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Preface
The Guidelines for Application of the Petroleum Resources AMRFEERSEN BiEH AT &R

Management System (hereinafter referred to as the "Guidelines")
was sponsored jointly by the Society of Petroleum Engineers (SPE),
American Association of Petroleum Geologists (AAPG), World
Petroleum Council (WPC), Society of Petroleum Evaluation Engineers
(SPEE) and Society of Exploration Geophysicists (SEG) and published
in November 2011. It currently serves as a major specification and
guidelines for the petroleum resources management and evaluation
practice in global industry. In this Guidelines, from the perspective of
systematic engineering on the petroleum resources management, the
background and nationals for the guidelines are introduced, PRMS
definitions, classification and categorization are further expounded,
technical Principles and applications of the key methodologies used
in resources and reserves evaluation are illustrated based on typical
examples, and a series of important theoretical and practice issues
associated with resources management, assets evaluation and reporting
are discussed as well. As the Guidelines is rich in content and practical
with application examples universal and applicable, it has been widely
adopted and applied in the global oil industry, and also accepted by
the U.S. Securities and Exchange Commission (SEC) as an important
supporting basis for its new "modernization of oil and gas reporting"
rules. The Guidelines in English-Chinese version is of great significance
to further promote PRMS' global application. It is not only a very useful
working hand book for Chinese speaking petroleum engineers and
geologists, but also a helpful reference textbook for young petroleum
scholars in petroleum universities.

The translation work has been guided by the SPE oil and gas
reserves committee, supported by the Department of Mineral Resources
Protection and Supervision of the Ministry of Natural Resources of
China, and contributed by experts mainly from China National Oil and
Gas Exploration and Development Company Ltd. (CNODC), Research
Institute of Petroleum Exploration and Development (RIPED) and
Petroleum Industry Press (PIP). All above contributions are sincerely
acknowledged. If there is any misleading translation existing in the
Chinese version of the Guidelines, the original English version shall
prevail. You are also welcome to feedback comments and guide our
work in the coming future.

YANG, Hua
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GMAREERGNAES

Guidelines for Application of the Petroleum Resources Management System

1.1 Rationale for New Application Guidelines

SPE has been at the forefront of leadership in developing common
standards for petroleum resource definitions. There has been recognition
in the oil and gas and mineral extractive industries for some time that
a set of unified common standard definitions is required that can be
applied consistently by international financial, regulatory, and reporting
entities. An agreed set of definitions would benefit all stakeholders and
provide increased:

1 Consistency
2 Transparency
3 Reliability

A milestone in standardization was achieved in 1997 when
SPE and the World Petroleum Council (WPC) jointly approved
the “Petroleum Reserves Definitions.” Since then, SPE has been
continuously engaged in keeping the definitions updated. The definitions
were updated in 2000 and approved by SPE, WPC, and the American
Association of Petroleum Geologists (AAPG) as the “Petroleum
Resources Classification System and Definitions.” These were updated
further in 2007 and approved by SPE, WPC, AAPG, and the Society
of Petroleum Evaluation Engineers (SPEE). This culminated in the
publication of the current “Petroleum Resources Management System,”
globally known as PRMS. PRMS has been acknowledged as the
oil and gas industry standard for reference and has been used by the
US Securities and Exchange Commission (SEC) as a guide for their
updated rules, “Modernization of Oil and Gas Reporting,” published 31
December 2008.

SPE recognized that new applications guidelines were required for
the PRMS that would supersede the 2001 Guidelines for the Evaluation
of Petroleum Reserves and Resources. The original guidelines document
was the starting point for this work, and has been updated significantly
with addition of the following new chapters:

(1) Estimation of Petroleum Resources Using Deterministic
Procedures (Chap.4)

(2) Unconventional Resources (Chap.8)

In addition, other chapters have been updated to reflect current
technology and enhanced with examples. The document has been
considerably expanded to provide a useful handbook for many
reserves applications. The intent of these guidelines is not to provide a
comprehensive document that covers all aspects of reserves calculations

because that would not be possible in a short, precise update of the 2001
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CHAPTER 1 Introduction

document. However, these expanded new guidelines serve as a very
useful reference for petroleum professionals.

Chap.2 provides specific details of PRMS, focusing on the updated
information. SEG Oil and Gas Reserves Committee has taken an active
role in the preparation of Chap.3, which addresses geoscience issues
during evaluation of resource volumes. The chapter has been specifically
updated with recent technological advances. Chap.4 covers deterministic
estimation methodologies in considerable detail and can be considered as
a stand-alone document for deterministic reserves calculations. Chap.5
covers approaches used in probabilistic estimation procedures and has
been completely revised. Aggregation of petroleum resources within
an individual project and across several projects is covered in Chap.6,
which has also been updated. Chap.7 covers commercial evaluations.

Chap.8 addresses some special problems associated with
unconventional reservoirs, which have become an industry focus in
recent years. The topics covered in this chapter are a work in progress,
and only a high-level overview could be given. However, detailed
sections on coalbed methane and shale gas are included. The intent is to
expand this chapter and add details on heavy oil, bitumen, tight gas, gas
hydrates as well as coalbed methane, shale gas and shale oil as the best
practices evolve.

Production measurement and operations issues are covered in
Chapter 9 while Chapter 10 contains details of resources entitlement
and ownership considerations. The intent here is not to provide a
comprehensive list of all scenarios but furnish sufficient details to
provide guidance on how to apply the PRMS.

A list of Reference Terms used in resources evaluations is included
at the end of the guidelines. The list does not replace the PRMS
Glossary, but is intended to indicate the chapters and times where the

terms are used in these Guidelines.

1.2 History of Petroleum Reserves and Resources
Definitions

Ron Harrell

The March 2007 adoption of PRMS by SPE and its three
cosponsors, WPC, AAPG, and SPEE, followed almost 3 years and
hundreds of hours of volunteer efforts of individuals representing
virtually every segment of the upstream industry and based in at least 10
countries. Other organizations were represented through their observers

to the SPE Oil and Gas Reserves Committee (OGRC), including the
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US Energy Information Agency (EIA), the International Accounting
Standards Board (IASB), and the Society of Exploration Geophysicists
(SEG). SEG later endorsed PRMS. The approval followed a 100-day
period during which comments were solicited from the sponsoring
organizations, oil companies (IOCs and NOCs), regulators, accounting
firms, law firms, the greater financial community, and other interested
parties.

AAPG was founded in 1917; SPE began as part of AIME in
1922, and became an autonomous society in 1957; WPC began in
1933; and SPEE was created in 1962. Active cooperation between
these organizations, particularly involving individuals holding joint
membership in two or more of these organizations, has been ongoing for
years but was not formally recognized until now.

The initial efforts at establishing oil reserves definitions in the US
was led by the American Petroleum Institute (API). At the beginning of
World War I (WWI), the US government formed the National Petroleum
War Service Committee (NPWSC) to ensure adequate oil supplies for
the war effort. At the close of WWI, the NPWSC was reborn as the
APIL In 1937, API created definitions for Proved oil reserves that they
followed in their annual estimates of US oil reserves. Little attention
was paid to natural gas reserves until after 1946 when the American Gas
Association (AGA) created similar definitions for Proved gas reserves.

SPE’s initial involvement in establishing petroleum reserves
definitions began in 1962 following a plea from US banks and other
investors for a consistent set of reserves definitions that could be both
understood and relied upon by the industry in financial transactions
where petroleum reserves served as collateral. Individual lenders and oil
producers had their own “in-house” definitions, but these varied widely
in content and purpose. In 1962, the SPE Board of Directors appointed
a 12-man committee of well-recognized and respected individuals.
They were known as a “Special Committee on Definitions of Proved
Reserves for Property Evaluation.” The group was composed of two oil
producers, one pipeline company, one university professor, two banks,
two insurance companies (lenders), and four petroleum consultants.

These learned men collaborated over a period of 3 years, debating
the exact wording and terms of their assignment before submitting their
single-page work product to the SPE Board in 1965. The SPE Board
adopted the committee’s recommendation by a vote of seven in favor,
three dissenting, and two abstaining. The API observer was supportive;
the AGA observer opposed the result.

In 1981, SPE released updated Proved oil and gas definitions that
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contained only minor revisions of the initial 1965 version.

The 1987 SPE petroleum reserves definitions were the result of an
effort initiated by SPEE, but ultimately were developed and sponsored
by SPE. These definitions, issued for the first time by a large professional
organization, included recognition of the unproved categories of
Probable and Possible Reserves. Much discussion centered around the
use of probabilistic assessment techniques as a supplement or alternative
to more-traditional deterministic methods. Following the receipt of
comments from members worldwide, and in particular from North
America, the SPE Board rejected the inclusion of any discussion about
probabilistic methods of reserves evaluation in the 1987 definitions. As a
consequence, these definitions failed to garner widespread international
acceptance and adoption.

The 1997 SPE/WPC reserves definitions grew out of a cooperative
agreement between WPC and SPE and appropriately embraced the
recognition of probabilistic assessment methods. AAPG became a
sponsor of and an integral contributor to the 2000 SPE/WPC/AAPG
reserves and resources definitions. The loop of cooperation was
completed in 2007 with recognition of SPEE as a fourth sponsoring
society.

This recitation is not intended to omit or minimize the creative
influence of numerous other individuals, organizations, or countries
who have made valuable contributions over time to the derivation of
petroleum resources definitions out of an initial mining perspective.
Further, the PRMS sponsors recognize the “evergreen” nature of
reserves and resources definitions and will remain diligent in working
toward periodic updates and improvements.

Future Updates. Next time PRMS is reviewed and updated, it
may be worth considering inclusion and recognition of 1U, 2U, and 3U
as alternative acronyms for Prospective Resources estimates for low,
best, and high in a similar fashion to 1P, 2P, and 3P, and 1C, 2C, and
3C. All stakeholder societies should encourage the use of the project
maturity subclasses to link reservoir recognition to investment decisions,
investment approvals, and field development plans, as discussed in
Chapter 2.
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CHAPTER 2 Petroleum Resources Definitions, Classification, and Categorization Guidelines

2.1 Introduction

PRMS is a fully integrated system that provides the basis
for classification and categorization of all petroleum reserves and
resources. Although the system encompasses the entire resource
base, it is focused primarily on estimated recoverable sales quantities.
Because no petroleum quantities can be recovered and sold without
the installation of (or access to) the appropriate production, processing,
and transportation facilities, PRMS is based on an explicit distinction
between (1) the development project that has been (or will be)
implemented to recover petroleum from one or more accumulations and,
in particular, the chance of commerciality of that project; and (2) the
range of uncertainty in the petroleum quantities that are forecast to be
produced and sold in the future from that development project.

This two-axis PRMS system is illustrated in Figure 2.1.

2.1
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Each project is classified according to its maturity or status (broadly
corresponding to its chance of commerciality) using three main classes,
with the option to subdivide further using subclasses. The three classes
are Reserves, Contingent Resources, and Prospective Resources.
Separately, the range of uncertainty in the estimated recoverable sales
quantities from that specific project is categorized based on the principle
of capturing at least three estimates of the potential outcome: low, best,
and high estimates.

For projects that satisfy the requirements for commerciality (as set
out in Sec.2.1.2 of PRMS), Reserves may be assigned to the project, and
the three estimates of the recoverable sales quantities are designated as
1P (Proved), 2P (Proved plus Probable), and 3P (Proved plus Probable
plus Possible) Reserves. The equivalent categories for projects with
Contingent Resources are 1C, 2C, and 3C, while the terms low estimate,
best estimate, and high estimate are used for Prospective Resources. The
system also accommodates the ability to categorize and report Reserve
quantities incrementally as Proved, Probable, and Possible, rather than
using the physically realizable scenarios of 1P, 2P, and 3P.

Historically, as discussed in Chap. 1, there was some overlap (and
hence ambiguity) between the two distinct characteristics of project
maturity and uncertainty in recovery, whereby Possible Reserves, for
example, could be classified as such due to either the possible future
implementation of a development project (reflecting a project maturity
consideration) or as a reflection of some possible upside in potential
recovery from a project that had been committed or even implemented
(reflecting uncertainty in recovery). This ambiguity has been removed in
PRMS and hence it is very important to understand clearly the basis for
the fundamental distinction that is made between project classification

and reserve/resource categorization.

2.2 Defining a Project

PRMS is a project-based system, where a project: “Represents
the link between the petroleum accumulation and the decision-
making process, including budget allocation. A project may, for
example, constitute the development of a single reservoir or field, or
an incremental development in a producing field, or the integrated
development of a group of several fields and associated facilities with
a common ownership. In general, an individual project will represent a
specific maturity level at which a decision is made on whether or not to
proceed (i.e., spend money), and there should be an associated range of
estimated recoverable resources for that project.”

A project may be considered as an investment opportunity.

Management decisions reflect the selection or rejection of investment
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opportunities from a portfolio based on consideration of the total funds
available, the cost of the specific investment, and the expected outcome
(in terms of value) of that investment. The project is characterized by
the investment costs (i.e., on what the money will actually be spent) and
provides the fundamental basis for portfolio management and decision
making. In some cases, projects are implemented strictly on the basis of
strategic drivers but are nonetheless defined by these financial metrics.
The critical point is the linkage between the decision to proceed with a
project and the estimated future recoverable quantities associated with
that project.

Defining the term “project” unambiguously can be difficult
because its nature will vary with its level of maturity. For example,
a mature project may be defined in great detail by a comprehensive
development plan document that must be prepared and submitted to
the host government or relevant regulatory authority for approval to
proceed with development. This document may include full details of
all the planned development wells and their locations, specifications for
the surface processing and export facilities, discussion of environmental
considerations, staffing requirements, market assessment, estimated
capital, operating and site rehabilitation costs, etc. In contrast, the drilling
of an exploration prospect represents a project that could become a
commercial development if the well is successful. The assessment of the
economic viability of the exploration project will still require a view of
the likely development scheme, but the development plan will probably
be specified only in very broad conceptual terms based on analogues.

In all cases, the decision to proceed with a project requires an
assessment of future costs, based on an evaluation of the necessary
development facilities, to determine the expected financial return from
that investment. In this context, the development facilities include all
the necessary production, processing, and transportation facilities to
enable delivery of petroleum from the accumulation(s) to a product sales
point (or to an internal transfer point between upstream operations and
midstream/downstream operations). It is these development facilities
that define the project because it is the planned investment of the capital
costs that is the basis for the financial evaluation of the investment and
hence the decision to proceed (or not) with the project. Evaluation of
the estimated recoverable sales quantities, and the range of uncertainty
in that estimate, will also be key inputs to the financial evaluation, and
these can only be based on a defined development project.

A project may involve the development of a single petroleum
accumulation, or a group of accumulations, or there may be more than
one project implemented on a single accumulation. The following are
some examples of projects:

(1) Where a detailed development plan is prepared for partner
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and/or government approval, the plan itself defines the project. If the
plan includes some optional wells that are not subject to a further capital
commitment decision and/or government approval, these would not
constitute a separate project, but would form part of the assessment of
the range of uncertainty in potentially recoverable quantities from the
project.

(2) Where a development project is defined to produce oil from
an accumulation that also contains a significant gas cap and the gas cap
development is not an integral part of the oil development, a separate gas
development project should also be defined, even if there is currently no
gas market.

(3) Where a development plan is based on primary recovery only,
and a secondary recovery process is envisaged but will be subject to a
separate capital commitment decision and/or approval process at the
appropriate time, it should be considered as two separate projects.

(4) Where decision making is entirely on a well-by-well basis, as
may be the case in mature onshore environments, and there is no overall
defined development plan or any capital commitment beyond the current
well, each well constitutes a separate project.

(5) Where late-life installation of gas-compression facilities
is included in the original approved development plan, it is part of a
single gas development project. Where compression was not part of
the approved plan and is technically feasible, but will require economic
justification and a capital commitment decision and/or approval before
installation, the installation of gas-compression facilities represents a
separate project.

(6) In the assessment of an undrilled prospect, a risked economic
evaluation will be made to underpin the decision whether to drill. This
evaluation must include consideration of a conceptual development plan
in order to derive cost estimates and theoretically recoverable quantities
(Prospective Resources) on the basis of an assumed successful outcome
from the exploration well (see also discussion of commercial risk in Sec.
2.5). The project is defined by the exploration well and the conceptual
development plan.

(7) In some cases, an investment decision may be requested of
management that involves a combination of exploration, appraisal, and/
or development activities. Because PRMS subdivides resource quantities
on the basis of three main classes that reflect the distinction between
these activities (i.e., Reserves, Contingent Resources, and Prospective
Resources), it is appropriate in such cases to consider that the investment
decision is based on implementing a group of projects, whereby each
project can fit uniquely into one of the three classes.

Projects may change in character over time and can aggregate

or subdivide. For example, an exploration project may initially be
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defined on the basis that, if a discovery is made, the accumulation
will be developed as a standalone project. However, if the discovery
is smaller than expected and perhaps is unable to support an export
pipeline on its own, the project might be placed in “inventory”
and delayed until another discovery is made nearby, and the two
discoveries could be developed as a single project that is able to justify
the cost of the pipeline. The subsequent investment decision is then
based on proceeding with the development of the two accumulations
simultaneously using shared facilities (the pipeline), and the combined
development plan then constitutes the project. Again, the key is that the
project is defined by the basis on which the investment decision is made.

Similarly, a discovered accumulation may initially be considered as
a single development opportunity and then subsequently be subdivided
into two or more distinct projects. For example, the level of uncertainty
(e.g., in reservoir performance) may be such that it is considered more
prudent to implement a pilot project first. The initial concept of a single
field development project then becomes two separate projects: the pilot
project and the subsequent development of the remainder of the field,
with the latter project contingent on the successful outcome of the first.

A key strength of using a project-based system like PRMS is
that it encourages the consideration of all possible technically feasible
opportunities to maximize recovery, even though some projects may not
be economically viable when initially evaluated. These projects are still
part of the portfolio, and identifying and classifying them ensures that
they remain visible as potential investment opportunities for the future.
The quantities that are estimated to be Unrecoverable should be limited
to those that are currently not technically recoverable. A proportion of
these Unrecoverable quantities may of course become recoverable in the
future as a consequence of new technology being developed.

Technology refers to the applied technique by which petroleum is
recovered to the surface and, where necessary, processed into a form in
which it can be sold. Some guidelines are provided in Sec. 2.3 on the
relationship between the status of technology under development and
the distinction between Contingent Resources and those quantities that
are currently considered as Unrecoverable.

Finally, it is very important to understand clearly the distinction
between the definition of a project and the assignment of Reserves based
on Reserves Status (see Sec. 2.8). Reserves Status is a subdivision of
recoverable quantities within a project and does not reflect a project-
based classification directly unless each well is validly defined as a

separate project, as discussed above in Example 4

2.3 Project Classification

Under PRMS, each project must be classified individually so that
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the estimated recoverable sales quantities associated with that project
can be correctly assigned to one of the three main classes: Reserves,
Contingent Resources, or Prospective Resources (see Figure 2.1). The
distinction between the three classes is based on the definitions of (a)
discovery and (b) commerciality, as documented in Secs. 2.1.1 and 2.1.2
of PRMS, respectively. The evaluation of the existence of a discovery is
always at the level of the accumulation, but the assessment of potentially
recoverable quantities from that discovery must be based on a defined
(at least conceptually) project. The assessment of commerciality, on the
other hand, can only be performed at a project level.

Although the definition of “discovery” has been revised to some
extent from that contained in the SPE/WPC/AAPG Guidelines (SPE
2001) for a “known accumulation,” it remains completely independent
from any considerations of commerciality. The requirement is for
actual evidence (testing, sampling, and/or logging) from at least one
well penetration in the accumulation (or group of accumulations) to
have demonstrated a “significant quantity of potentially moveable
hydrocarbons.” In this context, “significant” implies that there is
evidence of a sufficient quantity of petroleum to justify estimating the
in-place volume demonstrated by the well(s) and for evaluating the
potential for economic recovery.

The use of the phrase “potentially moveable” in the definition of
“discovery” is in recognition of unconventional accumulations, such
as those containing natural bitumen, that may be rendered “moveable”
through the implementation of improved recovery methods or by
mining.

Estimated recoverable quantities from a discovery are classified
as Contingent Resources until such time that a defined project can be
shown to have satisfied all the criteria necessary to reclassify some
or all of the quantities as Reserves. In cases where the discovery is,
for example, adjacent to existing infrastructure with sufficient excess
capacity, and a commercially viable development project is immediately
evident (i.e., by tying the discovery well into the available infrastructure),
the estimated recoverable quantities may be classified as Reserves
immediately. More commonly, the estimated recoverable quantities
for a new discovery will be classified as Contingent Resources while
further appraisal and/or evaluation is carried out. In-place quantities in
a discovered accumulation that are not currently technically recoverable
may be classified as Discovered Unrecoverable.

The criteria for commerciality (and hence assigning Reserves to
a project) are set out in Sec. 2.1.2 of PRMS and should be considered
with care and circumspection. While estimates of Reserve quantities

will frequently change with time, including during the period before
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production startup, it should be a rare event for a project that had been
assigned to the Reserves class to subsequently be reclassified as having
Contingent Resources. Such a reclassification should occur only as the
consequence of an unforeseeable event that is beyond the control of the
company, such as an unexpected political or legal change that causes
development activities to be delayed beyond a reasonable time frame
(as defined in PRMS). Even so, if there are any identifiable areas of
concern regarding receipt of all the necessary approvals/contracts for
a new development, it is recommended that the project remains in the
Contingent Resources class until such time that the specific concern has
been addressed.

Contingent Resources may be assigned for projects that are
dependent on “technology under development.” It is recommended
that the following guidelines are considered to distinguish these from
quantities that should be classified as Unrecoverable:

(1) The technology has been demonstrated to be commercially
viable in analogous reservoirs. Discovered recoverable quantities may
be classified as Contingent Resources.

(2) The technology has been demonstrated to be commercially
viable in other reservoirs that are not analogous, and a pilot project will
be necessary to demonstrate commerciality for this reservoir. If a pilot
project is planned and budgeted, discovered recoverable quantities
from the full project may be classified as Contingent Resources. If no
pilot project is currently planned, all quantities should be classified as
Unrecoverable.

(3) The technology has not been demonstrated to be commercially
viable but is currently under active development, and there is sufficient
direct evidence (e.g., from a test project) to indicate that it may
reasonably be expected to be available for commercial application
within 5 years. Discovered Recoverable quantities from the full project
may be classified as Contingent Resources.

(4) The technology has not been demonstrated to be commercially
viable and is not currently under active development, and/or there is not
yet any direct evidence to indicate that it may reasonably be expected
to be available for commercial application within 5 years. All quantities

should be classified as Unrecoverable.

2.4 Range of Uncertainty Categorization

The “range of uncertainty” (see Figure 2.1) reflects a range of
estimated quantities potentially recoverable from an accumulation
(or group of accumulations) by a specific, defined, project. Because
all potentially recoverable quantities are estimates that are based on

assumptions regarding future reservoir performance (among other
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things), there will always be some uncertainty in the estimate of the
recoverable quantity resulting from the implementation of a specific
project. In almost all cases, there will be significant uncertainty in both
the estimated in-place quantities and in the recovery efficiency, and
there may also be project-specific commercial uncertainties. Where
performance-based estimates are used (e.g., based on decline curve
analysis), there must still be some uncertainty; however, for very mature
projects, the level of technical uncertainty may be relatively minor in
absolute terms.

In PRMS, the range of uncertainty is characterized by three
specific scenarios reflecting low, best, and high case outcomes from
the project. The terminology is different depending on which class is
appropriate for the project, but the underlying principle is the same
regardless of the level of maturity. In summary, if the project satisfies
all the criteria for Reserves, the low, best, and high estimates are
designated as Proved (1P), Proved plus Probable (2P), and Proved
plus Probable plus Possible (3P), respectively. The equivalent terms
for Contingent Resources are 1C, 2C, and 3C, while the terms “low
estimate,” “best estimate,” and “high estimate” are used for Prospective
Resources.

The three estimates may be based on deterministic methods or
on probabilistic methods, as discussed in Chap. 4 and Chap. 5. The
relationship between the two approaches is highlighted in PRMS with
the statement that:

“A deterministic estimate is a single discrete scenario within a
range of outcomes that could be derived by probabilistic analysis.”

Further, “uncertainty in resource estimates is best communicated
by reporting a range of potential results. However, if it is required to
report a single representative result, the “best estimate” is considered
the most realistic assessment of recoverable quantities. It is generally
considered to represent the sum of Proved and Probable estimates (2P)
when using the deterministic scenario or the probabilistic assessment
methods.”

The critical point in understanding the application of PRMS is
that the designation of estimated recoverable quantities as Reserves (of
any category), or as Contingent Resources or Prospective Resources,
is based solely on an assessment of the maturity/status of an identified
project, as discussed in Sec. 2.3. In contrast, the subdivision of Reserves
into 1P, 2P, and 3P (or the equivalent incremental quantities) is based
solely on considerations of uncertainty in the recovery from that specific
project (and similarly for Contingent/Prospective Resources). Under
PRMS, therefore, provided that the project satisfies the requirements

to have Reserves, there should always be a low (1P) estimate, a best
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(2P) estimate, and a high (3P) estimate, unless some very specific
circumstances pertain where, for example, the 1P (Proved) estimate
may be recorded as zero.

While estimates may be made using deterministic or probabilistic
methods (or, for that matter, using multiscenario methods), the
underlying principles must be the same if comparable results are to be
achieved. It is useful, therefore, to keep in mind certain characteristics
of the probabilistic method when applying a deterministic approach:

(1) The range of uncertainty relates to the uncertainty in the
estimate of Reserves (or Resources) for a specific project. The full
range of uncertainty extends from a minimum estimated Reserve
value for the project through all potential outcomes up to a maximum
Reserve value. Because the absolute minimum and absolute maximum
outcomes are the extreme cases, it is considered more practical to use
low and high estimates as a reasonable representation of the range of
uncertainty in the estimate of Reserves. Where probabilistic methods
are used, the P90 and P10 outcomes are typically selected for the low
and high estimates D

(2) In the probabilistic method, probabilities actually correspond
to ranges of outcomes, rather than to a specific scenario. The P90
estimate, for example, corresponds to the situation whereby there is
an estimated 90% probability that the correct answer (i.e., the actual
Reserves) will lie somewhere between the P90 and the PO (maximum)
outcomes. Obviously, there is a corresponding 10% probability that the
correct answer lies between the P90 and the P100 (minimum) outcome,
assuming of course that the evaluation of the full range of uncertainty
is valid. In a deterministic context, “a high degree of confidence that
the quantities will be recovered” does not mean that there is a high
probability that the exact quantity designated as Proved will be the
actual Reserves; it means that there is a high degree of confidence that
the actual Reserves will be at least this amount.

(3) In this uncertainty-based approach, a deterministic estimate
is, as stated in PRMS, a single discrete scenario that should lie within
the range that would be generated by a probabilistic analysis. The range
of uncertainty reflects our inability to estimate the actual recoverable
quantities for a project exactly, and the 1P, 2P, and 3P Reserves
estimates are simply single discrete scenarios that are representative
of the extent of the range of uncertainty. In PRMS there is no attempt
to consider a range of uncertainty separately for each of the 1P, 2P, or
3P scenarios, or for the incremental Proved, Probable, and Possible

Reserves, because the objective is to estimate the range of uncertainty
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in the actual recovery from the project as a whole.

(4) Because the distribution of uncertainty in an estimate of
reserves will generally be similar to a lognormal shape, the correct
answer (the actual recoverable quantities) will be more likely to be
close to the best estimate (or 2P scenario) than to the low (1P) or high
(3P) estimates. This point should not be confused with the fact that
there is a higher probability that the correct answer will exceed the 1P
estimate (at least 90%) than the probability that it will exceed the 2P
estimate (at least 50%).

For very mature producing projects, it may be considered that
there is such a small range of uncertainty in estimated remaining
recoverable quantities that 1P, 2P, and 3P reserves can be assumed to
be equal. Typically, this approach is used where a producing well has
sufficient long-term production history that a forecast based on decline
curve analysis is considered to be subject to relatively little uncertainty.
In reality, of course, the range of uncertainty is never zero (especially
when considered in the context of remaining quantities), and any
assumption that the uncertainty is not material to the estimate should be
carefully considered, and the basis for the assumption should be fully
documented. Note that this is the only circumstance where a project can
have Proved Reserves, but zero Probable and Possible Reserves.

Typically, there will be a significant range of uncertainty and
hence there will be low, best, and high estimates (or a full probabilistic
distribution) that characterize the range, whether for Reserves,
Contingent Resources, or Prospective Resources. However, there are
specific circumstances that can lead to having 2P and 3P Reserves, but
zero Proved Reserves. These are described in Sec. 3.1.2 of PRMS.

Conceptually, the framework of PRMS was originally designed
on the basis of the “uncertainty-based philosophy” of reserve estimation
[as discussed in Sec. 2.5 of Guidelines for Evaluation of Reserves and
Resources (SPE 2001)], as is clearly demonstrated by its separation
of project maturity from the range of uncertainty and by the simple
fact that uncertainty in any estimate (e.g., reserves attributable to a
project) can only be communicated by either a complete distribution
of outcomes derived from probabilistic methodologies or by reporting
selected outcomes (e.g., low, best, and high scenarios) from that
distribution, as may be estimated using deterministic scenario methods.
However, as PRMS indicates that the “deterministic incremental (risk-
based) approach” remains a valid methodology in this context, further
explanation is necessary to ensure that this reference is not confused
with the “risk-based philosophy” described in the guidelines (SPE
2001).

As highlighted in the guidelines (SPE 2001), a major limitation
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of the risk-based philosophy was that it failed to distinguish between
uncertainty in the recoverable quantities for a project and the risk that
the project may not eventually achieve commercial development.
Because this distinction is at the very heart of PRMS, it is clear that
such an approach could not be consistent with the system. In particular,
no reserves (of any category) can be assigned unless the project satisfies
all the commerciality criteria for reserves. Thus, for reserves at least,
the project should be subject to very little, if any, commercial risk. The
reserve categories are then used to characterize the range of uncertainty
in recoverable quantities from that project.

Provided that the definitions and guidelines specified within
PRMS are respected, the incremental approach (or any other
methodology) can be used to estimate reserves or resources. Estimating
discrete quantities associated with each of the three reserves categories
(Proved, Probable, and Possible) remains valid, though it is noted
that some of the definitions and guidelines may still require explicit
consideration of deterministic scenarios. For example, Probable
Reserves should be such that: “It is equally likely that actual remaining
quantities recovered will be greater than or less than the sum of the
estimated Proved plus Probable Reserves (2P)” (PRMS Sec. 2.2.2 and
Table 3, emphasis added).

2.5 Methods for Estimating the Range of Uncertainty in
Recoverable Quantities

There are several different approaches to estimating the range of
uncertainty in recoverable quantities for a project and the terminology
is often used in confusing ways. These mathematical approaches, such
as Monte Carlo analysis, largely relate to volumetric methods but are
also relevant to other methodologies. In this context “deterministic” is
taken to mean combining a single set of discrete parameter estimates
(gross rock volume, average porosity, etc.) that represent a physically
realizable and realistic combination in order to derive a single, specific
estimate of recoverable quantities. Such a combination of parameters
represents a specific scenario. On this basis, even the probabilistic
method is scenario-based. Irrespective of the approach utilized, the
uncertainty in recoverable quantities is associated with the applied
(or planned) project, while the risk (chance of commerciality) of the
project is defined by its assignment to a resource class or subclass.

Keeping in mind that the object of the exercise is to estimate at
least three outcomes (estimated recoverable quantities) that reflect
the range of uncertainty for the project, broadly defined as low, best,
and high estimates, it is important to recognize that the underlying

philosophy must be the same, regardless of the approach used. The
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methods are discussed in more detail in Chap. 4 and Chap 5.
Evaluators may choose to apply more than one method to a
specific project, especially for more complex developments. For
example, three deterministic scenarios may be selected after reviewing
a Monte Carlo analysis of the same project. The following terminology

is recommended for the primary methods in current use.
2.5.1 Deterministic (scenario) method

In this method, three discrete scenarios are developed that
reflect a low, best and high estimate of recoverable quantities. These
scenarios must reflect realistic combinations of parameters and
particular care is required to ensure that a reasonable range is used for
the uncertainty in reservoir property averages (e.g., average porosity)
and that interdependencies are accounted for (e.g., a high gross rock
volume estimate may have a low average porosity associated with it).
It is generally not appropriate to combine the low estimate for each
input parameter to determine a low case outcome, as this would not
represent a realistic low case scenario (it would be closer to the absolute

minimum possible outcome).
2.5.2 Deterministic (incremental) method

The deterministic (incremental) method is widely used in mature
onshore environments, especially where well-spacing regulations
apply. Typically, Proved Developed Reserves are assigned within the
drilled spacing-unit and Proved Undeveloped Reserves are assigned
to adjacent spacing-units where there is high confidence in continuity
of productive reservoir. Probable and Possible Reserves are assigned
in more remote areas indicating progressively less confidence. These
additional quantities (e.g., Probable Reserves) are estimated discretely
as opposed to defining a Proved plus Probable Reserves scenario. In
such cases, particular care is required to define the project correctly
(e.g., distinguishing between which wells are planned and which are
contingent) and to ensure that all uncertainties, including recovery

efficiency, are appropriately addressed.
2.5.3 Probabilistic method

Commonly, the probabilistic method is implemented using
Monte Carlo analysis. In this case, the user defines the uncertainty
distributions of the input parameters and the relationship (correlations)
between them, and the technique derives an output distribution based
on combining those input assumptions. As mentioned above, each
iteration of the model is a single, discrete deterministic scenario. In this
case, however, the software determines the combination of parameters

for each iteration, rather than the user, and runs many different possible
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combinations (usually several thousand) in order to develop a full
probability distribution of the range of possible outcomes from which
three representative outcomes are selected (e.g., P90, P50 and P10).
Stochastic reservoir modeling methods may also be used to generate

multiple realizations.
2.5.4 Multiscenario method

The multiscenario method is a combination of the deterministic
(scenario) method and the probabilistic method. In this case, a
significant number of discrete deterministic scenarios are developed by
the user (perhaps 100 or more) and probabilities are assigned to each
possible discrete input assumption. For example, three depth conversion
models may be considered possible, and each one is assigned a
probability based on the user’s assessment of the relative likelihood
of each of the models. Each scenario leads to a single deterministic
outcome, and the probabilities for each of the input parameters are
combined to give a probability for that scenario/outcome. Given
sufficient scenarios (which may be supplemented through the use
of experimental design techniques), it is possible to develop a full
probability distribution from which the three specific deterministic
scenarios that lie closest to P90, P50 and P10 (for example) may be

selected.

2.6 Commercial Risk and Reported Quantities

In PRMS, commercial risk can be expressed quantitatively as the
chance of commerciality, which is defined as the product of two risk
components:

(1) The chance that the potential accumulation will result in the
discovery of petroleum. This is referred to as the “chance of discovery.”

(2) Once discovered, the chance that the accumulation will be
commercially developed is referred to as the “chance of development.”

Because Reserves and Contingent Resources are only attributable
to discovered accumulations, and hence the chance of discovery is
100%, the chance of commerciality becomes equivalent to the chance
of development. Further, and as mentioned previously, for a project
to be assigned Reserves, there should be a very high probability that
it will proceed to commercial development (i.e., very little, if any,
commercial risk). Consequently, commercial risk is generally ignored
in the estimation and reporting of Reserves.

However, for projects with Contingent or Prospective Resources,
the commercial risk is likely to be quite significant and should always
be carefully considered and documented. Industry practice in the case
of Prospective Resources is fairly well established, but there does not

appear to be any consistency yet for Contingent Resources.
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Consider, first, industry practice for Prospective Resources. The
chance of discovery is assessed based on the probability that all the
necessary components for an accumulation to form (hydrocarbon
source, trap, migration, etc.) are present. Separately, an evaluation
of the potential size of the discovery is undertaken. Typically, this
is performed probabilistically and leads to a full distribution of the
range of uncertainty in potentially recoverable quantities, given that a
discovery is made. Because this range may include some outcomes that
are below the economic threshold for a commercially viable project, the
probability of being above that threshold is used to define the chance
of development, and hence a chance of commerciality is obtained
by multiplying this by the chance of discovery. The distribution of
potential outcomes is then recomputed for the “success case;” i.e., for a
discovery that is larger than the economic threshold.

Because Prospective Resources are generally not reported
externally, companies have established their own internal systems for
documenting the relationship between risk and expected outcomes.
Usually, if a single number is captured, it would be the “risked
mean” or “risked mean success volume,” where the risk is the
chance of commerciality and the mean is taken from the distribution
of recoverable quantities for the “success case.” Note that it is
mathematically invalid to determine a P90 of the risked success-
case distribution (or any other probability level other than the mean
itself) by multiplying an unrisked success-case P90 by the chance of
commerciality.

It would be easy to assume that a similar process could be applied
for Contingent Resources to determine a “success case” outcome, based
on the probability that the estimated recoverable quantities are above a
minimum economic threshold, but this would not be correct.

Once a discovery has been made, and a range of technically
recoverable quantities has been assessed, these will be assigned as
Contingent Resources if there are any contingencies that currently
preclude the project from being classified as commercial. If the
contingency is purely nontechnical (such as a problem getting an
environmental approval, for example), the uncertainty in the estimated
recoverable quantities generally will not be impacted by the removal
of the contingency. The Contingent Resource quantities (1C, 2C, and
3C) should theoretically move directly to 1P, 2P, and 3P Reserves once
the contingency is removed, provided of course that all other criteria
for assigning Reserves have been satisfied and the planned recovery
project has not changed in any way. In this example, the chance of
commerciality is the probability that the necessary environmental

permit will be obtained.
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However, another possible contingency precluding a development
decision could be that the estimated 1C quantities are considered to
be too small to commit to the project, even though the 2C level is
commercially viable. It is not uncommon, for example, for a company
to first test that the 2C estimate satisfies all their corporate hurdles and
then, as a project robustness test, to require that the low (1C) outcome
is at least break-even. If the project fails this latter test and development
remains contingent on satisfying this break-even test, further data
acquisition (probably appraisal drilling) would be required to reduce the
range of uncertainty first. In such a case, the chance of commerciality
is the probability that the appraisal efforts will increase the low (1C)
estimate above the break-even level, which is not the same as the
probability (assessed before the additional appraisal) that the actual
recovery will exceed the break-even level. In this situation, because
the project will not go ahead unless the 1C estimate is increased, the
“success case” range of uncertainty is different from the pre-appraisal
range.

As mentioned above, there is no industry standard for the
reporting of Contingent Resource estimates. However, the commercial
risk associated with such projects can vary widely, with some being
"almost there" with, say, an 80% chance of proceeding to development,
while others might have a less than, say, 30% chance. If Contingent
Resources are reported externally, the commercial risk can be
communicated to users (e.g., investors) by various means, including:
(1) describing the specific contingencies associated with individual
projects; (2) reporting a quantitative chance of commerciality for each
project; and/or (3) assigning each project to one of the Project Maturity
subclasses (see Sec. 2.7).

Aggregation of quantities that are subject to commercial risk

raises further complications, which are discussed in Chap.6.

2.7 Project Maturity Subclasses

Under PRMS, identified projects must always be assigned to one
of the three classes: Reserves, Contingent Resources, or Prospective
Resources. Further subdivision is optional, and three subclassification
systems are provided in PRMS that can be used together or separately
to identify particular characteristics of the project and its associated
recoverable quantities. The subclassification options are project maturity
subclasses, reserves status, and economic status.

As illustrated in Figure 2.2, development projects (and their
associated recoverable quantities) may be subclassified according to

project maturity levels and the associated actions (business decisions)
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required to move a project toward commercial production. This
approach supports managing portfolios of opportunities at various stages
of exploration and development and may be supplemented by associated
quantitative estimates of chance of commerciality, as discussed in Sec.
2.6. The boundaries between different levels of project maturity may
align with internal (corporate) project “decision gates,” thus providing
a direct link between the decision-making process within a company
and characterization of its portfolio through resource classification. This
link can also act to facilitate the consistent assignment of appropriate

quantified risk factors for the chance of commerciality.
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Figure 2.2 Subclasses based on project maturity.
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Evaluators may adopt alternative subclasses and project maturity
modifiers to align with their own decision-making process, but the
concept of increasing chance of commerciality should be a key
enabler in applying the overall classification system and supporting

portfolio management. Note that, in quantitative terms, the “chance
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of commerciality” axis shown in Figures 2.1 and 2.2 is not intended
to represent a linear scale, nor is it necessarily wholly sequential
in the sense that a Contingent Resource project that is classified as
“Development not Viable” could have a lower chance of commerciality
than a low-risk prospect, for example. In general, however, quantitative
estimates of the chance of commerciality will increase as a project
moves “up the ladder” from an exploration concept to a field that is
producing.

If the subclasses in Figure 2.2 are adopted, the following general
guidelines should be considered in addition to those documented in
Table 1 of PRMS:

(1) On Production is self-evident in that the project must be
producing and selling petroleum to market as at the effective date of
the evaluation. Although implementation of the project may not be
100% complete at that date, and hence some of the reserves may still
be Undeveloped (see Sec. 2.8), the full project must have all necessary
approvals and contracts in place, and capital funds committed. If a part
of the development plan is still subject to approval and/or commitment
of funds, this part should be classified as a separate project in the
appropriate subclass.

(2) Approved for Development requires that all approvals/
contracts are in place, and capital funds have been committed.
Construction and installation of project facilities should be underway
or due to start imminently. Only a completely unforeseeable change in
circumstances that is beyond the control of the developers would be
an acceptable reason for failure of the project to be developed within a
reasonable time frame.

(3) Projects normally would not be expected to be classified as
Justified for Development for very long. Essentially, it covers the
period between (a) the operator and its partners agreeing that the project
is commercially viable and deciding to proceed with development on the
basis of an agreed development plan (i.e., there is a “firm intent”), and (b)
the point at which all approvals and contracts are in place (particularly
regulatory approval of the development plan, where relevant) and a
“final investment decision” has been made by the developers to commit
the necessary capital funds. In PRMS, the recommended benchmark
is that development would be expected to be initiated within 5 years of
assignment to this subclass (refer to Sec. 2.1.2 of PRMS for discussion
of possible exceptions to this benchmark).

(4) Development Pending is limited to those projects that
are actively subject to project-specific technical activities, such as

appraisal drilling or detailed evaluation that is designed to confirm
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commerciality and/or to determine the optimum development scenario.
In addition, it may include projects that have nontechnical contingencies,
provided these contingencies are currently being actively pursued by
the developers and are expected to be resolved positively within a
reasonable time frame. Such projects would be expected to have a high
probability of becoming a commercial development (i.e., a high chance
of commerciality).

(5) Development Unclarified or On Hold comprises two
situations. Projects that are classified as On Hold would generally be
where a project is considered to have at least a reasonable chance of
commerciality, but where there are major nontechnical contingencies
(e.g., environmental issues) that need to be resolved before the project
can move toward development. The primary difference between
Development Pending and On Hold is that in the former case, the only
significant contingencies are ones that can be, and are being, directly
influenced by the developers (e.g., through negotiations), whereas in
the latter case, the primary contingencies are subject to the decisions
of others over which the developers have little or no direct influence
and both the outcome and the timing of those decisions is subject to
significant uncertainty.

Projects are considered to be Unclarified if they are still under
evaluation (e.g., a recent discovery) or require significant further
appraisal to clarify the potential for development, and where the
contingencies have yet to be fully defined. In such cases, the chance of
commerciality may be difficult to assess with any confidence.

(6) Where a technically viable project has been assessed as being
of insufficient potential to warrant any further appraisal activities or any
direct efforts to remove commercial contingencies, it should be classified
as Development not Viable. Projects in this subclass would be expected

to have a low chance of commerciality.

It is important to note that while the aim is always to move projects
“up the ladder” toward higher levels of maturity, and eventually to
production, a change in circumstances (disappointing well results,
change in fiscal regime, etc.) can lead to projects being “downgraded” to
a lower subclass.

One area of possible confusion is the distinction between
Development not Viable and Unrecoverable. A key goal of portfolio
management should be to identify all possible incremental development
options for a reservoir; it is strongly recommended that all technically
feasible projects that could be applied to a reservoir are identified,

even though some may not be economically viable at the time. Such
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an approach highlights the extent to which identified incremental
development projects would achieve a level of recovery efficiency that
is at least comparable to analogous reservoirs. Or, looking at it from the
other direction, if analogous reservoirs are achieving levels of recovery
efficiency significantly better than the reservoir under consideration, it is
possible that there are development options that have been overlooked.

A project would be classified as Development not Viable if it
is not seen as having sufficient potential for eventual commercial
development, at the time of reporting, to warrant further appraisal.
However, the theoretically recoverable quantities are recorded so that
the potential development opportunity will be recognized in the event of
a major change in technology and/or commercial conditions.

Quantities should only be classified as Unrecoverable if no
technically feasible projects have been identified that could lead to
the recovery of any of these quantities. A portion of Unrecoverable
quantities may become recoverable in the future due to the development
of new technology, for example; the remaining portion may never
be recovered due to physical/chemical constraints represented by
subsurface interaction of fluids and reservoir rocks. See also the

discussion regarding technology under development in Sec. 2.3.

2.8 Reserves Status

Estimated recoverable quantities associated with projects that fully
satisfy the requirements for Reserves may be subdivided according
to their operational and funding status. Under PRMS, subdivision by
reserves status is optional and includes the following status levels:
Developed Producing, Developed Nonproducing, and Undeveloped. In
addition, although the prior (1997) definitions of these subdivisions were
associated only with Proved Reserves, PRMS now explicitly allows
the subdivision to be applied to all categories of Reserves (i.e., Proved,
Probable, and Possible).

Reserve status has long been used as a subdivision of Reserves
in certain environments, and it is obligatory under some reporting
regulations to subdivide Proved Reserves to Proved Developed and
Proved Undeveloped. In many other areas, subdivision by Reserves
status is not required by relevant reporting regulations and is not widely
used by evaluators. Unless mandated by regulation, it is up to the
evaluator to determining the usefulness of these, or any of the other,
subdivisions in any particular situations.

Subdivision by reserves status or by project maturity subclasses is
optional and, because they are to some degree independent of each other,
both can be applied together. Such an approach requires some care, as it

is possible to confuse the fact that project maturity subclasses are linked
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to the status of the project as a whole, whereas reserves status considers
the level of implementation of the project, essentially on a well-by-well
basis. Unless each well constitutes a separate project, reserves status is a
subdivision of Reserves within a project. Reserves status is not project-
based, and hence there is no direct relationship between reserves status
and chance of commerciality, which is a reflection of the level of project
maturity.

The relationship between the two optional classification approaches
may be best understood by considering all the possible combinations, as
illustrated below. The table shows that a project that is On Production
could have Reserves in all three reserves status subdivisions, whereas
all project Reserves must be Undeveloped if the project is classified as

Justified for Development.
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Table 2.1 Relationship between Project Maturity Sub-classes and Reserves Status

2.1
Reserves Status
Projeect Maturity fEEIRTE
Sub-classes
TR B L E T 2K Developed Producing Reserves | Developed Non-Producing Reserves Undeveloped Reserves
EFRIEEF EFRRES AR
On Production
s - - B
Approved for Development
\ r X
EHUEFER M i
Justified for Development
ALY N X X
ERIETHE B

Applying reserves status in the absence of project maturity
subclasses can lead to the mixing of two different types of Undeveloped
Reserves and will hide the fact that they may be subject to different
levels of project maturity:

1 Those Reserves that are Undeveloped simply because
implementation of the approved, committed and budgeted development
project is ongoing and drilling of the production wells, for example, is
still in progress at the date of the evaluation; and,

2 Those Reserves that are Undeveloped because the final
investment decision for the project has yet to be made and/or other
approvals or contracts that are expected to be confirmed have not yet
been finalized.

For portfolio analysis and decision-making purposes, it is
clearly important to be able to distinguish between these two types of
Undeveloped Reserves. By using project maturity subclasses, a clear
distinction can be made between a project that has been Approved for
Development and one that is Justified for Development, but not yet

approved.
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2.9 Economic Status

A third option for classification purposes is to subdivide Contingent

Resource projects on the basis of economic status, into Marginal or

Submarginal Contingent Resources. In addition, PRMS indicates that,

where evaluations are incomplete such that it is premature to clearly

define ultimate chance of commerciality, it is acceptable to note that

project economic status is“undetermined.” As with the classification

options for Reserves that are based on reserves status, this is an optional

subdivision that may be used alone or in combination with project

maturity subclasses.

Broadly speaking, one might expect the following approximate

relationships between the two optional approaches (Table 2.2) :
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Table 2.2 Relationships between Project Maturity Subclass and Economic Status

2.2
Project Maturity Subclass Additional Sub-classification Economic Status
S ERNIES HRR > KR
Development Pending Pending
4 N pe
(REIR:S e Marginal Contingent Resources
Development Unclarified or On Hold LR
FERARHITRAR Unclarified Undetermined
L RIFE
Development not Viable not Viable Sub-marginal Contingent Resources
F &R K5 RBBRE AR EE
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Seismic Applications
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3.1 Introduction

Geophysical methods, principally seismic surveys, are one of the
many tools used by the petroleum industry to assess the quantity of
oil and gas available for production from a field. The interpretations
and conclusions from seismic data are integrated with the analysis of
well logs, pressure tests, cores, geologic depositional knowledge and
other information from exploration and appraisal wells to determine
if a known accumulation is commercial and to formulate an initial
field development plan. As development wells are drilled and put
on production, the interpretation of the seismic data is revised and
recalibrated to take advantage of the new borehole information and
production histories. Aspects of the seismic interpretation that initially
were considered ambiguous become more reliable and detailed as
uncertainties in the relationships between seismic attributes and field
properties are reduced. The seismic data evolve into a continuously
utilized and updated subsurface tool that impacts both estimation of
reserves and depletion planning.

While 2D seismic lines are useful for mapping structures, the
uncertainties associated with all aspects of a seismic interpretation
decreases considerably when the seismic data are acquired and
processed as a 3D data volume. Not only does 3D acquisition provide
full spatial coverage, but the 3D processing procedures (seismic
migration in particular) are better able to move reflections to their
proper positions in the subsurface, significantly improving the clarity
of the seismic image. In addition, 3D seismic data can provide greater
confidence in the prediction of reservoir continuity away from well
control. 3D seismic offers the geoscientist the option to extract a
suite of more complex seismic attributes to further improve the
characterization of the subsurface. 3D data acquisition and processing
improve continuously; a recent example is the development of Wide
Azimuth (WAZ) seismic acquisition and processing that provides
improvements in structural definition and signal to noise ratio in
complex geologies.

The following discussion focuses on the application of 3D
seismic data in the estimation of Reserve and Resource volumes as
classified and categorized by PRMS. However, in some areas, 2D
data may still play a crucial role when Prospective Resources are
being estimated. Once a discovery is made, and as an individual asset
or project matures, it has become the norm to acquire 3D seismic
data, which provide critical additional information in support of the
estimation of Contingent Resources and/or Reserves. Finally, once a
field has been on production for some time, repeat seismic surveys

may be acquired if conditions are suitable. The information from these
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time-lapse seismic surveys, also known as 4D seismic, are integrated
with performance data and feed into the Reserves and Resource

volumes estimates and updates to the field development plan.

3.2 Seismic Estimation of Reserves and Resources

The interpretations that a geoscientist derives from 3D seismic
data can be grouped conveniently into those that map the structure and
geometry of the hydrocarbon trap (including fault related aspects),
those that characterize rock and fluid properties, and those that are
directed at highlighting changes in the distribution of fluids and/or

pressure variations, resulting from production.
3.2.1 Trap Geometry

Trap geometry is determined by the dips and strikes of reservoirs
and seals, the locations of faults and barriers that facilitate or block
fluid flow, the shapes and distribution of the sedimentary bodies that
make up a field’s stratigraphy, and the orientations of any unconformity
surfaces that cut through the reservoir. A 3D seismic volume allows an
interpreter to map the trap as a 3D grid of seismic amplitudes reflected
from acoustic/elastic impedance @ boundaries associated with the
rocks and fluids in and around the trap. The resolution of 3D seismic
typically ranges from 12.5 to 50 m laterally and 8 to 40 m vertically,
depending on the depth and properties of the objective reservoir as
well as the nature of the seismic survey acquisition parameters and
the details of the subsequent processing. A geoscientist uses various
interpretive techniques available on a computer workstation to analyze
the seismic volume(s). A geoscientist can synthesize a coherent
and quite detailed 3D picture of a trap’s geometry depending on
the seismic quality and resolution. Mapping travel times to selected
acoustic/elastic impedance boundaries (geoscientists often call these
boundaries seismic horizons), displaying seismic amplitude variations
along these horizons, isochroning between horizons, noting changes
in amplitude and phase continuity through the volume, and displaying
time and/or horizon slices and volumetric renderings of the seismic
data in optimized colors and perspectives all contribute to the detailed
picture of the trap’s geometry. Velocity data from wells, optionally
supplemented with seismic velocity data, is used to convert the
horizons picked in time into depth and thickness.

To fully analyze a trap, a geoscientist typically makes numerous

cross sections, maps, and 3D visualizations of both the surfaces (bed
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(® Acoustic impedance is the product of density and velocity. Since seismic reflection coefficients/strengths change with angle elastic

impedance is sometimes used for oblique incidence.
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boundaries, fault planes, and unconformities) and thicknesses of the
important stratigraphic units comprising the trap. In particular, the
geometric configurations of the reservoirs and their adjacent sealing
units are carefully defined. The displays ultimately are distilled to
geometric renderings of the single or multiple pools that form the field.
The final product of the trap analysis is a calculation of the reservoir
bulk volume of these pools (which will later be integrated with
reservoir properties such as porosity, net-to-gross, and hydrocarbon
saturation to compute an estimate of the original oil and gas in place).
For fields interpreted to be faulted, it may be necessary to
classify resource estimates differently for individual fault blocks. It
is important to make a distinction whether the fault that separates the
undrilled fault block from a drilled fault block can be considered a
major, potentially sealing fault or not. This will depend on the analysis
of the extent of the fault, the fault throw as well as an assessment of
fault transmissibility. Seismic amplitudes and flat-spots (see 3.2.2)

may be included in this assessment.
3.2.2 Rock and Fluid Properties

The second general application of 3D seismic analysis is
predicting the rock and pore-fluid properties of the reservoir and
sometimes its pressure regime. The reservoir properties that 3D
seismic can potentially predict under suitable conditions are porosity,
lithology, presence of gas/oil saturation as well as pressure. Predictions
must be supported by well control and a representative depositional
model. Depending on conditions predictions may be either qualitative
or quantitative. Lithology, including net-to-gross, and porosity can
be loosely estimated from a depositional model of the reservoir
based on well data, 3D seismic facies analysis, and field analogs. By
knowing whether the depositional system is fluvial, deltaic, deepwater,
or another system, a geoscience team can apply general geologic
understanding and predict reservoir porosity to within appropriate
ranges from reservoir analogues.

In some situations more accurate and higher resolution
predictions can be made based on seismic attributes such as amplitude.
The use of such seismic attributes requires that:

(1) A relationship exists at log scale between these attributes and
specific reservoir characteristics;

(2) This relationship still exists at seismic scale (which exhibits
lower vertical resolution) ;

(3) The seismic quality is satisfactory;

(4) A reliable seismic to well tie exists.

The geoscientist should work through each of these: first, by
demonstrating a relationship between a log-scale seismic attribute,

such as p-wave or s-wave impedance or elastic impedance and a
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reservoir property; second, by demonstrating that a useful relationship
still exists at seismic resolution and for the anticipated geometries
of the reservoir; third, the geoscientist should demonstrate that the
data quality of the seismic at the reservoir level is good and that, for
example, overburden effects do not obscure or distort the imaging of
the reservoir; and finally, it should be demonstrated that well synthetics
(modeled seismic derived from density and sonic logs) adequately tie
the seismic data.

Qualitative predictions such as the stratigraphic extent of a
reservoir may be based on relatively simple attribute extractions
supported by well data and analogues. Quantitative predictions for
example of porosity or net-to-gross will need more sophisticated
approaches that compensate for the tuning @ effects caused by the
band-limited nature of the seismic data. These could be either 2D map
based approaches or 3D seismic inversion based. They may involve
either a direct calibration of the seismic attribute to a reservoir property
or a two-stage approach by first estimating the impedance values. The
risks and uncertainties of seismic inversion are discussed in 3.4.

Attributes may be extracted from conventional stacked volumes
or, increasingly, from AVO attribute volumes such as intercept
or gradient or linear combinations of the two. This can improve
correlations between the seismic attribute and the reservoir property.
Inversion algorithms make use either AVO volumes or prestack data.
In all cases the quality of the track record and confidence ranges, either
locally within the 3D volume or regionally, will need to be considered
when determining the reliability of seismic based estimates.

The presence of hydrocarbons typically lowers the seismic
velocity and density of unconsolidated to moderately consolidated
sandstones and hence modifies the impedance contrast with
surrounding shales relative to the contrast of water bearing sands with
the same shales. Typically this will increase reflectivity but if brine
sands are harder than shales, the reflectivity can be reduced or change
polarity. The down-dip limit of this changed reflectivity will show up
as a change of amplitude that conforms with a structural contour.

If the reservoir thickness is above seismic resolution, a reflection
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@ For thin reservoirs, the seismic reflections from the top and the base of the reservoir overlap and interfere constructively and destructively

with each other to such an extent that the two interfaces have no individual expression; geophysicists call this effect "tuning." The tuning

thickness is the bed thickness at which the two seismic reflections become indistinguishable in time. It is important to know this thickness

before one starts interpreting seismic data. To this end, geophysicists produce tuning models for the relevant seismic data that can act as a

guide for determining the tuning thickness.
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from the hydrocarbon/water contact may be visible as a reflection
event known as a “flat-spot.” Flat-spots are normally attributed to a
depth (unless there is a lateral pressure gradient in the aquifer) but may
not be flat in time.

The field in the example below shows a seismic expression of an
apparent oil-water contract in a high quality oil sand. The normalized
seismic amplitude map in Figure 3.1 a shows a good fit-to-structure of
the amplitude change at the apparent oil-water contact. However, some
amplitude variations are present as well at shallower levels, suggesting
variability in the lithology. Key results are shown in the plot on the
right in Figure 3.1 b. The impact of both reservoir thickness as well as
pore-fill on the seismic response can be observed. The outcome to this
analysis underpins the low, best, and high estimates that feed into the

resource classification.
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Figure 3.1 Example of Using Seismic Technology to Assess Fluid Contacts.

The plot on the right shows the results of a Monte Carlo seismic modeling exercise in which the full range of key uncertainties (reservoir thickness, porosity,

net-to-gross, rock and fluid properties, etc.) were evaluated.

3.1

The visibility of hydrocarbon-related amplitude conformance and
flat-spots (Direct Hydrocarbon Indicators or DHIs) may be enhanced
through the use of appropriate AVO volumes. In all cases, seismic rock
property analysis should be provided to support the identification of an
event as a DHI to ensure that the strength and polarity of reflections is
consistent with expectations. DHIs must also be shown to be consistent

with the trapping geometry (Figure 3.2).
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a. Near Offset Volume
I AmAS Hh AR AR

b. Far Offset Volume
IR M R A T

Figure 3.2 Amplitude Maps from A Deepwater Oil Field (hot colors are high negative amplitudes).

The oil accumulation is trapped against a fault to the northeast dipping to an oil-water contact (owc) to the southwest. The maps are from a near offset (left) and

far offset (right) volume. The oil-water contact appears as an amplitude increase on the near offsets and an amplitude decrease on the far offsets. Both run along

a structural contour. The response is consistent with the trap geometry, the depositional model and the seismic rock properties from the well data.
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It is usually not possible to distinguish a fully saturated gas
accumulation from a partially saturated column (residual gas) using full
stack or conventional (two-term) AVO analysis, so this may remain as
an unresolved risk. Direct estimation of density contrast using higher
order AVO analysis can in principle distinguish between the two, but
this is an emerging technology and would need to be supported by a
historical track record.

It is noted that in many other examples, in which the seismic
evidence itself is not as convincing, other data sources (e.g., pressure
data, performance data, geologic deposition model) will also contribute
as part of an integrated analysis to achieve comparable confidence of the
recoverable volumes below the Lowest Known Hydrocarbons (LKH),
as observed in the wells.

When a known hydrocarbon accumulation is being appraised,
seismic flat-spots and/or seismic amplitude anomalies can be used to
increase confidence in fluid contacts when the following conditions are
met:

(1) The flat-spot and/or seismic amplitude anomaly is clearly
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visible in the 3D seismic, and not related to imaging issues.

(2) Within a single fault block, well logs, pressure, and well test
and/or performance data demonstrate a strong tie between the calculated
hydrocarbon/water contact (not necessarily drilled) and the seismic flat-
spot and/or down-dip edge of the seismic anomaly.

(3) The spatial mapping of the flat-spot and/or down-dip edge
of the amplitude anomaly within the reservoir fairway fits a structural
contour, which usually will be the down-dip limit of the accumulation.

Seismic amplitude anomalies may also be used to support
reservoir and fluid continuity across a faulted reservoir provided that the
following conditions are met:

(1) Within the drilled fault block, well logs, pressure, fluid data,
and test data demonstrate a strong tie between the hydrocarbon-bearing
reservoir and the seismic anomaly.

(2) Fault throw is less than reservoir thickness over (part of)
the hydrocarbon bearing section across the fault and the fault is not
considered to be a major, potentially sealing, fault.

(3) The seismic flat-spot or the seismic anomaly is spatially
continuous and at the same depth across the fault.

If these conditions are met, the presence of hydrocarbon in the
adjacent fault block above the seismic flat-spot or seismic amplitude
anomaly may be judged sufficiently robust to qualify the hydrocarbon
volumes as within the same known accumulation and thus qualify as
reserves. If these conditions are only partially met, the interpreter must
consider the increased level of uncertainty inherent in the data and
appropriately classify the volumes based on the uncertainty components.
Caution should be exercised in assigning reserves and resource
classification categories. The levels of risk and uncertainty should be
commensurate the quality of the data, velocity uncertainty, repeatability,

and quality of supporting data.
3.2.3 Surveillance

The third general application of 3D seismic analysis is monitoring
changes in pore-space composition, pressure, and temperature with fluid
movement in the reservoir. This application is often called time-lapse
seismic or more commonly as 4D seismic. Surveillance is possible if
one

(1) Acquires a baseline seismic data-set

(2) Allows fluid flow to occur through production and/or injection
with associated pressure/temperature changes

(3) Acquires additional 3D seismic data-sets sometime after the
baseline

(4) Observes differences between the seismic character of the two

data-sets in the reservoir interval
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(5) Demonstrates through seismic modeling and/or rock and
fluid physics based on a relevant set of well log data that the differences
are the result of physical changes related to the hydrocarbon recovery
process

One must be careful not to vary seismic acquisition and processing
parameters drastically between surveys and thereby introduce
differences between the seismic data sets that can be mistaken for
reservoir effects. One expects that the seismic character of horizons
laterally distant would be virtually identical between the seismic data-
sets because background geology would be much less affected by
production/injection than the hydrocarbon interval. Hence, observing the
difference between the data-sets highlights changes caused by depletion/
injection in the reservoir interval (and possibly in the overburden if
compaction occurs). Obviously one can acquire a third or fourth seismic
survey and continue the surveillance by comparing successive data-sets
to one another.

Time-lapse seismology impacts estimation of reserves when an
extraction procedure changes a reservoir’s properties sufficiently so
that a robust response occurs in the seismic data. For example, gas
injection to pressurize or flood a reservoir produces an expanding
seismic amplitude anomaly around the injection well owing to the same
rock physics that causes naturally occurring gas zones to appear as
bright seismic amplitude anomalies. In this case, the expansion of the
seismic bright spot is directly measurable on successive 3D volumes and
clearly shows the movement of the front of the injected gas. Observing
where the gas does not flow (i.e., where no seismic amplitude changes)
highlights areas of the reservoir that are not being swept by the gas
injection.

As a second example, bypassed oil reserves can be spotted on
time-lapse seismic when a compartment (fault block or other discrete
component of the trap) is unaffected by a drop in reservoir pressure
below bubble point (i.e., there is no indication on the seismic of gas
coming out of solution in that particular compartment at the time in the
field’s production life when overall field pressure is dropping below
bubble point). When employed in this manner, time-lapse seismic
identifies isolated pools that previously were believed to be part of the
field’s connected pool or pools.

As a third example, direct detection of the original versus current
depth of the oil/water contact (OWC) in a producing field is easier on
time-lapse seismic data-set than on a single data-set because changes
of saturation in the interval swept by the water can noticeably alter the
acoustic/elastic impedance of this part of the reservoir. This impedance
change can be detected by time-lapse seismic comparisons. An example

of this is given in Figure 3.3 below.
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Figure 3.3  Example of Using Time-Lapse Seismic to Assess OWC Movement.
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These OWC changes as derived from the time-lapse seismic results
can then subsequently be mapped out laterally and be used to update the
static and dynamic reservoir models that underpin the Resources and
Reserves volumes estimate.

In general, the seismic tool is useful in time-lapse mode as a check
on the validity of the assumptions in the geologic model that is used in
a reservoir simulation of fluid flow. Because seismic monitoring is more
spatially specific than pressure monitoring, estimation and extraction
of reserves can be optimized over time by using the seismic to guide
detailed simulations of depletion and to resolve contradictions between
the seismic and the reservoir model. In general, the incorporation of
time-lapse seismic results prompt geologic model updates that usually
improve production history matches.

An example to illustrate this is presented below. In this case,
time-lapse seismic results revealed an area in the west of the F block
without 4D sweep (Figure 3.4 a), different from what was expected.
New spectrally boosted 3D seismic (Figure 3.4 b) shows evidence for
a normal fault cutting the F block into two separate blocks. The 3D
horizon (Figure 3.4 c) shows that the downthrown block corresponds to
the same area seen to be unswept on the time-lapse seismic (Figure 3.4 a).

The new fault was incorporated in the model update, allowing
for an improved history match by adjusting the fault seal properties.
Simulated production data from the northern EF blocks prior to the time-
lapse seismic results (Figure 3.5 d—solid lines) show a much later water
breakthrough, as compared to actual production data (Figure 3.5 d—
diamonds). Incorporating the new fault into the model, resulted in the
bypassing the block (Figure 3.5 right panel) and greatly improved the
timing of water breakthrough (Figure 3.5 d—dotted lines). As a result
from incorporating the time-lapse seismic results, the bypassed volumes
in the SW part of block F will have to be reclassified from Developed
Reserves into Contingent Resources until further development activities

are in place.
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Figure 3.4 Time-lapse Seismic Results Indicate the Presence of A Sealing Fault.
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Figure 3.5 Integration of Time-lapse Seismic Results into Reservoir Simulation.
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3.3 Uncertainty in Seismic Predictions

Predictions from 3D seismic data aimed at defining trap geometry,
rock/fluid properties or fluid flow have an inherent uncertainty.
The accuracy of a given seismic-based prediction is fundamentally
dependent on the resulting interplay between

(1) The quality of the seismic data (bandwidth, frequency content,
signal-to-noise ratio, acquisition and processing parameters, overburden
effects, etc.)

(2) The uncertainty in the rock and fluid properties and the quality
of the reservoir model used to tie subsurface control to the 3D seismic
volume

A derived reservoir model that is accurately predicting a
subsurface parameter or process as proven by drilling results from
new wells has demonstrated a reduction in uncertainty and the current
level of uncertainty can be revised accordingly after several successful
predictions. Such a reservoir model is far more valuable than an untested
reservoir model, even though the latter may be more sophisticated.
Care should be taken extrapolating the results from new wells, if such
programs targeted high amplitude or “sweet spot” and remaining targets
are not in a similar setting. Appropriate consideration should be made
regarding predictability.

It is useful to assess the track record of a given 3D seismic volume
or of regional analogues in predicting subsurface parameters at new well
locations before drilling. The predictive record is the best indicator of the
degree of confidence with which one can employ the seismic to estimate
reserves and resources as exploration and development proceeds in an
area.

The following is a general quantification of the uncertainty in using
3D seismic to estimate reserves and resources. Specific cases should be
analyzed individually with the geophysical and geology team members
to determine if a project’s seismic accuracy is better or worse than this

general quantification.
3.3.1 Gross Rock Volume (GRYV) of a Trap

The gross rock volume of a field is defined by structural elements,
such as depth maps and fault planes resulting from an interpretation
based on seismic and well data. Uncertainties in the GRV, and hence in
the in-place volumes, reserves and production profiles, can arise from

(1) The incorrect positioning of structural elements during the
processing of the seismic

(2) Incorrect interpretation

(3) Errors in the time to depth conversion

An assessment of these uncertainties is an essential step in a field

study for evaluation, development, or optimization purposes.
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It is important to appreciate that the relative uncertainty in
predicting depth to a trapping surface at a new location, once the trap
depth is precisely known at initial well locations, is much less than
the errors in predicting trap depth in an exploration setting prior to the
drilling of the first well. That uncertainty generally is tens to hundreds of
meters because there is no borehole control on the vertical velocity from
the earth’s surface down to the trap. In addition to the uncertainties in the
velocities, alternative interpretations of the seismic data are the major
source of uncertainties in (green-field) exploration settings, affecting the

evaluation of Prospective Resources.
3.3.2 Reservoir Bulk Volume

If the trap volume under the seal is completely filled with reservoir
rock, the GRV of the trap is of course identical to reservoir bulk volume.
Generally, this is not the case, and the thickness and geometry of the one
or more reservoir units within the trap have to be estimated to derive
reservoir bulk volume. The accuracy of the estimate of the thickness of
each reservoir is a critical element in assessment of reserves.

Estimation of reservoir thickness is dependent on the bandwidth
and frequency content of the seismic data and on the seismic velocity
of the reservoir. Broadband, high-frequency seismic data in a shallow
clastic section where velocity is relatively slow can resolve a much
thinner bed than, for example, narrow- band, low-frequency seismic data
deep in the earth in a fast, carbonate section. Fortunately, geoscientists
can analyze seismic and sonic log data to estimate what thicknesses can
reasonably be measured for particular reservoirs under investigation.

Stacked reservoirs in a trap can be individually resolved and
separate reservoir bulk volumes can be computed if the reservoirs and
their intervening seals can be interpreted separately and individually
meet the minimum thickness derived from the relevant tuning model.
Under these conditions, a deterministic estimate of reserves in each
reservoir is possible. When the individual reservoirs and seals are too
thin to satisfy these conditions, seismic modeling can be used to get a
general idea of how much hydrocarbons might be present in a gross
trapped volume. In some circumstances it may be possible to detune
the seismic response of thin reservoirs to estimate the total net or gross
reservoir. The reliability of these calculations will depend on a number

of factors; bed thicknesses, spacing among beds, porosity variation, etc.

3.4 Seismic Inversion

Standard 3D seismic volumes display seismic amplitude in either
travel time or depth. Conversion of seismic amplitude data to acoustic
impedance (product of P-velocity and density) and shear impedance

(product of S-velocity and density) volumes or related elastic parameters
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is still a growing field. The conversion process is called seismic
inversion. There will typically be a relationship between acoustic and
shear impedance and lithology, porosity, pore fill and other factors and
hence estimates of these parameters may be derived from an analysis
of these relationships (a rock property model) combined with inverted
seismic.

Inverted seismic data focuses on layers rather than interfaces, and
some features in the data may be more obvious or easier to interpret in
the inverted format than the conventional format, so there can be value
to analyzing the basic seismic information in both formats.

Inversion requires the seismic to be combined with additional data
and hence good-quality impedance inverted volumes will contain more
information than a conventional seismic volume. Specifically additional
data is required to compensate for the lack of low frequencies in the
seismic. However, there will rarely be enough data to fully constrain
the low-frequency component so inversion results will be nonunique.
Because of this uncertainty, a probabilistic approach can be followed
to try to capture the full range of possible outcomes. The uncertainty
analysis should cover the nonuniqueness of the inversion process and
the uncertainties arising from the rock property model. The probabilities
of the various outcomes can then subsequently be used as input to
Reserves and Resource volume assessments. However, estimating
all the uncertainties in the process is difficult. Use of this technology
would need to be supported by a strong track record. Additionally, a
relationship between acoustic impedance or elastic impedance and
petrophysical properties must be established at log scale resolution.
The type of inversion method should also be considered as well as the
confidence in the well-based background model used for generating the
low frequency component.

An example of probabilistic seismic inversion is given below. In
this example, the key uncertainty for estimation of in-place volumes is
the net sand thickness distribution. Porosity variation within a reservoir
unit is small, although there is a general trend where deeper reservoir
levels have slightly lower porosity. Likewise, variation in oil saturation
is small. However, variation in reservoir thickness and sand percentage
is large. Probabilistic inversion was used to provide a better estimate
of net sand distribution, and also to quantify the range of uncertainty.
The inversion works on a layer-based model, where all input data are
represented as grids. The inversion combines in a consistent manner
the petrophysical and geologic information with the seismic data.
Probability density functions for reservoir parameters such as layer
thickness, net-to-gross, porosity and fluid saturations are obtained from

well and geologic data with soft constraints obtained from seismic
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amplitudes. Using this prior information, the program then generates MAESMTERE ERERSSEERNSLRBE
numerous subsurface models that match the actual seismic data within ¥iEH TS 3.6 B RAYERMAD o B 2L
the limits set by the noise that is derived from the seismic data. The KERE b SRESEHNER S/)EH5Y
REDHHEIERYE X=WEHESTER
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in the net sand distribution and can be used to constrain three different BEIRRFLETRTROBSRE it
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“oil-in-place” scenarios in low, mid and high-case static models that can IR EEAERIN i th 2 SR BT AE 0>

net sand maps in Figure 3.6 illustrate the probabilistic output from the
inversion for low, mid, and high cases. Each map fits the well data used

to constrain the model. The three net sand maps reflect the uncertainty

be carried through to reservoir simulation and are thus key input to the RORBEANSH

resource volume assessment and classification.
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Figure 3.6 Model-based, Probabilistic Seismic Inversion Provides Low, Mid, and High Scenarios for Net Sand Distribution,

which is the main driver for variation in oil in place estimates.
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CHAPTER 4 Assessment of Petroleum Resources Using Deterministic Procedures

4.1 Introduction

This chapter provides additional guidance to the Petroleum
Resources Management System (PRMS) Sec. 4.1 (SPE 2007) regarding
the application of three broad categories of deterministic analytical
procedures for estimating the range of recoverable quantities of oil
and gas using (a) analogous methods, (b) volumetric methods, and (c)
production performance analysis methods. During exploration, appraisal,
and initial development periods, resource estimates can be “indirectly”
derived only by estimating original in-place volumes using static-data-
based volumetric methods and the associated recovery efficiency based
on analog development projects, or using analytical methods. In the later
stages of production, recoverable volumes can also be estimated “directly”
using dynamic-data-based production performance analysis.

It must be recognized that PRMS embraces two equally-valid
deterministic approaches to reserves estimation: the “incremental”
approach and the “scenario” approach. Both approaches are reliable and
arrive at comparable results, especially when aggregated at the field level;
they are simply different ways of thinking about the same problem.

In the incremental approach, experience and professional judgment
are used to estimate reserve quantities for each reserves category
(Proved, Probable, and Possible) as discrete volumes. When performing
volumetric analyses using the incremental approach, a single value is
adopted for each parameter based on a well-defined description of the
reservoir to determine the in-place, resources, or reserves volumes.

In the scenario approach, three separate analyses are prepared
to bracket the uncertainty through sensitivity analysis (i.e., estimated
values by three plausible sets of key input parameters of geoscience and
engineering data). These scenarios are designed to represent the low, the
best (qualitatively considered the most likely) and the high realizations
of original in-place and associated recoverable petroleum quantities.
Depending on the stage of maturity, these scenarios underpin the PRMS
categorization of Reserves (1P, 2P, and 3P) and Contingent Resources
(1C, 2C, and 3C) of the projects applied to discovered petroleum
accumulations, or Prospective Resources (low, best, and high) of the
undiscovered accumulations with petroleum potential.

The advantages of a deterministic approach are (a) it describes a
specific case where physically inconsistent combinations of parameter
values can be spotted and removed, (b) it is direct, easy to explain, and
manpower efficient, and (c) there is a long history of use with estimates
that are reliable and reproducible. Because of the last two advantages,
investors and shareholders like the deterministic approach and it is widely
used to report Proved Reserves for regulatory purposes. The major
disadvantage of the deterministic approach is that it does not quantify

the likelihood of the low, best and high estimates. Sensitivity analysis is
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required to assess both the upside (the high) and the downside (the low)
estimates by respectively using different values of key input reservoir
parameters (geoscience and engineering data) to plausibly reflect that
particular realization or scenario.

The guidance in this chapter is focused only on the deterministic
methods where the range of uncertainty is captured primarily using a
scenario approach. Chapter 5 provides guidance on applying probabilistic
methods. The goal of this chapter is to promote consistency in reserves
and resources estimates and their classification and categorization using
PRMS guidelines.

Figure 4.1 shows how changes in technical uncertainty impact the
selection of applicable resources assessment method(s) for any petroleum
recovery project over its economic life cycle.

Figure 4.1 illustrates that the range of estimated ultimate recovery
(EUR) of any petroleum project decreases over time as the accumulation
is discovered, appraised (or delineated), developed, and produced, with
the degree of uncertainty decreasing at each stage. Once discovered, the
duration of each period depends both on the size of accumulation (e.g.,

appraisal period) and the development design capacity in terms of annual
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Assessment of petroleum recoverable quantities (reserves and
resources) can be performed deterministically by using both indirect
and direct analytical procedures, involving the use of the volumetric-
data-based “static” and the performance-data-based “dynamic”
methods, respectively.

The selection of the appropriate method to estimate reserves
and resources, and the accuracy of estimates, depend largely on the
following factors:

(1) The type, quantity, and quality of geoscience, engineering,
and economics data available and required for both technical and
commercial analyses.

(2) Reservoir-specific geologic complexity, the recovery
mechanism, stage of development, and the maturity or degree of
depletion.

More importantly, reserves and resources assessment relies
on the integrity, skill and judgment of the experienced professional

evaluators.

4.2 Technical Assessment Principles and Applications

This section provides a technical summary description of the
appropriate deterministic resource assessment methods applied to an
example oil project in various stages of its maturity, retraced over
its full E&P life cycle as depicted by phases and stages identified
in Figure 4.1. In addition, an example of reserves assessment of a
nonassociated mature gas reservoir is included to demonstrate the
use of the widely practiced production performance-based material
balance method of (p/z) vs. cumulative gas production relationship.
The focus is on assessment of risk and uncertainty and how these are
represented by PRMS classes and categories of petroleum reserves

and resources.

4.2.1 Definition of the Example Oil Project—Setting the Stage

Since it is used to demonstrate the applications of each major
assessment method using deterministic procedures, it is important to
set the stage and describe the example oil reservoir and point out its
distinguishing characteristics.

Figure 4.1a shows the time line and the assessment methods
used to estimate the example project’s in-place and recoverable oil
and gas volumes at different stages of project maturity.

The example oil reservoir represents a typical accumulation
in a mature petroleum basin containing extremely large structures
with well-established regional reservoir continuity and numerous
adjacent analog development projects. Therefore, the project scale

and internal confidence in reservoir limits may not be typical for
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Figure 4.1a Timeline for example oil project maturity stages and assessment methods used

4.1a

assessments carried out in other petroleum basins. It is a very prolific
carbonate reservoir located onshore. Analog projects with varying
sizes have already produced over 60% of their respective EURs
from the same geological formations in the same petroleum basin,
all depleted under well-established and effective peripheral water
injection schemes implemented initially at project start-ups.

In general, because of the leverage of having high-quality large
oil reservoirs with excess development potential relative to market
needs prevalent in the Middle East, the ways these reservoirs are
developed and produced may be significantly different than those
commonly practiced elsewhere. These reservoirs were developed at
relatively low depletion rates, ranging from 2 to 4% of EUR per year,
which means

(1) Low development size (e.g., level of daily plateau oil
production rate) naturally necessitated reservoir development in
stages. For example, instead of drilling most of the well-spacing units
(WSUs) initially at once to achieve higher daily production rates, it
was common to drill only a fraction (20 to 30%) of them to achieve
the target rate. The number of producers depends on their established
Productivity Indices (PIs). As a result, annual drilling continues
over extended periods (sometimes exceeding 50 years) to sustain the
target plateau production rate as long as possible to better manage
decline and improve overall reservoir volumetric sweep efficiency.

(2) Longer plateau periods are followed by relatively low
annual decline rates and longer decline periods and project economic

lives, sometimes exceeding 100 years. In reality, the project lives will

RHITE MRS HBL R EHNEFERETER
BEREREKMN REUAREAESHIH M LRRE
BB ARAERENELETE LT E—HS
#IWAERMLE HEKLTYXE EUR MXRU
EEILE 60% Mt TIEFRYEAIRA T M
BN EFKFRTR

BE BATHRRBXTSREEUHERN T
XBNEBEHTHHER FEHEILHBMOTR
S5&FFEREEE B X ERAHEEERR Hib

EHRATURXENXMEEBENRR E2% 4%
Z[8 XERE

1 FFRARN sl = imEER
EREBBOMBIRANTTR Bl BEERE
TEMPRE—ERD 20%  30% HIUKIE

RiEE MARREMAE WSU HKHEhX
MATTRHAVIEREHS™ BT RHNHE
BURTHOFREEHREP) Xt FEEFTHE
SRETRRKNE AREBES0FE  HEM
ERIURBKH EERFEIRTE FiFthERE
BRI 1S5 e e B AR R SR

2 HBRMOSERTHZEZERERR
BRESKOERY MEMBZFEwH B



B4E WEEAMERTMG

CHAPTER 4 Assessment of Petroleum Resources Using Deterministic Procedures

eventually be shortened to 50—70 years as the approaching planned
artificial lift and EOR projects are implemented to both accelerate
production (e.g., higher depletion rates) and increase ultimate
recovery. Moreover, longer project lives are very beneficial because:

@ It allows the operator to take advantage of new technological
applications that may not be available in other reservoirs with shorter
lives and thus potentially benefiting from lower capital and operating
costs. It also defers capital costs for delayed EOR projects.

@ Growth in water production (or water-cut) is relatively low
because of peripheral water injection and low depletion rates. Lower
and slow growth in water-cuts help delay the need for installation of
artificial lift facilities and again defers costs.

Note that for purposes of this oil example project, all associated
raw gas volumes are deemed to be transferred to the host government
at the wellhead before shrinkage for condensate recovery and/or
subsequent processing to remove nonhydrocarbons and natural gas
liquids (NGLs) to yield marketable natural gas. Thus, gas volumes
are excluded from entitlement to the license holder. For more
details, readers should refer to Chapters 9 and 10 on production
measurements, reporting, and entitlement.

Many other important and more complex project-specific issues
that may require different interpretations, judgments, and resolutions
by the analysts are not addressed. The main objective of this chapter
is to illustrate the applications of the major petroleum resources
assessment procedures for estimating plausible ranges of project in-
place and recoverable quantities that are deemed to be “reasonable,”

“technically valid,” and are “compliant” with PRMS guidance.
4.2.2 Volumetric and Analogous Methods

Static data-based volumetric methods to estimate petroleum
initially in-place (PIIP) and analogous methods to estimate recovery
efficiencies are the indirect estimating procedures used during
exploration, pre-discovery, post-discovery, appraisal, and initial
development (or exploitation) stages of the E&P life cycle of any
recovery project.
4.2.2.1 Technical Principles

These procedures may be called “indirect” because the EUR
cannot be derived directly, but requires independent estimates of
reservoir-specific PIIP volume and appropriate recovery efficiency
(RE). It is generally expressed in terms of a simple classical
volumetric relationship defined by

EUR (STB or scf) = IIP (STB or scf) x RE (fraction of PIIP)

(4.1a)
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In terms of average variables of area (A), net pay (h),
porosity ( ¢ ), initial water saturation (S,;) and hydrocarbon
formation volume factor (FVF) (B,,) for oil (RB/STB) or gas
(Rcef/scf), the generalized classic volumetric equation for the PIIP
(oil initially-in-place (OIIP) or gas initially-in-place (GIIP)) is
given by

PIP (STB orscf)=Ah ¢ (1-S,,) /By (4.1b)

where oil or gas volumes are in barrels or cubic feet, abbreviated
as STB and RB or scf and Rcf, representing the measurements at
standard surface (s) and reservoir (R) conditions, respectively, based
on respective pressures and temperatures.

For each petroleum resource category, the estimates of
PIIP are determined volumetrically using Eq. 4.1b. However, an
independently estimated RE is necessary to calculate project EUR.
Recovery efficiency may be assigned from appropriate analogs, using
analytical methods or, as a last resort, using published empirical
correlations.

PRMS encourages the use of available analogs to assign RE.
The rationale for the selection of analogous reservoirs are well
provided for in Cronquist (2001) and Harrell et al. (2004) and in the
PS-CIM publications (2004, 2005, and 2007). Technical principles of
natural and supplementary oil recovery mechanisms and analytical
procedures to estimate recovery efficiency may be found in many
references, including Cronquist (2001), Walsh and Lake (2003), and
Dake (1978 and 2001) (for natural reservoir drives); Craig (1971),
Smith (1966), and Sandrea and Nielson (1974) (immiscible water
and gas injection schemes for pressure maintenance); Taber and
Martin (1983) [enhanced oil recovery (EOR) screening]; Prats (1982)
and Boberg (1988) (thermal processes); Lake (1989) and Latil (1980)
(polymer flooding); and Dake (1978), Stalkup (1983), Klins (1984),
Lake (1989), Green and Willhite (1998), and Donaldson et al. (1985)
(miscible processes and chemical methods of micellar-polymer and
alkaline-polymer flooding). For a quick review, PS-CIM (2004) and
Carcoana (1992) are recommended. Finally, the published empirical
correlations to estimate RE can be found in many references,
including Cronquist (2001), Walsh and Lake (2003), and Craig
(1971). However, it should be emphasized that even a rough estimate
of recovery efficiency from a near-analog or determined by using a
physically based analytical method is preferable to using empirical
correlations.

With the availability of computational power and integrated

work-processes, these analytical procedures may be supplemented
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by recovery process-specific reservoir simulation model studies.
Rigorous models may effectively predict not only any reservoir-
specific recovery performance including EOR, but also incorporate
the ever-changing recovery enhancing practices resulting from the
successful application of field-tested drilling and completion (e.g.,
multilateral, extended-reach and smart wells with inflow-control
devices, etc.), reservoir development and production engineering
technologies that optimize the overall flow system starting from
reservoir through well completions, wellbore and the surface
facilities and pipelines.

4.2.2.2 Applications to Example Oil Project During Its Exploration
and Appraisal Phase and Initial Development Stage

Geological maps for an example petroleum project during
these phases and different stages within each phase (see Figures 4.2
through 4.5) were re-created through a look-back process. These
maps were developed and associated net reservoir rock volumes
were estimated by Wang (2010). However, the appraisal and
development plans described estimates of PIIPs and recoverable
volumes including the assignment of different categories of reserves
and resources were made by the author.

Excellent guidance on how to construct better maps and
minimize mapping errors is provided by Tearpock and Bischke
(1991). Moreover, Harrell et al. (2004) provides an excellent review
on the complex nature of the reserves assessment process, the use
of analogs, and recurring mistakes and errors, including subsurface
mapping.

Based on the PRMS definitions and guidelines, assessment and
assignment of different categories of resources and reserves for the
example oil project during its E&P life cycle stages are presented
below.
4.2.2.2.1 Prediscovery Stage

In the prediscovery stage, the range of Prospective Resources is
estimated based on a combination of volumetric analyses and use of
appropriate analogs. The geological realization of this “exploratory
prospect” shown in Figure 4.2a was developed based on a
combination of seismic and geological studies that defined the shape
and closure for potential petroleum accumulation. The 2D seismic
defined a structural spill point, but provided no indication of fluid
contacts. Based on the analog carbonate reservoirs, it was assumed
that this exploratory petroleum prospect would most likely contain

light crude with gravity 30 to 33°API.

HHENETE

BETEE INBERSTIERE—&
£ SNFRIEAHBENREFR T —D
HEDWTTE BRI AR H B o
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EaEEZL mRBTRSESIRERA
4.2.2.2 FE AT E BRI A S T A MR &

BEEMRATN TUEHEHRGITE A&
BRI XN HARANEN RGBS RE S E
42-F45 KIEFHXEEREFZEH Wang 2010
o FHEGENHEEFEEEAEAR E
ETHNMMART RN AHRGRLESTXE
T ERARAHFEESHRENZERHA
EEE TR

X T 40 e] 5 47 42 7 2 S5 4 AR D 1 R
% Tearpock I Bischke 1991 T REFIES]
HYh Harrell FA 2004 St fEEIFAE 2
FR EKHRSEBNER NERAXERERER 8%
hREAfETIERESR ERAT
RETRENEBERR
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TEREwAREMERNARR T FEMEELT
fEERMT
42221 ZIMFH
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ERMAESEETHRENEEMRAHE %
KZHMEWHE /T WEEER EEFERER
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Figure 4.2 Volumetric Assessment of Prospective Resources: Pre-discovery stage [Wang (2010)].
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The volumetric assessment process starts with the estimate of
gross reservoir rock volume depicted by the cross section presented as
Figure 4.2a. Based on regional analogs, the high estimate assumed the
structure to be fully charged to its spill point at 6,410 ft subsea. The
volume above 6,120 ft subsea was assigned conservatively to represent
the low estimate and the vertical limit for the best estimate was set at
an intermediate depth of 6,265 ft subsea. Typically, information on
regional and local geology are used to construct net-to-gross (NTG)
maps (obtained from the nearby analog reservoirs after applying
parameter cutoffs to exclude portions of the reservoir that do not meet
the minimum criteria to support production), and integrated with gross
reservoir volume to yield net pay maps. In this case, analysts applied
a constant average NTG ratio of 0.70. The net pay isochore maps
depicted as Figures 4.2b, 4.2¢, and 4.2d were developed, representing
the reservoir pay volumes for low, best, and high estimate scenarios,
respectively. The vertical and areal extent associated with each scenario
is illustrated in these maps.

Furthermore, the chance of discovery was estimated at 40% based
on independent assessments of source rock, trap integrity, reservoir
adequacy, and regional migration paths. The chance of such a technical
success being commercially developed, or the chance of development,
is estimated at 60% based on analysis of economic scenarios and
assessment of other commercial contingencies. Hence, the overall
chance of commerciality of this exploratory prospect, defined as the
product of these two risk components is estimated to be 24%.

Assuming a discovery, Table 4.1 documents the estimates of
average reservoir parameters (i.e., rock and fluid properties, and a
range of recovery efficiencies expected from peripheral water injection
projects already implemented and well-established in several similar
nearby reservoirs), and the resulting estimates of oil and gas volumes
of these yet undiscovered Prospective Resources. As poorer reservoir
quality in peripheral areas was included in the volumes of each
successive resource category, the expected average value of porosity (or
initial water saturation) was decreased (or increased).
4.2.2.2.2 Post-Discovery Stage

The wildcat well was drilled and encountered a significant oil
column sufficient to declare a “discovery.” The geologic model was
updated as Figure 4.3 for the discovered structure and well-based
reservoir data with an estimated average NTG ratio of 0.75, translating
into a net pay of 89 ft.

The discovery Well 1 flowed oil, but insufficient pressure data
were retrieved and gradient analysis could not be performed, thus the
low estimate of technically recoverable volume could not be allocated
below the lowest known hydrocarbon (LKH) at 6,155 ft subsea.
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Table 4.1 Volumetric Assessment of Prospective Resources (Pre-discovery Stage): Estimates of Project PIIPs and EURs

4.1
Bases and Categories of Prospective Resources
Estimated Parameters . EMPIENZTRTRE
P Units
Low Estimate Best Estimate High Estimate
Rf&1E RIEMHE Sf4E
Bulk Reservoir Pay Volume
gy & M ac-ft 241.4 1055.6 2134.7
R AR e
Average Porosity o
N % 17 16 15
FIFLRRE ’
Pore Volume PV
" M ac-ft 41.0 168.9 320.2
LB AR e
Average Initial Water Saturation 0
% 18 19 20
TR & KB RE ’
Hydrocarbon Pore Volume (HCPV)
o M ac-ft 337 136.8 256.2
BILBIER e
Average FVF B
L RB/STB 1.4 1.4 1.4
TR EARTRER
Oil Initially-In-Place ~ OIIP |
. = MMSTB 186.5 758.1 1419.5
BisRn RS
Recovery Factor’ .
= (1 e % (OIIP 35 40 45
Rifex 6 (OITF)
Recoverable Oil EUR *
N = - = MMSTB 65.3 303.2 638.8
BEREERETRE
Initial Solution Gas-Oil Ratio(Ry))
N N i f/STB 500 500 500
JRAEE RS ¥
Gross-Heationg Value of Raw Solution Gas
RS S Btu/scf 1200 1200 1200
Gas Initially-In-Place  GIIP
= = Bscf 93.2 379.0 709.8
ERAURE b e ¥
Bscf 32.6 151.6 3194
Recoverable Raw Gas EUR *
BERSAERLTRE
MMBOE’ 6.8 314 66.1

! Calculated by using the conversion factor of 7,758 bbl/acre-ft.

i FEE 5 Z 41 7758bbl/acresft H1TIHH

* Under peripheral Water injection,already well-established in several nearby analog reservoirs and projects.
XABEEK BZAEXAREESIENELL HEMIE KRN A

? Calculated using an average conversion factor of 5.8 MMBtu per BOE.
5 % R 5.8MMB/BOE #1T1TE

* Estimated oil and gas Prospective Resources categories of Low, Best and High, respectively.

FRMRR[ZRAFENRMGEE REGEVSHE
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Figure 4.3  Volumetric Assessment of Contingent Resources: Post-discovery stage [Wang (2010)]
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Although preliminary economics of a proposed development
plan were encouraging, there was still significant uncertainty, and
the chance of its commercial development was estimated to be only
60%. Therefore, estimates of technically recoverable volumes of this
discovered accumulation could only be reclassified as Contingent
Resources. Even though the chance of an updip gas cap above the
highest known hydrocarbon (HKH) could not be ruled out, the majority
of analog reservoirs are undersaturated and hence, for simplicity, it was
neglected while developing these maps and until the detailed pressure/
volume/temperature (PVT) analysis and pressure-gradient data became
available for confirmation.

High estimate (3C) assumed that the structure is full with oil to its
spill point, and alternative geologic maps indicated a larger closure and
higher recovery efficiency. Lacking any further control than the LKH,
which defined the 1C limit, regional analogs supported the forecast that
the vertical limit for the best estimate (2C) could be set at an intermediate
depth of 6,283 ft subsea and that the recovery efficiency is slightly above
that assumed for the 1C scenario. Based on the discovery well structure
and log data, and an average oil gravity of 32°API measured from the oil
samples collected, the volumetric weighted average reservoir parameters
were revised accordingly, but recovery factors were kept the same at this
stage.

Table 4.2 documents average reservoir rock and fluid properties,
and resulting estimates of relevant volumes of oil and gas for Contingent
Resources. Note again that the “average” porosity is lower in the 2C
and 3C scenarios, reflecting decreasing porosity (and increasing water
saturation) in the peripheral areas included in the higher estimates of
bulk reservoir pay volume.

At this stage, remaining uncertainty in the project’s commercial
development was still considered significant, and without the benefit of
additional data (e.g., from further delineation, bottomhole PVT samples,
pressure-gradient and definitive production tests and associated analysis),
the owners were not willing to commit funds to a development project.
To better ascertain its commercial potential, an appraisal program
designed to further evaluate the discovery was deemed necessary.
4.2.2.2.3 Appraisal (or Delineation) Stage

An appraisal program was designed and implemented, including (1)
drilling of two additional wells with well testing and PVT analysis, and
(2) acquisition and interpretation of 3D seismic data. It took two years to
execute the Appraisal Program and complete the necessary analyses and
interpretations.

Both Wells 2 and 3 penetrated and established new LKH depths,
thereby extending the base for the low estimate to 6,240 ft subsea. PVT
analysis of bottomhole fluid samples showed that oil was undersaturated.
Undersaturated oil, supported also by pressure-gradient measurements,
eliminated the potential for a gas cap. It was further determined that,

SEFR BT RIUTNMPEFNNE

CARE ENHFERAKAHTENE WEFLT
RHILERE 60% Eit ZHMBEARATX

EHEIKEFVWALAZHREE NEEEM
BRI HKH X E O ARHBRFES AT RE M
BHFHEAZHXIHBR2 R BN  FrUEE
B HENEZESN ESESEZHELN
EN/EROGEE PVT  SARFIE I #6E $03R
zlE BH—T#IA

SEE 3C BERYAEEIMTMESLZE
HERES EHENHREEFANEAEER
ERX RWXES BHMERKE LKH Z2EMHE
Be: 1C HRETR TEXBEESRFME
HEEBAT REME 2C BEORER
FREFXEKLIMRE ICERF 3C HERAH
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TN TR —H 2RI
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Table 4.2 Volumetric Assessment of Contingent Resources

4.2

Post-Discovery Stage

: Estimates of Project PIIPs and EURs

Estimated Parameters

HHESH

Units

B

Bases and Categories of Contingent Resources

EMBIENZMRARE

Low Estimate

RibE

Best Estimate

REME

High Estimate

SitE

Bulk Reservoir Pay Volume

= SR

M ac-ft

4484

1258.7

2287.1

Average Porosity

LI

%

19.1

18.9

18.7

Pore Volume PV
FLBR AR

M ac-ft

85.6

2379

427.7

Average Initial Water Saturation

TR & KB RE

%

14.5

14.8

15.2

Hydrocarbon Pore Volume HCPV
ZFL BRI AR

M ac-ft

73.2

202.7

362.7

Average FVF B
FHRpBREERRLK

RB/STB

1.4

Oil Initially-In-Place OIIP
BimRR R E

MMSTB'

405.8

1123.2

2009.8

Recovery Factor®
KU

% (OIIP)

35

40

45

Recoverable Oil EUR *
EHAERETRE

MMSTB

142.0

449.3

904.4

Initial Solution Gas-Oil Ratio Rj
pahay Al

scf/STB

500

500

500

Gross-Heationg Value of Raw Solution Gas
BBREERE

Btu/scf

1200

1200

1200

Gas Initially-In-Place  GIIP
ARSI RLE

Bscf

202.9

561.6

1004.9

Recoverable Raw Gas EUR *
ERSEERATURE

Bscf

71.0

224.6

452.2

MMBOE’®

14.7

46.5

93.6

' Calculated by using the conversion factor of 7,758 bbl/acre-ft.

i F %% # 2 ] 7758bbl/acre-ft #ITIHE

? Under peripheral water injection, already well-established in several nearby analog reservoirs and projects.

MBGEKFFR  SEBITAIZE L MBI B AR

* Calculated using an average conversion factor of 5.8 MMBtu per BOE.

£ 5.8MMBt/BOE F 5% Rt H

* Estimated oil and gas Prospective Resources categories of 1C,2C and 3C, respectively.

FmMRRA[EMHRRENRMEE REGMENSHE
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(1) The carbonate reservoir had an initial pressure (p;) of 3,230
psia, temperature of 200°F, estimated average porosity of 18.7%, 15%
initial water saturation, and 400 md permeability.

(2) The wells tested at rates (rounded to the lower 100) ranging
from 2,500 to 5,000 BOPD, with an average stabilized oil rate of 3,500
BOPD, oil gravity of 33°API, and viscosity of 0.7 cp.

(3) The reservoir had a bubblepoint pressure (p,) of 1,930 psia,
initial solution gas/oil ratio (GOR), or Ry, of 550 scf/STB, and initial
(B,;) and bubblepoint (B,,) FVFs of 1.33 RB/STB and 1.35 RB/STB,
respectively.

Figure 4.4 illustrates the revision made for additional data obtained
from this appraisal program. Based on the net reservoir distribution (via
NTG ratios) in Well 1 (0.75), Well 2 (0.70), and Well 3 (0.55), a NTG
surface was generated and used to develop the map views (Figure 4.4b
to 4.4d), illustrating the interpreted areal extent and net reservoir volume
for each reserves category.

An initial development program including pressure maintenance by
means of peripheral water injection was applied. This recovery method
is a well-established and common depletion method in several analog
reservoirs and projects. With favorable project economics, the owners
committed investment funds to the project and gave approval to proceed
with the next development stage. No market, legal, or environmental
contingencies were foreseen. Therefore, consistent with PRMS, the new
estimates of recoverable quantities from the applied project are now
reclassified as Reserves.

1P Reserves were assigned to the PIIP volume above the LKH
established at 6,240 ft subsea. Although seismic amplitude analysis
indicated potential extending below the LKH, it was insufficient to
support extending Proved Reserves below this LKH depth. 2P Reserves
were allocated to the total PIIP volume above 6,325 ft subsea. In the
absence of original oil/water contact (OWC), 3P Reserves were assigned
to the total PIIP volume above 6,410 ft subsea (or spill point). Three
wells and 3D seismic data provided increased structural control. Based
on similar regional analogs, there was reasonable potential that the
structure was filled with oil to the spill point.

It may be important to note that in deterministic analysis, both
scenario and incremental approaches (allowed by PRMS) generate
the materially equivalent estimates. Based on the bulk reservoir pay
volume associated with each incremental category obtained from the
difference between the relevant maps, the incremental approach can also
be used to directly calculate the Proved, Probable and Possible Reserves.
Estimates should be very consistent with those obtained from the
cumulative (scenario) approach provided that care is taken in estimating
reasonable average values of porosity and initial water saturation for
each incremental volume to yield correct the PIIPs. For simplicity in

presentation, incremental analyses are not included here.

AR
1 ZHmBESHRNREHEED P)
J3230psia JRIEHEIRE 200 T  FIHILIRE
18.7% BRIAE/KIBIE 15% 33EZ 400mD
2 HHMK e BREIENM 72500
5000BOPD z j8] 1573 =& 4 3500BOPD
BFMEE 33° APL  JRIHRLE 0.7¢p
3 HEMESAESN P, 4 1930psia R
SR MESHEL GOR I R, 2 550scf/STB &
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B9 Rt R ATR R Eh 1.35RB/STB
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Figure 4.4 Volumetric assessment of Reserves: appraisal stage [Wang (2010)]
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Table 4.3 documents the revised average reservoir rock and fluid KA T HEEASRAESENTYE
properties, and resulting estimates of relevant oil and gas volumes UERBIHSEEHITGERE BT ZRER

for each reserves category. The project is located close to existing
infrastructure; therefore, an overall development plan was prepared for
immediate implementation. RIsLiE

Table 4.3 Volumetric Assessment of Reserves Appraisal Stage : Estimates of Project PIIPs and EURs

RERBAETRE HEBEFRARZRE X

43
Bases and Reserves Categories
Estimated Parameters i=2Rivs Eui BRI E
RS Units Low Estimate Best Estimate High Estimate
RAGE REMGE BSftE
Bulk Reservoir Pay Volume
oy s M ac-ft 821.0 1370.8 1917.9
fERBER o
Average Porosity o
N % 18.9 18.7 18.5
FTLRE ’
Pore Volume PV
" M ac-ft 155.2 256.3 354.8
LB AR o
Average Initial Water Saturation o
% 14.8 15.0 15.3
FHRIBEKIBIE ’
Hydrocarbon Pore Volume HCPV
X M ac-ft 1322 217.9 300.5
BB a
Average FVF B,
A RB/STB 1.330 1.330 1.330
FH R R ERAR L
Oil Initially-In-Place  OIIP 1
. = MMSTB 771.2 1271.0 1753.0
BilRis RS
Recovery Factor’
U ZA_;Y %(OIIP) 35 40 45
Recoverable Oil EUR *
. = < = MMSTB 269.9 508.4 788.8
BEREERETRE
Initial Solution Gas-Oil Ratio (Ry)
. s st f/STB 550 550 550
JRAA B MR UL ¥
Gross-Heationg Value of Raw Solution Gas
e s Btu/scf 1200 1200 1200
ERRAAE 5
Gas Initially-In-Place  GIIP
et /e - Bscf 424.1 699.0 964.1
BRERE LR ¥
Bscf 148.4 279.6 433.9
Recoverable Raw Gas EUR *
BRSHERATRE :
MMBOE 30.7 57.9 89.8

! Calculated by using the conversion factor of 7,758 bbl/acre-ft.
it %% % 2 45 7758bbl/acre-ft #T1HHE

* Under peripheral water injection,already well-established in several nearby analog reservoirs and projects.
RBIAGEIK ZFRTTREERITAIK L MBI B 5L R
* Calculated using an average conversion factor of 5.8 MMBtu per BOE.

i A 9 5# R 4 5.SMMBuw/BOE #4711 5

Estimated oil and gas Reserves categories of 1P, 2P and 3P, respectively.

FBAMRASEY 1P 2P 0 3P fEEfH{E
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The total area, about 60 1-km WSUs, defined as Proved by three
wells in this example reflects an extremely high confidence in the
lateral continuity of the productive reservoir. Such continuity of a high-
quality reservoir with average permeability of 400 m was also supported
by numerous surrounding analogs. Thus, it meets PRMS criteria for
reasonable certainty. 1P reserves are considered Proved Undeveloped
(PUD) status for now. However, based on a well drainage area of 1 km’
(or about 250 acres) derived from single-well simulation studies, at least
three 1-km WSUs (out of a total Proved of about 60) penetrated by these
three productive wells represent a portion of approximately 5% of the
total Proved volume (or about 38.5 MMSTB of the OIIP), which can
be carried under Proved Developed (PD) status immediately after the
installation of necessary equipment.
4.2.2.2.4 Initial Development (or Exploitation) Stage

Similar to well-established development and production practices
in several nearby analogs producing from the same reservoir, a single
recovery project integrating the primary and secondary waterflood
development programs was recommended and approved for immediate
implementation. The project was designed with an initial plateau
production rate of 75,000 BOPD targeting an annual depletion of 5.4%
of 2P reserves of 508.4 MMSTB (from Table 4.3) and supported by
peripheral water injection with an injection rate of 100,000 BWPD.
Pressure maintenance by peripheral water injection had been established
to be a very effective depletion method in several nearby analog projects
where the water injected into a partially active edgewater aquifer
displaces the oil column updip thereby achieving oil recoveries, in some
cases, exceeding 60% OIIP.

Based on an assumed conservative average well production rate
that may vary between 2,500 and 3,000 BOPD, the initial development
project required a total of 34 producers (including the three existing
productive wells) to establish a balanced withdrawal fieldwide. The time
line accounted for an operating factor in production rate considering
annual downtime for preventive maintenance of surface facilities,
including inspection, repairs, and testing. The project also required eight
water supply wells from a local shallow aquifer and 19 peripheral water
injectors (to inject produced plus externally supplied water) to maintain
reservoir pressure and to provide balanced updip displacement. The
project included pertinent surface production and injection facilities and
associated pipelines. Based on this well-defined development plan, the
production profile and required initial capital investment (for drilling
and well completions, well flowlines, surface production and injection
facilities and pipelines), and future capital (for future wells and flowlines)
and operating expenditures required during the project’s economic life,

the recovery project’s economic viability was reconfirmed. The approval
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was given to include the project in the company’s capital budget.

The project development took 3 years to complete and bring on
stream in the fourth year (or just 3 years after appraisal and 5 years
after the initial discovery). First, a total of 8 water supply wells (from
a shallow and large regional aquifer already proven to be productive
and supporting water injection in several other fields) and 34 additional
oil wells in this example oil reservoir were drilled that included three
dry holes (Wells 4, 7, and 15). It was followed by drilling the 19 water
injectors at the periphery. The example oil reservoir was significantly
delineated by these 56 wells. The original OWC was established at 6,340
ft subsea by well logs and supported by analysis of pressure-gradient
data.

Figure 4.5a represents the cross section based on the revised
interpretation. Wells illustrated by dashed lines on this cross section are
projected. The net pay isochore map (Figure 4.5b) was developed with
NTG ratios ranging from 0.3 to 0.9 (with majority greater than 0.7)
obtained from the well logs and available cores, and supported further
by full production tests conducted in six more strategically placed wells.
Measured stabilized well rates and estimated reservoir permeability
from buildup tests had ranged from 1,500 to 5,000 BOPD, and 150 to
500 md, respectively, with overall reservoir averages estimated to be
about 2,500 BOPD and 350 md.

The reservoir parameters entered for each polygon are the volume-
weighted averages. Because several wells penetrated the original OWC
at 6,340 ft subsea, the entire enclosure was judged to represent a single
most likely OIIP estimate of about 1,430 MMSTB. Based on similar
nearby analog reservoirs with minor changes in reservoir structure
and average reservoir parameters (and their distributions), developing
separate OIIP for each reserves category was considered unwarranted
by analysts at the time. It is recognized that this may not be typical of
other developments where significant uncertainty associated with in-
place volumes persists into late stages of development. In all cases,
uncertainty should decrease over time as the amount and quality of data
improves, including periodic updates of PIIPs using performance-based
methods.

It may be important to note that Figure 4.5b depicts the well
requirements (in black dots) for initial development only, representing
just over one-third of the total WSUs available. Additional drilling of
oil producers (and a few water injectors) was carried out during the later
stages of the production phase (e.g., 16 producers, not numbered but
shown in hollow circles were actually drilled during the first 8 years
of production) to extend the plateau production rate, to help improve
volumetric sweep, and to better manage the production decline. More

wells were drilled during the later stages to fully develop the reservoir.
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As compared with its appraisal stage, the reservoir was S5FMMEAEL ZABEFRXWEHEE T
significantly delineated, and analyses of an additional 31 productive oil TN 3 OFMNHENZERNETRT %
well logs and tests indicated a better average reservoir quality than that ST Y S R EE T 2K b S It BRAGEEN
seen in analogs. Thus, the recovery efficiencies for all reserves categories SRR LT RS E IR T 5% S b a2
THRHBRBRHLEN 50% HR HBELE~HIE
MFMHABENEN ZEEEBEFET AT H

were increased modestly by 5% OIIP from their respective levels in the
appraisal phase, bringing the high estimate to 50% OIIP. However, these

estimates would be revised in future re-assessment studies as additional

production data was obtained and new wells were drilled. —FEE
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Reservoir average rock and PVT data were revised and
documented in Table 4.4. With the revised OIIP (1,429.6 MMSTB) and
increased reserves, the initial plateau production rate of 75,000 BOPD
represented an annual depletion rate of only 4.3% of 2P reserves.

Analysis of six additional well tests and several single-well
simulation studies have further supported the validity of 1 km” (or about
250 acres) average well spacing. There were approximately 98 1-sq-
km WSUs in the area described by the original OWC. Although wells
were not necessarily drilled in the center of each WSU (Figure 4.5b),
about 35 WSUs (or about 36% of total) may be allocated to the Proved
Developed (PD) reserves status. Therefore, under PRMS guidelines and
as described in the Appraisal Stage earlier, based on the developed OIIP
portion of 514.7 MMSTB (refer to Table 4.4), 25.7 MMSTB (= 514.7
x(0.05) oil and 14.7 Bscf raw gas from the recoverable volumes assigned

to both 2P and 3P can be allocated to Developed status in Table 4.4, but
were not shown separately here to keep the table as simple as possible.

Finally, the example oil project’s EOR potential is supported by
the results of a miscible CO, pilot project from an analog reservoir with
incremental recovery of 20% OIIP. Based on the same single project
OIIP estimate, three categories of Contingent Resources were assigned
for this potential project using conservative incremental recovery
efficiencies of 5%, 10%, and 15% OIIP and summarized in Table 4.5.
4.2.2.3 Use of Geocellular Models in Estimating Petroleum In-Place
Volumes

While not illustrated in this particular example oil recovery project,
given the 3D seismic and early well control, conventional geologic
mapping is often supplemented by 3D geologic modeling. Advances
in computer technology have facilitated the widespread applications
in building multimillion-cell digital geocellular models populated
cell by cell with the static geological, geophysical, petrophysical, and
engineering data characterizing the subsurface reservoir structure in 3D,
similar to the depiction in Figure 4.6.

In a gridded mapping process, the parameters in the original
hydrocarbon in-place (OHIP) equation change from cell to cell, and
the total OHIP is obtained by the sum of the individual values assigned
to, calculated for, and/or matched for each cell. Based on early well
performance, modifications to the development program including
supplemental secondary and enhanced recovery projects can be
designed using streamline and/or finite-difference simulation models
with such multimillion-cell reservoir characterization models, including
several cases of “what-if” scenarios represented by different plausible
realizations. However, refinement and verification of these large
geocellular models with actual analogs and thus the degree of certainty
in the resulting estimates to a large extent is dependent on both the
quantity and quality of geoscience, engineering, and, more importantly,

the performance data.
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Table 4.4 Volumetric Assessment of Reserves (Initial Development Stage): Estimates of Project PIIPs and EURs

44

Bases and Reserves by Category and Status
EMBURFE 2N RN SRS

Proved Reserves Status
Estimated Parameters Units JIFS2 EEIRT
HESH B Best High
Low Proved Proved Estimate Estimate
Esti Developed Undeveioped B{EGE ShE
stimate
wmE | D | PUD)
’ ELEFE ERRFFE
]{?%u)g 5?5%’3"“ Pay Volume Macft | 15233 548.4 9749
X ICN /\
’%,Vf;ﬁ;gos‘ty % 19.0 19.0 19.0
i NI
;gg;g;lgme PV M ac-ft 289.4 104.2 185.2
7N /\
Average Initial Water Saturation o
TR 1A B ok % 15.0 15.0 15.0
ilzyff;;?g;“ Pore Volume - HCPV' 1 np ot | 246.0 88.6 157.4
T 7N [/\
?E?%?%%%pw RB/STB 1.335 1.335 1.335
%lé‘};ﬁ%iﬁgm orp MMSTB' | 1429.6 514.7 915.0 1429.6 1429.6
N/ VSR VS
ET:’LT;X;W Factor %(OlIP) 40 40 40 45 50
&
. 4
I};’fﬂ‘;{vﬁegg ;;% %Eg{ MMSTB | 5719 205.9 366.0 643.3 714.8
i~ X ZX
}%ﬁf};%‘,‘__ﬁi?égas'm Ratio (R,) scf/STB 570 570 570 570 570
7N A8 /7 /i
Gross-Heationg Value of Raw
Solution Gas Btu/scf 1350 1350 1350 1350 1350
BRERARE
%‘;23‘;%%&@%“ GIip Bscf 814.9 293.4 5215 814.9 814.9
PAR 7N AR N
. oo Raw Gas | EUR Bscf 326.0 117.3 208.6 366.7 407.4
ecoverable kaw as
ERSAERATRE 3
MMBOE 75.9 273 48.6 85.4 94.8

! Calculated by using the conversion factor of 7,758 bbl/acre-ft.
155 %5 X 45 7758bbl/acreft FH1TITE

? Under peripheral water injection, already well-established in several nearby analog reservoirs and projects.
RABEEK 1ZIFRTTRE EBIT KL MBI B AR F

* Calculated using an average conversion factor of 5.8 MMBtu per BOE.
fE AT 19%# F #1 S.8MMBtW/BOE #4711 H

* Estimated oil and gas Reserves categories of 1P, 2P and 3P, respectively.
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Table 4.5 Volumetric Assessment of Contingent Resources (Initial Development Stage): Estimates of Project EURs

4.5

Bases and Categories of Contingent Resources

EMBEMNFHRRE

Estimated Parameters i==R{vj
RS Units Low Estimate Best Estimate High Estimate
Rf&1E RIEMHE Sf4E
Oil Initially-In-Place  OIIP
. o MMSTB 1429.6 1429.6 1429.6
FimRERRDE
Incremental Recovery Factor ' o
i % (OIIP 5 10 15
RERIE ¢ (O1P)
Recoverable Oil EUR °
A o= . MMSTB 71.5 143.0 2144
FmtERELTXE
Initial Solution Gas-Oil Ratio R
e N ! f/STB 570 570 570
JRYEE RS EL ¥
Gross—Heationg Value of Raw Solution Gas
= Btu/scf 1350 1350 1350
BRSEAE uise
Gas Initially-In-Place  GIIP
N = Bscf 814.9 814.9 814.9
RARSRI R B ¥
Bscf 40.7 81.5 122.2
Recoverable Raw Gas EUR °
BERSAERLTRE ,
MMBOE 9.5 19.0 28.5

' Under a CO, Miscible Flood based on the results of an already implemented nearby analog CO, pilot project.
CO,BHEIK ELEMWEE KM CO, BBERESHIEER

* Calculated using an average conversion factor of 5.8 MMBtu per BOE.

19553 R £ 5.SMMBw/BOE # 171t &

’ Estimated Oil and Gas Contingent Resources categories of 1C, 2C and 3C, respectively.
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Figure 4.6 3D Multi-cell Geological Model [adapted from PS-CIM (2004)]
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4.2.3 Performance-Based Methods

As illustrated in Figure 4.1, the Production Phase can be divided
into three producing stages (or periods) of Early Time (IIa), Late Time
(IIb), and Decline (Ilc), which show the increasing project maturity
and changing of applicable resources assessment methods over time.
Depending on the amount and quality of historical pressure, production
and other reservoir performance data available, a combination of
reservoir simulation, material balance, and production performance
trend (PPT) analysis (or decline curve analysis) can be used not only to
directly estimate the recoverable petroleum, but also the petroleum in-
place quantities (by the first two methods only), and thereby provide
a useful second check and validation of estimates obtained earlier by
volumetric methods.
4.2.3.1 Material Balance Methods

Material balance methods are part of performance-based dynamic
analyses. The performance data include production and injection
profiles, volume-weighted average reservoir pressures, and reservoir-
B,, B, R,,

R,, and B, all as a function of reservoir pressure and temperature.

¢, and c;

0 Vg W

specific relevant fluid and rock properties (c

Independent of the volumetric methods, the material balance methods
can be used to directly and simultaneously estimate PIIP, the size of its
gas-cap (m), or its in-place volume (gas cap initially-in-place (GCIIP)),
and/or the water influx (W,). The results of material balance analysis
are considered more reliable with longer performance histories and
high-quality production data, both measured and interpreted. A well-
established and reasonable assumption is that use of the material
balance analysis to estimate PIIP is often considered valid if the
cumulative production exceeds 10% PIIP providing the development
of the accumulation is such that the pressures used in the analysis
represent an average over the entire reservoir. Uncertainty in the
estimate is expected to decrease over time as historical production
performance data cover at least the early production period (Ila) and
beyond.

4.2.3.1.1 Application to Example Oil Project in Its Early-Production
Stage

(1) Technical Principles.

Technical principles and definition of terms involved in
developing the conventional material balance equation (MBE)
applicable to any oil and gas reservoir (i.e., black or volatile oil and
retrograde or nonretrograde gas) and applications may be found in
Walsh and Lake (2003), and Towler (2002). Modern flowing and
dynamic material balance analyses developed by Mattar and McNeil
(1998) and Mattar and Anderson (2005) may also be used.
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The example oil project represents a black-oil reservoir, initially
undersaturated (i.e., no gas cap) with partially active water influx, which
was developed by peripheral down-dip water injection to supplement
reservoir energy and to help maintain a constant reservoir pressure 100
to 200 psia above the bubblepoint pressure. Furthermore, above the
bubblepoint (R, = R; = R,), all gas produced at the surface would be
dissolved in the oil. The straight line Havlena-Odeh-type (Havlena and
Odeh 1963 and 1964) MBE for this particular case can be written as

F, = N[(B,-B,; }((c,S.itc; VS )ApBJHW, + W;;B,) (4.2)

It can be further simplified and re-written in terms of effective
reservoir compressibility (c,) as follows:

F,=N@B, c.AP) = (W.+ W,B,) (43)

where the variables and terms given are defined by the following
relationships:

@ Left side of Eq. 4.3 represents cumulative net reservoir
withdrawal (F,) defined by

F,=NB,+W, B, (4.3a)

@ Right side of E,. 4.3 represents cumulative net reservoir
expansion terms (E,) and the water influx (W), which is given in terms

of the van Everdingen and Hurst (1949) unsteady solution by

k=1

We=U Z Apj1 Wp (rp,Atpy)
= (4.3b)

where j = 0 indicates initial reservoir conditions when P, = P,
andk=1,2,..

historical pressure, production, and injection data are available.

.., 1 and n is the number of time intervals for which the

The effective, saturation-weighted compressibility of the reservoir
system (oil, water, and the formation or reservoir rock pore volume) in
Eq. 4.3 is defined by

C= (co‘gm' +CW Swi + cf)/soi (430)
Eq. 4.3 can also be re-arranged as
Fp/(Boi CeAp):N+ [We+Winij]/(BciceAp) (44)

This MBE represents reservoir depletion under a combined
waterdrive (i.e., water influx and/or down-dip water injection into
the aquifer) that is effective and strong enough to maintain average
reservoir pressure above the bubblepoint pressure. Because water is
injected into the aquifer at the periphery, it is treated as part of the water
aquifer irrespective of how much of the water actually enters the oil
zone and helps displace oil or how much of it enters the aquifer.

Eq. 4.4 suggests that a plot of the left-hand side vs. the second
term of the right-hand side should yield a straight line of unit slope
intercepting the ordinate at N (or OIIP). Data necessary for this plot can

be generated at each timestep as follows: At any time period with an
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F,= N[(B,-B,; }((c,S,itc; VS)APBJHW, + W,

B,) 4.2)
RMBARNERRL () ZAETH—D
fafeH
F,=N(B, c.AP) = (W.+ W,,;B,) (4.3)
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OFER43ELRHBRITEXLE (F)
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F,=NB,+W, B, (4.3a)
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appropriate Ap, (1) the F,, c, data can be calculated using the relevant
relationships and measured production and injection data, (2) the
unsteady-state water influx theory of van Everdingen and Hurst (1949)
may be used to estimate dimensionless influx rates (W), and (3) Eq.
4.3b can be used to calculate water influx (W,).

(2) Application

The oil reservoir evaluated in this application example is a prolific
carbonate reservoir with undersaturated oil, developed and producing
with very effective down-dip water injection that has maintained the
reservoir pressure over the bubblepoint. An additional 16 new oil
producers and one water injector were also drilled during this 8-year
production period (bringing the total to 50 and 20 wells, respectively)
to maintain plateau rate and help improve overall recovery efficiency.
The project produced 220.8 MMSTB of oil (15.4% OIIP of 1,429.6
MMSTB estimated and reported earlier in Table 4.4), 126 Bscf of
solution gas and 80 MMSTB of water and injected 385 MMSTB of
produced and supply water into the aquifer below the original OWC.

Based on the average reservoir pressure observed, production and
injection performance data recorded over an 8-year period (the first-
year data were erroneous, out of scale, and excluded), the terms in Eq.

4.4 were calculated and plotted in Figure 4.7.

AtENm85FAEXRZRH#TITE @ van
1949 HIERSRKEZRER
TRTHRELERXKEE W, QBITE 43b
TEKEE W,

2 NA

ZHEEE — T E SRR RS KRB
B XATEEERNTLGZ I KHEGTHRS
£ EBENAFERESENNLE ESF
A =R EAMER X #eh T 16 OmFAF 1 O3FEK

Everdingen #0 Hurst

FH T 50 OmA 20 OFKHA I 4 35
SEFENRSEARIKE MEEXHEH

220.8MMSTB 4 R 44 &R i 8 1429.6MMSTB £y
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A %S 126Bscf I & 7K 8OMMSTB  7£ R 45
IKSFRE T BRSO T = KRR 45
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Figure 4.7 Assessment of OIIP by Material Balance Methods (Early-production Stage).
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With the variations shown in the plotted data, it was possible to
draw three parallel straight lines with a unit slope confirming the correct
value of the dimensionless radius, ry= 5 (defined as a ratio of the aquifer
radius and reservoir radius) and bracketing the degree of uncertainty
in the measured and interpreted data and thus the resulting estimates
of in-place volumes. These minimum, most likely, and maximum
interpretations of OIIP (or N) values of 1,300, 1,600, and 2,000 MMSTB
were assumed to represent the low, best, and high estimates, respectively.
These OIIP estimates were judged to be a valid basis for assigning
1P, 2P, and 3P Reserves categories because (1) the project produced
more than 10% OIIP (or about 17% of low and 14% of best OIIP), (2)
a reasonably good match was obtained in Figure 4.7 and deviations
are accounted for, and (3) it was supported by a new volumetric in-
place estimate of 1,567 MMSTB reported by analysts updating the old
estimate (versus 1,430 MMSTB after completion of initial development)
by incorporating additional data from 16 new producers drilled over this
8 years of production.

Over the past 8 years, the ongoing peripheral waterflood project
confirmed similar performance to the analogs nearby and a second
CO, pilot was also implemented showing similar initial performance to
the first one already completed. However, to further ensure reasonable
confidence in the estimates, the recovery efficiencies were not changed
at the time and kept the same as the initial development stage 8 years
earlier. Based on these low, best, and high estimates OIIPs, the respective
EURs and Reserves (under the ongoing Peripheral Waterflood Project)
and the Contingent Resources (under a proposed CO, Miscible Project)
were calculated and summarized in Table 4.6.

Moreover, it was recommended that these estimates be updated in
the future based on the results of new re-assessment studies expected
to incorporate data from additional wells drilled and production
performance data observed and recorded. It is recognized that this type
of traditional material balance analysis using analytical procedures has
routinely been performed by reservoir simulation studies, which are
discussed next under Reservoir Simulation Methods.
4.2.3.1.2 Application to a Volumetric Gas Reservoir in Its Late
Production and Early Decline

(1) Technical Principles

In volumetric gas reservoirs there is no (or insignificant) aquifer
water influx, and the volume of initial HCPV will not significantly
decrease and remain constant during reservoir pressure depletion.
Therefore, with no adjoining aquifer or water influx (W, = 0), no water
production (W, = 0), and injection of gas (G, = 0), the generalized
conventional MBE for a volumetric gas reservoir reduces to (Lee and
Wattenbarger 1996):

G,B~=G(E,+B,E,+B,E) 4.5
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Table 4.6  Assessment using Material Balance Methods (Early-Production Stage):

Estimates of Project PIIPs, EURs, Reserves and Contingent Resources

4.6
Bases and Estimates by Reserves Category
Measured and Estimated Parameters Units EBENSREE
ITEMGEESH B Low Estimate Best Estimate High Estimate
kA REME = {hE
}gléﬁ MMSTB 2208 2208 2208
7N 1|
Cumulative Production
RitF=& Raw Gas % (OIIP) 17.0 13.8 11.0
RS Bscf 125.9 125.9 125.9
%llé‘}“%‘;ﬁl%ﬁgace (OIIP) MMSTB 1300 1600 2000
1
f;}g;gygy Factor % (OIIP) 40 45 50
&
0%5;231 MMSTB 520.0 720.0 1000.0
Recoverable Oil EUR A
FmEERETTRE ol
Reﬂ%ﬁgng MMSTB 299.2 499.2 779.2
}%lﬁglg%‘,‘_%‘?él t(gaS‘O“ Ratio R, scf/STB 570 570 570
71N A
%%;%Hﬁe?i?%g Value of Raw Solution Gas Btu/scf 1350 1350 1350
7 TN W
ey e AP Bscf 741 912.0 1140.0
7 71N 7N
Original Bscf 296.4 410.4 570.0
R4 2
Recoverable Raw Gas EUR 3 MMBOE 69.0 95.5 132.7
0 = == =
FHAGRSESTRE Remaizing’ Bsct 170.5 284.5 444.1
EES MMBOE? 39.7 66.2 103.4
Bases and estimates by Contingent Resources Category
EMHEN SRELHHRE
Low Estimate Best Estimate High Estimate
RIGE RIEfGE =fhE
3
I%cgr‘n;,“:qrﬂlzt% Recovery Factor % (OIIP) 5 10 15
s 4
R e AT EE MMSTB 65.0 160.0 300
Bscf 37.1 91.2 171.0
Recoverable Raw Gas EUR * 5
n = = % =
FRSERRATXE MMBOE? 8.6 212 39.8

' Under peripheral water injection scheme that maintains reservoir pressure above the bubble point.

WEFKFER B ENREEERENZ L

? Calculated using an average conversion factor of 5.8 MMBtu per BOE.

%54 R 4 5.8MMBw/BOE #1711 &

* Under a CO, Miscible Flood based on the results of one CO, pilot already implemented and a positive response from a second pilot

being applied in another nearby analog reservoir.

CO, BAERAR ETFRX—NEXLHHEMN CO, ESHBEXLMBLER NUERE-NASHERRAGHRIERN
* Estimated oil and gas Reserves categories of 1P, 2P and 3P and Contingent Resources of 1C,2C and 3C.
2C 0 3C ZHHREMLE

BFRFMARAS 1P 2P M 3P EEHE MK 1C
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Except for the special case of abnormally pressured gas reservoirs,
relative to significantly high gas compressibility (or ¢, approximately
equal to the inverse of reservoir pressure), the formation water (E,) and
formation or pore-volume compression (E;) terms can be neglected
because E,>> (B, E, .+ B,Ey), and the Eq. 4.5 will further reduce to:

G,B=GE,=G(B,B,) 4.6

and the gas formation factor (B,) can be calculated using

B,=5.0435(10°)zT/p, in RB/scf; or =2.8269(107)zT/p, in Ref/scf

4.6a

where standard surface pressure (p,.) and temperature (T,)
conditions are 14.7 psia and 60°F.

It is common practice to express this relationship in terms
of average reservoir pressure by combining Egs. 4.6 and 4.6a and
rearranging to yield this well-known material balance equation
applicable only to volumetric gas reservoirs:

(p/'2) = (pi/ z)-[(pi/ 2)/GIG, 4.7

Where

p;.p = average reservoir pressure (psia) at reservoir datum and “i”
stands for initial,

T = average reservoir temperature at reservoir datum (°F),

z; and z = gas compressibility factors evaluated at p; and T, and any
p and T, respectively,

G = GIIP (scf), and

G, = cumulative gas production (scf) at any reservoir pressure (p).

Eq. 4.7 simply asserts that in volumetric gas reservoirs, the gas
production, and therefore the ultimate recovery under natural pressure
depletion is a direct function of the expansion of the free gas initially
-in-place. The lower the economic limit (or abandonment pressure), the
higher the EUR. Furthermore, Eq. 4.7 suggests that a plot of (p/z) vs. G
should yield a straight line with an intercept (p;/ z;) and a slope of [-(p;/
7,)/G] from which the GIIP = G and EUR at the economic limit (p/z) can
be estimated.

(2) Application to Example Gas Project.

A deep carbonate, normally-pressured and volumetric reservoir
with wet gas has been on production for the past 22 years and produced
about 316 Bscf of raw natural gas and 9 MMSTB of condensate. Based
on several analog onshore projects producing from the same formation
in different nearby gas fields, it has been determined that the gas exhibits
borderline retrograde behavior. However, several laboratory tests and
compositional model study results verified that condensate dropout in
the reservoir during depletion drive below dewpoint pressure is not
significant enough to justify gas cycling. This minor loss has been
reflected by the use of lower condensate recovery confirmed by the
analogs. The measured initial condensate gas ratio (CGR,) of 30 STB/

MMscf was confirmed during production above its reservoir dewpoint

BRESESBX —HKRELS BEXTR
SHARARSERRE S, ERFTHEEN
e HMEKESEME E, MBERSILEE

RHESEM E SRR BEAE>>B,E+
B,E) MAHRE 45 w#H—FHELA

G,B=GE,=G (B,B,) 4.6

RARSMEERFELH B) HTRIHE

B,=5.0435x10°2T/p  (RB/scf)

[ 2% =2.8269x10°zT/p  Rcfisch)] 4.6a

HtrgEESD pe MEE T. 25
7 14.7psia 1 60 °F

BE BAHRE 46 MAE 46a AHF
ARBEHENRREYRFEETRE

(r/z) = (pi/z)-[(p/z)/G]G, 4.7
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i KRR E

—BEEREFII[EERE °F

zMz—Ep MT URERPH T ZHETH
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it 47 7T pz MG EHEHLXER #H
BBA p/z BER[(p/2)/G] RIBEIZER
W HEEFRR pz FETHRERERDE G
MEERLTXE EUR
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EmBEeERES®m EER EEEND
R /™ 22F RITEFS~RASE 316Bscf
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pressure, declining only to 27 STB/MMscf at a reservoir pressure of
about 5,500 psia (compared to 7,000 psia initial). The small loss was
taken into account by the use of a lower condensate recovery efficiency
confirmed by the analogs.

Figure 4.8 depicts the p/z vs. G, performance plots for this
example wet-gas reservoir. Because of variations in the observed data
under pressure depletion, it was possible to draw three different straight
lines bracketing the potential degree of uncertainty in the measurement
and interpretation of the historical data. These minimum, most likely,
and maximum interpretations of GIIP estimates from Figure 4.8 were
judged to represent the valid basis for assigning different reserves
categories of 1P, 2P, and 3P, respectively, based on an estimated (p/z)
economic limit of 1,500 psia. The resulting implied volumetric recovery
efficiency is calculated to be about 75 to 76% of GIIP. Estimates are
further supported by and considered reasonable because (1) the reservoir
has been established to be volumetric with nonretrograde gas, (2) it is
fully delineated and developed with a best estimate GIIP of 1,800 Bscf
using volumetric methods, (3) it has already produced 316.2 Bscf, which
is more than 17.6% of this volumetric GIIP or 21.1% of the low GIIP

estimate from Figure 4.8, and (4) the project economics based on these

BRGRUEX HSEEIREE 5500psia  Rin
[E7175 7000psia B AT IH S LA BE Z= 27STB/
MMsef X —&R 50/ RK FE 1 A SR b SRR 1R ¢
XA ENEBMEER

K48 H TiZEHpz MG, HHEXR
RFEEARBERAENOEIRZER
TH 3 FAEES NEILDEBEAEITEN
BEIEFNIAHENLEE HE43THER
RRRRBENR) RUENRAMEE 2
AEAREFRRES 1500psia T 1P 2P A
IPEEREMNEM ETELRAGBESER BK
EERARNRKEANRBRLE GIP
B 75%  76% ZITEERINAREEN FHF
BEH—FT X EHOZIBEHIAAERE
MERSE OQORZABMEELEITNIFAFL FR
EEE ARG R B REMBEN 1800Bsef @
ERit~=3162Bscf BEARRERKBRLE
9 17.6% SE 48 RENFEIERBERMEEN

three different scenarios are all determined to be viable with discounted 21.1% ME@=FAEERHIEZFIENS
cash flow rates of return (DCF-RORs) exceeding 20%. The reserves 7 HMMIMERUEZE DCF-ROR 81
status is considered Developed. 20% HENRSHEFX
7,000
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| vy L 17 1 2 RSG5 TR
‘ fif T 2531 Sl SRS BEVENY (%OGIP)
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Figure 4.8 Gas reserves assessment by material balance methods (Late-Production Stage).
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Based on the initial condensate gas ratio (CGR;) of 30 STB/
MMscf raw gas (with a gross heating value of 1,100 Btu/scf) and a
recovery factor of 60% original condensate in-place (OCIP) from the

nearby analog reservoirs, the in-place and reserves estimates for this gas

Table 4.7 Gas Reserves Assessment by Material Balance Methods (Late-Production Stage): Estimates of Project GIIPs, CIIPs, EURs and Reserves

R 48 IR 46 B A7 98 < tb CGR, ¥ {8 30STB/

WAL LL <L
TR R E AN
KPHR

MMscf R 3#{E 4 1100Btu/scf
BT R UK 60%  OCIP
HEGERLCATRLT BEIR

4.7
Bases and Estimates by Reserves Category
Measured and Estimated Parameters Units BREEME SR
N = 7}% Az, AN
QR UEE A Low Estimate Best Estimate High Estimate
RAGE REME =f4aE
Raw Gas
Bscf 316.2 316.2 316.2
RIS ¥
Cumulative Production
S e 0
Rt Condensate % (GIIP) 21.1 18.5 16.3
RATI MMSTB 9.4 9.4 9.4
Gas Initially-In-place ~ GIIP '
. = Bscf 1500 1710 1940
RRURGE R B ¥
Gross-Heating Value of Raw Gas
KRS E A E Btu/scf 1100 1100 1100
.. Bscf 1130 1300 1475
Original
R MMBOE’ 214.3 246.6 279.7
Recoverable Raw Gas EUR ' ’ ' )
| = =4 T =
FRAGHERLTRE ..y Bscf 813.8 983.8 1158.8
Remaining
Gk MMBOE’ 154.3 186.6 219.8
Implied Recovery Factor o
- % (GIIP 75 76 76
Rl o (GIIF)
Initial Condensate-Gas Ratio (CGR,)
. : STB/MMscf 30 30 30
FRIE AT bt ¥
Condensate Initially-In-Place  GIIP
. = MMSTB 45.0 51.3 58.2
BT R iR Rt 8
Condensate Recovery Factor’ o
Y AT S (e R % (GIIP 60 60 60
BB R o (GIIF)
O)%g;ﬂal MMSTB 27.0 308 34.9
Recoverable Condensate EUR R
BT ERETXE oy
Rer%j“;‘“g MMSTB 176 214 255

' Estimated directly from Figure 4.8 based on (P/Z) values of 0 and 1500 psia (economic limit), respectively.

RIBE 4.8 EEMENMEE /1551249 0 psia F1 1500 psia

* Calculated using an average conversion factor of 5.8 MMBtu per BOE.

943 F 1 5.8MMBt/BOE #1711 &

LR XN AEE

’ Based on several nearby analog reservoirs and accounts for condensate dropout in the reservoir, if any.

ETWMERLE FRETANATEREA EFERMRRK

* Estimated Gas and Condensate Reserves categories of 1P, 2P and 3P, respectively.

RARSAEAT A 1P 2P 71 3P fEEEE
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reservoir are summarized in Table 4.7. Note that the recoverable raw gas
volumes (in terms of both scf and therefore the barrels-oil-equivalent,
BOE) summarized in Table 4.7 must be reduced by approximately 20%
for the surface loss to yield their residue sale gas equivalents or reserves
(EUR), consisting of 3.2% for the shrinkage of condensate reserves and
16.8% for the subsequent processing to remove nonhydrocarbons (8.1%)
and recovery of C, plus NGLs (8.7%). For more detail, readers should
refer to Chapters 9 and 10 on production measurements, reporting, and
entitlement issues.

It is a common practice to determine whether “gas compression” is
economically viable and can be used to lower wellbore backpressure to
help gas wells produce at lower average reservoir abandonment pressures
(or associated p/z economic limits) and thus provide additional reserves.

The wellbore backpressure is the sum of the backpressure imposed
by the sales gas pipeline and the pressure drops in the gas gathering
system at the surface and the tubing string in the wellbore. A gas well
will stop flowing when the average reservoir pressure drops to and
equals this wellbore backpressure. This “no flow” average reservoir
pressure and therefore its (p/z) value does not necessarily represent
the economic limit because the wellbore imposed backpressure can be
reduced by designing and installing an optimal gas compression facility
(with an optimum compression ratio) at the point of sales (or plant feed)
to significantly reduce the sales gas pipeline imposed backpressure.

The economic limit (p/z) of 1,500 psia for this example deep
gas reservoir represents a point where the value of production is just
equal to the operating cost of producing the project under pressure
depletion without compression. It is a deep gas reservoir and although
gas compression is expected to reduce the economic (p/z) limit to as
low as 1,000 psia, it is uneconomic because the value of incremental
gas reserves realizable is determined to be less than the capital and
operating costs of installing and running the compression facility. Thus
the incremental volumes associated with compression are considered as
Contingent Resources (but not reported here) pending future updates for
cost reduction and/or higher gas prices.
4.2.3.2 Reservoir Simulation Methods (RSM)
4.2.3.2.1 Technical Principles.

The body of scientific knowledge on the development and use of
integrated reservoir simulation models is extensive and may be reviewed
in many books, including Aziz and Settari (1979), Mattax and Dalton
(1990), Ertekin et al. (2001), Fanchi (2006), and many others. PS-CIM
(2004) provides a brief and concise review of the subject, including the
different phases of a typical reservoir simulation study.

A reservoir simulation model characterizes the reservoir by
integrating the static geological model (similar to that in Figure 4.6) and
the dynamic flow model populated with actual reservoir performance

data (pressures, tests, production rates, inter fluid-rock characteristic
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curves characterized by the capillary and relative permeability curves,
PVT data, etc). Moreover, the results of integrated reservoir simulation
models can be used with increased confidence as the amount and quality
of static geoscientific and dynamic reservoir performance data increase.
Reservoir simulation can be used during any production stage (or
period) to directly estimate both the original in-place and the recoverable
quantities of petroleum or the EUR for any oil and gas recovery project.
Estimates may be derived for any petroleum recovery project under
any recovery method, including primary drive mechanisms, secondary
pressure maintenance and displacement schemes (crestal immiscible gas
injection, and down-dip peripheral and pattern waterfloods), and various
potentially applicable EOR processes.

Developing a meaningful reservoir model capable of generating
reliable results with reasonable certainty requires a multidisciplinary
team with appropriate technical skills and broad experience. Once a
reasonably good history match is obtained, the model can be used to
predict production and injection profiles, infill wells, well workovers,
stimulation, and other requirements according to specified prediction
guidelines (related to drilling, well completions, production engineering
and reservoir management, including vertical flow and surface flow
systems) under various “what-if” conditions for reservoir development,
production and management strategies. Based on a comparative
economic analysis, the optimum development and producing strategy
can be selected for implementation. Depending on the amount and
quality of performance data available, the projected cumulative
production to the economic limit with this optimum strategy should
establish the most likely EUR.

Determination and assignment of different reserves categories,
however, must be consistent with PRMS definitions and therefore would
depend on the degree of uncertainty the evaluator determined to exist
in these estimates. Irrespective of the assessment method, it is good
practice to consider the following two key points:

(1) The degree of uncertainty in the estimates (or the range
of outcomes) is expected to decrease as the amount and quality of
geoscience, engineering and production performance data increase.

(2) Compare the estimates obtained using several different
methods (e.g., volumetric, material balance, reservoir simulation and/
or production performance trend analyses) and the analog projects, if
available, before booking reserves.

There are no published generally accepted rules, but several
key observations can be made regarding best practices employed
in the assessment of petroleum in-place and recoverable volumes
using reservoir simulation studies. With limited data (geoscience and
engineering), the model is best suited to make sensitivity scenario
projections to bracket what is possible around the best estimate defined
as the base case. The uncertainty in the range of estimates is expected
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to be larger than those estimated using more data. As specified in the
PRMS, based on the respective project economics and whether or not
all project contingencies are met, resulting estimates may be assigned
to different categories of Reserves and/or Contingent Resources. As
the amount and quality of data increases, the range of estimates of
in-place and recoverable volumes obtained using these integrated
reservoir simulation models (matched using long observed production
performance data) will decrease. In actual practice, one may have the
following two extreme cases in which to assess and categorize the
estimates using simulation models:

(1) Case 1. One may have three different geological realizations
(representing the low, best, and high scenarios) and associated reservoir
simulation models that can be used to directly estimate the respective in-
place volumes, EURs, Reserves (e.g., the EURs reduced for cumulative
production realized, if any), and/or Contingent Resources categories.
This is definitely preferred, but not a common practice given the time
and expense to develop several rigorous models.

(2) Case 2. One may only have a single integrated reservoir
simulation model, which can be used to directly estimate a single most
likely (or best) value of project PIIP, EUR, Reserves, and/or Contingent
Resources. In deterministic analysis, it is common practice to run
sensitivity predictions to understand the range of uncertainty and assign
the 1P and 3P categories accordingly.

Irrespective of the assessment method used and amount and quality
of necessary data available, the estimates must fulfill the premise stated
in Point 2 above before booking.

Expertise gained over many years of working with the reservoir
simulation models and the ability to select the model most appropriate
for the oil and gas reservoir (or recovery project) under evaluation
are critically necessary skills required to complement a thorough
understanding and application of PRMS guidelines for the classification
and categorization of petroleum resources. However, it is absolutely
critical to be realistic and pay attention to the following wise and
cautionary statement by Thiele (2010) that applies to all analyses, but
specifically the reservoir simulation: “The industry has long recognized
the importance of quantifying uncertainty. As a result, computational
resources are being directed more toward simulating large ensembles of
models rather than adding ever increasing levels of detail and physics to
a single representation of the subsurface. For multimillion-dollar capital
investments, it is far more important to acknowledge the possibility of
catastrophic outliers and invest in reducing uncertainty by guided data
acquisition than to tweak a single reality to excess.”
4.2.3.2.2 Application to Example Oil Project

This application represents an oil recovery project at its mature
late-production and early-decline stages. The example oil reservoir was

developed and produced under a very effective down-dip water injection
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scheme over the past 16 years. During that time, 36 new oil producers
and 3 water injectors were also drilled (bringing the total to 70 and 22
wells, respectively) to better manage production decline and to help
further improve overall recovery efficiency.

Based on the extensive log, core, and testing data obtained over
the past 19 years (discovery year, 2-year appraisal period followed
by a 3-year initial development and a 16-year of production periods
depicted by Figure4.1a), a 0.5 million-cell geocellular model (similar
to that depicted in Figure 4.6) was built and used to estimate an OIIP of
about 1,525 MMSTB with a reported single statement that “the results
of sensitivity runs, using this geological model, showed about a 6%
downside (meaning 1,434 MMSTB) and a 14% upside (meaning 1,739
MMSTB) in the OIIP estimate.” It is important to note that since the
Material Balance Analysis of this example oil project was conducted 8
years ago, the range in the OIIP estimates were reduced to a ratio of 1.21
(=1,739/1,434) from 1.54 (=2,000/1,300), a 21% reduction in the range
for both in OIIP and the EURs (because of using the same recovery
factors). Hence, the relative degree of uncertainty in these estimates
should also have been reduced.

Based on this most likely or best 3D geological realization (with
an OIIP estimate of 1,525 MMSTB), a related integrated 3D and three-
phase reservoir simulation model was developed by a multidisciplinary
team and used to match this extensive reservoir performance history
covering a period of 16 years with 399 MMSTB (26.2% OIIP) produced.

This history-matched black-oil model was used to predict future
reservoir performance under the ongoing base-case operations using
peripheral waterflood, including economically justified well workovers,
infill drilling, and well completions to better manage the decline. The
historical and predicted profile for the Best Scenario (Base Waterflood)
is presented in Figure 4.9. As shown in Figure 4.9, an EUR of 686.3
MMSTB (45% OIIP) at an economic limit of about 2,700 BOPD was
predicted. It represented the most likely or the “best” scenario for the
ongoing waterflood performance already confirmed by the excellent
performance observed over the past 16 years. It confirmed the 45% OIIP
recovery factor assigned 8 years earlier in Material Balance Analysis.

Based on the reported low and high estimates of OIIP from the
sensitivity analysis and using the respective same REs, the project
EURs and Reserves were calculated. The results are summarized in
Table 4.8.

The same black oil model was used to study a “what-if”” reservoir
performance scenario of installing a fieldwide artificial lift facility using
electrical submersible pumps (ESPs) in all oil producers by the Year 21.
Based on a conservative economic limit of about 3,000 BOPD, an EUR
of 793 MMSTB (or about 52% OIIP) was predicted for the combined
project of peripheral waterflood with artificial lift using ESPs. The
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Figure 4.9 Dynamic and Direct Assessment of Reserves Using Reservoir Simulation.

4.9
project’s production profile and resulting estimates are also presented in
Figure 4.9 to illustrate its performance relative to the ongoing peripheral
waterflood project without the ESPs. This 7% OIIP incremental “what-if”
predicted performance had confirmed the results of an earlier study and
was supported by several nearby analog artificial lift projects showing
incremental economic recoveries as high as 9% OIIP.

The company committed to the ESP implementation. The additional
recovery was judged to have reasonable certainty and placed in the
Proved category with Undeveloped status at the time, expecting it to be
transferred to Proved Developed in 4 years time (or in Year 21), when the
project was expected to be completed and put on-stream.

Although some may consider the artificial lift as a separate project, it
was in fact a combined project that just enhances the ongoing waterflood
by only installing ESPs in some producers. In actual practice, artificial lift
is generally implemented in stages (especially with ESPs) to minimize
operating expenses because oil producers reach their critical water-cut
levels at different times making a fieldwide simultaneous installation as a
separate project not as attractive.

Irrespective of how one treats the artificial lift projects, their impact
was incorporated with the ongoing peripheral waterflood project by
adding this constant 7% OIIP increase in recovery efficiency to the
recovery efficiency of each low, best, and high scenario estimated and/

or assigned in Table 4.8. The project increased the respective recovery
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efficiencies to 47%, 52%, and 57% of the OIIPs. As a result, the

respective EURs and reserves categories for the “combined project” were

recalculated and the results are now summarized in Table 4.8a.

B EERRBESE D SIRT 0 47%  52% F
S7% BHAKIE - ATHF AT H% S EH
BATRENEESNE 45

Table 4.8 Assessment using Reservoir Simulation Studies (Early-Decline Stage): Estimates of Project PIIPs, EURs, and Reserves
under Peripheral Waterflood Only

4.8
Bases and Estimates by Reserves Category
Measured and Estimated Parameters Units BREEMSRIEE
= =¥ \L . . . .
T EAEH S B Low Estimate Best Estimate Hi gh_Estlmate
fRfL{E RIEGE & HE
Oil
. MMSTB 399 399 399
R
Cumulative Production o
e % (OIIP) 27.8 26.2 23.0
Ritf=& Raw Gas
BERS
Bscf 2274 227.4 2274
Oil Initially-In-Place (OIIP)
N = MMSTB 1434 1525 1739
RimRG RN E
Recovery Factor ' .
< 1lh % (OIIP 40 45 50
Rl o)
Original MMSTB 573.4 686.3 869.3
Recoverable Oil EUR 2 R4
b ERATRE ining’
' - Remaining™ | 1197 174.4 287.3 4703
EIFS
Economic Oil Rate Limit
N = STB/D 2700 3000 3500
FRimZFRBRE
Initial Solution Gas-Oil Ratio R
. . S f/STB 570 570 570
BSE RSB *
Gross-Heating Value of Raw Solution Gas
AR B IVE Btu/scf 1350 1350 1350
Gas Initially-In-Place  GIIP
. = Bscf 817.1 869.3 990.9
BRI R R ¥
Bscf 326.8 391.2 495.5
Original
il 3
MMBOE 76.1 91.1 1153
Recoverable Raw Gas EUR '
BERSEERATRE
Bscf 99.4 163.8 268.0
Remaining
% 3
MMBOE 23.1 38.1 62.4

' Waterflood RFs calculated or implied for the Best Estimate and assigned for the Low and High Estimates.

EEREGMBERIKEREER REEATRAEBNSEERESR

* The Best Estimates obtained from the projected production profiles of a project-specfic Reservoir Simulation Study.

X AT R HE SE R R A~ BRI A AR R EGE

* Calculated using an average conversion factor of 5.8 MMBtu per BOE.

PR A % 5.8MMBwBOE #171HE

* Estimated Oil and Raw Gas Reserves categories of 1P, 2P and 3P, respectively.

FmMERI SR 1P 2P 3P B4 {E




B4E WEEAMERTMG

CHAPTER 4 Assessment of Petroleum Resources Using Deterministic Procedures

Table 4.8 a Assessment Using Reservoir Simulation Studies (Early-Decline Stage): Estimates of Project PIIPs, EURs, and Reserves

under Peripheral Waterflood with ESPs

48 a +
Bases and Estimates by Reserves Category
Measured and Estimated Parameters Units BREIEN S RIEE
THEMGESH B Low Estimate Best Estimate High Estimate
K4E BEME =hE
Oil
N MMSTB 399 399 399
. T
Cumulative
Production %(OIIP) 27.8 26.2 23.0
fitg vy
e Bscf 2274 2274 227.4
Oil Initially-In-Place ~ OIIP
N = MMSTB 1434 1525 1739
FRimRGRhE
Recovery Factor ' .
- %(OIIP 47 52 57
SRUCE (Ol
Recoverable Oil Original MMSTB 673.7 793.1 990.9
EUR ° E3
=N SRR .
RAEHRATR Remaining MMSTB 274.7 394.1 591.9
= Tl
Economic Oil Rate Limit
NN = STB/D 2700 3000 3500
R FRBR = 2
Initial Solution Gas-Oil Ratio R
. N ! f/STB 570 570 570
ey, a2 >
Gross-Heating Value of Raw Solution Gas
e N Btu/scf 1350 1350 1350
BRSERE 5¢
Gas Initially-In-Place  GIIP
o = Bscf 817.1 869.3 990.9
BRURME R >
. Bscf 384.0 452.0 564.8
Original
RiR
Recoverable Raw e MMBOE® 89.4 105.2 131.5
Gas EUR '
B S E BT
Egjﬁﬁﬁ Bl . Bscf 156.6 224.6 3374
AE Remaining
el 2 4
M= MMBOE’ 36.5 52.3 78.5

' Waterflood RFs calculated or implied for the Best Estimate and assigned for the Low and High Estimates.

EEREGEESR

BRI oK

RENBTREENSHEER

* The Best Estimate is obtained from the projected production profile of a project-specific Resrvoir Simulation Study.

XA B AR S ER AR~ B A G EREGE

* Calculated using an average conversion factor of 5.8 MMBtu per BOE.

5 FISE 4985 4 R L 5 SMMBWBOE #4748

* Estimated Oil and Raw Gas Reserves categories of IP, 2P and 3P respectively.

FUmAMERERI SR 1P 2P 3P B4 1E

=
B=5S

Furthermore, based on the same geological model representing the

best case scenario, and relevant CO, and hydrocarbon compositional data

(including miscibility test results), an integrated compositional model

was developed to study the performance of CO, miscible displacement
process and several alternatives using different water-alternating-

gas (WAG) scenarios. Assumed to be on stream by Year 21 (similar Bigs
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to the “what-if” artificial lift study), several production performance
predictions were carried out to a 3,500 BOPD economic limit, yielding
a cumulative oil recovery of about 1,068 MMSTB (or 70% OIIP) for
the case with an optimum CO, injection at the crest. The results for
this best-case scenario are also presented in Figure 4.9 to illustrate its
performance relative to the ongoing base peripheral waterflood and the
second peripheral waterflood with artificial lift projects. This predicted
incremental recovery of 18% OIIP for a CO, EOR project was supported
by two CO, pilots already implemented in analog oil projects nearby and
yielding a reported maximum incremental recovery efficiencies of 22%
OIIP, which established the upper limit.

Although the project economics were positive, it was not
reasonably certain that the project would be implemented in Year 21
as initially assumed. The infrastructure for sequestration and delivery
of CO, to the project site were assessed to take longer and delayed
because of the expected budgetary constraints at the time. Consequently,
the estimated recoverable quantities of oil and raw natural gas were
classified as Contingent Resources. Therefore, incremental recoverable
quantities attributable to CO, miscible project had to be separated from
the second project and reported incrementally (using a low and a high
recovery efficiency of 15% and 22% OIIP, respectively, to bracket
uncertainty) as shown in Table 4.8b. There was a note stating that “these
estimates should be reviewed periodically to confirm whether these
unfulfilled contingencies still exist and if fulfilled, they can be classified
as Reserves.”
4.2.3.3 Production Performance Trend (PPT) Analyses

PPT analyses have proved to be very useful and commonly used
methods to directly estimate the EURSs for oil and gas wells, reservoirs
and specific development (or recovery) projects. Although PPT analyses
are traditionally known as decline curve analyses (DCAs), other forms
of PPTs exist and can also be used to estimate petroleum (oil and gas)
reserves. Historical production performance trends observed in mature
wells, reservoirs, or projects may generally be extrapolated to the
cumulative production at the economic limit, and provide a reasonable
assessment of the EUR. Moreover, the predicted production rate profiles
obtained using analytical or reservoir simulation studies could establish
performance trends that are not long enough to include the project’s
economic life. In these cases, the DCA can also be used to best-fit these
trends and extrapolate them all the way to project economic limit and
determine the EURs.

To better comprehend the limitations of PPT analysis, Harrell et
al. (2004) pointed out the following conditions under which production
decline trends would provide acceptable projections of production
profiles and the resulting reserves estimates for the asset under study:

(1) Production conditions, methods, and the overall production

strategy are not changed significantly over the projected remaining
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REMSEDHIER 15% F22% MURBRAHE
M SRF4 FTERTF O XETNER
HESEE WHIASENHFEERNBEZENNK
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Table 4.8 b Assessment of Contingent Resources Using Reservoir Simulation Studies (Early Decline Stage): EURs under a Planned

CO, Miscible Project
4.8b CO,
Bases and Estimates by Contingent Resources Category
Measured and Estimated Parameters Units BB S REHRRE
THEMGESH 2 Low Estimate Best Estimate High Estimate
KL E RIEfGE =hE

Oil Initially-In-place  OIIP

N f MMSTB 1434 1525 1739
EimRRRE
Initial Solution Gas-Oil Ratio R

. N si f/STB 570 570 570
TR A R EL >
Gross-Heating Value of Raw Solution Gas
SRR A HE Btu/scf 1350 1350 1350
Incremental Recovery Factor ' % OIIP 15 18 2
Rk
Recoverable Oil EUR °
w8 MMSTB 215.0 274.5 382.5

BRimfAE R LR
Recoverable Raw Gas EUR ° Bsof 122.6 156.5 218.0
RHSERRLTRE MMBOE? 28.5 36.4 50.7

! Under a CO, Miscible Flood based on the results of two implemented analog CO, Pilot Projects.

CO, BHIK ELEMANE R CO, £SMIHBRIMBE LR

* Calculated using an average conversion factor of 5.8 MMBtu per BOE.

{3 FA P43 R 4 5.SMMBU/BOE #7314

* Estimated Oil and Gas Contingent Resources categories of 1C, 2C and 3C, respectively.

BHMAASH IC 2C F13C £MHFREME

producing life.

(2) The reservoir has been fully developed, and therefore, the well
count is relatively stable.

(3) Wellbore interventions and other remedial work can be
classified solely as maintenance.

Production performance trends are not only reservoir specific
but also depend on the specific reservoir management and production
practices used. Any significant change in these practices could easily
lead to erroneous results. Therefore, the reliability of production profiles
projected using DCA depends not only on the quality and quantity
of the past production data, but also on the evaluator’s professional
experience gained through working on many hands-on assessments and
reconfirmations of results over time with actual performance, including
the use of appropriate analog reservoirs.
4.2.3.3.1 Technical Principles.

Decline analysis is based on the solution of the following
differential generalized hyperbolic equation defining the nominal decline
rate (D) as the fraction of “change in production rate with time (t)” (also
known as loss ratio) as

D, = - (dQ/dt)/Q =KQ" (4.8)
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where

X
D—{EEHE t

D, = nominal (or continuous) decline rate (slope of the line) at any

THBEX FEL B

time (t) and is a fraction of production rate (Q,) with a unit of reciprocal & OHSHE 28 Q MEfAE S8

BFEF NEFERM—3 AHENDE
Q—7/=8 STB/D STB/month =% STB/yr
b—HHEH A

time (1/t) in per month, per year, etc, which must be consistent with the
units of production rate,
Q= production rate (STB/D, STB/month or STB/yr),

b = decline exponent, and

K= integrati tant N

= integration constan IV

e | | | Arps (1945) T4 4R t 7= B BT [ A4 25

Decline trends analysis of production rate vs. time advanced by o . . .
DMARAIRBTE 5HE4I8HEMU  BF

Arps (1945) is a hyperbolic equation similar to Eq. 4.8, and therefore,
FIEBEM £FHSEBSMTREIMEZRF

RERAYERE wEd k49 PRBFETEAR W
R SK X ih i ) 7R 3K 4.8

it has a semitheoretical basis. The PPTs and their extrapolations to the

economic limit are governed by the mathematical equations (as solutions

to hyperbolic differential Eq. 4.8) summarized in Table 4.9 below.

Table 4.9 Traditional Decline Analysis: Governing Equations and Characteristic Linear Plots

49
Items Hyperbolic Model Exponential Model Harmonic Model
B pog:iik kit R TRTIEE
Generalized Governing dQ
Hyperbolic Decline Equation D= / dt _ gob
I S R A 7 =-——q X
Nominal Decline Rate (D "
s (/D)= Q/Q, * | D=Drconstant % (/D) QI
Decline Exponent (b) “ b” wvaries except for 0 & 1 b=0 b=1
BRIEE b bAhZTE FFEFOHI
Rate-Time Relationships Q=Q,[1+bD,t]""™ Q=Qe™ Q=Q, 1+Dt

FE-HEXER

logQ=10gQ;-(1/b)10g(1+bDyt)

logQ=10gQ;-(D/2.3)t

logQ=10gQ;-1og(1+D,t)

Type of Linear Plots logQvs.log(1+C,)where C=bD, logQ.vs.t 1/Q,vs. t or 10gQ,vs. log(1+D;t)
LMt E R A logQ—1log(1+C,) H 1 C=bD, logQ—t 1/Q—t =, logQ—1log(1+Djt)
Rate-Cumulative Relationships No— Q [Q(l b) Q(l b)] N,= Q-Q /D Npe = _ln(Ql/ Q)
= _ > pt— =0).-
FEREAR (o QQ:DN, logQ102Q-D/ 23Q, N,
Type of Linear Plots Not available Qus.N, logQ, vs.N,,
LR RREEY x Q—N,, ElkR logQ—N,, ElhR

i= stands for initial time or point at which the decline trend has onset or started.

1B BT 46 B9 FI 4R B fE)

D=nominal decline rate (as fraction of Q,) with a unit of inverse time (1/t), equals to D; when Q= Q;

Q MR (e %K (1) % % Q=Q B D=D,

Q.=oil or gas production rate at any time “ t" in STB/D or MMscf/D, etc.*

IEMER t

FHRE R =8 STB/D 5 MMscf/D
t=time and the subscript for oil rate & cumulative production variables.*

MEM~E5 R= L8N TR

N_=cumulative oil or gas production or recovery at any time "t" in consistent unis.*
pt

FERER t

M S RIT 2R REE
* Rate(Q) & time (t) must be in consistent units in above formulae(i.e. if.“ Q”

ERRAKXPH=E (Q FRS{E) () BB ALLI—F MR Q A/ X

Bfr—

isin STB/D.“ t”
t BB AL R

i

is in days, etc.)
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Well-known and widely used DCAs provide a visual illustration
of historical production performance of a well, a group of wells, or a
reservoir and of whether the established trend can be extrapolated to the
economic limit to estimate petroleum reserves. Review, derivation, and
understanding of these governing equations and the characteristic linear
plots (summarized in Table 4.9) representing each decline model are
very important for correct use and application of the traditional DCA.
Note that the exponential and harmonic models are just specific cases
of the hyperbolic model with constant decline exponent (b) of 0 and 1,
respectively.

The hyperbolic decline model is not only the most common
decline trend observed in the actual performance of oil and gas wells and
reservoirs, but also represents the most general and challenging decline
trend with two unknown parameters of initial nominal annual decline
rate (D;) and decline exponent (b). Moreover, the hyperbolic decline
exponent (b) is not fixed but varies, and may have any value except b =
0 and b = 1, which represent the special cases defined by exponential and
harmonic models, respectively, among wells and reservoirs producing
under different reservoir depletion methods. It has been widely reported
that the value of (b) varies with reservoir drive mechanism. Although the
development of unconventional reservoirs in North America has resulted
in observed “b” values significantly exceeding one, the following values
generally applicable to conventional reservoirs reported by Fekete

Associates (2008) may be used:

Value of Decline ) o )
Governing Reservoir Drive Mechanism

Exponent (b)
0 Single-phase liquid (oil above bubblepoint)
0 Single-phase gas at high pressure
0.1~04 Solution gas drive
04~0.5 Single-phase gas
0.5 Effective edgewater drive
0.5~1.0 Comingled layered reservoirs

Initial nominal decline rate (D;) is the nominal (or continuous)
decline rate corresponding to initial production rate at which
decline begins. The ratio of nominal decline rate at any time (t) (or
D)) to initial decline rate (D;) when production decline first begins
is proportional to a power (b) (except 0 and 1) of the respective
production rates and defined by

D, /D; = (Q./Q) 4.9)

Rate of decline depends on several factors, such as the reservoir
depletion rate, maturity, the average reservoir pressure, the reservoir
rock and fluid properties (magnitude and distribution), and the reservoir

management and production practices. The D;is further related to the
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initial effective (or stepwise) decline rate (d;), which is a step function
rather than a continuous function between two consecutive rates, by the
following relationship:

d=1- 1+bD, ™

For example, if D, =0.25/yr and b =0.5, then

d=1-[1+ 0.5x 025" =0.21/yr.

The governing rate-time relationship of a general hyperbolic

(4.10)

decline model (see Table 4.9) is given by
Q=Q;(I+bD; t)-l/b
Eq. 4.11a may also be re-written as:
log Q,=1log Q; - (1/b) log (1+b D; t) =

(4.11a)

log Q; - (1/b)log (1+ C,)

(4.11b)

where C = b D,, which is an arbitrarily defined unknown constant
(refer also to Table 4.9).

For a correct value of C, Eq. 4.11b suggests that a log-log plot of
Q. vs. (1+ C) should yield a straight line with a slope, m (= -1/b) and
intercept of Q; at time zero or when initial decline starts.

Given the initial production rate at the onset of decline (Q;) and other
oil production data observed over the decline period, the traditional and
modern DCAs have been largely an exercise in curve fitting to establish
characteristic straight lines and/or type curves and conducting nonlinear
regression analysis to simultaneously estimate the correct values of
these two unknown parameters D; and b. Hyperbolic decline is known
to occur as gravity drainage becomes the dominating reservoir drive
mechanism during later stages of a well life. However, it is possible for
this trend to become exponential again at a later stage when the solution
GOR s very low and stabilized. With estimated correct values of these
two unknowns, the EUR defined by the cumulative production at
economic limit, N,., of the petroleum asset under evaluation can now be
directly calculated using the following relationship:

EUR=N,¢=Ni+Ngo=Npi+ ——~—— Qb [Q(l -b) Q(l b)]
© P TP (1b)D; (4.12)

where Q; and Q, represent the production rate at initial time (i)
or time zero (t=0) or at the onset of decline and at economic limit (e),
respectively; and N,;, N, and N,, represent the cumulative production all
the way to the initial (i) production rate (Q,) or to time zero (t=0) before
decline begins, during the entire decline period (d,) analyzed all the way
to economic limit, and overall project to economic limit (e) or the EUR,
respectively.
4.2.3.3.2 Types of PPT Analysis

Various well-established methods using PPT analyses may be
classified and described under three broad categories: (1) traditional
DCAs (TDA), (2) modern DCAs (MDA), and (3) other PPT analyses.

(1) Traditional Decline Analysis (TDA)

MmEN HER BHE 4 BXEK FE

EWNELTFENNMBRBAMAZELRE X
AT
d=1- 1+bD, ™ 4.10

BN A% D=0.25/yr F1b=0.5 N

d=1-(1+ 0.5x0.25y "9 = 0.21/yr

X HERERNERT & - WEXAER
HFRIERMT SRk 49

Q=Q (+bD;t)y" 4.11a

X 4.lla HWEPUFILH

log Q,=log Q, - (1/b) log (1+ b D; t)

=log Q;- (1/b) log (1+ C) 4.11b

I C=bD, REBRRMEL SHFK49

ATHREBEHMCE TTRERX 4.11b
QM 1+C, MIMEEIR BERRFELN
REHImE=-10b), BEHQ =0 HIHERFT
BE AAEKRR

HCMIE RN IR~ 2 Q FiE B A
PEAM S EHIE TR AR AR R
WG -2 AT BIFIEE L&/ B 2
B IELMEEFDITER DN RMSED, F b 8
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EE ZMBHNFERBNFAEAE HA
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o EAEMIELER ETRIRMNSHN
FEMAE WIRAR 412 BEGEIZABE™
ZFWMRAAINEME=E N, REERELT]
X& EUR

Qb
LAGEST)

EUR=N,.=N,;+N,¢.=N, [Q!-QI?]

4.12
R QFMQ AIRFRMENZ 1) HF
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A trial-and-error procedure is used to calculate sets of values for
(1+ C) for several assumed values of C and generating the resulting
“log Q, vs. log (1+ C)” plots until a straight line is obtained. As shown
in Eq. 4.11b, for a correct value of C (an arbitrary constant defined
by the multiplication of these two unknown decline parameters b and
D)), the slope (m = -1/b) of such a log-log plot should yield the value
of decline exponent (b = -1/m) and the initial decline rate is estimated
using D; = C/b. However, the practical use of this method is limited.
It is extremely difficult to quantitatively evaluate the correct value of
the decline exponent (b) because it is very insensitive to this type of
analysis attempting to estimate two unknowns (C and b) simultaneously
and usually yielding erroneous results. It is quite possible to have
the same “b” but different D,’s matching the same decline trend that
extrapolates to different estimates of reserves. Hence, this procedure is
not recommended.

It would be highly desirable to estimate the nominal decline (D))
first and then perform a simple trial-and-error procedure iterating on
this single insensitive decline exponent (b) to evaluate and establish the
best-matched decline trend that corresponds to the best value of (b). In
this regard, a method similar to that recommended by Exxon Production
Research Company (EPRCO 1982) proved to be very useful in actual
practice. It uses the following a 7-step procedure described and applied
to the analyses of this example oil project below.

(2) Application of TDA to Example Oil Project

The project produced under peripheral water injection over the past
26 years with a cumulative production of 518.9 MMSTB. Production
decline started at the beginning of Year 11. During the latest 10-year
period (Years 17 through 26), an additional production of 120 MMSTB
was realized by drilling an additional 12 new oil producers and 3 water
injectors, bringing the total to 82 oil producers and 25 water injectors.
Note that caution is warranted anytime DCA is used at a level of
aggregation beyond the well or completion. Changing well count with
time and operational adjustments can alter the shape of the aggregated
curve in an unpredictable manner. Please refer to section 6.2.1 for further
discussion.

Historical decline observed over the past 16 years, with quarterly
average production rates reported during the last 5 years to better
illustrate possible variations, were used to draw and establish three
slightly different plausible decline trends and to estimate the associated
annual nominal decline rates (D,’s) that reflect the uncertainty in the
observed production data and interpolations. With a total of 82 wells
already producing (and only 10 infill wells remaining), the well count is
judged to be reasonably stable enough not to significantly impact these

decline rates. The resulting D;’s and the observed decline data were

1 EHBE2HTE TDA
RI\ENX 411 XAXELZTEETREC
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used to estimate the related hyperbolic decline exponents (b’s) from the
respective best-fit trends obtained. These three plausible decline trends
or interpretations are judged to quantify the degree of uncertainty in
the estimates of respective decline parameters and the extrapolations
of these established trends to estimate the reserves (or cumulative
production) for low, best, and high scenarios at their respective project
economic limits.

The following EPRCO procedure is used to establish the plausible
annual decline rates (Dy’s) and associated decline exponents (b’s) that
yield the best fit for three possible hyperbolic decline trends established
for the example oil project:

Step 1. Prepare a “Q, vs. time (t)” (instead of “log Q, vs. t”)
plot and draw the best smooth curve through data (quarterly average
production rate data are used for the last 5 years to help better show the
variations), but giving the greatest weight to and matching the latest
data as closely as possible as illustrated in Figure 4.10a. Note that the
EPRCO recommended semi-log plot of “log Q, vs. time (t)”” plot almost

eliminates the variations in the observed production data and hence does

B9 D, Fi-EREEHIE TMBEREEENRE
BEME LN EE X REEHD EoH
M 3 FKBREBHLT AT EEITMENIER
%&mﬁﬂﬂﬁ#%——ﬁﬁzﬁWmﬁﬁﬁﬁ
HE REMENSHEBRHEE IR~ =2
AR HRE M

N A EPRCO F5 %088 A EH E MmN A/

ZEDHMBEREBRENEE FEEBRENE
XEEBHEE D RERIEHR b FERMOT

HEI1 LF Q—tER A2 logQ—t Bk

SXRBEmERES RESFEAFEFRY
FEHIE MRMEL fEREFEE EH
FARMNEMAFRTRMNEG WA 4.10a s

BHEE EPRCOIAN “ logQ—t" FITEE kR

BEABZTEBEENTL TESIHEZMER
R A B

Example Oil Project: A Trial-and-Error Procedure for Establishing Correct D,and b. Three Possible Interpretations Using "Oil Rate vs. Time" Plot
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Figure 4.10 a  Estimation of Hyperbolic Decline Parameters using Rate vs. Time Plots.

4.10a -
not allow for more than one interpretation and thus it was not used.
Step 2. Draw a series of three plausible straight lines as tangents
to the curve at a point near the latest values of production rate at a time

(t = 26 years) and production rate (Q, = 25 MBOPD) to estimate the
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respective slopes (m) and hence the nominal decline rates (D,). Figure
4.10a illustrates how this process works and summarizes the resulting
hyperbolic decline parameters.

Step 3. Assume several plausible values of (b) and use any value
of D; (5.3% per year for the best scenario for instance) and Eq. 4.11a
to calculate the production rates for various negative values of time (t).
Time is negative because decline rate is determined at the most recent
time (t =25.75 years) when Q =25 MBOPD and times between this rate
and earlier Q’s all the way to Q, of 75 MBOPD (initial rate at which
production decline began) must have negative values to satisfy Eq. 4.11a.

Step 4. Plot both the calculated values of Q’s for various plausible
values of b obtained in Step 3 and the actual production rate data to
establish the best b value for the best-fit curve that has the least average
deviation. Calculated data with an b value of 0.55 (shown with hollow
circles in Figure 4.10 a) yielded the best-fit to actual data (shown in
black dots) with a minimum average deviation of about 1.6%.

Step 5. Repeat Steps 3 and 4 with the remaining annual decline
rates of 5.8% and 4.8%, to determine the best “b” values of 0.40 and 0.75
for the low and high scenarios, yielding best-fits with minimum average
deviations of about 1.8% and 1.9%, respectively. Figure 4.10a presents
the results obtained using the above five-step process.

Step 6. Use the correct decline exponent (b) of 0.55 and the
nominal annual decline rate 5.3% at 25 MBOPD and Eq. 4.9 to calculate
the initial nominal annual decline rate (D;) of 9.7% at Q, of 75 MBOPD
(initial rate at which production decline began) for the best-case
scenario. Similarly, values of D, of 9.0% and 11.1% are calculated for
the low and high case scenarios, respectively.

Step 7. Finally, for the best scenario for example project operating
under peripheral down-dip water injection scheme, use D; = 9.7% and
b = 0.55 and Eq. 4.11a to calculate the oil production rate profile and
the cumulative production from Q; of 75 MBOPD (end of Year 10
when decline first begins) to economic limit determined to be about
3.2 MBOPD and determine the portion of cumulative production over
the whole decline period (N). Then use Eq. 4.12 to calculate the total
EUR (or N,,) of 747.3 MMSTB and the 2P Reserves of 228.4 MMSTB
(the EUR adjusted for the cumulative production of 518.9 MMSTB),
which illustrated and reported in Figure 4.10b. Note that for the best-
case scenario, the same results can be obtained by using D; of 5.3% and
b of 0.55 to forecast oil rates and cumulative production from Q; of 25
MBOPD (end of Year 26) to the same economic limit and adding to it
the cumulative production realized during the first 26 years, etc.

Figure 4.10 b is a resulting characteristic linear plot of “log Q, vs.
log (1+ b D; t)” for the best-estimate scenario only. High-quality matches
obtained from using the EPRCO procedure is clearly demonstrated by
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Example Oil Project: Production Performance Trend Analysis By “log (Q)) - log (t)” Characteristic Plot for the Hyperbolic Decline Model
JEU0E 7R RSB RASE R log (Q) - log (02 T B A

*.—.T.-.—.— The Best Estimate of Peripheral Water Injection Performance: 117K 3 25 Tl il it £E 4 2

Using the matched decline parameters from Fig. 4.10a for the Best Estimate, calculated the
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Figure 4.10 b Dynamic and Direct Assessment of Reserves by TDA.

4.10b

the actual data (represented by black dots) relative to the calculated data
(represented by hollow diamonds, circles, and squares) in Figure 4.10a
and the resulting similar high-quality decline trend match obtained
in the characteristic linear plot of Figure 4.10b for the best scenario
only (for simplicity in the presentation). It confirms a higher-quality
match obtained using a more reliable and repeatable EPRCO procedure
of estimating these unknown decline parameters sequentially. The
traditional trial-and-error method attempts to estimate the complex
arbitrary constant C (= bxD;) and b simultaneously, usually yielding
erroneous results because the evaluation of “b” is known to be very
insensitive to this procedure [Fekete Associates (2008)].

Table 4.10 documents the resulting reserves categories of 1P, 2P,
and 3P estimated based on the plausible scenarios of low, best, and
high production performance analyzed and exhibited above, which was
supported by the example project under an effective peripheral water
injection operation (without artificial lift using ESPs) observed over the
past 26 years.

Based on the similar reasons and rationale developed and discussed
earlier under Reservoir Simulation Methods, the second combined
peripheral waterflood with artificial lift project was expected to have
additional oil recovery of 5% OIIP over peripheral waterflood, bringing
the project recovery to 54% OIIP for the best scenario. Similarly, these

1+bDt WX EAFIE L BB Bk £ F EPRCO
TIERKENSRENEEREE£RE 4.10a F 15
FKPBRESEIENEE KORR N KEREE
TN ER REMESEAITEHE
4.10b WA RE[BEBERETHLELEE KRS
HMENSREERERLRNEER XRIE
TEPRCOTZTER EUHE BUEELREH
BERMBRERSE UREGHREUGER BFA
REZRNGEEERNERERC =bxD, M
HIEHbE BESSBBERER BEAbDEXN
ZFEAGE Fekete Associates 2008

BT RmEE = 26 FOAE L GEKFT
R ERERALEFA  R4105H7T 3 FhE

FHESER K RENS NN IP 2P
3P EBMHELER

ARYE B E A BRI TT A — T AT IR S H A
KMEKREFESRE FMASGHEAATRN B%5K
BEAATLEN REBFRTLLDEKE &t
TR RESXBEEKS% E54% OIP  SHIAE



B4E WEEAMERTMG

CHAPTER 4 Assessment of Petroleum Resources Using Deterministic Procedures

additional reserves are placed in Proved with Proved Undeveloped status BREM BRFHENEEYAIIELEE RS
for now, subject to transfer to Proved Developed in 2 years (or in Year AARFAR TE2HEEF HE2WFE FHNES
28) when the project is expected to be completed and put on-stream. AERABANEEBHRNITELETE

Table 4.10 Assessment using Decline Curve Analysis Production Decline Period
Estimates of Project EURs and Reserves under Peripheral Waterflood Only

4.10
Bases and Estimates by Reserves Category
Measured and Estimated Parameters Units ERBIRM & RIE R
ITRSEESR P Low Estimate Best Estimate High Estimate
Rf&E RIEMHE Sf4E
MMSTB 518.9 5189 518.9
Oil
Cumulative Production R o
1 = % OIIP 34.0 34.0 34.0
RitF-2 °
Raw Gas
s Bscf 295.8 295.8 295.8
BES
Oil Initially-In-Place  OIIP
. - MMSTB 1525 1525 1525
BmRn R E
Recovery Factors Calculated ' o
< % OIIP 46.0 49.0 54.0
& R U R °
Original MMSTB 701.5 747.3 823.5
Recoverable Oil EUR g
FEREERETXE ining >
' Remaining MMSTB 182.6 228.4 304.6
TR
Initial Solution Gas-Oil Ratio R
e N o scf/STB 570 570 570
R E R =URLE
Gross-heating Value of Raw Solution Gas Btwsef 1350 1350 1350
ﬁ'ﬁg j.l\_.\ 1E
Gas Initially-In-Place ~ GIIP
. = Bscf 869.3 869.3 869.3
BRARRRE
o Bscf 399.9 426.0 469.4
Original
Bt ]
Recoverable Raw Gas MMBOE 93.1 99.1 109.3
EUR
FHSGEERATRE o Bscf 104.1 1302 173.6
Remaining
% )
MMBOE 242 30.3 40.4

' As aratio of "direct estimates of project EURs under peripheral water injection" and "the project OIIPs, if available".

BWETKENERATREERTEEREMBERBRIEE HHMNE MLE

® Calculated using an average conversion factor of 5.8 MMBtu per BOE.

i 195 R 1 5.8MMBtw/BOE #4711 H
* Estimated Oil and Raw Gas Reserves categories of 1P, 2P and 3P, respectively.

MRS 1P 2P 7 3P (B fh{E

Table 4.10 a summarizes the resulting EURSs and reserves categories RK410aFHE TIMEXRBBDGKIREES A
for the peripheral waterflood with artificial lift project as they were HEAEENEATUREE#EHEER— R ;E
recalculated using the increased recovery efficiencies of 51%, 54%, EEESHIKE 51% 54% F159% BHitE
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and 59% of the OIIPs. The estimates were considered to have a slightly
reduced degree of uncertainty relative to those obtained under the
peripheral waterflood project only (refer to Table 4.10).

It may be important to point out the following qualifications about
the oil example project producing under peripheral water injection:

® As summarized in Table 4.10, the low, best, and high project
EURs and Reserves are estimated directly. Although it was not necessary
to know the latest estimates of respective OIIPs, it would have been
definitely desirable. They were not available at the time. For a relative
illustrative purpose, the best estimate of 1,525 MMSTB was used to show
the recoverable estimates in terms of percent OIIP as well, and to report
in respective figures and tables.

@ Since last assessment using reservoir simulation models,
the project had produced another 120 MMSTB, bringing the total to
518.9 MMSTB (34% of OIIP) in 26 years, drilled and analyzed 15
additional new wells, and obtained numerous well tests thereby reducing
uncertainty in the new estimates. The EURs represented relative
waterflood recovery efficiencies of 46%, 49%, and 54% of this single
OIIP estimate, respectively and correspond to project economic lives
(at around 3 MBOD) estimated to be 78, 96 and 127 years, respectively.
Long economic and/or operation project lives such as these should not
be assumed without proper consideration and documentation. In this
example the estimates were considered valid because:

a. The best or 2P estimate of 228.4 MMSTB (or remaining reserves)
represents only 15% OIIP or about 30% of the 747.3 MMSTB EUR (see
Table 4.10).

b. In actual practice, for projects with long-life reserves exceeding
100 years, depending on the sustainable future growth in worldwide
demand for oil, the project’s economic life will most likely vary between
50 and 70 years as a natural consequence of the higher depletion rates,
which are not only required to meet the expected target production rates,
but also result from implementation of the approaching planned artificial
lift using ESPs and EOR projects. They are needed to both accelerate
production (e.g., higher depletion rates) and increase ultimate recovery.

The incremental 7% OIIP oil recovery by artificial lift using ESPs
(discussed earlier under Reservoir Simulation Methods) was revised
downward to 5% OIIP to further ensure reasonable confidence and to
bring the overall project recovery to 54% OIIP for the “best scenario.”
Similarly, these additional reserves are placed in Proved Undeveloped
status for now, subject to Proved Developed status in 2 years (or in Year
28), when the project is expected to be completed and put on-stream.

Table 4.10a summarizes the resulting EUR’s and reserves categories
for the peripheral waterflood with artificial lift project recalculated using
the increased recovery efficiencies of the peripheral waterflood by a
constant 5% OIIP to 51%, 54%, and 59% of the OIIPs.

B8 MYTHLELSKENNEMS %%
RNTHEMEEREFRERE SRk 410

HNARGIME BEIKTR FEL
£ BRANTREFRESEN

® F4l0h HEMBMERLITREME
ENRMEE REGENSHERRIERLE
BEH REAFHMEMENNZHRBERLE
THHEER EUMRENEERELN SN
BRAZEBE ATHHUE ERAHKELE
1525MMSTB U % OlIP B/ 8 a9 R AT & 24
UXEMGE HFEBERERTPHTRE

QB L—MBURRMEBEENTEZE Z
T B X £ 7 R 120MMSTB - {57 26 4 7 &1
B h Rt~ 81X 5 SI8OMMSTB . R M2
34%O0MP  IZFEBEHMAIAT 1S OH %%
BREAHN H-—PERRTIENFIREN &
ZURXEMNHEZETHE OIP F/KIKXR K
46% 49% F 54% & 25 R R 5 3MBOPD
BRI B @ £ B 310 18 96
127 F AT B 25 A ISR L A
ERAREREANXBRERATEERN AE
PINIHEERESETEN REWAT

a RIEfH{E 2P 1B 4 2284MMSTB 5
MRLFIXRE  HRHRBFRBE 15% Hfh
BERARTRXET747.3MMSTB30% S5k 4.10
b LEkF NTHEFwED 100 F£H

TE RERKHFNEMTEROTHEEKE
nOMBMEFEwHRTERATRERMK
M7 50~70 £z ETH XANERES BT
E OFEEXBITWHNBBRRAISEFMESX
KRB UINEmE T RN e &L XE

AR—HREGEREN KT HhER
MRITEREBERATEFREERIEEHR 7% T
BES% U EKREGERSHRKEAER

BA54% FAH BRX—#oEERENE
AEXRFTRRES F2HEE F28F MEE

EEMEERNBEAEXEFEL

F410a ;LR THGEKEREEATHEHIAE
NRATXREMNERFEELER ZERE2HED
GOKIRER E D RIEE 5% RRREBE D=
51% 54% F159%O0IP #HiTEFITE MG
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Table 4.10 a2  Assessment using Decline Curve Analysis

Production Decline Period

Estimates of Project EURs and Reserves under Peripheral Waterflood with ESPs

4.10a +
Bases and Estimates by Reserves Category
o .
Measured and Estimated Parameters Units BRI & R R G
ITRNEESK S Low Estimate Best Estimate High Estimate
RIEE RIEfGE SitE
MMSTB 518.9 518.9 518.9
Oil
Cumulative Production ERih .
e % OIIP 34.0 34.0 34.0
RitrFg ’
Raw Gas
w Bscf 295.8 295.8 295.8
BERS
Oil Initially-In-Place  OIIP
N = MMSTB 1525 1525 1525
FimR G R &
Recovery Factors Calculated ' o
- % OIIP 51.0 54.0 59.0
HERBER ’
, Original MMSTB 777.8 823.6 899.8
Recoverable Oil EUR B4R
FfE R4 TRE ining
e ~E Remaining MMSTB 258.9 304.7 380.9
R
Initial Solution Gas-Oil Ratio R
e N ' f/STB 570 570 570
IR A RS ¥
Gross-heating Value of Raw Solution Gas
R Btu/scf 1350 1350 1350
Gas Initially-In-Place  GIIP
. o Bscf 869.3 869.3 869.3
ARSI R E
o Bscf 4433 469.4 512.9
Original
Bt .
Recoverable Raw Gas MMBOE 103.2 109.3 119.4
EUR
FERSEREHRETRE Bscf 147.5 173.7 217.1
Remaining *
FlR
= MMBOE’ 343 404 50.5

" Under peripheral water injection (see Table 4.10), supplemented with field-wide installed artificial lift using ESPs.
WEEK HZAFR4A10  HUSHEABBRALEFFR

* Calculated using an average conversion factor of 5.8 MMBtu per BOE.
£ 195 R 1 5.8MMB/BOE #4171t H

* Estimated Oil and Raw Gas Reserves categories of 1P+ 2P and 3P, respectively.

FmAERER A9 1P 2P 70 3P fEE A {E

AL H—SREBXE A CO, RIBIK
KSHBKILT BN BEHESEMN RINKIEE
£920%00P {2 [EH 4 BT ERSHm SR I (A AR UK
T ENB T 2% & 13%  16% F120% IR

Similarly, supported further by the full performance of a second
analog CO, miscible pilot project nearby with a realized incremental
recovery efficiency of about 20% OIIP, it was judged prudent to revise

the incremental recovery efficiencies (assigned earlier under Reservoir

Simulation Methods) downward by 2% to 13%, 16%, and 20% OIIP, 0. 5 - . .
respectively, bracketing the uncertainty for the planned CO, miscible DRAEORE RIS 32 F0E MATRE N

project (scheduled to be on-stream by Year 32). The respective Contingent R IC 2CF3C ZHRREBHEERTC TR
Resources categories of 1C, 2C, and 3C are summarized in Table 4.10b. 4.10b
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Table 4.10 b Assessment of Contingent Resources (Production Decline Period): EURs under a Planned CO, Miscible Project

4.10b CO,
Bases and Estimates by Contingent Resources Category
* KR ES
Measured and Estimated Parameters Units ERBENF A TORBRAE
= Z P LYy AN
I EMER S B Low Estimate Best Estimate High Estimate
RfE1E REEME SfhE
Oil Initially-In-place (OIIP)
N = MMSTB 1525 1525 1525
FmRR R &
Initial Solution Gas-Oil Ratio (R)
e X B f/STB 570 570 570
JRIA B R UL ¥
Gross-Heating Value of Raw Solution Gas
. N B f 1 1 1
SRR A HUE tu/sc 350 350 350
Incremental Recovery Factor ' 0
- = % OIIP 13 16 20
R EIE 2 °
Recoverable Oil EUR °*
b [y = MMSTB 198.3 244.0 305.0
FmhERATRE
R Bscf 113.0 139.1 173.9
Recoverable Raw Gas EUR
E \\ NE=1 e —| % o 7=
RE RN SRR MMBOE” 26.3 324 405

' Under a CO, Miscible Flood based on the results of two implemented analog CO, Pilot projects.

CO, RAIK ELEFWAMEXMEM CO, ESMHIXRIE
* Calculated using an average conversion factor of 5.8 MMBtu per BOE.

% A £ 5.SMMBw/BOE #1711+ H

* Estimated Oil and Gas Contingent Resources categonies of 1C, 2C and 3C, respectively.

BMFRASRIC 2CH3C ZHHREME

(3) Modern Decline Analysis (MDA)

Similar to TDA, the objective of MDA is also to determine the best-
fit values of constants n and D; to the observed production rate trend for
a well, a number of wells or the entire reservoir. While not illustrated
in this particular example oil recovery project, advances in computing
have facilitated the application of MDA using type-curve analysis and
nonlinear regression techniques. Among many available in the literature,
these following two methods are judged to be significantly different and
may be used to analyze PPTs using MDA:

(D Fetkovich Type-Curve Analysis (Fetkovich 1980 and Fetkovich
et al. 1987).

@) Hsieh et al. Dual Exponent Power Function Model (Hsieh et
al. 2001). PS-CIM (2004) provides a procedure for using spreadsheet
software analysis with automatic curve-fitting options to use and apply
the Hsieh et al. (2001) method.

Examples for and discussion of these and other methods of both
TDA and MDA can also be found in various published articles by Long
and Davis (1988), Mannon and Porter (1989), and COGEH Volume 2
(2005).

(4) Other Production Performance Trend Analyses.

There are other well-established production performance analyses

that may be used to predict recoverable volumes based on trends

3 BRERETE MDA

MEMRERMTEM ARERSTEERET
H HASUHSBHN 2T HER DT KFER
HEZHn kD HRENEE RRZITEIRE
KNI RIMRGII B Pt TR BB
PriidELR M m AR AT ERE W T IS E S e
THREBAFTTENRA REAEXEK TH
AT RSB ITE T e BT = ahiS %
o EEBEZENARZL

@ Fetkovich 88 &Y gl 2% 4> #1 Fetkovich 1980
F0 Fetkovich Z 1987

@ Hsieh F A WIE T R EARE  Hsieh &
2001 PS-CIM 2004 R{t7TEFBZNEHLZ
IRERIER FRARIRME  UTT{E Hsieh J777%A9 R F

BREBANER D ITENMMRE B2 TEN
ZBIFHES41FiE 7 Long I Davis 1988
F0 Porter 1989 IM% COGEH %2 2005 %3¢
BRAPERRESLE

4 HfbaEFahSEBRamisE

HEHM—ERANEFNEPTAE T

Mannon
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exhibited for a well and/or a reservoir even before the production rate
begins to decline. These reservoir drive specific analyses are briefly
discussed by Cronquist (2001). Salient points of these methods may be
summarized as follows:

(@O Cumulative Gas Production vs. Cumulative Oil Production
Trends: For oil reservoirs with solution-gas drive, a semi-log plot of log
G, vs. Np, may develop a trend that could be extrapolated to estimate oil
recovery with the maximum G, being equal to original solution gas in-
place (GIIP =R xOIIP).

) Water Cut or Water/Oil Ratio (WOR) vs. Cumulative Production
Trends: These performance trends have been found particularly useful
in analyzing an oil reservoir with waterdrive or producing with down-
dip water injection and pattern waterflood. The established trend is
extrapolated to economic water cut (f,) or WOR to estimate ultimate
recovery under the prevailing production method over which the trend
has been established. It may be useful to note the following reported
observations:

a. A semi-log plot of “log f, (or f,) vs. N;” trend may turn down at
small values f, but earlier for light oils and later for viscous oils (Brons
1963).

b. A semi-log plot of (WOR+1) and total fluids withdrawal (F,) vs.
time (t) may help define oil rate trend (Purvis 1985). It is reported that
a semi-log plot of “(WOR+1) vs. N, tends to be linear at WOR’s less
than 1 and therefore may help define performance trends at low values of
WOR or water cuts.

c. Ershaghi and Omoregie (1978) and Ershaghi and Abdassah
(1984) recommended that a plot of [1/f,-In(1/f,-1)] vs. N,, should be
linear. However, they noted that due to the inflection point of the f, vs. S,
curves, the method will work only at higher water-cuts when f,, > 50%.

It logically follows that one should use Purvis-type performance
trend analysis for reservoirs with low water-cuts, and the Ershaghi et al.-
type for those with high water-cuts exceeding 50%. Finally, it must be
emphasized that although the significant portion of semi-log plot of (k./
k,) vs. S, is linear, the floodout performance of wells and reservoirs are
also governed by the rock heterogeneity and the combined impact of
gravity, viscous and capillary forces.

Actual PPT analyses require a thorough understanding of their
semitheoretical technical bases and the well-established and widely
used methods and procedures. However, the correct application of these
procedures is not straightforward. One could easily and incorrectly obtain
an excellent match, but end up with inaccurate reserves. COGEH Volume
2 (2005) provides the following advice on this very point: “The choice of
the best-estimate case reserves, which represents the 2P reserves estimate,
must consider the quality of the fit, the uniqueness of the fit, the range
of expected exponents, and the reasonableness of the reserves or life.

Caution must be used however in relying on computer generated best-

HE—AHM/ FH—MhENESSES BEER
BUET A ATERN EHUN TR E  Cronquist 2001
IR 7 X & 5imm IR s IR B VI X AT 75
% ERAT

ORITFRE— Rt HEXFTEE T X
TABIEmE THMERITT[E— RibSHE
N RRER AEIMBELERKRIT™
[EGp FTMRERSRBRME GIIP=R<OIP
o HEEN N RHRE T RERE

Q& KEHKMEE WOR — Riff=ihE%
FEEDNT ZITERAERTRAKIE THL
SZOTKMEFVIKA R MR RIBEARNEES
SMEEZGRIRAKE f, ZKHEEE WOR
N JFEZEFEAXTATHRELTXEMRE X
BiZITEN AR TIE
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BB THER M~ ENTHESE Puvis
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