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1
SYSTEM AND METHOD FOR PERFORMING
OILFIELD SIMULATION OPERATIONS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35U.S.C. §119 from
Provisional Patent Application No. 60/855,262 filed Oct. 30,
2006, with a common inventor.

2

Such formation data may be static or dynamic. Static data
relates to, for example, formation structure and geological
stratigraphy that define the geological structure of the subter-
ranean formation. Dynamic data relates to, for example, flu-
ids flowing through the geologic structures of the subterra-
nean formation over time. Such static and/or dynamic data
may be collected to learn more about the formations and the
valuable assets contained therein.

Sources used to collect static data may be seismic tools,

10 suchas a seismic truck that sends compression waves into the
BACKGROUND OF THE INVENTION earth as shown in FIG. 1A. These waves are measured to
characterize changes in the density of the geological structure
1. Field of the Invention at different depths. This information may be used to generate
The present invention relates to techniques for optimizing basic structural maps of the subterranean formation. Other
oilfield operations relating to subterranean formations having 15 static measurements may be gathered using core sampling
reservoirs therein. More particularly, the invention relates to and well logging techniques. Core samples may be used to
techniques for optimizing oilfield operations involving an take physical specimens of the formation at various depths as
analysis of reservoir operations, and their impact on such shown in FIG. 1B. Well logging typically involves deploy-
oilfield operations with deference to physical constraints ment of a downhole tool into the wellbore to collect various
present in any part of the petroleum production and fluid 20 downhole measurements, such as density, resistivity, etc., at
injection systems and with deference to reservoir and finan- various depths. Such well logging may be performed using,
cial uncertainty. for example, the drilling tool of FIG. 1B and/or the wireline
2. Background of the Related Art tool of FIG. 1C. Once the well is formed and completed, fluid
Oilfield operations, such as surveying, drilling, wireline flows to the surface using production tubing as shown in FIG.
testing, completions, simulation, planning and oilfield analy- 25 1D. As fluid passes to the surface, various dynamic measure-
sis, are typically performed to locate and gather valuable ments, such as fluid flow rates, pressure, and composition
downhole fluids. Various aspects of the oilfield and its related may be monitored. These parameters may be used to deter-
operations are shown in FIGS. 1A-1D. As shown in FIG. 1A, mine various characteristics of the subterranean formation.
surveys are often performed using acquisition methodolo- Sensors may be positioned about the oilfield to collect data
gies, such as seismic scanners to generate maps of under- 30 relatingto various oilfield operations. For example, sensors in
ground structures. These structures are often analyzed to the drilling equipment may monitor drilling conditions, sen-
determine the presence of subterranean assets, such as valu- sors in the wellbore may monitor fluid composition, sensors
able fluids or minerals. This information is used to assess the located along the flow path may monitor flow rates, and
underground structures and locate the formations containing sensors at the processing facility may monitor fluids col-
the desired subterranean assets. Data collected from the 35 lected. Other sensors may be provided to monitor downhole,
acquisition methodologies may be evaluated and analyzed to surface, equipment or other conditions. The monitored data is
determine whether such valuable items are present and if they often used to make decisions at various locations of the oil-
are reasonably accessible. field at various times. Data collected by these sensors may be
As shown in FIG. 1B-1D, one or more wellsites may be further analyzed and processed. Data may be collected and
positioned along the underground structures to gather valu- 40 used for current or future operations. When used for future
able fluids from the subterranean reservoirs. The wellsites are operations at the same or other locations, such data may
provided with tools capable of locating and removing hydro- sometimes be referred to as historical data.
carbons from the subterranean reservoirs. As shown in FIG. The processed data may be used to predict downhole con-
1B, drilling tools are typically advanced from the oil rigs and ditions, and make decisions concerning oilfield operations.
into the earth along a given path to locate the valuable down- 45 Such decisions may involve well planning, well targeting,
hole fluids. During the drilling operation, the drilling tool well completions, operating levels, production rates and other
may perform downhole measurements to investigate down- operations and/or conditions. Often this information is used
hole conditions. In some cases, as shown in FIG. 1C, the to determine when to drill new wells, re-complete existing
drilling tool is removed and a wireline tool is deployed into wells, or alter wellbore production.
the wellbore to perform additional downhole testing. 50  Data from one or more wellbores may be analyzed to plan
After the drilling operation is complete, the well may then or predict various outcomes at a given wellbore. In some
be prepared for production. As shown in FIG. 1D, wellbore cases, the data from neighboring wellbores or wellbores with
completions equipment is deployed into the wellbore to com- similar conditions or equipment may be used to predict how a
plete the well in preparation for the production of fluid there- well will perform. There are usually a large number of vari-
through. Fluid is then drawn from downhole reservoirs, into 55 ables and large quantities of data to consider in analyzing
the wellbore and flows to the surface. Production facilities are oilfield operations. It is, therefore, often useful to model the
positioned at surface locations to collect the hydrocarbons behavior of the oilfield operation to determine the desired
from the wellsite(s). Fluid drawn from the subterranean res- course of action. During the ongoing operations, the operat-
ervoir(s) passes to the production facilities via transport ing conditions may need adjustment as conditions change and
mechanisms, such as tubing. Various equipment may be posi- 60 new information is received.
tioned about the oilfield to monitor oilfield parameters and/or Techniques have been developed to model the behavior of
to manipulate the oilfield operations. various aspects of the oilfield operations, such as geological
During the oilfield operations, data is typically collected structures, downhole reservoirs, wellbores, surface facilities
for analysis and/or monitoring of the oilfield operations. Such as well as other portions of the oilfield operation. For
data may include, for example, subterranean formation, 65 example, U.S. Pat. No. 6,980,940 to Gurpinar discloses inte-
equipment, historical and/or other data. Data concerning the grated reservoir optimization involving the assimilation of
subterranean formation is collected using a variety of sources. diverse data to optimize overall performance of a reservoir. In
PGR2023-00023
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another example, W02004/049216 to Ghorayeb discloses an
integrated modeling solution for coupling multiple reservoir
simulations and surface facility networks. Other examples of
these modeling techniques are shown in U.S. Pat. No 5,992,
519, W01999/064896, W02005/122001, U.S. Pat. No.
6,313,837, US2003/0216897, US2003/0132934, US2005/
0149307, US2006/0197759, US2004/0220846, and Ser. No.
10/586,283.

Techniques have also been developed to predict and/or plan
certain oilfield operations, such as miscible water alternating
gas (MWAGQ) injection operation. In an oilfield, initial pro-
duction of the hydrocarbons is accomplished by “primary
recovery” techniques wherein only the natural forces present
in the reservoir are used to produce the hydrocarbons. How-
ever, upon depletion of these natural forces and the termina-
tion of primary recovery, a large portion of the hydrocarbons
remains trapped within the reservoir. Also, many reservoirs
lack sufficient natural forces to be produced by primary meth-
ods from the very beginning.

Recognition of these facts has led to the development and
use of many enhanced oil recovery (EOR) techniques. Most
of these techniques involve injection of at least one fluid into
the reservoir to force hydrocarbons towards and into a pro-
duction well. It is important that the fluid be injected carefully
so that it forces the hydrocarbons toward the production well
but does not prematurely reach the production well before all
or most of the hydrocarbons have been produced.

Generally, once the fluid reaches the production well, pro-
duction is adversely affected as the injected fluids are not
generally sellable products and in some cases can be difficult
to separate from the produced oil. Over the years, many have
attempted to calculate the optimal pumping rates for injector
wells and production wells to extract the most hydrocarbons
from a reservoir. There is considerable uncertainty in a res-
ervoir as to its geometry and geological parameters (e.g.,
porosity, rock permeabilities, etc.). In addition, the market
value of hydrocarbons can vary dramatically and so financial
factors may be important in determining how production
should proceed to obtain the maximum value from the reser-
voir. Examples of techniques for modeling and/or planning
MWAG injection operation are provided in U.S. Pat. No.
6,775,578.

Techniques have also been developed for performing res-
ervoir simulation operations. See, for example, U.S. Pat. No.
6,230,101, U.S. Pat. No. 6,018,497, U.S. Pat. No. 6,078,869,
GB2336008, U.S. Pat. No. 6,106,561, US2006/0184329,
U.S. Pat. No. 7,164,990. Some simulation techniques involve
the use of coupled simulations as described, for example, in
Publication No. US2006/0129366.

Techniques have also been developed for performing opti-
mization of reservoir operations with the intent to most eco-
nomically produce the field. See, for example, U.S. Pat. No.
6,775,578.

Despite the development and advancement of reservoir
simulation techniques in oilfield operations, there remains a
need to provide techniques capable of modeling and imple-
menting operations based on a complex analysis of a wide
variety of parameters affecting oilfield operations. It is desir-
able that such a complex analysis of oilfield parameters gath-
ered throughout the oilfield and their impact on the oilfield
operations be performed considering reservoir uncertainty
and/or financial uncertainty. It is further desirable that such
techniques for modeling and/or optimizing oilfield opera-
tions be capable of one of more of the following, among
others: optimizing objective functions such as net present
value (NPV) of oilfield production based on levels of risk
associated with the reservoir uncertainty and/or financial
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uncertainty, modeling the objective function based on esti-
mated performance by performing concurrent simulation,
selectively modeling oilfield operations based on more than
one simulator; selectively merging data and/or outputs of
more than one simulator; selectively merging data and/or
outputs of simulators of one or more wellsites and/or oil-
fields; selectively linking a wide variety of simulators of like
and/or different configurations; selectively linking simulators
having similar and/or different applications and/or data mod-
els; selectively linking simulators of different members of an
asset team of an oilfield; and providing coupling mechanisms
capable of selectively linking simulators in a desired configu-
ration.

SUMMARY OF THE INVENTION

In general, in one aspect, the invention relates to a method
for performing operations of an oilfield having at least one
process facilities and at least one wellsite operatively con-
nected thereto, each at least one wellsite having a wellbore
penetrating a subterranean formation for extracting fluid from
or injecting fluid to an underground reservoir therein. The
method comprising selectively coupling a plurality of oilfield
simulators according to a predefined configuration, each oil-
field simulator modeling at least a portion of the oilfield,
wherein a first oilfield simulator of the plurality of oilfield
simulators receives an oilfield control parameter as an input;
identifying an uncertainty parameter associated with a plu-
rality of probable values each corresponding to a weighted
probability, wherein a second oilfield simulator of the plural-
ity of oilfield simulators receives the uncertainty parameter as
an input; modeling the operations of the oilfield to generate an
estimated performance by selectively communicating
between the plurality of oilfield simulators, wherein the
operations of the oilfield is modeled with a predetermined
value of the oilfield control parameter and at least one of the
plurality of probable values of the uncertainty parameter; and
identifying an optimal value of the oilfield control parameter
based on the estimated performance.

In general, in one aspect, the invention relates to a method
for performing operations of an oilfield having at least one
process facilities and at least one wellsite operatively con-
nected thereto, each at least one wellsite having a wellbore
penetrating a subterranean formation for extracting fluid from
or injecting fluid to an underground reservoir therein. The
method comprising selectively coupling a plurality of oilfield
simulators according to a predefined configuration, each oil-
field simulator modeling at least a portion of the oilfield,
wherein a first oilfield simulator of the plurality of oilfield
simulators receives an oilfield control parameter as an input;
identifying an uncertainty parameter associated with a plu-
rality of probable values each corresponding to a weighted
probability, wherein a second oilfield simulator of the plural-
ity of oilfield simulators receives the uncertainty parameter as
an input; modeling the operations of the oilfield to generate a
first estimated performance by selectively communicating
between the plurality of oilfield simulators, wherein the
operations of the oilfield is modeled with a first predeter-
mined value of the oilfield control parameter and a first prob-
able value of the plurality of probable values of the uncer-
tainty parameter; modeling the operations of the oilfield to
generate a second estimated performance by selectively com-
municating between the plurality of oilfield simulators,
wherein the operations of the oilfield is modeled with a sec-
ond predetermined value of the oilfield control parameter and
a second probable value of the plurality of probable values of
the uncertainty parameter; identifying an optimal value of the
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oilfield control parameter by comparing the first estimated
performance and the second estimated performance; and per-
forming operations of the oilfield using the optimal value of
the oilfield control parameter.

In general, in one aspect, the invention relates to a method
for performing operations of an oilfield having at least one
process facilities and at least one wellsite operatively con-
nected thereto, each at least one wellsite having a wellbore
penetrating a subterranean formation for extracting fluid from
or injecting fluid to an underground reservoir therein. The
method comprising selectively coupling a plurality of oilfield
simulators according to a predefined configuration, each oil-
field simulator modeling at least a portion of the oilfield,
wherein a first oilfield simulator of the plurality of oilfield
simulators receives an oilfield control parameter as an input;
identifying an uncertainty parameter associated with a plu-
rality of probable values each corresponding to a weighted
probability, wherein a second oilfield simulator of the plural-
ity of oilfield simulators receives the uncertainty parameter as
an input; modeling the operations of the oilfield to generate an
estimated performance by selectively communicating
between the plurality of oilfield simulators, wherein the
operations of the oilfield is modeled with a predetermined
value of the oilfield control parameter and at least one of the
plurality of probable values of the uncertainty parameter;
identifying an optimal value of the oilfield control parameter
based on the estimated performance; selecting a risk aversion
factor represented by a parameterh, wherein the estimated
performance comprises a parameterized function FAbased on
the parameter A, wherein the optimal value of the oilfield
control parameter is a function of the parameterk; determin-
ing a desired risk aversion factor based on FA; and performing
the operations of the oilfield based on the desired risk aver-
sion factor.

In general, in one aspect, the invention relates to a com-
puter readable medium, embodying instructions executable
by a computer to perform method steps for performing opera-
tions of an oilfield having a subterranean formation with at
least one reservoir positioned therein. The instructions com-
prising functionality for selectively coupling a plurality of
oilfield simulators according to a predefined configuration,
each oilfield simulator modeling at least a portion of the
oilfield, wherein a first oilfield simulator of the plurality of
oilfield simulators receives an oilfield control parameter as an
input; identifying an uncertainty parameter associated with a
plurality of probable values each corresponding to a weighted
probability, wherein a second oilfield simulator of the plural-
ity of oilfield simulators receives the uncertainty parameter as
aninput; modeling the operations of the oilfield to generate an
estimated performance by selectively communicating
between the plurality of oilfield simulators, wherein the
operations of the oilfield is modeled with a predetermined
value of the oilfield control parameter and at least one of the
plurality of probable values of the uncertainty parameter; and
identifying an optimal value of the oilfield control parameter
based on the estimated performance.

In general, in one aspect, the invention relates to a com-
puter readable medium, embodying instructions executable
by a computer to perform method steps for performing opera-
tions of an oilfield having a subterranean formation with at
least one reservoir positioned therein. The instructions com-
prising functionality for selectively coupling a plurality of
oilfield simulators according to a predefined configuration,
each oilfield simulator modeling at least a portion of the
oilfield, wherein a first oilfield simulator of the plurality of
oilfield simulators receives an oilfield control parameter as an
input; identifying an uncertainty parameter associated with a
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plurality of probable values each corresponding to a weighted
probability, wherein a second oilfield simulator of the plural-
ity of oilfield simulators receives the uncertainty parameter as
an input; modeling the operations of the oilfield to generate an
estimated performance by selectively communicating
between the plurality of oilfield simulators, wherein the
operations of the oilfield is modeled with a predetermined
value of the oilfield control parameter and at least one of the
plurality of probable values of the uncertainty parameter;
identifying an optimal value of the oilfield control parameter
based on the estimated performance; selecting a risk aversion
factor represented by a parameterh, wherein the estimated
performance comprises a parameterized function FAbased on
the parameter A, wherein the optimal value of the oilfield
control parameter is a function of the parameterA; determin-
ing a desired risk aversion factor based on FA, and performing
the operations of the oilfield based on the desired risk aver-
sion factor.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the above recited features and advantages of the
present invention can be understood in detail, a more particu-
lar description of the invention, briefly summarized above,
may be had by reference to the embodiments thereof that are
illustrated in the appended drawings. It is to be noted, how-
ever, that the appended drawings illustrate only typical
embodiments of this invention and are therefore not to be
considered limiting of its scope, for the invention may admit
to other equally effective embodiments.

FIGS. 1A-1D show exemplary schematic views of an oil-
field having subterranean structures including reservoirs
therein and various oilfield operations being performed on the
oilfield. FIG. 1A depicts an exemplary survey operation being
performed by a seismic truck. FIG. 1B depicts an exemplary
drilling operation being performed by a drilling tool sus-
pended by a rig and advanced into the subterranean forma-
tion. FIG. 1C depicts an exemplary wireline operation being
performed by a wireline tool suspended by the rig and into the
wellbore of FIG. 1B. FIG. 1D depicts an exemplary simula-
tion operation being performed by a simulation tool being
deployed from the rig and into a completed wellbore for
drawing fluid from the downhole reservoir into a surface
facility.

FIGS. 2A-2D are exemplary graphical depictions of data
collected by the tools of FIGS. 1A-1D, respectively. FIG. 2A
depicts an exemplary seismic trace of the subterranean for-
mation of FIG. 1A. FIG. 2B depicts exemplary core sample of
the formation shown in FIG. 1B. FIG. 2C depicts an exem-
plary well log of the subterranean formation of FIG. 1C. FIG.
2D depicts an exemplary simulation decline curve of fluid
flowing through the subterranean formation of FIG. 1D.

FIG. 3 shows an exemplary schematic view, partially in
cross section, of an oilfield having a plurality of data acqui-
sition tools positioned at various locations along the oilfield
for collecting data from the subterranean formation.

FIG. 4 shows an exemplary schematic view of an oilfield
having a plurality of wellsites for producing hydrocarbons
from the subterranean formation.

FIG. 5 shows an exemplary schematic diagram of a portion
of'the oilfield of FIG. 4 depicting the simulation operation in
detail.

FIG. 6 is a schematic view of an oilfield simulator for the
oilfield of FIG. 4, the oilfield simulator having wellsite and
non-wellsite simulators selectively coupled together to per-
form an oilfield simulation.
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FIGS. 7A and 7B are graphs depicting rate-based coupling
that may be used in the oilfield simulator of FIG. 6. FIG. 7A
depicts an unconstrained rate-based coupling. FIG. 7B
depicts a reservoir constrained rate-based coupling.

FIG. 8 is a graph depicting a fast PI coupling that may be
used in the oilfield simulator of FIG. 6.

FIGS. 9A, 9B, and 9C are graphs depicting a chord slope
coupling that may be used in the oilfield simulator of FIG. 6.
FIG. 9A depicts a network constrained well. FIG. 9B depicts
areservoir constrained well. FIG. 9C depicts a reservoir with
reduced pressure.

FIG. 10 is a flowchart depicting a method of producing
fluid from the oilfield of FIG. 1.

FIG. 11 is a flowchart depicting a method for optimizing
the oilfield operation.

FIG. 12 is a flowchart depicting a method for managing the
oilfield operation based on the optimization of FIG. 11.

DETAILED DESCRIPTION OF THE INVENTION

Presently preferred embodiments of the invention are
shown in the above-identified figures and described in detail
below. In describing the preferred embodiments, like or iden-
tical reference numerals are used to identify common or simi-
lar elements. The figures are not necessarily to scale and
certain features and certain views of the figures may be shown
exaggerated in scale or in schematic in the interest of clarity
and conciseness.

FIGS. 1A-D show an oilfield (100) having geological
structures and/or subterranean formations therein. As shown
in these figures, various measurements of the subterranean
formation are taken by different tools at the same location.
These measurements may be used to generate information
about the formation and/or the geological structures and/or
fluids contained therein.

FIGS. 1A-1D depict schematic views of an oilfield (100)
having subterranean formations (102) containing a reservoir
(104) therein and depicting various oilfield operations being
performed on the oilfield (100). FIG. 1A depicts a survey
operation being performed by a seismic truck (1064a) to mea-
sure properties of the subterranean formation. The survey
operation is a seismic survey operation for producing sound
vibration(s) (112). In FIG. 1A, one such sound vibration
(112)is generated by a source (110) and reflects off a plurality
of horizons (114) in an earth formation (116). The sound
vibration(s) (112) is (are) received in by sensors (S), such as
geophone-receivers (118), situated on the earth’s surface, and
the geophone-receivers (118) produce electrical output sig-
nals, referred to as data received (120) in FIG. 1.

In response to the received sound vibration(s) (112) repre-
sentative of different parameters (such as amplitude and/or
frequency) of the sound vibration(s) (112). The data received
(120) is provided as input data to a computer (122a) of the
seismic recording truck (106a), and responsive to the input
data, the recording truck computer (1224) generates a seismic
data output record (124). The seismic data may be further
processed as desired, for example by data reduction.

FIG. 1B depicts a drilling operation being performed by a
drilling tool (1065) suspended by a rig (128) and advanced
into the subterranean formation (102) to form a wellbore
(136). A mud pit (130) is used to draw drilling mud into the
drilling tool (1065) via flow line (132) for circulating drilling
mud through the drilling tool (1065) and back to the surface.
The drilling tool (1065) is advanced into the formation to
reach reservoir (104). The drilling tool (1065) is preferably
adapted for measuring downhole properties. The drilling tool
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(1065) may also be adapted for taking a core sample (133) as
shown, or removed so that a core sample (133) may be taken
using another tool.

A surface unit (134) is used to communicate with the
drilling tool (1065) and offsite operations. The surface unit
(134) is capable of communicating with the drilling tool
(1065) to send commands to drive the drilling tool (1065), and
to receive data therefrom. The surface unit (134) is preferably
provided with computer facilities for receiving, storing, pro-
cessing, and analyzing data from the oilfield (100). The sur-
face unit (134) collects data output (135) generated during the
drilling operation. Computer facilities, such as those of the
surface unit (134), may be positioned at various locations
about the oilfield (100) and/or at remote locations.

Sensors (S), such as gauges, may be positioned throughout
the reservoir, rig, oilfield equipment (such as the downhole
tool), or other portions of the oilfield for gathering informa-
tion about various parameters, such as surface parameters,
downhole parameters, and/or operating conditions. These
sensors (S) preferably measure oilfield parameters, such as
weight on bit, torque on bit, pressures, temperatures, flow
rates, compositions and other parameters of the oilfield opera-
tion.

The information gathered by the sensors (S) may be col-
lected by the surface unit (134) and/or other data collection
sources for analysis or other processing. The data collected by
the sensors (S) may be used alone or in combination with
other data. The data may be collected in a database and all or
select portions of the data may be selectively used for ana-
lyzing and/or predicting oilfield operations of the current
and/or other wellbores.

Data outputs from the various sensors (S) positioned about
the oilfield may be processed for use. The data may be his-
torical data, real time data, or combinations thereof. The real
time data may be used in real time, or stored for later use. The
data may also be combined with historical data or other inputs
for further analysis. The data may be housed in separate
databases, or combined into a single database.

The collected data may be used to perform analysis, such as
modeling operations. For example, the seismic data output
may be used to perform geological, geophysical, reservoir
engineering, and/or production simulations. The reservoir,
wellbore, surface and/or process data may be used to perform
reservoir, wellbore, or other production simulations. The data
outputs from the oilfield operation may be generated directly
from the sensors (8), or after some preprocessing or model-
ing. These data outputs may act as inputs for further analysis.

The data is collected and stored at the surface unit (134).
One or more surface units (134) may be located at the oilfield
(100), or linked remotely thereto. The surface unit (134) may
be asingle unit, or acomplex network of units used to perform
the necessary data management functions throughout the oil-
field (100). The surface unit (134) may be a manual or auto-
matic system. The surface unit (134) may be operated and/or
adjusted by a user.

The surface unit (134) may be provided with a transceiver
(137) to allow communications between the surface unit
(134) and various portions of the oilfield (100) or other loca-
tions. The surface unit (134) may also be provided with or
functionally linked to a controller for actuating mechanisms
at the oilfield (100). The surface unit (134) may then send
command signals to the oilfield (100) in response to data
received. The surface unit (134) may receive commands via
the transceiver or may itself execute commands to the con-
troller. A processor may be provided to analyze the data
(locally or remotely) and make the decisions to actuate the
controller. In this manner, the oilfield (100) may be selec-
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tively adjusted based on the data collected to optimize fluid
recovery rates, or to maximize the longevity of the reservoir
and its ultimate production capacity. These adjustments may
be made automatically based on computer protocol, or manu-
ally by an operator. In some cases, well plans may be adjusted
to select optimum operating conditions, or to avoid problems.

FIG. 1C depicts a wireline operation being performed by a
wireline tool (106¢) suspended by the rig (128) and into the
wellbore (136) of FIG. 1B. The wireline tool (106¢) is pref-
erably adapted for deployment into a wellbore (136) for per-
forming well logs, performing downhole tests and/or collect-
ing samples. The wireline tool (106¢) may be used to provide
another method and apparatus for performing a seismic sur-
vey operation. The wireline tool (106¢) of FIG. 1C may have
an explosive or acoustic energy source (143) that provides
electrical signals to the surrounding subterranean formations
102).

The wireline tool (106¢) may be operatively linked to, for
example, the geophones (118) stored in the computer (122a)
of the seismic recording truck (106a) of FIG. 1A. The wire-
line tool (106¢) may also provide data to the surface unit
(134). As shown data output (135) is generated by the wireline
tool (106¢) and collected at the surface. The wireline tool
(106¢) may be positioned at various depths in the wellbore
(136) to provide a survey of the subterranean formation.

FIG. 1D depicts a production operation being performed
by a production tool (1064) deployed from the rig (128) and
into the completed wellbore (136) of FIG. 1C for drawing
fluid from the downhole reservoirs into surface facilities
(142). Fluid flows from reservoir (104) through wellbore
(136) and to the surface facilities (142) via a surface network
(144). Sensors (S) positioned about the oilfield (100) are
operatively connected to a surface unit (142) for collecting
data therefrom. During the production process, data output
(135) may be collected from various sensors (S) and passed to
the surface unit (134) and/or processing facilities. This data
may be, for example, reservoir data, wellbore data, surface
data, and/or process data.

While FIGS. 1A-1D depict monitoring tools used to mea-
sure properties of an oilfield (100), it will be appreciated that
the tools may be used in connection with non-oilfield opera-
tions, such as mines, aquifers or other subterranean facilities.
Also, while certain data acquisition tools are depicted, it will
be appreciated that various measurement tools capable of
sensing properties, such as seismic two-way travel time, den-
sity, resistivity, production rate, etc., of the subterranean for-
mation and/or its geological structures may be used. Various
sensors (S) may be located at various positions along the
subterranean formation and/or the monitoring tools to collect
and/or monitor the desired data. Other sources of data may
also be provided from offsite locations.

The oilfield configuration in FIGS. 1A-1D is not intended
to limit the scope of the invention. Part, or all, of the oilfield
(100) may be on land and/or sea. Also, while a single oilfield
at a single location is depicted, the present invention may be
used with any combination of one or more oilfields (100), one
or more processing facilities and one or more wellsites. Addi-
tionally, while only one wellsite is shown, it will be appreci-
ated that the oilfield (100) may cover a portion of land that
hosts one or more wellsites, including injection wellsite(s).
One or more gathering facilities may be operatively con-
nected to one or more of the wellsites for selectively collect-
ing downhole fluids from the wellsite(s).

FIGS. 2A-2D are graphical depictions of data collected by
the tools of FIGS. 1A-D, respectively. FIG. 2A depicts a
seismic trace (202) of the subterranean formation of FIG. 1A
taken by survey tool (106a). The seismic trace measures a
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two-way response over a period of time. FIG. 2B depicts a
core sample (133) taken by the drilling tool (1065). The core
test typically provides a graph of the density, resistivity, or
other physical property of the core sample (133) over the
length of the core. Tests for density and viscosity are often
performed on the fluids in the core at varying pressures and
temperatures. FIG. 2C depicts a well log (204) of the subter-
ranean formation of FIG. 1C taken by the wireline tool
(106¢). The wireline log typically provides a resistivity mea-
surement of the formation at various depths. FIG. 2D depicts
a production decline curve (206) of fluid flowing through the
subterranean formation of FIG. 1D taken by the production
tool (106d). The production decline curve (206) typically
provides the production rate Q as a function of time t.

The respective graphs of FIGS. 2A-2C contain static mea-
surements that describe the physical characteristics of the
formation. These measurements may be compared to deter-
mine the accuracy of the measurements and/or for checking
for errors. In this manner, the plots of each of the respective
measurements may be aligned and scaled for comparison and
verification of the properties.

FIG. 2D provides a dynamic measurement of the fluid
properties through the wellbore. As the fluid flows through
the wellbore, measurements are taken of fluid properties,
such as flow rates, pressures, composition, etc. As described
below, the static and dynamic measurements may be used to
generate models of the subterranean formation to determine
characteristics thereof.

FIG. 3 is a schematic view, partially in cross section of an
oilfield (300) having data acquisition tools (302a), (3025),
(302¢), and (302d) positioned at various locations along the
oilfield for collecting data of a subterranean formation (304).
The data acquisition tools (302a-302d) may be the same as
data acquisition tools (106a-1064) of F1G. 1, respectively. As
shown, the data acquisition tools (302a-3024d) generate data
plots or measurements (308a-3084), respectively.

Data plots (308a-308¢) are examples of static data plots
that may be generated by the data acquisition tools (302a-
302d), respectively. Static data plot (308a) is a seismic two-
way response time and may be the same as the seismic trace
(202) of FIG. 2A. Static plot (3085) is core sample data
measured from a core sample of the formation (304), similar
to the core sample (133) of FIG. 2B. Static data plot (308¢) is
a logging trace, similar to the well log (204) of FIG. 2C. Data
plot (3084) is a dynamic data plot of the fluid flow rate over
time, similar to the graph (206) of FIG. 2D. Other data may
also be collected, such as historical data, user inputs, eco-
nomic information, other measurement data, and other
parameters of interest.

The subterranean formation (304) has a plurality of geo-
logical structures (306a-306d). As shown, the formation has a
sandstone layer (306a), a limestone layer (3065), a shale layer
(306¢), and a sand layer (306d). A fault line (307) extends
through the formation. The static data acquisition tools are
preferably adapted to measure the formation and detect the
characteristics of the geological structures of the formation.

While a specific subterranean formation (304) with spe-
cific geological structures are depicted, it will be appreciated
that the formation may contain a variety of geological struc-
tures. Fluid may also be present in various portions of the
formation. Each of the measurement devices may be used to
measure properties of the formation and/or its underlying
structures. While each acquisition tool is shown as being in
specific locations along the formation, it will be appreciated
that one or more types of measurement may be taken at one or
more location across one or more oilfields or other locations
for comparison and/or analysis.

Ex. 1019, p. 20 of 31



Profrac Holding Corporation
U.S. Well Services, LLC

US 8,352,227 B2

11

The data collected from various sources, such as the data
acquisition tools of FIG. 3, may then be evaluated. Typically,
seismic data displayed in the static data plot (308a) from the
data acquisition tool (302a) is used by a geophysicist to
determine characteristics of the subterranean formation
(304). Core data shown in static plot (3085) and/or log data
from the well log (308c¢) is typically used by a geologist to
determine various characteristics of the geological structures
ofthe subterranean formation (304). Production data from the
production graph (3084d) is typically used by the reservoir
engineer to determine fluid flow reservoir characteristics.

FIG. 4 shows an oilfield (400) for performing simulation
operations. As shown, the oilfield has a plurality of wellsites
(402) operatively connected to a central processing facility
(454). The oilfield configuration of FIG. 4 is not intended to
limit the scope of the invention. Part or all of the oilfield may
be on land and/or sea. Also, while a single oilfield with a
single processing facility and a plurality of wellsites is
depicted, any combination of one or more oilfields, one or
more processing facilities and one or more wellsites may be
present.

Each wellsite (402) has equipment that forms a wellbore
(436) into the earth. The wellbores extend through subterra-
nean formations (406) including reservoirs (404). These res-
ervoirs (404) contain fluids, such as hydrocarbons. The
wellsites draw fluid from the reservoirs and pass them to the
processing facilities via surface networks (444). The surface
networks (444) have tubing and control mechanisms for con-
trolling the flow of fluids from the wellsite to the processing
facility (454).

FIG. 5 shows a schematic view of a portion of the oilfield
(400) of FIG. 4, depicting a producing wellsite (402) and
surface network (444) in detail. The wellsite (402) of FIG. 5
has a wellbore (436) extending into the earth therebelow. In
addition, FIG. 5 shows an injection wellsite (502) having an
injection wellbore (506). As shown, the wellbores (436) and
(506) has already been drilled, completed, and prepared for
production from reservoir (404).

Wellbore production equipment (564) extends from a well-
head (566) of wellsite (402) and to the reservoir (404) to draw
fluid to the surface. The wellsite (402) is operatively con-
nected to the surface network (444) via a transport line (561).
Fluid flows from the reservoir (404), through the wellbore
(436), and onto the surface network (444). The fluid then
flows from the surface network (444) to the process facilities
(454).

As described above, fluid may be injected through an injec-
tion wellbore, such as the wellbore (506) to gain additional
amounts of hydrocarbon. Fluid may be injected to sweep
hydrocarbons to producing wells and/or to maintain reservoir
pressure by balancing extracted hydrocarbons with injected
fluid. The wellbore (506) may be a new well drilled specifi-
cally to serve as an injection wellbore, or an already existing
well that is no longer producing hydrocarbons economically.
As shown in FIG. 5, wellbore injection equipment (514)
extends from a wellhead (516) of injection wellsite (502) to
inject fluid (e.g., shown as (511) and (512) in FIG. 5) in or
around the periphery of the reservoir (404) to push hydrocar-
bons (e.g., shown as (513) in FIG. 5) toward a producing
wellbore, such as the wellbore (436). The injection wellsite
(502) is operatively connected to an injection transport line
(515), which provides the injection fluid to the injection
wellsite (502) through the wellhead (516) and down through
the well injection equipment (514).

The injected fluid may include water, steam, gas (e.g.,
carbon dioxide), polymer, surfactant, other suitable liquid, or
any combinations thereof. A substance that is capable of
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mixing with hydrocarbons remaining in the well is called
miscible. For example, a surfactant (e.g., shown as (511) in
FIG. 5), a chemical similar to washing detergents, can be
injected into a reservoir mixing with some of the hydrocar-
bons locked inrock pores (e.g., shown as (512) in FIG. 5), and
releases the hydrocarbons so that fluid (e.g., shown as (513) in
FIG. 5) can be pushed towards the producing wells. One
technique in fluid injection is MWAG injection, which
involves the use of gases such as natural gas (i.e., naturally
occurring mixture of hydrocarbon gases), carbon dioxide, or
other suitable gases. The injected gas (e.g., natural gas, car-
bon dioxide, etc.) mixes with some of the remaining hydro-
carbons in the reservoir, unlocks it from the pores, and pushes
the fluid (e.g., shown as (513) in FIG. 5) to producing wells.
Water (e.g., shown as (511) in FIG. 5) is often injected behind
the gas (e.g., shown as (512) in FIG. 5) to push the miscible
gas and unlocked hydrocarbons along based on the incom-
pressible nature of water.

The efficacy of the MWAG injection in recovering remain-
ing hydrocarbons from an oilfield depends on careful plan-
ning of the injection schedules such as the selection of fluid,
the determination of the composition of the fluid to ensure the
miscibility, the pumping rate, the switching cycles between
different injected fluid, the controlled interface, and capillary
forces between different injected fluid, etc. The MWAG injec-
tion schedule should be determined considering geological
and geo-physical information, such as temperature, pressure,
porosity, permeability, composition, etc. In addition to the
complexity in determining MWAG injection schedules, the
source of the injection fluid, the constraints of the processing
facilities and surface network, and market value of oil can all
impact the overall performance of the oilfield operation.

An integrated simulation method described below, can be
used, for example, to model the MWAG injection operation
including various aspects of the oilfield, such as geological,
geo-physical, operational, financial, etc. In the integrated
simulation method, various constraints of the oilfield opera-
tion may be considered, such as the network constraints, the
processing facility constraints, the fluid source constraints,
the reservoir constraints, the market price constraints, the
financial constraints, etc.

As further shown in FIG. 5, sensors (S) are located about
the oilfield (400) to monitor various parameters during oil-
field operations. The sensors (S) may measure, for example,
pressure, temperature, flow rate, composition, and other
parameters of the reservoir, wellbore, surface network, pro-
cess facilities and/or other portions of the oilfield operation.
These sensors (S) are operatively connected to a surface unit
(534) for collecting data therefrom. The surface unit may be,
for example, similar to the surface unit (134) of FIGS. 1A-D.

One or more surface units (534) may be located at the
oilfield (400), or linked remotely thereto. The surface unit
(534) may be a single unit, or a complex network of units used
to perform the necessary modeling/planning/management
functions (e.g., in MWAG injection scheduling) throughout
the oilfield (400). The surface unit may be a manual or auto-
matic system. The surface unit may be operated and/or
adjusted by a user. The surface unit is adapted to receive and
store data. The surface unit may also be equipped to commu-
nicate with various oilfield equipment. The surface unit may
then send command signals to the oilfield in response to data
received or modeling performed. For example, the MWAG
injection schedule may be adjusted and/or optimized based
on modeling results updated according to changing param-
eters throughout the oilfield, such as geological parameters,
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geo-physical parameters, network parameters, process facil-
ity parameters, injection fluid parameters, market parameters,
financial parameters, etc.

As shown in FIG. 5, the surface unit (534) has computer
facilities, such as memory (520), controller (522), processor
(524), and display unit (526), for managing the data. The data
is collected in memory (520), and processed by the processor
(524) for analysis. Data may be collected from the oilfield
sensors (S) and/or by other sources. For example, oilfield data
may be supplemented by historical data collected from other
operations, or user inputs.

The analyzed data (e.g., based on modeling performed)
may then be used to make decisions. A transceiver (not
shown) may be provided to allow communications between
the surface unit (534) and the oilfield (400). The controller
(522) may be used to actuate mechanisms at the oilfield (400)
via the transceiver and based on these decisions. In this man-
ner, the oilfield (400) may be selectively adjusted based on the
data collected. These adjustments may be made automatically
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the oilfield. At the far left are three different reservoir simu-
lators (340a, 3405, 340¢), which are provided to depict vari-
ous levels of approximation in mathematical representation
of the reservoir. These reservoir simulators (340a, 3405,
340c) calculate the flow of hydrocarbon(s) from the reservoir
and into the wells and the flow of fluid into the reservoir from
injection wells. One or more of the same and/or different
reservoir simulators may be used. For example, reservoir
simulator (340a) is a full reservoir simulation model with
increased accuracy, but reduced speed. Reservoir simulator
(3405) is a tank model proxy of a reservoir simulator, which
typically provides a simplified representation of a reservoir
simulation model. This type of reservoir simulator is typically
less accurate, but faster to solve. Reservoir simulator (340c¢) is
a lookup table proxy of a reservoir simulator, which is typi-
cally even more simplified and faster to solve.

FIG. 6 demonstrates that, depending on the desired analy-
sis, various combinations of one or more simulators may be
used to perform the overall simulation. Each may have ben-

based on computer protocol and/or manually by an operator. 20 efits, and the various outcomes may be compared. In the
In some cases, well plans are adjusted to select optimum depicted example, some of the simulations can take more than
operating conditions or to avoid problems. aweek to run once. Thus, one or more of the desired reservoir
To facilitate the processing and analysis of data, simulators simulators may be selectively included to provide more
may be used to process the data for modeling various aspects immediate outputs that may be compared with the more pre-
of the oilfield operation. Specific simulators are often used in 25 cise simulations that are generated later.
connection with specific oilfield operations, such as reservoir As further shown in FIG. 6, the wellbore simulators (342a,
or wellbore simulation. Data fed into the simulator(s) may be 342b) and surface network simulator (344) are integrated into
historical data, real time data or combinations thereof. Simu- the oilfield simulation adjacent the reservoir simulators
lation through one or more of the simulators may be repeated (340a, 3405, 340c). Surface network simulator (344) is
or adjusted based on the data received. 30 operatively linked to the wellbore simulators (342a, 3425).
As shown, the oilfield operation is provided with wellsite These wellbore simulators (342a, 3425) and surface network
and non-wellsite simulators. The wellsite simulators may simulator (344) calculate the flow of hydrocarbons in the well
include a reservoir simulator (340), a wellbore simulator and through the surface pipeline surface network (not shown).
(342), and a surface network simulator (344). The reservoir The simulators are also used to model injection of fluids into
simulator (340) solves for hydrocarbon flow through the res- 35 the reservoir. As shown, there are different wellbore simula-
ervoir rock and into the wellbores. The wellbore simulator tors (342a, 342b) that may be used for the oilfield simulation.
(342) and surface network simulator (344) solves for hydro- The wellbore simulators (342a, 342b) are selectively linked
carbon flow through the wellbore and the surface network to the reservoir simulators (3404, 3405, 340¢) to provide data
(444) of pipelines. As shown, some of the simulators may be flow therebetween, as will be described further below.
separate or combined, depending on the available systems. 40  Like the reservoir simulator (340a, 3405, 340c), wellbore
The non-wellsite simulators may include process (346) and simulator (342a, 342b), and surface network simulator (344),
economics (348) simulators. The processing unit has a pro- process (346) and/or economics simulator(s) (348) may also
cess simulator (346). The process simulator (346) models the be used in the overall oilfield simulation. The process simu-
processing plant (e.g., the process facilities (454)) where the lator (346) models the activities of, for example, a crude oil &
hydrocarbon(s) is/are separated into its constituent compo- 45 gas processing plant for separation of petroleum into con-
nents (e.g., methane, ethane, propane, etc.) and prepared for stituent components and creation of sellable products. The
sales. The oilfield (400) is provided with an economics simu- process simulator (346) is operatively connected to the sur-
lator (348). The economics simulator (348) models the costs face network simulator (344). Finally, the economics simu-
of part or all of the oilfield (400) throughout a portion or the lator (348) is operatively connected to the process simulator
entire duration of the oilfield operation. Various combinations 50 (346). A spreadsheet model may optionally prepare the pro-
of these and other oilfield simulators may be provided. duction data from the process simulator (346) for economic
FIG. 6 depicts a schematic view of an oilfield simulator analysis. The economics simulator (348) models the eco-
(300) for modeling operations of an oilfield (300). This simu- nomic evaluation at every time step of an integrated asset
lator (300) may form part of an overall production system of model. Although FIG. 6 shows one example of how the eco-
the oilfield. As shown, several simulators of the oilfield are 55 nomic simulator is connected for performing the integrated
operatively linked as an integrated asset model for modeling simulation, in other examples the economics model can actu-
integrated operation therebetween. Depending on the desired ally be connected to any point in the integrated asset model
outcome, certain simulators may be selectively linked in a where oil and gas production forecasts can be generated; from
desired configuration. While a variety of combinations may a well in the reservoir simulator, from a well in the network
be envisioned, FIG. 6 depicts the combination of three reser- 60 model, from the export node of the network representing the
voir simulators (340a, 34056, 340¢), two wellbore simulators total production of the field, or from separated hydrocarbon
(3424, 342b), a surface network simulator (344), a process component streams in the process plant.
simulator (346) and an economics simulator (348). A variety The simulators of FIG. 6 depict the simulators operatively
of combinations of two or more simulators may be selectively linked for data flow therebetween. The simulators are selec-
linked to perform integrated simulations. 65 tively linked to permit data to flow between the desired simu-
In the example shown, a set of simulators is selected to lators. Once linked, the simulators may be configured to share
depict the various sources that affect the flow of fluid through data and/or outputs between the connected simulators. The
PGR2023-00023
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data and/or outputs received from one simulator may affect
the results of other simulators.

The production system may be used to link different parts
of oilfield operations, such as the reservoir, wellbore, surface,
processing, and economics simulators depicted. The simula-
tors may be cross-platform and/or real-time. One or more
simulators may be of similar configurations, or provided by
different sources which may cause problems in cross-com-
munication. The simulators, therefore, are linked in a manner
that permits operation therebetween. The simulators may be
linked, for example, using reservoir to surface coupling and/
or stream/variable based couplings. Preferably, these cou-
plings link models together so that the models may solve
together over the full simulation timeframe. In some cases,
the simulators will initially model separately, in preparation
for a full simulation.

The coupling between simulators preferably permits selec-
tive passing of data therebetween. In some cases, data flows
freely between simulators. In other cases, data flow is
restricted or selectively permitted. For example, it may be
more time efficient to permit a simulator to complete its
simulation process prior to linking to other simulators and
receiving additional data therefrom. It may also be desirable
to exclude certain simulators if, for example, a defect exists in
the simulation.

User inputs may be used to provide constraints, alerts,
filters, or other operating parameters for the simulators. Thus,
where one simulator indicates that operating conditions are
unacceptable, such restrictions may be passed to other simu-
lators to limit the available parameters for the remainder of
the oilfield operation.

Simulators are typically linked using couplings, such as
generic node/variable couplings or special network cou-
plings. As shown in FIG. 6, generic node/variable couplings
(352a, 352b) form connections between wellbore simulators
(3424, 342b) and surface network simulator (344), respec-
tively. A generic node/variable coupling (354) forms a con-
nection between surface network simulator (344) and process
simulator (346). Another generic node/variable coupling
(356) forms a connection between process simulator (346)
and economics simulator (348). These types of couplings
permit data to flow freely between the simulators. Thus, data
from the wellbore, surface, processing, and economics simu-
lators is free to flow therebetween.

In other cases, special network couplings are used to facili-
tate and/or manipulate the flow of data between the simula-
tors. As shown in FIG. 6, reservoir simulators (340a, 3405)
are connected to wellbore simulator (342a) via special net-
work couplings (350a and 35054), respectively. Reservoir
simulator (340c¢) is connected to wellbore simulator (3425)
via special network coupling (350¢).

The special network coupling (350¢), such as implicit or
explicit couplings, may be used between the reservoir and
wellbore simulators to impose accurate hydraulic response
from the network on the reservoir. These couplings permit the
coupled simulators to model network equipment, such as gas
lift valves, pumps, compressor, and chokes. The couplings
may also be configured to permit the coupled simulators to
take account of flow assurance issues such as wax and hydrate
formation.

An implicit coupling permits simultaneous solution of the
coupled simulators. For example, a coupling can be used to
provide reservoir and the wellbore governing equations. In
some cases, this may be a faster method for performing the
simulations, and provide for sharing of data between the
simulators. In the example shown in FIG. 6, an implicit cou-
pling between reservoir simulator (340c¢) and wellbore simu-
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lator (342b) provides for simultaneous simulation based on
all available data of both simulators.

An explicit coupling may be used to solve reservoir and
wellbore governing equations sequentially in an iterative pro-
cess. With the sequential process, one simulator performs its
simulation before the other simulator begins its simulation. In
this manner, the first simulator can impose boundary condi-
tions onto the next simulator. In the example shown in FIG. 6,
an explicit coupling (350¢) between reservoir simulator
(340c¢) and wellbore simulator (3425) indicates that the res-
ervoir simulator completes its simulation prior to linking to
wellbore simulator (3425). Thus, wellbore simulator (3425)
is impacted by the output of wellbore simulator (340c). In
other words, reservoir simulator (340c) imposes boundary
conditions on the wellbore simulator. The wellbore is then
solved and the reservoir and wellbore pressures and flow rates
are compared. If the flows and pressure are within a given
tolerance, the reservoir and wellbore simulators are consid-
ered balanced.

The selected couplings may also be tight or loose. A tight
coupling provides coupling at a Newton level. Consider a
reservoir simulation at time t,. In order to progress to time t,
the reservoir material balance equations are solved at each
non-linear (Newton) iteration. In order to introduce the
effects of the network on the reservoir model (hydraulic
response, injection, withdrawal), the network is balanced
with the reservoir at a prescribed number of Newtons. For
example, where a reservoir simulator is coupled to a wellbore
simulator using tight coupling, the system may be balanced
using a chosen network balancing method. Reservoir material
balance equations are then solved at the first Newton iteration.
The wellbore and reservoir simulators are then rebalanced.
This process may be repeated as desired.

Tight coupling may be used to balance the reservoir and the
wellbore at the end of the timestep. The network may then be
modelled in reservoir during the coupling process. This may
be used to reduce the effect if well interaction in the reservoir
is significant. Depending on the number of Newtons and
iterations, tight coupling may require a high number of net-
work balancing iterations.

Loose couplings involve a single reservoir network balance
at the start of the timestep. Once a balanced solution has been
achieved, the reservoir may complete its timestep without
further interaction with the network. This is similar to tight
coupling, but with the reservoir simulator initialized to zero.
This type of coupling may be used for coupling multiple
reservoirs, since two reservoirs may take a different number
of Newton iterations to perform the same timestep.

The coupling may be positioned in different locations
about the wellbore. For example, the reservoir-wellbore
simulator coupling may be a bottom-hole, top-hole, or group
coupling. With a bottom-hole coupling, the well completion
is modelled in the reservoir model from sandface to bottom
hole. The well tubing is modelled in the network. This means
that an inflow model in the network well is typically ignored.
The bottom hole may be used to provide more well accurate
modelling (multiphase flow correlations/pressure traverse),
and flow assurance (compositional model/temperature varia-
tions). However, the bottom-hole coupling may provide
unstable region on well curve that causes convergence issues,
involve solving an extra branch per well, require tubing
defined in both reservoir and network, and ignore certain
completion models.

With top-hole coupling, the well completion and tubing is
modelled in the reservoir. The well boundary nodes in the
network take account of this. In the case of the wellbore
simulator, sources or sinks are used to represent wells. Top-
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hole coupling typically provides less branches in network
model, inexpensive well bore lookup in reservoir, and
smoothing in the reservoir VLP curve. However, it may lose
resolution in the well bore calculation, and may not be com-
patible with certain network balancing schemes.

With group coupling, a reservoir well-group representing a
production manifold may be coupled to a source in a network.
The integrated simulator may set a common top-hole pressure
constraint on the wells, and impose a hydraulic response from
the network. A large network may be significantly reduced in
size, but resolution may be lost in the network simulation.

In some cases, there are constraints on the type of coupling,
such as bottom-hole pressure, top-hole pressure, oil rate,
water rate, gas rate, liquid rate, reservoir volume rate. During
the network balancing process, the reservoir and the network
exchange boundary conditions in order to arrive at a con-
verged solution. Once convergence has been achieved, the
reservoir may be instructed to continue to the next timestep.
Atthis point, the oilfield simulator may impose constraints on
the reservoir wells that reflect the conditions of the converged
system.

Other constraints may involve limitations to the simula-
tion. For example, top-hole pressure may not be a valid con-
straint in the case of bottom hole coupling; holding pressure
constant over a long step results may result in a decline in rate
and a pessimistic production forecast; holding rate constant
over a long timestep may result in a pressure decline. These
additional constraints may be included to prevent overly opti-
mistic production forecast, or wells shutting in. While con-
straints may occur at any coupling, these constraints typically
occur along the reservoir/wellbore coupling.

It is desirable to have the oilfield simulator coupled in a
manner that will achieve network balancing within a given set
of constraints. In some cases, production may begin to decline
after a period of steady production. The wells rate control
could be imposed in the reservoir as a well or group limit. It
could also be imposed in the network as a rate limit on a
network branch. After the initial period, the well may start to
decline. This could be a result of insufficient oil production
potential for the well to produce its requirements. In this case,
the reservoir may switch the wells control mode from oil to its
next most stringent control mode. This may be another rate
control (water/gas) or a pressure limit imposed on the well as
a result of network balancing.

One reason for this may be that the system is constrained by
reservoir deliverability. In order to produce the daily require-
ments through the network, the minimum reservoir pressure
(P,) may be required to be greater than or equal to the
network pressure (P,). As fluid is withdrawn from the reser-
voir, the reservoir pressure typically declines. When P, <P,,
the network may be cut back in order to increase flow. In such
a case, the system is constrained by network deliverability.

Network balancing may be performed to select the opti-
mum operating conditions. Each time a simulator asks the
network to solve, it must decide what boundary conditions to
pass to the network. The type of network model and the
network balancing strategy chosen by the user determine the
basis for this decision.

The network type may be automatically determined by the
oilfield simulator. The network is determined by considering
boundary conditions and additional fluid characterization
data that are passed from oilfield simulator to the network.
Depending on the type of network, a boundary condition may
be specified. For example, black oil production may have a
boundary condition for Stock tank rates or Linear IPR (single
phase), GOR, and watercut. Compositional production may
have a boundary condition for mass rate and mole fractions,
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or mass IPR, and mole fractions. Water injection may have a
boundary condition of stock tank water rate or water injec-
tivity pressure flow relationship. Black oil injection may have
a boundary condition of stock tank gas rate or gas injectivity
pressure flow relationship. Compositional injection may have
aboundary condition of mass rate or mass injectivity pressure
flow relationship. Other networks and corresponding bound-
ary conditions may be defined.

The network may have further defined types of couplings,
such as rate base, fast P1, chord slope, and obey reserve limits.
Rate based coupling is the simplest form of coupling a reser-
voir to a network. This type of coupling specifies rates in the
network and imposes pressure limits on the reservoir. With
this type of coupling, the oilfield simulator transfers rate-
based boundary conditions to the network.

Based on the integrated simulation method described
above, an optimization workflow uses the integrated models
that combines the reservoir model with the surface facility
network model and the process plant model to define the
optimum MWAG cycle.

FIG. 7A is a graph (400q) illustrating the case where a
reservoir well is coupled to a network well without rate con-
straint. In this case, the reservoir well should produce up to
the pressure limit supplied by the hydraulic response of the
network model. This requires the network balancing process
to iterate to find the intersection of the reservoir inflow curve
and the network well performance curve. To achieve this
balancing, the following steps may be performed

The reservoir well model is queried for its pressure and
flow (P1 and Q1) this give us point 1 on the reservoir
inflow curve.

The rate, Q1, is set as the boundary condition to the net-
work, which solves to find point 2—the first point on the
well curve.

Pressure P2 is set as a limit in the reservoir well model,
which is solved to give point 3.

The resulting rate, Q4, is set in the network to find point 4.

This process may be repeated until the reservoir and net-
work pressure and flow values are within a given tolerance.

In FIG. 7A, the rate based balancing process has taken
multiple iterations to find a solution. This is because the
system is constrained by network backpressure. As a result,
the algorithm must home in on the curve intersection (i.e.
converge both pressure and flow rate).

FIG. 7B illustrates a system where the reservoir well
coupled to a network well is rate constrained in the reservoir.
The reservoir inflow curve is limited to a specific value—
Qi The system operates at this limit as long as the pressure
constraint imposed on the well does not exceed a maximum
threshold denoted by P,,, ...

The rate based coupling algorithm deals with this situation
as follows:

The well model is queried for its operations conditions and

will return Qlimit and Pmas.

Qlimit is set as a constraint in the network. The network
solves are returns a pressure (Pn) and flow (Qn=Qlimit).

As Pn<Pmax, the system is considered to be converged.

The converged system is achieved here in a single iteration.
This is because an assumption is made that the positive pres-
sure difference between the reservoir pressure (P,,,,,) and the
network pressure (P,)) can be taken up by a network choke.

FIG. 8 shows how the fast PI method finds a solution. The
fast PI method is a non-iterative network balancing process.
This coupling has linear IPR’s that are specified in the net-
work, and the rate limits are imposed on the reservoir. The
network balancing is a three-step process. These steps are:
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Query the reservoir for the well linear IPR curve at the

current operating point.

Pass the IPR as a boundary condition to the network simu-

lator and solve for network pressure and flow.

Set the flow rate calculated by the network simulator in the

reservoir.

The method relies on the network to perform the rate allo-
cation. So any rate limits should be imposed at the network
level. Because the balancing algorithm sets rates in the res-
ervoir, existing reservoir rate targets and limits are obeyed. In
order to impose flow rate constraints on the system, rate
constraints are imposed on the network model.

At the start of the timestep, the linear IPR for the well is
queried. This will be the tangent to the well curve at its current
operating pressure and flow rate. This IPR is passed to the
network, which solves for point 2. The corresponding flow
rate is set in the reservoir. This balancing scheme is non-
iterative. The rate from the network is taken as the updated
operating point. There is no test for convergence. In some
cases, material may be balanced, while pressure may not. It
may possible to improve the accuracy of this method by
performing fast PI balances at multiple Newton iterations,
usually if a single reservoir is coupled. The fast PI coupling is
non-iterative, and robust. However, it may prohibit reservoir
based well management, and may be inaccurate since only
rate is balanced.

FIGS.9A, 9B, and 9C contain graphs illustrating the chord
slope scheme. The chord slope scheme sets a chord slope of
rates and PI taken from the reservoir model in the network.
This coupling specifies either rates or IPR’s in the network
and imposes pressure limits on the reservoir. It aims to work
with any pre-existing well and group controls in the reservoir
models, as wells as imposing network back pressure.

The algorithm adapts itself to the reservoir by considering
the last two operating points on the reservoir IPR. This means
that non-linear behavior in the IPR (e.g. effects of skin factors
or well/group constraints) can be passed to the network. To
obtain information on how the IPR changes, at least two

network balancing iterations are typically performed. 40  Setrate based boundary conditions and solve the network.
FIGS. 9A and 9B consider a coupled reservoir to network This results in point 2.
simulation with two distinct sets of well management con- The resulting network pressure is set in the reservoir and
trols. FIG. 9A depicts a Network Constrained System. A the well model is solved to give point 3.
reservoir simulation containing 20 wells fed into a common The reservoir cannot flow at the given pressure and is shut
manifold (group). The reservoir wells are coupled to a net- 45 in the reservoir.
work model. The wells in the reservoir are controlled on At this point, the Well Revival logic build into the coupling
bottom hole pressure (no well or group rate control). The algorithm comes into effect.
network contains the sink pressure specification and a given Any wells that have been “temporarily” shut as a result
sink rate limit. In this case, the wells are controlled by the of a network imposed pressure constraint are revived
network back-pressure imposed on the reservoir. 50 in the reservoir.
Query the initial operating conditions of the reservoir wells The revival limit may be set by the user to avoid exces-
to obtain point 1 on the IPR. sive iterations.
Pass the boundary conditions to the network. This may be: If the revival limit is exceeded, the well is permanently
Rate (shown in figure) shut in the reservoir.
Linear PI Queried from well model 55 A linear PI is constructed using points 1 and 3. This is
The network is solved to obtain point 2 on the well curve. passed to the network as a boundary condition.
The network pressure is set in the reservoir. The network solves and returns point 4.
The well model is solved and queried to return point 3. The resulting network pressure is set in the reservoir and
A Linear PI is constructed using the last two operating the well model is solved to give point 5.
points on the IPR. 60  Ifthe flowrates are different, the algorithm will use the last
The P is passed to the network, which solves to give point two operating points to construct a PI, or, if they are the
4. same, a constant rate. In the limiting case of no flow, the
Steps 4 through 7 are repeated until convergence is PI is constructed using the current operating point and
achieved. the last flowing operating point. In this case, the linear PI
At subsequent timesteps, the boundary condition passed to 65 is constructed using points 5 and point 1.
the network on the first timestep is the PI calculated at the The PI is passed to the network and solved for point 6
convergence solution at the previous timestep. where the system reaches convergence.
Profrac Ho'ding Corporation PGR2023-00023 Ex. 1019, P. 25 of 31
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FIG. 9B depicts a graph of a Reservoir Constrained Sys-
tem. The wells are controlled using the reservoir group con-
trol target limit. Underlying wells operate up to an allocated
quantity based on their production potential and the group
target. The network models are restricted based on the sink
pressure. In this case, the wells are controlled by the reservoir
well controls—assuming the reservoir has sufficient pressure
to support the flow through the network.

Query the initial operating conditions of the reservoir wells

to obtain point 1 on the IPR.

Pass the boundary conditions to the network. This may be:
Rate
Linear PI Queried from well model (shown in figure)

The network is solved to obtain point 2 on the well curve.

The network pressure is set in the reservoir.

The well model is solved and queried to return point 3.
Note that this is on the constant rate section of the IPR.

A Linear PI is constructed using the last two operating
points on the IPR.

The P is passed to the network, which solves to give point
4.

The resulting network pressure is passed to the reservoir to
point 5.

The algorithm detects that points 3 and 5 have the same
flowrate—indicating the well is operating under a rate
control imposed by the reservoir.

The network is specified with a constant rate boundary
condition and solved.

Assuming the reservoir pressure is greater than the network
pressure, the well is considered to be converged.

As the reservoir simulation marches through time, with-

drawal will result in pressure decline.

FIG. 9C depicts a graph of a wellbore operation with a
Reduced Reservoir Pressure. This graph shows a well curve
intersecting with an IPR curve, which is significantly flatter
than in previous figures. This is meant to illustrate reduced
reservoir pressure.

Query the initial operating conditions of the reservoir wells

to obtain point 1 on the IPR.
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If may be necessary to perform well revivals until a con-
vergence solution is achieved. This can result in increased run
times and, in some case, unnecessary wells shutting. This
typically provides accurate, iterate coupling to ensures pres-

22

Couplings are established between the selected simulators
(Step 1006). These couplings are specified according to the
type of coupling desired for the specific flow diagram. As
shown in FIG. 6, couplings (352a), (352b), (354), and (356)

sure and rate convergence, and obeys various simulator con- 5 are general ngde couplings. Couplings (3503 3505, 3500) are
straints simultaneously. However, this process is iterative and special couplings. For example, the coupling may involve
may be slower. Also, wells may shut in due to insufficient ~ c0UPling a reservoir simulator with functionality to model
FeSErVOir pressure. fluid injection and/or Pe‘rfor‘m thru-tm'le analysis is selected
Another coupling configuration that may be used is the for modeling MWAG injection operation.
O . . : . 10 Thecoupled simulators are then formatted (Step 1008). For
obey reservoir limits. This coupling specifies rates in the . .
. AR . example, the coupled reservoir and wellbore simulators are
network, and imposes rate limits in the reservoir. The well defined b i E .
. . .. . . efined as bottom-hole, top-hole, or grouped couplings.
management available in the reservoir simulator is extensive. B the surf: twork 1 e
; : . . ecause the surface network, process and economics simu
The aim of th,ls mth,O dis .to allow areservour to be coupled to lators are general couplings, no such definition is required.
a netwqu Wlﬂ} minimal intervention as a result of ne.twork 15 The processing setup for the oilfield simulator is then set
constraints. This may be done to ensure that the reservoir well (Step 1009). Setup parameters may include, for example,
management controls are obeyed whilst avoiding the well time frame, frequency, display, etc., and be used to determine,
shut-in problems, such as those that may occur with the Chord for example, start time, end time, and reporting frequency
Slope method. during simulation runs.

The coupled network may only be pressure specifiedatthe 20  The oilfield simulator is then performed (Step 1010). As
export note. This method does not contain rate constraints. shown in the configuration of FIG. 6, the reservoir simulation
The obey eclipse coupling algorithm work as shown below: will solve first. The simulation model and the well/network

The well model is queried for its operating point. model iterate until they come to a common solution for the

Constant rate boundary condition are sent to the network deliverability of each well within a pre-defined tolerance. The
and it is solved. 25 results from the network are then sent to the process simula-

If any network well pressures are greater than the respec- tor, which then solves the plant operations defined therein.
tive reservoir well pressure, the well must be cut back. The economics simulator is then linked to any model that
A relaxation parameter is calculated for the well based generates a production forecast.

on the difference pressure difference. Results and/or reports are generated as desired (Step 1012).
The reservoir well is cut back using the relaxing param- 30 As the oilfield simulator runs, status messages and/or results
eter (0<r<1) of underlying simulators may be displayed. Interim and/or

The well model is solved with the new rate. final results may be selectively generated.

Steps 1-4, detailed immediately above, are repeated until The results may be used to adjust changes in the oilfield
no well violate the pressure limit imposed by the net- simulator, for example, in modeling MWAG injection opera-
work. 35 tion (Step 1014). If the simulator is not providing results as

The reservoir continues to the next timestep. desired, or if other data suggests a problem, the simulator may

The primary difference between other coupling method be adjusted. For example, the coupling or constraints defined
and this method is what is set in the reservoir. for the simulation may be altered.

FIG. 10 depicts a method of producing fluids from an The oilfield operation, for example, the MWAG injection
oilfield, such as the oilfield of FIG. 1. This method involves 40 operation, may also be adjusted (Step 1016). The simulators
the selective linking of simulators throughout the oilfield to may provide information indicating problems at the wellsites
predict and/or control oilfield operations. that require action. The simulators may also indicate that

Data is gathered from the oilfield operation (Step 1001). In adjustments in the oilfield operation may be made to improve
some cases, this data is historical data based on similar oil- efficiency, or correct problems. Well management strategy
field operations, similar geological formations, or applicable 45 may be adjusted to define different development scenarios to
scenarios. User inputs may be provided based on known be included in the integrated simulation run.
parameters, such as sampling of formation fluid. Data may FIG. 11 is a flowchart depicting a method for optimizing
also be collected from sensors positioned about the oilfield as the oilfield operation considering the reservoir uncertainty
shown in FIG. 5. Data may be stored in memory and accessed and/or financial uncertainty.
as needed to perform the simulations herein. 50  As shown in FIG. 10 above, optimal operations of an oil-

The method involves selecting simulators for the oilfield field may be modeled using selectively coupled simulation
(Step 1002). A variety of simulators may be selected to define under the assumption that every parameters are deterministi-
the oilfield simulation, such as the reservoir simulators (340a, cally known, for example based on oilfield parameters mea-
3405, 340c), wellbore simulators (342a, 342b), surface net- sured using sensors positioned about the oilfield as shown in
work simulator (344), process simulator (346) and economics 55 FIG. 3. In some examples, the fraction of oil extracted or a net
simulator (348) of FIG. 6. For example, the reservoir simu- present value (NPV) of the oil produced may be maximized,
lator (340a) may include functionality to model fluid injec- or the water production may be minimized by optimally con-
tion and/or perform thru-time analysis is selected for model- trolling various operational variables (e.g., oilfield control
ing MWAG injection operation. parameters) while accounting for physical constraints (or

The selected simulators are positioned along a flow path 60 reservoir constraints, e.g., single well production or pump/
(Step 1004). This brings the oilfield simulation into a process valve limitation) and economic constraints (or financial con-
flow diagram format as shown in FIG. 6. The connections are straints, e.g., drilling, logging, or stimulation costs). How-
preferably established to provide a sequence for the flow of ever, the presence of physical and/or economic uncertainties
production through the flow diagram. As shown in FIG. 6, the elevates the problem of optimization to a level of a risk-
production fluid flows from reservoir simulator, to wellbore 65 management problem. The method depicted in FIG. 11
simulator, to surface network simulator to process simulator, encompasses elements to perform reservoir optimization
and to the economics simulator. under uncertainty and provides the risk analysis for decision
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making. In addition, optimization is performed with the res-
ervoir simulation selectively coupled to the rest of the pro-
duction and/or injection systems so that the optimization
takes into account all of the interdependencies of the different
segments/models of the production and injection system of
the oilfield. For example, the interdependency between dif-
ferent models of the production system may be that the
amount of miscible gas available for MWAG injection into
the reservoir model is determined by the output of the gas
separation process in the process facility model. Furthermore,
the physical constraints defined in each of the different seg-
ments/models of the full production and injection system may
be honored by the optimizer within the selectively coupled
simulators. For example, the physical constraint may be
imposed by the process facility having a maximum capacity
for handling gas produced from the field, or even be imposed
by the condition that there is no capability for processing and
transporting gas so that all gas produced must be flared,
consumed as fuel, or re-injected into the reservoir.

—_

0

—

N
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be obtained from oil future and option contract prices in the
market place such as the New York Mercantile Exchange.

As an example, m uncertainty parameters may be identi-
fied. Each uncertainty parameter may have n probable values
in the probability distribution. The combination yields as
many as N=n"" model realizations. Each of these N model
realizations may be performed using the selectively coupled
simulators described in FIG. 6 above. As these N model
realizations represent independent models, the modeling may
be performed concurrently by distributing the simulation/
calculations to various computer processors such as a shared-
memory multiple-processor computer, a cluster of proces-
sors, or a network of independent computers. A performance
measure may be generated by the selectively coupled simu-
lators for each of these N model realizations. An estimated
performance may then be generated based on a statistical
function of these N performance measures.

In one example, the performance measure may be a net

As shown in FIG. 11, initially a risk aversion factor is 20 present value (NPV) of the reservoir, for example a post-tax
selected (Step 1102). The risk aversion factor may reflect a NPV or a post-royalty NPV. The estimated performance may
preference of an oilfield decision maker toward risk level be formulated as a parameterized function F, based on the
involved with the reservoir and/or financial uncertainties. risk aversion factor, which is represented here by the param-
Next, an oilfield control parameter is set to a predetermined eter . An example of the parameterized function may be
value (Step 1104). For example, the oilfield control parameter 25 formulated as F, =u—A\*o, where 1 and o represent a weighted
may be an input to an oilfield simulator such as a wellsite average and a standard deviation, respectively, of the perfor-
simulator and/or a non-wellsite simulator described in FIG. 5 mance measure NPV generated by the selectively coupled
above. In some examples, the oilfield control parameter, such oilfield simulators over N model realizations based on the
as liquid-flow rates at various completions, flow-head pres- probability distribution. This parameterized function may
sure, and other action parameters may be monitored by a 30 imply a maximization of the mean NPV simultaneously with
sensor positioned in the oilfield. Using the method depicted in a variable-importance minimization of the associated stan-
FIG. 6, the oilfield simulators may be selectively coupled dard deviation, depending on the risk aversion factor A. A set
using coupling mechanisms described in FIGS. 7-9 (Step of A may determine, in the (1, 0) space, an envelope (referred
1106). The couplings may also be constrained as described in to as efficient frontier) that maximizes p for a given o or
FIG. 6 above based on the reservoir constraints and/or the 35 minimizes o for a given p.
financial constraints. Some inputs to the oilfield simulators As the oilfield control parameter is set to various predeter-
may be uncontrollable and may not be monitored by the mined values in Step 1104, the estimated performance is a
oilfield sensors, therefore are unknown and present uncertain- function of the oilfield control parameter. Given a selected
ties to the decision making concerning oilfield operations. risk aversion factor, the Steps 1104-1110 may be iterated to
Such an uncertainty parameter may be identified (Step 1108). 40 identify an optimal value of the oilfield control parameter that
The uncertainty parameter may be the reservoir uncertainty optimizes the estimated performance (Step 1112). As the
(e.g., the pore volume, the fault transmissibilities, the estimated performance is formulated as a parameterized
regional or field-wide permeability or porosity, or the produc- function based on the risk aversion factor A, the optimal value
tion index of the aquifer supporting the water displacement of the oilfield control parameter is also a function of the risk
for oil production, etc.) or the financial uncertainty (e.g., oil 45 aversion factor A.
price or discount rate, etc.) The Steps 1102-1112 may be repeated to generate optimal

The uncertainty parameter may be modeled in many dif- values of the oilfield control parameter and the corresponding
ferent ways to generate an estimated performance of the estimated performances for a set of selected risk aversion
oilfield operation (Step 1110). For example, the uncertainty factors. A desired risk aversion factor is then determined, for
parameter may be modeled based on historical data, expert 50 example based on a preference of decision maker for the
knowledge, experiments, analysis, or other appropriate meth- oilfield operation (Step 1114). From the risk management
ods. In some examples, the uncertainty parameter may be point of view, the various selected risk aversion factors may
modeled by high/low values or high/low/median values of approximate a percentage confidence level, for example, in
equal probabilities. Alternatively, a probability distribution the case where the NPV values form a normal distribution. In
may be obtained for the uncertainty parameter, in which case 55 one example, considering the risk aversion factor A=0, there
the uncertainty parameter may have a range of probable val- would be a 50% probability that a realized NPV will be
ues each associated with a probability. The probability distri- greater than F =1, which is the weighted average. Therefore,
bution may be a normal distribution, a log normal distribu- the best median (or 50% confidence level) may be obtained by
tion, or other possible distributions. In other examples, the oil maximizing F,. In another example, considering the risk
market price and oil production cost as uncertainty param- 60 aversion factor A=1, there would be an 84% probability thata
eters may be modeled in many different ways such as constant realized NPV will be greater than F,=p—-o. Therefore, the
oil price and cost with a selected discount rate, exponentially optimum 84% confidence level may be obtained by maximiz-
varying oil price and cost with different drifts for oil, gas, and ing F,. In the case where NPV values are not normally dis-
cost, risk-neutral process for oil price with constant drift, tributed, the 84% confidence level is maximized somewhere
volatility, and discounting at a risk-free rate, or risk-neutral 65 along the efficient frontier, though not necessarily at the risk
process for oil price that is mean-reverting with a time-de- aversion factor A=1. With a sufficiently large number N of
pendent drift. Parameters of these risk-neutral processes may model realizations, the 84% level may be determined for each
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value of the risk aversion factor A and the desired risk aversion
factor may be determined accordingly.

FIG. 12 is a flowchart depicting a method for managing the
oilfield operation based on the optimization loop of FIG. 11.

As shown in FIG. 11 above, optimal operations (e.g., an
injection operation) of an oilfield (e.g., an injection operation)
may be modeled with consideration of reservoir and/or finan-
cial uncertainties. The optimal oilfield control parameters
(e.g., water injection rate per zone, gas injection rate per zone,

26
(Steps 1201, 1202, 1203, 1204, 1205, 1207, and 1209) is
triggering event driven and may be performed at a medium
frequency ranging, for example from daily to monthly.

In some examples, the user may determine a new optimi-
zation loop may be required, for example, different control
parameters may be identified, different probability distribu-
tion or different risk aversion factors may be used, etc. The
optimization loop may then be re-configured accordingly.
This may be done for the long term planning of the oilfield at

time of water injection per zone, time of gas injection per 10 a low frequency ranging, for example from months to years.
zone, etc.) may be determined by performing the optimiza- The steps of portions or all of the process may be repeated
tion loop depicted in FIG. 11 based on a set of probability as desired. Repeated steps may be selectively performed until
distribution of uncertainty parameter values (Step 1201). The satisfactory results achieved. For example, steps may be
modeling may be subject to constraints of the oilfield, such as repeated after adjustments are made. This may be done to
well constraints (e.g., flow velocity at a downstream choke 15 update the simulator and/or to determine the impact of
may be constraint for erosion management), reservoir con- changes made.
straints, financial constraints, etc. Some of these constraints The data input, coupling, layout, and constraints defined in
may be applied to the coupling in the modeling depicted in the simulation provide flexibility to the simulation process.
FIG. 6 above. With the optimal oilfield control parameters These factors of the various simulators are selected to meet
determined by the optimization loop of FIG. 11, the oilfield 20 the requirements of the oilfield operation. Any combination
operations are then performed (Step 1202). As the modeling of simulators may be selectively linked to create the overall
of the oilfield operations in the optimization loop depends on oilfield simulation. The process of linking the simulators may
the probable values of the uncertainty parameters, the actual be re-arranged and simulations repeated using different con-
oilfield operation may deviate from the modeling prediction. figurations. Depending on the type of coupling and/or the
Certain monitoring criteria (e.g., based on the severity of the 25 arrangement of simulators, the oilfield simulation may be
deviation) may be set up for monitoring the real-life opera- selected to provide the desired results. Various combinations
tions performance (e.g., reservoir pressure, well rate, or other may be tried and compared to determine the best outcome.
production data) of the oilfield against the modeling predic- Adjustments to the oilfield simulation may be made based on
tion (Step 1203). If the deviation is within the monitoring the oilfield, the simulators, the arrangement and other factors.
criteria, the oilfield operation continues to be performed in the 30 The process may be repeated as desired.
monitoring loop (Steps 1202 and 1203). The monitoring loop It will be understood from the foregoing description that
may be performed at a high frequency, for example, on daily various modifications and changes may be made in the pre-
or hourly basis to handle automated oilfield workflows thus ferred and alternative embodiments of the present invention
alleviating production engineers and reservoir engineers without departing from its true spirit. For example, the simu-
from routine calculations to focus on analysis (e.g., per- 35 lators, couplings, and arrangement of the system may be
formed in Step 1205) for managing the oilfield. selected to achieve the desired simulation. The simulations
If the deviation exceeds the monitoring criteria in Step may be repeated according to the various configurations, and
1203, then a decision is made as to whether prior attempts to the results compared and/or analyzed. The uncertainty
control the deviation failed thus an alarm is to be generated parameters may be modeled in many different ways resulting
(Step 1204). If the decision in Step 1204 is “NO”, then an 40 in various different number of model realizations. The per-
adjustment (e.g., choke positions of each wells) of the oilfield formance measure and estimated performance may be formu-
control parameter is determined using the coupled simulation lated as desired depending on the associated decision making
method (e.g., as described in FIG. 6 above) to model the process.
deviation and corresponding corrective actions (Step 1206). This description is intended for purposes of illustration
The adjustment is then fed into the oilfield operation as a 45 only and should not be construed in a limiting sense. The
control loop (Step 1202, 1203, and 1206). The control loop scope of this invention should be determined only by the
may be performed at a higher frequency, for example every 15 language of the claims that follow. The term “comprising”
minutes as long as the deviation exceeds the monitoring cri- within the claims is intended to mean “including at least” such
teria. that the recited listing of elements in a claim are an open
If the decision in Step 1204 is “YES”, then an alarm is 50 group. “A,” “an” and other singular terms are intended to
generated, which triggers an analysis to be performed (Step include the plural forms thereof unless specifically excluded.
1205). The alarm may be received by a user in many different What is claimed is:
ways, for example, via email, through a task manager, or 1. A method for performing operations of an oilfield having
through a visualization window. The analysis may require at least one process facility and at least one wellsite opera-
human intervention (e.g., of the production engineers or res- 55 tively connected thereto, each at least one wellsite having a
ervoir engineers) and may involve predefined workflows, wellbore penetrating a subterranean formation for extracting
instructions given as best practices, or other guidelines based fluid from or injecting fluid to an underground reservoir
on the triggering event. For example, the user may determine therein, the method comprising:
that the alarm is a false alarm (Step 1207) leading to an selectively coupling a plurality of oilfield simulators com-
adjustment of the monitoring criteria (Step 1208), in which 60 prising a first oilfield simulator and a second oilfield
case the oilfield operations may return to the monitoring loop simulator according to a predefined configuration, each
(Steps 1202 and 1203). In another example, the user may oilfield simulator modeling at least a portion of the oil-
determine that the alarm is not a false alarm and the optimi- field, wherein the first oilfield simulator inputs an oil-
zation loop may need to be adjusted (Step 1209), in which field control parameter;
case the constraints, the control parameters, and/orthe uncer- 65  coupling a production system to the plurality of oilfield
tainty parameters may be adjusted and the optimization loop simulators, wherein the production system receives data
(Step 1201) re-performed accordingly. The analysis loop collected during the operations of the oilfield;
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identifying, an uncertainty parameter associated with a
plurality of probable values each corresponding to a
weighted probability, wherein the second oilfield simu-
lator inputs the uncertainty parameter;

modeling the operations of the oilfield to generate an esti-
mated performance by selectively communicating
between the plurality of oilfield simulators, wherein the
operations of the oilfield is modeled with a predeter-
mined value of the oilfield control parameter and at least

28

wherein the operations of the oilfield is modeled concur-
rently for at least a portion of the n™ times.

6. The method of claim 1, further comprising:

performing analysis according to the monitoring result,
wherein the analysis is performed by selectively com-
municating between the plurality of oilfield simulators
in an analysis loop; and

adjusting based on the analysis at least one selected from a
group consisting of a criteria for generating the moni-

- . 10 toring result, a constraint associated with the operations
one of the Plurahty of probable values of the uncertainty of the oilfield, the oilfield control parameter, and the
. pal.‘an.leter, . . . . uncertainty parameter.
1dent1fy1ng, using t,h e‘plu.rahty of 011ﬁelq simulators con- 7. The method of claim 1, wherein the oilfield operation is
ﬁ?%“red in an optimization loop, an OPUm?l value of the an injection operation comprising at least one selected from a
oilfield control parameter based on the estimated perfor- group consisting of water injection, natural gas injection,
mance; polymer injection, steam injection, carbon dioxide injection,
monitoring, using the production system coupled to the  gyrfactant injection, Miscible Water Alternating Gas
plurality of oilfield simulators, the operations of the (MWAG) injection, and combinations thereof.
oilfield performed in a monitoring loop to monitor the 8. A method for performing operations of an oilfield having
data collected during the operations of the oilfield, 20 at least one process facility and at least one wellsite opera-
wherein the operations of the oilfield is performed using tively connected thereto, each at least one wellsite having a
the optimal value of the oilfield control parameter; wellbore penetrating a subterranean formation for extracting
detecting a deviation between the operations of the oilfield fluid from or injecting fluid to an underground reservoir
and an optimal estimated performance to generate a therein, the method comprising:
monitoring result, wherein the optimal estimated perfor- 25 selectively coupling a plurality of oilfield simulators com-
mance is determined from the optimal value of the oil- prising a first oilfield simulator and a second oilfield
field control parameter; simulator according to a predefined configuration, each
receiving, in response to the deviation exceeding a pre- oilfield simulator modeling at least a portion of the oil-
determined criterion, an adjusted weighted probability field, wherein the first oilfield simulator inputs an oil-
of the at least one of the plurality of probable values of 30 field control parameter;
the uncertainty parameter; coupling a production system to the plurality of oilfield
determining, by selectively communicating between the simulators, wherein the production system receives data
plurality of oilfield simulators, an adjusted optimal value collected during the operations of the oilfield;
of the oilfield control parameter based on the adjusted identifying an uncertainty parameter associated with a plu-
weighted probability; and 35 rality of probable values each corresponding to a
modifying the operations of the oilfield based on the weighted probability, wherein the second oilfield simu-
adjusted optimal value of the oilfield control parameter. lator inputs the uncertainty parameter;
2. The method of claim 1, modeling the operations of the oilfield to generate a first
wherein at least one of the plurality of oilfield simulators estimated performance by selectively communicating
receives data from sensors positioned about the oilfield, 40 between the plurality of oilfield simulators, wherein the
wherein the sensors measure parameters of the operations operations of the oilfield is modeled with a first prede-
of the oilfield, and termined value of the oilfield control parameter and a
wherein the parameters comprise the oilfield control first probable value of the plurality of probable values of
parameter. the uncertainty parameter;
3. The method of claim 1, 45 modeling the operations of the oilfield to generate a second
wherein the oilfield control parameter comprises at least estimated performance by selectively communicating
one selected from a group consisting of liquid-flow rate, between the plurality of oilfield simulators, wherein the
flow-head pressure, and trigger action parameter, and operations of the oilfield is modeled with a second pre-
wherein the uncertainty parameter comprises at least one determined value of the oilfield control parameter and a
selected from a group consisting of pore volume, fault 50 second probable value of the plurality of probable values
transmissibility, permeability, porosity, productivity, oil of the uncertainty parameter;
price, and discount rate. identifying, using the plurality of oilfield simulators con-
4. The method of claim 1, further comprising: figured in an optimization loop, an optimal value of the
assessing economics of the operations of the oilfield based oilfield control parameter by comparing the first esti-
on the optimal value of the oilfield control parameter, 55 mated performance and the second estimated perfor-
wherein the estimated performance is generated based on a mance;
net present value function of the plurality of oilfield monitoring, using the production system coupled to the
simulators. plurality of oilfield simulators, the operations of the
5. The method of claim 1, oilfield performed in a monitoring loop to monitor the
wherein the operations of the oilfield is modeled n™ times 60 data collected during the operations of the oilfield,
for the predetermined value of the oilfield control wherein the operations of'the oilfield is performed using
parameter, the optimal value of the oilfield control parameter;
wherein the uncertainty parameter is one of a plurality of detecting a deviation between the operations of the oilfield
uncertainty parameters, m representing a number of the and an optimal estimated performance to generate a
plurality of uncertainty parameters, 65 monitoring result, wherein the optimal estimated perfor-
wherein n represents a number of the plurality of probable mance is determined from the optimal value of the oil-
values of the uncertainty parameter, and field control parameter;
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receiving, in response to the deviation exceeding a pre-
determined criterion, an adjusted weighted probability
of the at least one of the plurality of probable values of
the uncertainty parameter;

determining, by selectively communicating between the
plurality of oilfield simulators, an adjusted optimal value
of the oilfield control parameter based on the adjusted
weighted probability; and

modifying the operations of the oilfield based on the

30

mined value of the oilfield control parameter and at least
one ofthe plurality of probable values of the uncertainty
parameter;

identifying, using the plurality of oilfield simulators con-
figured in an optimization loop, an optimal value of the
oilfield control parameter based on the estimated perfor-
mance;

selecting a risk aversion factor represented by a parameter
A, wherein the estimated performance comprises a

adjusted optimal value of the oilfield control parameter. 10 parameterized function F, based on A, wherein the opti-
9. The method of claim 8, wherein the first estimated per- mal value of the oilfield control parameter is a function
formance and the second estimated performance are gener- of A;
ated concurrently. determining a desired risk aversion factor based on the
10. The method of claim 8, s parameterized function F, ;
wherein at least one of the plurality of oilfield simulators performing the operations of the oilfield based on the
receives data from sensors positioned about the oilfield, desired risk aversion factor;
wherein the sensors measure parameters of the operations monitoring, using the production system coupled to the
of the oilfield, and plurality of oilfield simulators, the operations of the
wherein the parameters comprise the oilfield control 20 oilfield performed in a monitoring loop to monitor the
parameter. data collected during the operations of the oilfield,
11. The method of claim 8, wherein the operations of the oilfield is performed using
wherein the oilfield control parameter comprises at least the optimal value of the oilfield control parameter;
one selected from a group consisting of liquid-flow rate, detecting a deviation between the operations of the oilfield
flow-head pressure, and trigger action parameter, and 25 and an optimal estimated performance to generate a
wherein the uncertainty parameter comprises at least one monitoring result, wherein the optimal estimated perfor-
selected from a group consisting of pore volume, fault mance is determined from the optimal value of the oil-
transmissibility, permeability, porosity, productivity, oil field control parameter;
price, and financial uncertainty. receiving, in response to the deviation exceeding a pre-
12. The method of claim 8, 30 determined criterion, an adjusted weighted probability
wherein the plurality of oilfield simulators comprise at of the at least one of the plurality of probable values of
least one selected from a group consisting of a reservoir the uncertainty parameter;
simulator, a wellbore simulator, a surface network simu- determining, by selectively communicating between the
lator, a process simulator, and an economics simulator. plurality of oilfield simulators, an adjusted optimal value
13. The method of claim 8, further comprising: 35 of the oilfield control parameter based on the adjusted
performing analysis according to the monitoring result, weighted probability; and
wherein the analysis is performed by selectively com- modifying the operations of the oilfield based on the
municating between the plurality of oilfield simulators adjusted optimal value of the oilfield control parameter.
in an analysis loop; and 15. The method of claim 14,
adjusting based on the analysis at least one selected froma 40  wherein F,=p-A*o,
group consisting of a criteria for generating the moni- wherein |1 represents a weighted average of a performance
toring result, a constraint associated with the operations measure generated by the plurality of oilfield simulators
of the oilfield, the oilfield control parameter, and the based on the plurality of probable values of the uncer-
uncertainty parameter. tainty parameter, and
14. A method for performing operations of an oilfield hav- 45  wherein o represents a standard deviation of the perfor-
ing at least one process facility and at least one wellsite mance measure.
operatively connected thereto, each at least one wellsite hav- 16. The method of claim 14,
ing a wellbore penetrating a subterranean formation for wherein at least one of the plurality of oilfield simulators
extracting fluid from or injecting fluid to an underground receives data from sensors positioned about the oilfield,
reservoir therein, the method comprising: 50  wherein the sensors measure parameters of the operations
selectively coupling a plurality of oilfield simulators com- of the oilfield,
prising a first oilfield simulator and a second oilfield wherein the parameters comprises the oilfield control
simulator according to a predefined configuration, each parameter,
oilfield simulator modeling at least a portion of the oil- wherein the oilfield control parameter comprises at least
field, wherein the first oilfield simulator inputs an oil- 55 one selected from a group consisting of liquid-flow rate,
field control parameter; flow-head pressure, and trigger action parameter, and
coupling a production system to the plurality of oilfield wherein the uncertainty parameter comprises at least one
simulators, wherein the production system receives data selected from a group consisting of pore volume, fault
collected during the operations of the oilfield, transmissibility, permeability, porosity, productivity, oil
identifying an uncertainty parameter associated with a plu- 60 price, and discount rate.
rality of probable values each corresponding to a 17. The method of claim 14, further comprising:
weighted probability, wherein the second oilfield simu- performing analysis according to the monitoring result,
lator inputs the uncertainty parameter; wherein the analysis is performed by selectively com-
modeling the operations of the oilfield to generate an esti- municating between the plurality of oilfield simulators
mated performance by selectively communicating 65 in an analysis loop; and
between the plurality of oilfield simulators, wherein the adjusting based on the analysis at least one selected from a
operations of the oilfield is modeled with a predeter- group consisting of a criteria for generating the moni-
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toring result, a constraint associated with the operations
of the oilfield, the oilfield control parameter, and the
uncertainty parameter.

18. A non-transitory computer readable storage medium,
embodying instructions executable by a computer to perform
method steps for performing operations of an oilfield having
a subterranean formation with at least one reservoir posi-
tioned therein, the instructions comprising functionality for:

selectively coupling a plurality of oilfield simulators com-

32

a subterranean formation with at least one reservoir posi-
tioned therein, the instructions comprising functionality for:
selectively coupling a plurality of oilfield simulators com-
prising a first oilfield simulator and a second oilfield
simulator according to a predefined configuration, each
oilfield simulator modeling at least a portion of the oil-
field, wherein the first oilfield simulator inputs an oil-
field control parameter;
coupling a production system to the plurality of oilfield
simulators, wherein the production system receives data

prising a first oilfield simulator and a second oilfield 10 collected during the operations of the oilfield;
simulator according to a predefined configuration, each identifying an uncertainty parameter associated with a plu-
oilfield simulator modeling at least a portion of the oil- rality of probable values each corresponding to a
field, wherein the first oilfield simulator inputs an oil- weighted probability, wherein the second oilfield simu-
field control parameter; s lato%’ inputs the ur}certainty parameter; )
coupling a production system to the plurality of oilfield modeling the operations of the oilfield to generate an esti-
simulators, wherein the production system receives data mated performance by selectively communicating
collected during the operations of the oilfield; between the plurality of oilfield simulators, wherein the
identifying an uncertainty parameter associated with a plu- operations of the 01.1ﬁe]d is modeled with a predeter-
rality of probable values each corresponding to a 20 mined value of tl}e oilfield control parameter and at lgast
weighted probability, wherein the second oilfield simu- one of the plurality of probable values of the uncertainty
lator inputs the uncertainty parameter; . pa{an?eter; . . . .
modelingrt,he operations of gepoilﬁeld to generate an esti- ldemlfymg’ using t.h e.plu.rahty of Ollﬁeld. simulators con-
mated performance by selectively communicating ﬁgured in an optimization loop, an optlmgl value of the
between the plurality of oilfield simulators, wherein the 23 IOIilaI:lilg control parameter based on the estimated perfor-
operations of the oilfield is modeled with a predeter- I .
mined value of the oilfield control parameter and at least selecting a qsk aversion factor represented by a pargmeter
one of'the plurality of probable values of the uncertainty A, Where]p the est.lmated performance COmPIISEs a
parameter; parameterized function F, based on A, wherein the opti-
identifying, using the plurality of oilfield simulators con- 30 g}a}]\lvalue of the oilfield control parameter is a function
figured in an optimization loop, an optimal value of the S . . .
oi%]ll‘iel q Controlli)arameterbaser()l on thlg estimated perfor- determining a desired risk aversion factor based on the
mance: parameterized function F, ;
monitorir;g, using the production system coupled to the pelzdl;osrimrel(rll%':lileavoelr)seirc?rt:?;cstof the oilfield based on the
plurality of oilfield simulators, the operations of the 35 SIrerisk ¢ .
oilfield performed in a monitoring loop to monitor the monitoring, using the pI“OdllCthIl systein coup led to the
data collected during the operations of the oilfield. p!urahty of o11ﬁelq 51mu1at.ors,. the operations of the
wherein the operations of the oilfield is performed using Zlalﬁeld ﬁerfognzd mna nﬁonltonng loop tfo Ifllom?é tll(lie
the optimal value of the oilfield control parameter; ﬁa co icte uring tfeh opﬁrgltigr}s 0 ft < Odl eid,
detecting a deviation between the operations of the oilfield 40 wheretn the operations of the orltield is perlorme %lsmg
and an optimal estimated performance to generate a the 2 ptimal Yal}]e of the oilfield contrgl parametelj,
monitoring result, wherein the optimal estimated perfor- detecting a deviation between the operations of the oilfield
mance is determined from the optimal value of the oil- and an o ptlmall estl}rlnatgd Eerfotmalllce lo ge(r;eratlf a
field control parameer; momtopn(% result, wd ?rem t he optima 1estllmatef Iiler q;’-
receiving, in response to the deviation exceeding a pre- 45 glealr(;cfoﬁtr:ltegrn;;eeteiomt ¢ optimal value of the orl-
determined criterion, an adjusted weighted probability old control p ’ he deviati &
of the at least one of the plurality of probable values of receving, 1n response to the deviation exceeding a pre-
the uncertainty parameter; determined criterion, an adjusted weighted probability
determining, by sclectively ’communicating between the of the at lea.st one of the plurality of probable values of
plurality of oilfield simulators, an adjusted optimal value 50 deillirll]irrlgﬁnaEltysgigcatrir\l/:er’communica tine between the
of the oilfield control parameter based on the adjusted ung, oy Hvely . g o
weishted probability: and plurality of oilfield simulators, an adjusted optimal value
modif;%ing tfle operatt}iléns of the oilfield based on the of Fhe oilfield co.nFrol parameter based on the adjusted
adjusted optimal value of the oilfield control parameter. m(z?;gﬁedtﬁreoza]zrl;tt}igs;do £ the oilfield based on the
19. A non-transitory computer readable storage medium, 55 ad'li,ste%i 0 timgl value of the oilfield control parameter.
embodying instructions executable by a computer to perform J P P ’
method steps for performing operations of an oilfield having I
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