historical set of qualifications 20 according to the criterion
decided by experts. In other words, the historical proxy func-
tions as a classifier to separate “good” models from “bad”
models 1n the parameter space 14. The actual amount of fluid
produced by the reservoir models 1s not estimated by the
historical proxy. This 1s very different from prior art reservoir
simulator proxies which give the same type of output as the
tull simulator.

As 1llustrated 1n FIG. 1, the historical proxy functions as a
genetic programming classifier which 1s used to separate
acceptable models from unacceptable models in the plurality
of reservoir models 20. The historical proxy 1s used to sample
a dense distribution of reservoir models in the parameter
space (potentially millions of models). Acceptable reservoir
models are designated, and those acceptable reservoir models
will be used to forecast future production. Since the future
production forecast will be based upon such a large number of
acceptable reservoir models, the results are more representa-
tive and closer to reality than the results of the prior art.

In the forecasting phase 36 of the present invention, as
shown 1n FIG. 1, future production profiles are generated for
cach of the mitial sample of reservoir models 22. The future
production profiles are then used to quantity each of the initial
sample of reservoir models 24 to produce forecasting char-
acterizations 26. Genetic programming utilizes the forecast-
ing characterizations to generate a forecasting proxy 28. The
forecasting proxy 1s then applied to the set of acceptable
reservoir models 30 identified 1n the history matching phase
34 of the present mnvention to produce a range of production
forecasts 32. The present invention 1s thus able to efficiently
predict a range of production forecasts with a lesser degree of
uncertainty than the prior art.

FI1G. 2 provides an 1llustration of the general worktlow of
the history matching 38 and the forecast phase 40 of the
analysis. In this example, the historical data which 1s used 1n
the history match phase 38 1s the Historical Field Oil Produc-
tion Rate 42 and the Historical Field O1] Cumulative Produc-
tion 44. It should be understood that other historical produc-
tion data can be used other than the two sets of data identified
in FIG. 2. In the history matching phase 38, models with
varying input parameters are run through computer simula-
tions to i1dentify those models which provide acceptable
matches with the Historical Field O1l Production Rate 42.
Those models are then used 1n the forecast phase 40 of the
analysis.

In the illustration 1n FIG. 2, the computer models provide
forecast ranges for Field O11 Cumulative Production 46 and
Field O1l Production Rate 54. The forecast range for the Field
O1] Cumulative Production 46 1s 1llustrated as P90 48, P50 50
and P10 52. Similarly, the forecast range for the Field Oil
Production Rate 54 1s illustrated as P90 56, P50 58 and P10
60. The present mvention greatly reduces the uncertainty
associated with the analysis by assuring that a larger pool of
models are sampled and a larger pool of acceptable models
are modified.
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One embodiment of the present invention utilizes uniform
sampling to further reduce the uncertainty with the computer
analysis of production for o1l reservoirs. FIG. 3 provides an
illustration of the uniform sampling method. The uniform
sampling generates a sampling distribution 62 that covers the
entire parameter space 64 for a predetermined number of
runs. It ensures that no large regions of the parameter space 64
are left under sampled. Such coverage 1s used to obtain simu-
lation data for the construction of a robust proxy that 1s able to
interpolate all intermediate points in the parameter space 64.

One such embodiment of the present invention which uti-
lizes uniform sampling 1s 1llustrated 1n FI1G. 4. Initially, in the
history matching phase 66, reservoir parameters and their
value ranges are decided by reservoir experts 70. The number
of simulation runs and the associated parameter values are
then determined according to uniform design 72. With these
parameters, the computer simulations in the history matching,
phase are run 74. Once the simulations 1n the history match-
ing phase are completed 74, the objective function and the
matching threshold (the acceptable mismatch between simu-
lation results and production data) are defined 76. Those
models which pass the threshold are labeled as “good” while
the others are labeled as “bad” 78. These simulation results
are then used by the genetic programming symbolic regres-
s10n function to construct a proxy that separates good models
from bad models 80. With this genetic programming classifier
as the simulator proxy, a dense distribution of the parameter
space can then be sampled 82. The models that are identified
as good are selected for forecasting future production 84.

Forecasting future production of the field also requires
computer simulation. Since the umber of good models 1den-
tified by the genetic programming proxy 1s normally quite
large, 1t 1s not practical to make all of the simulation runs with
the good models. Similar to the way the simulator proxy 1s
constructed for history matching, a second genetic program-
ming proxy 1s generated for production forecast. As shown on
the right side of FI1G. 4, the simulation results again based on
uniform sampling 86 will be used to construct a genetic
programming forecasting proxy 88. This proxy 1s then
applied to all the good models identified 1n the history match-
ing phase 90. Based on the forecasting results, uncertainty
statistics such as the P10, P50 and P90 are then estimated 92.

The applicants have conducted a case study using one
embodiment of the present invention on a large o1l field. The
subject o1l field has over one billion barrels of original o1l 1n
place and has been 1n production for more than 30 years. Due
to the long production history, the data collected from the
field were not consistent and the quality of the data was not
reliable.

The o1l field in the case study 1s overlain by a significant gas
cap. FIG. 5 shows the o1l field 94 and the gas o1l contact
(“GOC”) line 96 that separates the gas cap from the under-
neath o1l. Similarly, there 1s a water o1l contact (WOC) line 98

that separates o1l from the water below. The area 100 between
the GOC line 96 and WOC line 98 1s the o1l volume to be

recovered. The field 94 also has 4 geological faults 102, 104,
106, 108, illustrated in FIG. 6, which affect the o1l flow
patterns. Those faults 102, 104, 106, 108 have to be consid-
ered 1n the computer tflow simulation.

As a mature field 94 with most of its o1l recovered, the
reservolr now has pore space which can be used for storage.
One proposed plan 1s to store the gas produced as a side
product from neighboring o1l fields. In this particular case, the
gas produced has no economical value and re-1njecting it back
into the field was one environmental-friendly method of stor-
ing the gas.
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In order to evaluate the feasibility of the plan, the cumula-
tive volume of gas that can be injected (stored) in the year
2031 needed to be evaluated. This evaluation would assist
managers 1n making decisions such as how much gas to

transport from the neighboring oil fields and the frequency of >

the transportation.

The cumulative volume of the gas that can be injected 1s
essentially the cumulative volume of the o1l that will be pro-
duced from the field 94 since this 1s the amount of space that
will become available for gas storage. To answer that ques-

tion, a production forecasting study of the field 94 in the year
2031 had to be conducted.

Prior to carrying out production forecast, the reservoir
model has to be updated through the history matching pro-
cess. The first step 1s deciding reservoir parameters and their
value ranges for flow simulation. Table I below, shows the 10
parameters which were selected.

TABLE ]

Parameters Min Max
Water Oil Contact (WOC) 7289 {t 7389 1t
Gas O1l Contact (GOC) 6522 1t 6622 1t
Fault Transmussibility Multiplier (TRANS) 0 1
Global K, Multiplier (XYPERM) 1 20
Global K, Multiplier (ZPERM) 0.1 20
Fairway Y-Perm Multiplier (YPERM) 0.75 4
Fairway K, Multiplier2 (ZPERM?2) 0.75 4
Critical Gas Saturation (SGC) 0.02 0.04
Vertical Communication (ZTRANS) 0 5
Skin at new Gas Injection (SKIN) 0 30

Among the 10 parameters, 5 parameters are multipliers 1n
log10 scale. The other 5 parameters are 1n regular scale. The
multiplier parameters are supplied to the base values in each
orid of the reservoir model during computer simulation.

The parameters selected for the computer simulation con-
tain not only the ones that affect the history like tluid contacts
(WOC and GOC), fault transmissibility (TRANS), perme-
ability (YPERM) and vertical commumnication in different
areas of the reservoir (ZTRANS), but also parameters asso-
ciated with future installation of new gas ijection wells, such
as skin effect. In this way, each computation simulation can
run beyond history matching and continue for production
forecast to the year 2031. With this setup, each computer
simulation produces the flow outputs time-series data for both
history matching and for production forecasting. In other
words, steps 74 and 86 of FIG. 4 are carnied out simulta-
neously.

Based on uniform design, parameter values are selected to
conduct 600 computer stmulation runs. Each run took about 3

hours to complete using a single CPU machine. Among them,
593 were successiul while the other 7 terminated before the

simulation was completed.

During the computer simulation, various tlow data were
generated. Among them, only field water production rate
(FWPR) and field gas production rate (FGPR), from the years
1973 to 2004, were used for history matching. The other flow
data were 1gnored because the level of uncertainty associated

with the corresponding production data collected from the
field.

FWPR and FGPR collected from the field were compared

with the simulation outputs from each run. The “error” E,
defined as the mismatch between the two, 1s the sum squared
error calculated as follows:
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2004
E= % (FWPR obs, - FWPR sim)® + (FGPR obs, - FGPR sim,)’
=1973

Here, “obs’ indicates production data while “sim™ indicates
computer simulation outputs. The largest E that can be
accepted as a good match 1s 1.2. Additionally, 1f a model has
an E smaller than 1.2 but has any of 1ts FWPR or FGPR
simulation outputs too far away from the corresponding pro-
duction data, the production data was deemed not to be reli-
able and the entire stmulation record 1s disregarded. Based on
this criterion, 12 data points were removed. For the remaining

581 simulation data, 63 were labeled as good models while
518 were labeled as bad models.

It should be appreciated that there are other methods to
calculate the error threshold and those are contemplated to be
within the scope of the present mnvention.

In this particular embodiment of the present invention, it
was discovered that the o1l volume (WOC-GOC) had a strong
impact on the reservoir flow outputs, hence important to the
matching of production data. As shown 1n FIG. 7, among the
581 sets of simulation data, all 63 good models have their
WOC and GOC correlated; when the WOC was low, 1ts GOC
was also low, thus preserving the oil volume. With such a
correlation, another variable, named “o1l volume” (WOC-
GOC) was added to the analysis to the original 10 parameters
to conduct history matching and production forecast study. In

this analysis, good models had an o1l volume within the range
ol 750 and 8235 feet, except one model 120 which had an o1l

volume” of 690 feet (FIGS. 7 & 8).

In this embodiment of the present invention, an outlier
study was performed on the 381 simulation/production data
sets due to the poor quality of the production data. The fol-
lowing rationale was used to detect inconsistent production
data. Reservoir models with similar parameter values should
have produced similar tlow outputs during computation simu-
lation, which should have given similar matches to the pro-
duction data. There should have been a correlation between
the reservoir values and the mis-match (E). It this was not the
case, 1t indicated that the data had a different quality from the
others and should not have been trusted. Based on that con-
cept, a GP symbolic regression was used to identily the func-
tion that describes the correlation.

A commercial genetic programming package, Discipu-
lus™ by RML Technologies, Inc., was used 1n the study. In
this software package, some genetic programming param-
eters were not fixed but were selected by the software for each
run. These genetic programming parameters included popu-
lation s1ze, maximum program size, and crossover and muta-
tion rates. In the first run, one set of values for these genetic
programming parameters was generated. When the run did
not produce an improved solution for a certain number of
generations, the run was terminated and a new set of genetic
programming parameter values was selected by the system to
start a new run. The system maintained the best 50 solutions
found throughout the multiple runs. When the genetic pro-
gramming was terminated, the best solution among the pool
of 50 solutions was the final solution. In this particular
embodiment, the genetic program performed a 120 runs and
then was manually terminated.

In addition to the parameters whose values were system
generated, there were other genetic programming parameters
whose values needed to be specified by the users. Table 11
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provides the values of those genetic programming parameters
for symbolic regression for the outlier study.

TABLE Il
Objective  Evolve A Regression To Identify Outliers In Production Data
Functions addition; subtraction; multiplication; division; abs
Terminals The 10 reservoir parameters listed in Table I and WOC-GOC
Fitness 581
Z (Es —Ry)’
MSE: 22! = , R 1s regression output
Selection  Tournament (4 candidates/2 winners)

The terminal set consists of 11 reservoir parameters, each
of which could be used to build leal nodes in the genetic
programming regression trees. The target 1s E, which was
compared to the regression output R for fitness evaluation.
The fitness of an evolved regression was the mean squared
error (MSE) of the 381 data points. A tournament selection
with si1ze 4 was used. In each tournament, 4 individuals were
randomly selected to make 2 pairs. The winners of each pair
became parents to generate 2 offspring.

After the 120 runs, the genetic programming regression
contained 4 parameters: WOC-GOC, TRANS, YPERM and

SGC. Among them, WOC-GOC was ranked as having the
most impact on the match of production data. FIG. 9 shows
the relationship between WOC-GOC and the regression out-
put R. From FI1G. 9, 1t 1s evident that 17 of the data points did
not {1t into the regression pattern. Those 17 data points also
had similar outlier behavior with regard to E (FIG. 10). That
behavior evidenced that the 17 production data points were
unreliable and were removed from the data set.

After the outliers were removed, the final data set to con-
struct the simulator proxies consisted of 564 data points; 63

were good models and 501 were bad models as illustrated in
FIG. 11. The outhier study was then completed.

The next step 1n the history matching phase of the analysis
was to construct the reservoir simulator proxy or the historical
proxy which qualified the reservoir models as good or bad.
For this step, the final set of 564 data points were used to

construct the genetic programming classifier. Each data point

contained 4 input vaniables (WOC-GOC, TRANS, YPERM
and SGC), which were selected by the genetic programming
regression outlier study, and one output, E.

With the number of bad models 8 times larger than the
number of good models, the data set was very unbalanced. To
avold the genetic programming training process generating
classifiers that biased bad models, the good model data was
duplicated 5 times to balance the data set. Moreover, the
entire data set was used for training, instead of splitting it into
training, validation and testing, which 1s the normal practice
to avoid over-fitting. This was again because the number of
good models was very small. Splitting them further would
have made i1t impossible for the genetic program to train a
proxy that represented the full simulator capacity.

The genetic programming parameter setup for this analysis
was different from the setup for the outlier study. In particular,
the fitness function was not MSE. Instead, it was based on hit
rate: the percentage of the tramning data that were correctly
classified by the regression. Table III includes the genetic
programming system parameter values for symbolic regres-
s1on for the historical proxy.
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TABLE 111
Objective Evolve A Simulator Proxy Classifier For History Matching
Functions addition; subtraction; multiplication; division; abs
Terminals WOC-GOC, TRANS, YPERM, SGC
Fitness Hit rate then MSE
Selection Tournament (4 candidates/2 winners)

As described-above, the cut point for this particular
embodiment for E for a good model was 1.2. When the
regression gave an output R less than 1.2, the model was
classified as good. If mis-match E was also less than 1.2, the
regression made the correct classification. Otherwise, the
regression made the wrong classification. A correct classifi-
cation 1s called a hit. Hit rate 1s the percentage of the training
that are correctly classified by the regression.

There are cases when two regressions may have the same
hit rate. In this particular embodiment, the MSE measurement
was used to select the winners. The “tied threshold” for MSE
measurement was 0.01% 1n this work. I two classifiers were
tied 1n both their hit rates and MSE measurements, a winner
was randomly selected from the two competitors.

Also, 1n this particular embodiment of the present imnven-
tion, instead of the 11 reservoir parameters being utilized to
construct the historical proxy, only the 4 reservoir parameters
identified by the outlier study to have impacts on fluid flow
were used as terminals to construct the historical proxy.

The genetic program completed 120 runs. The regression
that had the best classification accuracy at the end of the run
was selected as the historical proxy for the simulator. The
classification accuracy of the chosen historical proxy was
82.54% on good models and 85.82% on bad models. The
overall classification accuracy for the historical proxy was
85.82%. FIG. 12 illustrates the classification results in the
parameter spaced defined by WOC-GOC, YPERM and
TRANS. FIG. 12 shows that the models with WOC-GOC
outside the range of 750 and 825 feet were classified as bad
models. Models, however, within that range could be either
good or bad depending on other parameter values.

The historical proxy was then used to evaluate new sample
points 1n the parameter space. For each of the 5 parameters
(GOC-WOC was treated as two parameters), 11 samples
were selected, evenly distributed between their minimum and
maximum values. The resulting total number of samples was
11°=161,051. The historical proxy was applied to those
samples and 28,125 models were 1dentified as good models
while 132,926 models were classified as bad models. FIG. 13
illustrates the 28,125 good models 1n the 3D parameter space
defined by WOC-GOC, TRANS and SGC. The pattern 1s
consistent with that of the 63 good models 1dentified by
computer simulation which 1s illustrated in FIG. 14.

Within the 3D parameter space defined by WOC-GOC,
YPERM and TRANS, the good models have a slightly dii-
ferent pattern as shown in FIG. 15. Yet the pattern 1s also
consistent with the pattern of the 63 good models identified by
computer simulation as illustrated 1n FIG. 16.

Those results indicated that the genetic programming clas-
sifier was a reasonable high-quality proxy for the tull reser-
voir simulator. The 28,125 good models were then considered
to be close to reality. Those models revealed certain reservoir
characteristics for this particular o1l field. They YPERM value
was greater than 1.07. The faults separating different geo-
bodies were not completely sealing, the transmissibility was
non-zero. The width of the o1l column (WOC-GOC) was
greater than 750 feet. The 28,125 good models were then used
in the production forecast analysis.




US 7,657,494 B2

13

The forecast for o1l production (or the volume of gas 1njec-
tion) also requires computer simulation. It was not practical to
make simulation runs for all 28,125 good models, thus a
second proxy was also warranted for this phase of the analy-
s1s. In this phase, all 11 reservoir parameters were used to
construct the forecasting proxy. The target forecast (F) for this
embodiment of the present invention was the cumulative vol-
ume of gas injection for the year 2031. The initial 581 data
points were divided into three groups: 188 for training, 188
for validation and 188 for blind testing. Training data was
used for the genetic program to construct the regression proxy
while the validation data was used to select the final regres-
s10n or the forecasting proxy. The evaluation of the regression
proxy was based on 1ts performance on the blind testing data.

The genetic programming parameter set up 1s set forth in
Table IV.

TABLE 1V
Objective  Evolve A Simulator Proxy For Production Forecast
Functions addition; subtraction; multiplication; division; abs
Terminals The 10 reservoir parameters listed in Table I and WOC-GOC
Fitness 188
> (F -Ry)?
MSE: n=l . F 18 simulator forecast
188
Selection  Tournament (4 candidates/2 winners)

The genetic program was allowed to make 120 runs and the
regression with the smallest MSE on validation data was
selected as the forecasting proxy. Table V below lists the R*
and MSE on the training, validation and blind testing data.

TABLE V
Data Set R” MSE
Training 0.799792775 0.001151542
Validation 0.762180905 0.001333534
Testing 0.7106646 0.001550482
All 0.757354092 0.0013451%6

As the forecasting proxy was to make predications for the
next 30 years, a R in the range of 0.76 was considered to be
acceptable.

FIG. 17 1llustrates the cross-lot for simulator and proxy
forecasts on the 581 simulation models. Across all models,
the forecasting proxy gave consistent prediction as that by the
computer simulator. Forecasting on the 63 good models 1s
illustrated 1n FIG. 18. In this particular case, the forecasting
proxy gave a smaller prediction range (0.12256) than that by
the simulator (0.21358).

Similar to the history-matching proxy in this embodiment,
WOC-GOC was ranked to have the most impact on produc-
tion forecasts. The forecasting proxy was then used to derive
gas 1njection production predictions from all good models
identified by the by the historical proxy. Since each model
selected by the historical proxy was described 6 reservoir
parameter values, there was freedom 1n selecting the values of
the other 5 parameters not used by the historical proxy. Each
of the 5 unconstrained parameters was sampled by selecting 5
points, evenly distributed between their minimum and maxi-
mum values. Each combination of the 5 parameter values was
used to complement the 6 parameter values 1 each of the
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28,125 good models to run the forecasting proxy. This
resulted 1n a total of 87,890,625 models being sampled with
the forecasting proxy.

FIGS. 19 and 20 provide the cumulative gas injection for
the year 2031 which was forecasted by the models. As shown,
the gas injection range between 1.19 million standard cubic
teet (IMSCF) and 1.2 MSCEF 1s predicated by the largest num-
ber of reservoir models (22% of the total models). This 1s
similar to the predictions by the 63 computer simulation
models a illustrated in FIGS. 21 and 22.

The cumulative density function (CDF) of the forecast
proxy gave a P10 value o1 1.06, a P50 value o1 1.18 and a P90
value of 1.216 MSCF. This meant that the most likely (P50)
injection volume would be 1.18 MSCEF. There was a 90%
probability that the imjection would be higher than 1.05
MSCF (P10) and a 10% probability that the injection would
be lower than 1.216 MSCF (P90). This uncertainty range
allows for better management 1n preparing for gas transpor-
tation and plan for other related arrangements.

While 1n the foregoing specification this invention has been
described 1n relation to certain preferred embodiments
thereol, and many details have been set forth for purpose of
illustration, 1t will be apparent to those skilled 1n the art that
the invention 1s susceptible to alteration and that certain other
C
C

etails described herein can vary considerably without
eparting from the basic principles of the invention.

What 1s claimed 1s:

1. A computerized method of forecasting production pro-
files for petroleum reservoirs comprising the steps of:

(a) utilizing genetic programming to generate a historical
proxy and a forecasting proxy;

(b) qualifying each of a plurality of reservoir models with
the historical proxy as either a set of acceptable models
or a set ol unacceptable models, each model of the
plurality of reservoir models having different parameter
values; and

(¢) applying the forecasting proxy to the set of acceptable
reservolr models to produce a range of production fore-
casts for the set of acceptable reservoir models.

2. The method of claim 1 which includes producing the
plurality of reservoir models utilizing a uniform sampling
methodology that generates a sampling distribution of a
parameter space for a predetermined number of runs.

3. The method of claim 1 which further includes 1dentify-
ing common characteristics of the reservoir models 1n the set
of acceptable reservoir models.

4. The method of claim 1 which further includes identify-
ing common characteristics of the reservoir models which
were not included 1n the set of acceptable reservoir models.

5. A computerized method of forecasting production pro-
files for petroleum reservoirs comprising the steps of:

(a) producing an mitial sample of reservoir models;

(b) generating a historical production profile and a future
production profile for each of the 1itial sample of res-
ervolr models;

(¢) qualitying each of the 1initial sample of reservoir models
as either acceptable or unacceptable with respect to the
historical production profiles to produce a historical set
of qualifications;

(d) inputting the historical set of qualifications into genetic
programming to generate a historical proxy;

(e) applying the historical proxy to a plurality of reservoir
models, the plurality of reservoir models being larger
than the initial sample of reservoir models, and qualify-
ing each model in the plurality of reservoir models as
either acceptable or unacceptable to identify a set of
acceptable reservoir models;
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(1) quantitying each of the mitial sample of reservoir mod- 9. The method of claim 1 which further includes 1dentify-
els with respect to the future production profiles to pro- ing common characteristics of the reservoir models in the set
duce forecasting characterizations; of acceptable reservoir models.
(g) inputting the forecasting characterizations into genetic 10. The method of claim 1 which further includes 1denti-
programming to generate a forecasting proxy; and 5 1ying common characteristics of the reservoir models which
(h) applying the forecasting proxy to the set of acceptable were not included 1n the: set of gcceptable ;esewoir models.
reservoir models to produce a range of production fore- 1L The {Ileth‘jd ofc.lzim.n 1 which fu1jther mcludes. perform-
casts for the set of acceptable reservoir models. ing an outlier study utilizing the genetic programming on the

initial sample of reservoir models.
10 12. A system for forecasting production profiles for petro-
leum reservoirs, including;:

a historical proxy generated by a genetic program, the
historical proxy qualifying a plurality of reservoir mod-
els as eirther acceptable or unacceptable; and

15 aforecasting proxy generated by the genetic program, the

forecasting proxy being applied to the acceptable reser-

8. The method of claim 1 which further includes classity- voir models to produce a range of production forecasts.
ing the reservoir models in the set of acceptable reservoir

models. k ok k% %k

6. The method of claim 35, wherein the initial sample of
reservolr models 1s produced by a uniform sampling method-
ology that generates a sampling distribution of a parameter
space for a predetermined number of runs.

7. The method of claim 1, wherein the nitial sample of
reservolr models 1s a subset of the plurality of reservoir mod-
els.
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