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RESERVOIR RESISTIVITY CHARACTERIZATION INCORPORATING FLOW DYNAMICS

CROSS-REFERENCE TO RELATED APPLICATION
This application claims the benefit of and pricrity fo U.S. Provisional Appilication
Serial No. 62/071,704, having the title "RESERVOIR RESISTIVITY CHARACTERIZATION
INCORPORATING FLOW DYNAMICS,” filed on September 30, 2014, the disclosure of

which is incorporated herein in by refarence in ifs entirety.

TECHNICAL FIELD
The present disclosure generally relates o technigues for characterization of a

reservoir, in particular reservoir resistivity characterization.

BACKGROUND

Electromagnelic technigues have found widespread application for reservoir
characterization and imaging in recent decades. Technological advancas have led to the
ability to accurately track water fronts and displaced hydrocarbon bearing spots. Although
significant improvemenis have been achisved in the inversion of electromagnetic
techniques, making them applicable in a variety of different environments, relating them to
reservoir flow properties has continued o be challenging. Archie’s Law has been the
standard model in relating conductivity to water saluration and formation porosity. Studies
have shown, however, that Archie’s exponents vary within the reservolr and undergo strong

unceriainty resulting in inaccurate calibration of Archie’s relationship.

SUMMARY
The present disclosure tackies the problem of accurate calibration of Archis’s
relationship and therefore enables a more precise detarmination of the water saturation
distribution in the raservoir. The disclosure, in particular, provides an improvad
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characterization of the reservoir and can achieve significantly greater improvements in the
characlerization of the reservoir. in one or mors aspects the improved characterization is
achieved via linking the parameter estimates o resistivity logs at the wells.

in various aspects, a new reservolr history matching framewaork is provided. Based
on a Bayesian sstimation/inversion fechnique, such as an ensemble Kaiman filter or
smoother, we have synergized the correlation of Archie’s exponents with the subsurface
reservoir dynamics in order (o estimate these exponents and hence improve the water
saturation o conductivity relationship. Utilizing reservoir production data and conductivity
maps from EM imaging, the present sstimation of the exponentis of Archie’s Law can yisld a
betler interpretation of the reservoir formation and the delection of reservoir water floodsd
areas while simultansously quantifying the unceriainty in the parameters.

Disclosed are various embodiments for reservoir resistivity characterization. Inan
embaodiment a method is provided for characterizing a reservoir. In various aspects the
method is a computer implemented method that can include the steps of executing, by a
computing device, a raservoir simulalor based at least in part on a geological model;
generating, by the computing device, observational data sets based at least in parton a
current ressrvolr simulator state by querying an observation madule the abservational data
sets being stored in memory; generating, by the computing device, a forecasted raservoir
dynamics state over a period of time {such as by applying history maitching } to at least ths
currant resarvoir simulator state and the observational data; detsrmining, by the computing
davice, a conductivity distribution of the field of the reservoir based on the forecastad
reservoir dynamics; recording, by the computing device, production data of the reservoir;
and updating, by the computing device, the current reservoir state including updaling one or
more reservoir parametars in the reservoir simuiator based on the defermined conductivity
distribution and the recorded production data. The steps can be repealed until & termination
criteria is met.

In an embadiment a system is provided for characterizing a reservolr. In various
aspects the systam can include: at least one computing device comprising a processor and

2
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a memoty; and program instructions that, when sxecuted, cause ths at least one computing
davice to! initialize a reservoir simulator based at least in part on a geological mode;
generate observational data sets based at least in parl on a current state of the reservoir
simuslator by querying an observation module; generale a forecasted reservoir dynamics
state over a period of time (such as by applying history maiching) to at least the current
reservoir simulator state and the observational dats; determine a conductivity distribution of
the field of the reservoir based on the forecasted reservolr dynamics; record production data
of the reservolr; and update the current reservoir state including update of one or more
reservolr parameters based on the determined conductivity distribution and the recorded
production data. The system can be configured o repeat the generaling the obsearvational
data sets, the simulating the forecasted reservolr dynamics state, determining the
conductivity distribution, recording production data, and the updating the current reservoir
simulator state until & termination criteria is mel.

inany one of more aspects of the method or the system, the history matching can
comprise a Bayesian estimation technique. The Bayssian estimation technique can
comprise a Bayesian filtering, smaaothing or direct inversion method. The Bayesian
astimation technigus can comprise an Ensemble Kalman Filter tachnique. The geclagical
model can defing at least one of a geological structure, a8 number of wells, 8 pressure, a
saturation, a permeability, or g porosity. The one or more resservoir parameters can includs
ong of more Archie’s Law parameters. The observation module can be an electromagnetic
{EM) survey module configured to calculate a time lapse conductivity response based at
least in part on a porosity data and a salt concentration dala, and wherein one of the at least
two observational data sels comprises the time lapse conductivily response. The one or
more reservoir parametars can be astimated by assembling the data, inlegrating the
ensamble forward in time to forecast the ensemble, determining moments of a state vector
of the forecasted ensemble, and updating the forecasted ensemble with at least some of the
production data. The updated one or mors parameters can be returned o the reservoir
simulator. The reservoir simulator can generate a graphical user interface for rendering a

3
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display device and the updating of the reservair parameters can cause an updating of the
graphical user interface.
Other systems, methods, features, and advantages of the present disclosure for

reservoir resistivity characterization will be or become apparent to one with skill in the ant

(%41

upon examination of the following drawings and detailed description. It is intended that all
such additional systems, methods, features, and advantages be included within this
description, be within the scape of the present disclosure, and be protected by the

accompanying claims,

10 BRIEF DESCRIPTION OF THE DRAWINGS
The patent or application file contains at least one drawing executed in color. Copies
of this patent or patent application publication with color drawing(s) will be provided by the
Office upon request and payment of the necessary fee.
Many aspecis of the present disclosure can be better understood with reference to
15 the following drawings. The components in the drawings are not necessarily 1o scals,
amphasis instead being placed upon clearly illustrating the principles of the present
disclosure. Moreovar, in the drawings like reference numerals designats corresponding parits
throughout the several views.
Fig. 1 depicts a graphical Hlusiration of water saturation dependsnce on rock
20 conductivity as given by Archie’s Law.
Fig. 2A is a flowchart Hlustrating an example of an Archie parameter estimation
framework according to various embodiments of the present disclosure.
Fig. 2B is a flow char illustrating an example of an Archie parameler estimation
framework executed in a computing environment according o various embodiments of the
25 present disclosurs
Fig. 3 depicts a domain represeniation of a madeled reservoir including well
locations.
Fig. 4 is a depiction of a true permeability field of Kzz of the domain.
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Fig. 5 is a depiction of a {rus porosity distribution of the domain, the domain
exhibiting strong heterogeneity in the porosity values.

Fig. 6 depicts an cil-waler relative permeability.

Fig. 7 depicts an exemplary saturation distribution in 2006, 2011, 2016 and 2021.

Fig. 8 is an example of the spatial distribution of porosity exponent n for a numbaer of
ensambles.

Fig. 9 presents exemplary ensembile History Matching results comparing forecasted
{right} and history maiched (left) results. Time in days shown along the x-axes.

Fig. 10 presents exemplary ensemble History Matching results for the field
production rates for unmatched (right) and history matched (left) data. Time in days shown
along the x-axes.

Fig. 11 depicts waler saturation streamlines for different time spans.

Fig. 12 is a scatier plot comparing true saturation exponent to estimated water
saturation exponent, m. (blue = initial estimate, red = final estimate).

Fig. 13 is a scatier plot comparing true cementation exponent to estimated
cementation exponent, n. (biue = initisl estimate, red = final estimate).

Fig. 14 depicts a comparison of the saturation exponent, m, distributions for the true,

initial estimate and final estimate.

DETAILED DESCRIPTION

Dascribed below ars various embaodiments of the prasent systems and methods for
reservoir resistivity characlerization. Although particular embodiments are described, those
embodiments are mere exemplary implementations of the system and method. One skilled
in the art will racognize other embadiments are possible. All such embodiments are
intended {o fall within the scope of this disclosure. Moreover, all references cited herein are
intended {o be and are hereby incorporated by reference into this disclosure as if fully set
forth hersin. While the disclosure will now be described in reference to the above drawings,
there is no intent (o limit it to the embodiment or embodiments disclosed hergin. On the
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contrary, the intent is to cover all allernatives, modifications and equivalents included within
the spirit and scope of the disclosure.
f introduction

The earth's composition encompasses a tremendous amount of different materials
and elementis that show varying degrees of the ability to conduct slectricity. Exploiting the
conductivity contrast between different elements and rocks has led to the development of
significant industries such as the electronic industry. Hydrocarbons are typically found in
sadimentary rock structures that exhibit in dry form poor conductivity. Theilr conductivity may
change significantly, however, when being subjected o water. Water conductivity may differ
significantly but display a strong dependence on both temperature and salt concentration.
Higher salt concenirations typically lead o strong conductance of slectricity being caused by
the high prevalence of sodium chioride ions in the waler.

This relation is also encountered in water saturated rocks that exhibil a positive
correlation between higher saturation levels and higher electric conductance. While typically
higher water saturation lavels lead {o increased conductivity, the dependence and correlation
may significantly differ for different rock types. igneous rocks although varying considerably
in porosity, display rather poor conductivity as compared to metamorphic and sedimerntary
rock types, but even amongst sedimentary rocks such as limastone, sandstone and shale
slsctrical praperties and its dependence on waler saturation and porosity may deviale.

With the invention of the electrical resistivity tools in the early 20" century by the
brothers Schlumberger, resistivity logging has gained significant atfraction for defermining
hydrocarbon reservoirs, water saturation levels and porosity of the formation. Electrical
resistivily logging gained prominence and more widespread application with the influential
paper by G. Archie in 1942 (G.E. Archie, 1842). In his works (G, E. Archie, 1850; G. Archig,
1952; G.E. Archie, 1942; Gustave Erdman Archie, 1947}, Archie investigated the electrical
conductivity of different rock types with respect to saturation and porosity levels. The

conclusion drawn from the experiments indicated that the conductivity of the different rock
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types may behave as being in log form the sum of the weighted components of porosity and
waler saturation. More explicitly the conductivity of the rock is given by

log{o)y =, +nlog{¢y+mlog(S,) {0}
where o is the rock conductivity, ¢ the rock porosity, §, the water saturation, €, a constant
depending on the conductivity of the water, and m and n are fitted parameters typically
retrisved from a regression analysis. The parametsar m is also called the water saturation
exponent, and the parameter n is known as the cementation or porosity exponent. We
oulline in Fig. 1 an example of the conductivity relationship for increased water saturation for
two different rock types (Mavko, Mukerji, & Dvorkin, 2008}, Shale formations as
encountered for hydraulic fracturing typically exhibit low porosity and weak dependence for
rising water saturation as compared o sandstone formation that are generally more porous
and conductive.

While the general log relationship may hold true for gensral rock types, the
parameters n and m in Archie’s Law may differ strongly between different rock types but also
may vary within the reservoir formation. In particular the dependence on the formation factor
has been subject to extensive research. Significant amounis of research (Carcthers, 1965,
Hill & Milburn, 2003, J.Glover, 2010; Nikravesh & Aminzadeh, 2001; Tixier & Alger, 1970;
Winsauer, 1952) went into understanding the dependence of Archie’s parameters thatl led,
however, to the conclusion that the parameters may significantly vary for different formations
and rock types and hence need to be calibrated or estimated.

Conventionally resistivity logging tools and core samples are employed to determine
saturation and porosity levels and infer from joint calibration with other data the Archie
parameters. While this typically provides a good representation of the rock-conductivity
relationship, it may considerably misrapresent the areas farther away from the wells.

Amongst the most recent papers, Hamada st al. (AL-Awad, 2001; G. Hamada &
Almaijed, 2013; G. M. Hamada, 2010) presented a laboratory study for refrieving Archie's

parameters and thelr uncertainty on 28 natural carbonate reservolr core pligs at reservoir
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conditions. Initial studies conducted by the authors have shown that Archie’s parameters
have the strongest influsnce on caloulating the water saturation and initial oil in place from
the retrieved resistivity parameters. Using three different techniques, conventional Archis
parameter techniques, core Archie’s parameter estimate technique and three-dimensional
tachnique, the obtained profiles exhibited significantly differing water saturation values that
were attributed to the unceriainty levals in the determination of Archie’s parameters.

Talabani ot al. {Talabani, Boyd, Wazeer, & Arfi, 2000} investigated the validity of
Archie’s equation for carbonate rock formations and concludead that the paramster called
camentation factor n in Archie’s squation is influencad by multiple factors and may differ
significantly for complex pore systems. They also concluded that the relationship between
water saturation and resistivity may be strongly nonlinear and that the hydrocarbon-water
fluid critical point may necessitate further studies concerning its influsnce on the slectrical
propertias of the media.

Maute (Mauts, Lyle, & Sprunt, 1992) outlined a dala-analysis method for obiaining
optimal Archie parameters with reduced unceriainty for the general formation and exhibited
the challenges and variation in the parameters for a general rock reservoir formation. The
affact of the unceriaintiss in the rock-conductivity parameters m and n was addressed by
Moore (Willlam R. Moore, 2011) wherein the authors oullined approaches o take into
accourtd the propagated uncertainties and its impaortance in propserly analyzing the
petrophysical properties of the underlying rock formation.

While Archie’s Law has been one of the maost general to determine the saturation and
porosity levels from the resistivity response of the formation, there have been advances in
improving the accuracy of the model for other rock formations, amongst others, for shaly-
sand rock. This has led to the development of the Waniman-Smits-Thomas equation
{(Waxman & Smits, 2003} and Poupor’s equation (Laveaux & Poupon, 1971; Poupon &
Levaauyx, 1971). The Waxman-Smits-Thomas equation (Jin, Torres-Verdin, & Devarajan,
2007; Revil & Glover, 1998) was proposed by Waxman and Smits (Waxman & Smits, 2003)
to describe the depsndence of shaly-sand conductivity on clay-content, which was
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expressed as the calion exchange capacity per unit pore volume. The model has bacome
one of the standard based approaches for understanding the elecirical conductivity of shaly-

sand formations (Bussian, 1883) and is given by

1 ;
()':F(o*w +a, ) {2}

whers £, is the formation shaly-sand resistivity formation factor, typically oblained for
measurements al high salinity where the eleclrical surface conductivity is neglected, », is
the water conductivity and &, the conductivity of the HCM exchange. The clay conductivity

Ty =Vt {3)

7

is the product of the average mobility v, of the hydrated clay minerals (hom} counter-ions
and ¥ the volume concentration of the hom exchangs cations.

Shang et. al. {Shang, Hamman, & Caldwell, 2004) developed an squivalent rock
model for the estimation of water saturation levels within the reservoir and showed
improvement in the resistivily estimates for rock types that do not follow Archie’s Law. The
number of parameters that need o be estimated and the limited laboratory analysis may,
however, not be sufficient o determine general validity of the method.

Although several models for relating conductivity of the rock formations to water
saturation and porosity have been proposed (Bussian, 1983; Chen & Dickens, 2009; Jin et
al., 2007; Laveaux & Poupon, 1971; Poupon & Leveaux, 1871), none of them has been able
o represent various rock formations in a reservoir and all have exhibited high uncertainties
in their model parameters {G. M. Hamada, 2010). This has outlined the importance of
astimating the paramsters for different sections of the reservoir to deliver more accurate
resistivity-saturation relationships.

We have developed an integrated frameworl for the estimation of Archie’s
parameters for a strongly helerogeneous reservolr utilizing the dynamics of the reservoir.
The framework encompassses a Bayesian estimation/inversion method for estimating the

reservoir paramelers, integrating production and time lapse formation conductivity data to
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achieve a betlter understanding of the subsurface rock conductivity properties and hence
improve water saturation imaging.
i Framework

Estimating Archie's parameters is typically based on laboratory tests using
regression analysis on Equation (2}, While providing a detailed understanding of the racks
close o the wallbore, it may misrspresartd rock factors in other ssgments of the reservoir.
The presented framework is intended o overcome these challenges via estimating the
Archig’s parameters together with other reservoir parametsrs {(such as waler saturation,
porosity, permeabilily, et} using reservolr flow dynamics. For estimation of the flow
dynamics we can use an ensembie based filler, such as an ensemble-based Kaiman filter, {o
simultaneously provide a quantification of the uncartainty in the parameters. One skilled in
the art will recognize, however, that other ensemble based fillers or smoothers such as a
Singular evolutive interpolated Ensemble Kalman Filter technique can be used.

An embodiment of the framework of the present disclosure is depicted in Fig. 24,
The system and method interfaces a ressrvolr simulator to the estimation framework and
utilizas the well observalions and conductivily attributes for updating the Archie’s parameters
nand m{Eg. 1) sequentially in time for the individual cells. Suitable reservoir simulalors
include any commercial or non-commercial reservalr simulator. The sequential estimation
and the utilization of the reservolr flows prove beneficial in the estimation of the paramelers
using the correlation to the waler saturation and other well parameters, such as water
saturation and porosity. Slarting out with an initial ensemble consisting of heterogseneous
permeabiiity, porosity and the Archie conductivity parameters (n and m), the individual
ansemble members are forward integrated in time, and subsequently updated via the Bayes’
rute. The updated parameters are returned o the reservoilr simulator for the next time step.
The forward integration, or modsling, in time allows us {o integrate ths flow dynamics of ths
reservoir over time o better estimate the parameters n and m. For example, watsr
saturation in the reservoir can change over time. This forward modeling allows such change
o he applisd to the astimation.

10
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In various embodiments, a reservoir resistivity characterization application of the
present disclosure can be executed in a computing environment that may comprise, for
example, a computing device such as a server computer or any other system providing
computing capability. Alternatively, the compuling environment may employ a plurality of
computing devices that may be arranged, for example, in one or more server banks or
computer banks or other arrangements. Such computing devices may be located in a single
installation or may be distributed among many different geographical locations. For
example, the computing environiment may include a plurality of computing devices that
together may comprise a hosted computing resource, a grid computing resource and/or any
other distributed computing arrangement. In some cases, the computing environment may
correspond to an elastic computing resource where the allotted capacity of processing,
network, storage, or other computing-related rescurces may vary over lime.

The reservoir resistivity characterization application is executed {o provide state and
parameter estimation (including forward modeling) over time of a reservoir such as a gas
reservoir, ofl reservoir, waler reservair, or other reservoir. To this end, the reservoir
resistivity characterization application may implement or otherwise simulate a geological
model corresponding to a reservoir to be forecasted. The geological model may encods
physical or geological atiributes corresponding to a reservoir. These physical or geological
attributes may include, for example, a geological structure, a number of wells, pressure,
saturation, permeability, porosity, or other altributes.

The reservoir resistivity characterization application may also implement or execute a
reservoir simulator based on the atiributes encoded in the geological model and also based
on Archie’s parameters, n and m. The reservolr simulator may be implemented using a
MATLAB reservoir simulator toolbox (MRST), or other tood sels, libraries, or other
functionality as can be appreciated. For example, the reservolr simulator may include a 2D
or 3D finite difference black oil simulator MRST implementing a two-phase flow problem for
the off and waler phase of a reservoir. The reservoir simulator can be used o simulate
pradicted reservoir dynamics, such as reservoir flow dynamics, over a specified timespan.

11



(%41

10

15

st
LA

WO 2016/051282 PCT/IB2015/002298

An imporiant aspect is the modeling of the sall concantration within the reservoir that is
achieved via coupling the reservolr simulation to a sall transport model. The specified
timespan can be an arbitrary imeaspan, such as three years in the future though the future
timespan can be more or less than three vears. For example, the reservoir simulalor may
calculate predicted transformations 1o various attributes of the geological mods] over time.
Ta this end, the geological model may comprise an initial state for the reservoir resistivity
characterization application to transform based at least in part on data generated by
obsearvation modules and a history matching and forecasting module, as will be described
below. The reservoir simulator may also be implemented by another approach.

The reservolr resistivity characterization application may provide oulput generated by
the execution of the reservoir simulator to an observation module {o gensrate various data
sais {o be provided fo a history malching and forecasting module as will be described. The
observation module may include, for example, an electromagnetic (EM) survey module, or
other observation modules.

The observation module is executed to determine the resistivity rasponse of
formation conductivity of a reservoir formation. This may include, for example, performing
one of more transformations to porosity data, watsr saturalion data, salt {brine)
conceniration data, or other data to formation resistivity or conductivity. The formation
conductivity may be expressed as a function of a discrets state or over ime. Onsg or maore
conductivity distributions of the reservoir field can be calculated for a given time orfor a
number of different times over a time period. Such transformations may be implemented
according to Archie’s Law, variants thereof, or other algorithms or approaches. Such
transformations may be implemented o estimate one or more resenvoir parameters including
one or more of Archie's parameters. Production data for the reservolr can be recorded for a
given time period or for given time periods. The formation conduclivity and reservoir
production data or history may then be provided to a history maiching and forecasting

madule.
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The history matching and forecasting module can generate a forecasted reservoir
state based on a given reservolr state provided by the reservoir simulator, as well as data
generated by the observation moduie such as the conductivity distribution data and the
reservoir production data. For example, the history matching and forecasting module can
produce one or more estimations of Archie’s parameters. The history maiching and
forecasting module may apply a Bayasian filtering or smoothing or inversion technique, such
as an Ensemble Kalman Filter (EnKF), to this data to generate the forecasted reservoir state
including the one or mare sstimataes of Archie’s parametsrs. The forecasted reservoir state
can then be provided i the reservoir simulator. The data, including the paramster
estimations, can then be applied by the simulator to update Archig’s and reservoir
parameters in the reservoir model. The ressarvoir simulator may then perform with the
forecaslied reservoir siate as an initial state. To this end, the reservoir simulator, ohservation
modules, and history maitching and forecasting module may provide data to each other
cyclically to forecast or forward model reservoir states over time including the parameter
astimation{s). The process can be repeated o provide continuous estimation of Archie’s
and the reservoir parameters and updating of the reservoir modsl.

Various applications andfor othsr funclionality may be executed in the computing
anvironment according to various embodimsents. Also, varicus data may be stored in a dala
store that is accessible to the compuling environiment. The data store may be representativs
of a plurality of data slores as can be appreciated. The data stored in the data, for example,
i5 associated with the operation of the various applications and/or funclional entities
described below.

Referring next {o FIG. 28, shown is a flowchart that provides one example of the
operation of g portion of the raservoir resistivity characterization application accaording o
various embodiments. i is understood that the flowchart of FIG. 2B provides merely an
example of the many different types of functional arrangements that may be employed to
implsment the aperation of the portion of the reservolr forecasting application as described
herein. As an alfernative, the flowchart of FIG. 2B may be viewed as depicling an example
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of slements of a method implementad in a computing environment according to one or more
embodiments.

Beginning with box 11, the reservoir forecasting application gensralss a geological
model. This may include, for example, loading a predefined geological mode!l from a data
store, initlalizing a new geological model by defining one or more geoclogical modsl!
atiributes, ar another approach. As a non-limiting exampie, geological madel attributes may
include a geolagical structure. The geological structure may include one or more of fault
laysrs, rock formation fluid typs, sic. The geological model may also specify the well
information, including for sxample a8 number of wells. The geological model may also
include initially assumed parameters, such as pressure, water saturation, permeability,
porosity, or other atiributes of a reservoir o be provided 10 a reservoir simulator.

Next, in item 104, the atiributes or pararmetsrs are lransfoerred {0 a ressrvolr simulator
and the reservoir forecasting application initializes the reservoilr simulator using the
geological model. This may include defining or initializing one or more dala parameters,
including Archie's parameters, of the reservoir simulator as a function of corresponding
attributes encoded in the geological model. Initializing the reservoir simulator may include
axeculing or initializing a process or application corrssponding to the reservoir simulator in a
computing environment distinct fram the reservolr forecasting application. In such an
ambodiment, the reservoir forecasting application may be configured to communicate with or
provide data to the separale ressrvolr simulator application. In other embodiments, the
reservoir simulalor may be initialized as functionality encapsulated within the reservolr
forecasting application. The reservoir forecasting application may also be initialized by
another approach.

Maving on to box 107, the reservoir forecasting application generates simulated
reservoir dynamics, o, water and gas transpart as well as the salt concentration, over a
specified timespan. The timespan can be any given timespan. A typical imespan can be

any given number of years, such 2-20 years, preferably 2 to 15 years.
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in box 111, the reservoir forecasting application determines (for example calculates)
a time lapse conductivily response via an observation module, such as an EM survey
module. This may include calculating one or mare conductivity distributions of the reservoir
field by applying Archie’s Law, variants thereof, or other approaches, to porosily, water
saturation and salt concentration data embodied in the geolagical model, obtained from the
reservoir simulator, or otherwise accessibie to the observation maodule. The conductivity
distribution{s) may ailso be calculated with respect to a previously sampled conductivity to
calculate ths time lapse conductivity responss. The time lapse conductivity response may
aiso be calculated by another approach. Next, in box 114, the reservoir forecasting
application records production data for the given reservoir. This production data may include
well data such as boltom hole, pressure, water cut, well gas production, well oil production
and other daia. The dala can be dala reprasenting selected times or data over a given
timespan. The timespan can be over 2 io 30 years.

The reservoir forecasting application then, in box 117, invokes the hisfory matching
and forecasting module to perform history matching on various data paramsters. Such dals
parameters may include, for example, those data parameters obtained by simulation,
calculation or recordation in boxes 104-114, data embodied in the geological model,
aftributes or other data points calculated or generated by the reservolr simulator, or other
data. Psrforming history maiching may include calculating updated parameters for the
reservoir simulator based on the data operated upon by the history malching and forecasting
module. For example, performing the history matching may include calculating updated
reservoir parameters, such as permeability data, porosity data, pressure data, waters
saturalion data, or other data as can be appreciated. This can include, in particular
calculating updated Archie’s paramelers to provide an estimation of Archie’s parameters.
The updated parameters, for example updated Archie’s and reservoir parameters, may be
calculated by applying a Bavesian filtering, smoothing or inversion technique, such as an

Ensemble Kalman Filter or a smoather, or aven a direct Bayesian inversion approach.
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The reservoir forecasting application updates the reservoir simulator state based on
the updated paramsters generataed in box 117, This may include, for example, redefining or
re-instantiating parameterized data of the reservolr simulator according to the updated
parameters. This may also include invoking or performing one or more operations of the
reservoir simulator {o generate the updated state. After updating the reservoir simulator
state, in box 121, the reservoir forecasting application determines if a termination criteria has
been met. As a non-limiting example, termination criteria may include a number of iterative
steps performed by the reservoir forecasting application meeting or exceeding a threshold, a
passage of a predefined interval, a forecasting state carresponding o a tims period meeting
or exceeading a threshold, or other criteria. I a termination state has not baen met, the
process returns 1o box 104, Otherwise, the process ends.

1 Geological Formalion & Reservoir Simulation

We now provide an exemplary application of the above framework in the context of a
modeled reservoir. The modeled reservoir simply provides one example of any number of
reservoir conditions that may be found and applied. The modeled reservoir is displayed in
Fig. 3 and represents a subpart of the Abqgaig oilfield. The reservoir encompasses five fault
lines that divids the reservoir into six segments and has four verlical injector wells and six
producing welis that are represented in Fig. 3. The reservoir is 9 kem wide in length and 10
km in width and exhibits a total depth of 2.8 km. All wells are steel cased and perforatad
with a plughack installed below the casing. The Eclipse reservolr simulaior modeling the
three-phase flow of gas, oil and water within the reservoir was utilized as a forward model
{GeoQuest, 2010) incorporating the transpaort of the salt concentration within the water
phase. QOther resenolr simulator modeling can be used, however, such as any commercial
or non-comimercial raservoir simulator,

2 Rock conductivity model
Archie’s relationship is given in the standard form by
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where n represents the cementation facior exponent and m the water saturation exponent.
For purposes hersin the exponents, n and m, are referred o interchangeably with the above
described paramesters n and m and are called herein “Archie’s paramelars.” The

conductivity of the reservoir brine was compuled from (Dresser, 1083)

H on e, 30475 82
C/w :E E 123507 & ‘“‘“‘“‘““10 555 [ —— S 140
AN el aY

(5}

with ¢, denoting the salt content in ppm and T the temperature in Celsius. For conventional

reservoirs the salt content is around 30,000 — 300,000 ppm and the temperature ranges from
80 to 110 celsius.
i3 EnkF

For the state parameter estimation framework for estimating the parameters or
exponents, n and m, we have utilized the Ensemble Kalman Filter. The state-space
formuiation for the subsurface parameters, such as permeabhility, porasity and Archie’s
exponents, is given by the system
z,, = M{(z,.8)+n, (G}

¥y = i) e, 7
Where x, ={z,,6,] is the stale veclor to be estimated at the k-th update step, v« the
obsarvation vector and » and « are the zero mean while noises whose covariance matrices
are given by B and R.

The EnKF was first infroduced by Evensen et. al. {(Evensen, 1884}, and has been
aver since exiensively applied in the fisld of raservoir history matching {Aanonsen, Oliver,
Revnolds, & Vall, 2008}, The EnKF differs from the Kalman Filter in that the distribution of
the systam staie is representad by a collection, or ensemble, of state vectors approximating
the covariance malrix of the state estimate by a sample covariance matrix computed from
the ensembie, Despite the fact that the EnlKF updaies are based on a second order
statistics (i.e. only means and covariances neglecting higher order moments of the joint

probability density distribution of the model variables) and that these covariances are
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computed from a finite size ensemble, the EnkF has shown to work remarkably and
sfficiently well for a variety of problams compared to other history matching optimization
algorithms {Aanonssen et al,, 20{09).

in order to achisve efficient computation and {o handle the nonlinear observations,

(%41

we have implemented an observation malrix-free implementation of the EnKF. Let &, be the

ensemble size and X, ={x,,...,x, ] the slate ensemble matrix at the k-th iteration step, with

x,, denoting the state vector of the i-th ensemble member at the k-th time step. The EnKF

operates in two steps. The Forecast step integrates the ensemble forward in time to
compute the first two moments, i.e., mean and covariance, from the sample mean and

10 covariance of the forecast ensemble. The Analysis step updales the forecasted ensembles
with incoming data {such as well observation data and reservoir conductivity distribution from
EM inverted data) before proceeding to a new forecast cycle. More explicitly, define the

scaled covariance anomaly

15 with ¢, denoting the matrix with ones as elements and size Ixv, and

EANACIE TE‘) (9

{

the matrix observation matrix with »_(x, .} being the nonlinear observation for the i-th
ensemble state vactor . Then for the data malrix O, with the columns containing the
obssrvation perturbed with noise sampled from the obsservational error covariance matrix &,

20 the EnKF update step can be wrilten as:

7 ; \\,,1
X=X+ vi - A H 71 —HHT AR (D, (X)) (1)
A R A o

s

with X/ being the forecasted ensemble state obtained by inlegratling each ensemble

member in time with the reservoir simulator [32]. The EnKF therefore updates each

ensemble independently in such a way that the resulling sample mean and covariance of the
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updated ensembile {asymplotically) malches the Kalman filter analysis and associated error
covariance. This requires perturbing the data before updating each ensemble member [32],
forming the matrix o as defined above. For further details about the EnKF, the reader may
refer to the review articles of Aanonsen et al. (Aanonsen et al, 2009 and Luc el al. (Luo &
Hoteit, 2013).

N Simulation results

The forthcoming section provides an analysis of the performance of the reservoir
characterization estimation frameworl, investigating both the history matching performance
as well as the quality of the conductivity estimates, including the estimation of Archie’s
parameters. We provide first an outline of the experimental setup, then analyze the rock
conductivity parameters and investigale its differences, followed by history malching resulis
oullining the waler front tracking capabilities.

N Experimental Setup

The reservoir struchure represents a highly hsterogeneous formation. The
parmaability tensor was assumed {o be diagonal with different K, K, and K, field
distributions. Permeability values ranged from from 1 md t0 9,175 md. The permeability
distribution was obtained from an exponential variogram model compuied in Petrel. The
reference permeabiiity field for K, Is represented in Fig. 4.

Strong heterogensily is also encountered for the porosity domain where the fields
were obtained using an exponential variogram model ranging from 0.5 % 10 29.94 %. The
true porosity field is represented in Fig. 8 Hlustrating the strong heterogeneity in the porosity.
All producer wells were operated and water was injected simultansously info all wells. For
the developmesnt of the field we have utilized a group production strategy injecting 100,000
sm’id of water. The water injection, however, can be more or less. Reservoir temperature
was assumed o he at 87.3 °C, and natural formation pressure was set to 215 bar. The

salinily of the brine was Kept at 30,000 ppm throughout the simulation.

19

PCT/IB2015/002298



WO 2016/051282 PCT/IB2015/002298

We present further in Fig. & the relative permeability curves for cilbwaler where a
residual water saturation of 30 % was assumsd that is in agreemesnt with the experimental
resulis oblained from the resenoir,

Total simulation time was assumead 1o be 15 years consisting of 10 years of history

(%41

matching and 5 years of forecasting. The phase evolution is outline in Fig. 7. it should be
understood, however, that other simulation time periads and/or periods of histary can be
used. For example we may use 12, 10, 8, 6, 4, 3, or 2 years of tolal simulation time, or more
or less, or any time in between.
In total 55 snsemble members wers generated that differ in permeability, porosity
10 and Archie’s parametars. The number of ensembils members, however, can be mors or less
than 55. The cementation exponent n and water saturation exponent m were oblainad via
perturbation of the data by the addition of Gaussian noise o the true distribution. Gaussian
noise is not the only way to oblain the distribution. We present in Fig. 8 an example of the
initial spatial distribution of the waler saturation exponent m for the ensembles. The
15 distribution clearly outlines the heterogeneity of the parameters.
.2 History Maiching
We present below an analysis of the quality of the reservoir history malches and the
estimation of the reservoir parameters. Wes present in Fig. 8 examples of the history
maiches using the EnKF versus ensemble forecasting. A comparison of the solutions of the
20 ensemble members when no history matching is applied clearly cutlines the considerable
unceriainty in the field production. For the gas in place in the field we observe a strong
upshot from around 2 MM sm3 to around 6.6 MM sm3 that is caused by high water
saturation. This effect is also observed in the FRS ratio that shows the significant drop in the
Oil to Gas ratio in liguid phase relating inversely to the upward dynamics in the gas in place.
25 We further analyze the water potential and average prassure level within the
reservoir. The waler potential (depth corrected prassure) is the pressure that is acting on
the injectsd water if depth effscls are extracted and is an important indicator about the
pressure that is applied on the surface. Knowing the water potential assists in adjusting the
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pressure levels of the injected watsr {0 ensurs optimal sweep efficisncy upon injection and
avoid any blow out or excessive pressure application that may damage the well and
perforation. The pressure drop is primarily induced by reaching a certain water saturation
level such that the relative permeability of the oif phase is effectively zero leading to these
changes.

Presented in Fig. 10 is a comparison of the field production rates for different
producing wells. Production from the wells staris from the beginning leading to & gradual
rise in the production levels for the 1st and 4th producing well whils the praduction level for
the Sth well decreasss. Afier around 7 years the gradual propagation of the water displaces
a considarable amount of ofl towards the producing well that leads to a sharp rise in
production, and a subsequent sharp drop in particular for the first producing well. This sharp
drop for the first producing well is caused by the upward propagation of the reservoirs’
natural gas that is a consequence of the pressure drop and increase in the gas-~lo-oil ratio
obssrved in Fig. 8.

Fig. 11 outlines an illusiration of the streamlines for some individual parameters such
as the pressure levels, water, oil and gas saturation. The streamiines clearly indicate the
flow patiern of the different phases and the convergence towards the producing wells. it
also Hustrates the complexity of the considered raservoir.

In order to analyze the improvements in the characterization of the reservair shown in
Fig. 12 a cross-plot between the saturation exponents for the initial {(blue) and final
distribution {red) versus the trus water saturation exponent in Archie’s Law. The resulls
indicate the ability of the filler to estimate the waler saturation exponent that has been
oullined in the hetter matching. A similar conclusion can be drawn for the cementation
exponent outling in Fig. 13. In both cases the initial (blue) distribution centers about ney
having a value of about 2 along the x-axis.

Fig. 14 graphically lllustrates the improvement obtained in the water saturation
exponent m distributions of the true field, initial and final. As outlined bsefors the assimilation
of the water saturation and cementation exponent lsads o an improvement in the estimation,
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and the distribution of the analyzed ensembles exhibits a closer resemblance and
helerogeneity as the real one.
V. Conclusions

Electromagnelic technigues have experienced unprecedented growth for reservoir
imaging applications, enabling the enhanced detection of propagating water fronts and
hydrocarbon bearing spots. While EM imaging and resistivity logging tools have seen
considerable technological impravements, relating the conductivity distribution to reservoir
propsrties has continued to be a challenge. Experimental resulls have outlined that Archie’s
exponents may vary significantly within the reservoir and hence necessitate subsurface
calibration. We present herein an estimation framawork for the calibration of Archig’s
exponents o the reservoir o improve the exactness of the electrical conductivity field and
lead to a betlter charactsrization of the reservoir rock properties. Malching reservolr
production data together with EM attributes leads to considerable history matching
improvement and subsurface parameter estimation as well as more accurately relating
reservoir properties to the conductivity field. The presented approach has shown amongst
the first that estimates the exponents in Archie’s Law for a full reservoir field, thereby
affactively taking into account the uncartainty in the parameters and mors accurately relating
the conductivity distribution to water saturation and porosity values.

Although the reservoir forecasting application, and other various systems described
herein may be embodied in software or code execuled by general purpose hardware as
discussed above, as an alternative the same may also be embodied in dedicated hardware
or a combination of software/general purpose hardware and dedicated hardware. K
embodied in dedicated hardware, each can be implemented as a circuit or state machine
that empioys any one of or a combination of 8 number of technologies. These technologies
may include, but are not limited to, discrete logic circuits having logic gates for implementing
various logic functions upon an application of one or move data sighals, application specific

integrated circuits {ASICs) having appropriale logic gates, field-programmable gate arrays

22



(%41

10

15

WO 2016/051282 PCT/IB2015/002298

(FPGAS), or other components, efc. Such technologies are generally well known by those
skilled in the art and, consequently, are not described in detail herein.

The flowcharts of FiGs. 24 and 28 show the funclionality and operation of an
implementation of portions of the present reservoir resistivity characterization application, if
embaodied in software, each block may represent a module, segment, or portion of code that
comprises program instructions to implement the specified logical function{s}. The program
instructions may be embodied in the form of source code that comprises human-readable
statements written in a programiming language or machine code that comprises numerical
instructions recognizable by a suitable execution system such as a processor in a computer
system or other systemn. The machine code may be converled from the source code, efe. If
embaodied in hardware, each block may represent a circuit or a number of interconnected
circuits to implement the specified logical funclion(s).

Although the flowcharts of FiGs. 24 and 28 show a specific order of exsoution, itis
undersiood that the order of execution may differ from that which is depicted. For example,
the order of execution of two or more blocks may be scrambled relative {o the order shown.
Also, two or more blocks shown in succession in FiGs. 24 and 2B may be executed
concurrently or with partial concurrence. Further, in some embodiments, one or mors of the
blocks shown in FiGs. 24 and 2B may be skipped or omitted. In addition, any number of
counters, state variables, warning semaphores, or messages might be added to the logical
flow described herein, for purposes of enhancsd utility, accounting, performance
measurement, or providing troubleshooting aids, efc. It is understood that all such variations
are within the scope of the present disclosure.

Also, any logic or application described herein, including the reservoir forecasting
application, that comprises software or code can be embodied in any non-transitory
computer-readable medium for use by or in connection with an instruction execution system
such as, for example, a processor in a computer system or other system. In this sense, the
logic may comprise, for example, statements including instructions and declarations that can
be fetched from the computer-readable medium and executed by the instruction exscution
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sysiem. In the conlext of the present disclosure, a "computer-readable meadium” can be any
mediurm that can contain, store, or maintain the logic or application described herein for use
by or in connedtion with the instruction exscution system,.

The computer-readable medium can comprise any one of many physical media such
as, for example, magnetic, optical, or semiconductor media. More specific examples of a
suitable computer-readabie medium would include, but are not limited to, magnetic tapes,
magnetic Hoppy diskeltes, magnetic hard drives, memory cards, solid-state drives, USE flash
drives, or optical discs. Also, the computer-readable madivm may be a8 random access
meamory (RAM) including, Tor example, siatic random access memory (SRAM) and dynamic
random access memory (BDRAM), or magnetic random access memory (MRAM). in addition,
the compuier-readable medium may be a read-only memory (ROM), a programmable read-
only mesmory (PROM), an erasable programmabile read-only memory (EPROM), an
electrically erasable programmable read-only memory (EEFROM), or other type of mamory
device.

Further, any logic or application described herein, including the reservoir forecasting
application, may be implemented and structured in a variety of ways. For example, one or
mors applications described may be implemented as modules or components of a single
application. Further, one or more applications described harein may be execuled in shared
or separate computing devicas or a combination thersof. For sxample, g plurality of the
applications described herein may execule in the same computing device, or in multiple

computing devices in the same computing environment. Additionally, it is understood that

» o » o » o » o

terms such as “application,” “service,” “system,” “engine,” *‘module,” and so on may be
interchangeable and are not intended to be limiting.

Disjunctive language such as the phrase “atleastons of X, Y, or Z,” uniess
specifically siated otherwise, is otherwise understoad with the context as used in general to
present that an item, term, eic., may be sither X, Y, or Z, or any combination thereof (8.9., X,

Y, andfor Z). Thus, such disjunclive language is not generally intended o, and should not,
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imply that certain embodiments require at least one of X, at least one of Y, or at least one of
2 1o each be praesent.

it shouid be emphasized that the above-described embodiments are merely
examples of possible implementations. Many variations and modifications may be made o
the above-described embodiments without departing from the principias of the present
disclasure. All such modifications and variations are infended to be included herein within

the scope of this disclosure and protected by the following claims.
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CLAIMS

Therefore, the following is claimed:

1. A computer-implementad methed for characterizing a reservoir, comprising:

exacuting, by the computing device, a reservoir simulator based al least in
part on a geological madel;

generating, by the computing device, ahservational data sets based at least in
part ont a current state of the ressrvoir simulator by qusrying an observation module, the
obsearvational data sets being stored in masmory;

generating, by the computing devics, a forecasted reservoir dynamics state
ovar a period of time {0 at least the current reservoir simuiator state and the obssarvational
data;

determining, by the computing device, a conductivily distribution of the field
of the reservoir based on the forecasted reservoir dynamics;

recording, by the computing device, production data of the reservoir; and

updating, by the computing device, the current reservoir state including
updating one or more raservolr parameters in the reservoir simulator based on the

determined conductivity distribution and the recorded production data.

2. The msthod of claim 1, wherein generating the abservational data sets,
generating the forecasted reservoir dynamics state, determining the conductivity distribution,
recording production daia, and updating the current reservolr simulator state are repeated

unti! a termination criteria is met.

3. The method of claim 1 or 2, wherein the forecasted reservoir dynamics state

is generated applying history matching and the history matching comprises a Bayesian

filtering, smoothing or direct inversion technigue.
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4. The methods of claim 3, wherein a Bayesian filtering, smoothing or direct
inversion method can comprise an Ensembie Kalman Filler technigus.
5. The method of any of claims 1 - 4, wherein the geological model defines at
least one of a geological structure, a number of wells, a pressure, a saturation, &

permeabiiity, or a porosity.

8. The method of any of claims 1 - §, whersin the one or more reservolr

parameters include one or more Archig’s Law parameters.

7. The method of claim 1, whersin the observation module is an electromagnetic
{EM) survey module configured (o calculate a time lapse conductivity response based at
{east in part on a porosity data and a salt concentration data, and wherein one of the at least

two observational data sets comprises the fime lapse conductivity response.

8. The method of any of claims 1 - 7, wherein the one or morea raservoir
parameters are astimated by assembling the data, integrating the ensembile forward intime
o foracast the ensamble, determining moments of a state vector of the forecastsd

asnsemble, and updating the forecasted ensemble with at least some of the production daia.

9. The method any of claims 1 - 8, wherein the updaled one or more

parameters are refurned o the reservolr simulator,

10, The method of any of claims 1-9, wherein the reservoir simulalor generales a

graphical user interface for rendering a display device, and the updating of the resarvoir

parameters causes an updating of the graphical user interface.
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11. A system for characlerizing a reservoir, comprising:
at least one computing device comprising a processor and a memory; and
program instructions that, when execuled cause the at least one computing device fo!
initialize a reservolr simulator based at least in part on a geoclogical
modead;
generate observational data sats based at least in part on a current
state of the reservoir simulafor by querying an observation module;
generate a forecastsd reservair dynamics state over a period of time
0 at least the current reservoir simulator stale and the observational data;
determine a conductivity distribution of the fisld of the reservoir based
on the forecasted reservoilr dynamics;
record production data of the reservoir; and
update the current reservoir state including update of one or more
reservoir parameters based on the determined conductivity distribution and the

racorded production data.

12. The system of claim 11, wherein the the genesrating the observational data
sets, the simulating the forscasted reservoir dynamics state, determining the conductivity
distribution, recording production data, and the updating the current reservolr simulator state

are repeated until a tarmination criteria is mel.

13. The system of claim 11 or 12, wherein the forecasted reservoir dynamics
state is generated applying history matching and the history malching comprises a Bayesian

filtering, smoothing or direct inversion technigue.

14, The system of claim 13, wherein the ensemble-based filler technigue can

comprise an Ensembile Kalman Filter tachnique.
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15, The system of any of claims ~11-14, wherein the geological model defines at
least one of a geological structure, a number of wells, a pressure, a saturation, a

permeability, or a porosity.

16. The system of any of claims —~11-15, wherein the one or more reservoir

parameters include one or more Archie's Law paramelers.

17. The system of any of claims -11-16, wherein the observation module is an
electromagnetic {EM) survey module configured to calculate a time lapse conductivity
response bassad at least in part on a porosity data and a salt concsniration data, and wherein
one of the at least two observational data sets comprises the time lapse conduclivity

fesponse.

18, The system of any of claims —11-17, wherein the one or more ressrvoir
parameters are astimated by assembling the data, integrating the ensembile forward intime
o forecast the ensemble, determining moments of a state vactor of the forecasted

asnsemble, and updating the forecasted ensemble with at least some of the production daia.

14, The system of any of claims 11-18, wherein the updated one or more

parameters are refurned o the reservolr simulator,

20. The system of any of claims 11-19, wherein the reservoir simulator generates
a graphical user interface for rendering a display device, and the updating of the reservoir

parameters causes an updaling of the graphical user interface.
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