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ABSTRACT

Estimation of reserves is a process used to quantify the volumes of hydrocarbon fluids that
can be recovered economically from a reservoir, field, area or region, from a given date
forward. A considerable level of uncertainty is involved throughout the reserves-
estimation process. Unfortunately, individuals are poor at assessing uncertainty, with a

common tendency for overconfidence (underestimation of uncertainty) and optimism.

There are a few studies that address the reliability of reserves estimates, but none of them
quantify the reliability of these estimates. This research aims to assess quantitatively the
reliability of reserves estimates of public companies filing in the U.S. and Canada. To do
this | measured biases in reported reserves estimates for 34 companies filing in Canada

and 32 companies filing in the U.S. over the time period 2007 to 2017.

Canadian companies explicitly report technical revisions of proved (1P) and proved-plus-
probable (2P) reserves. U.S. companies do not report “technical revisions,” but instead
report “revisions of previous estimates” and revisions due to price changes of proved (1P)
reserves separately. | calculated Revisions Other Than Price (ROTP) by subtraction for

U.S. companies and assumed the difference was the same as “technical revisions.”

Based on probabilistic reserves definitions, it is reasonable to assume that proved reserves

estimates are expected to have positive technical revisions 90% of the time, while proved-



plus-probable reserves estimates are expected to have positive revisions 50% of the time.
The reliability of proved and proved-plus-probable reserves estimates was assessed using
calibration plots, in which the frequency of positive technical revisions is plotted against
the estimate probability. Calibration plots can be used to measure confidence bias, ranging
from underconfidence to complete overconfidence, and directional bias, ranging from

complete pessimism to complete optimism.

“Technical revisions” reported by 34 Canadian companies for the 11-year period were
positive an average of 72% for 1P reserves and an average of 54% for 2P reserves, whereas
the expected values were 90% and 50%, respectively. Thus, on average over this time
period, filers in Canada overestimated 1P reserves and underestimated 2P reserves.
Considering the entire reserves distributions, bias measurements indicate that filers in
Canada were moderately overconfident and slightly pessimistic. Revisions Other Than
Price (ROTP) calculated for 32 U.S. companies for the 11-year period were positive an
average of only 51% for 1P reserves, compared to an expected 90%. Thus, on average
over this time period, filers in the U.S. overestimated 1P reserves significantly.
Considering the entire reserves distributions, bias measurements indicate that filers in the
U.S. were somewhere between complete overconfidence and neutral directional bias, and
moderate overconfidence and complete optimism. The biases in reserves estimates filed
in both Canada and the U.S. suggest that adjustments in reserves estimation procedures

are warranted.



Three groups of professionals can benefit from this study: (1) estimators, who can use the
methodology to track their technical revisions over time, calibrate them, and use this
information to adjust future estimation procedures; (2) investors, who can analyze reported
reserves estimates to compare volumes fairly; and (3) regulators, who can ensure that filers

are complying with appropriate criteria for 1P and 2P reserves.
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1. INTRODUCTION

1.1 Statement and Significance of the Problem

Oil and gas reserves estimation is the process of evaluating quantitatively the
economically recoverable hydrocarbons in a field, area, or region. This is one of the most
essential and complex procedures in the petroleum industry; it consists of the integration
of geological and engineering data to conduct field/well performance evaluations and
generate production forecasts. These production forecasts are combined with prices to
generate revenue forecast, which are combined with capital investments and operating
expenses to generate economic evaluations, which will be affected by market factors such
as oil and gas prices. This process involves a considerable level of uncertainty; the exact
quantity of hydrocarbons to be recovered cannot be known until production reaches the

economic limit and the reservoir is abandoned.

Assessing the uncertainty in reserves estimates is an important process. Unfortunately,
humans are poor at assessing uncertainty, i.e., we are biased. Several authors have reported
on the tendency for overconfidence and optimism in the petroleum industry (Capen 1976;

Welsh et al. 2005; McVay and Dossary 2014).

Reliability of the estimations of reserves is a major issue in the oil industry. Reliable means
that over a large number of reserves estimates, the frequency of outcomes would

correspond to the probabilities of reserves stated by reserves definitions. For example, we



would expect actual remaining production to exceed proved reserves estimates
approximately 90% of the time. Reserves estimates have a strong impact on companies’
outcomes, such as:
e Value of the stock of the company.
e Contracts and unitization agreements.
e Project planning; i.e., failure to reliably estimate reserves could lead to oversized
or undersized facilities and infrastructure, leading to economic harm.
e Reserves write downs and bankruptcy, e.g., Royal Dutch Shell Group in 2004 and
Enron in 2001 (Olsen et al. 2011). In the case of Shell, the company announced a
3.9 billion BOE reduction in proved reserves in January 2004; as a result of this
announcement the value of the company dropped 6.9%. Due to Enron’s collapse

in 2001, a new securities regulation (Sarbanes-Oxley) was adopted.

Reserves volumes should be as reliable as possible so that investors can be confident they
are comparing volumes fairly: “Tightly controlled and audited reserves volumes are meant
to provide investors with the confidence that a barrel of reserves at Company A bears the

same uncertainty as a barrel at Company B” (Beliveau and Baker 2003).

1.2 Status of the Question
Previous authors (Franzen and Sawyer, 1980; Demirmen, 2005; Robinson and Elliot,
2005) analyzed different sets of data in different periods of time to determine the reliability

of reserves estimates.



Franzen and Sawyer (1980) analyzed biases in the initial estimates made for 40 off-shore
field development projects over a ten-year period, and sought to determine the reliability
of variables such as project time, drilling time, oil production, and oil reserves. The authors
examined the differences between the initial development scenario used to justify
installation of the platform and the actual or most current field development results after
installation of the platform and completion of development drilling. They used a statistical
analysis based on paired comparisons to determine the effect of a single variable. The
authors concluded that, for project time, the average estimates were 22.5% below the
actual time, and, for drilling time, on average the estimates were 23.4% below the actual
drilling time. Regarding initial production rates, the results indicate that the estimated oil
rates on average were 23% above the actual values. In general, estimators exhibited
optimism by predicting that projects will be completed sooner, will require less drilling
time, and will have higher production rates than what actually occurred. However,
regarding reserves estimates, the authors could not draw any clear conclusions due to the
large variance presented on the recoverable volumes and hence, there was a large

uncertainty of what the true or actual reserves would be (Franzen and Sawyer 1980).

Demirmen (2005) reviewed field Estimated-Ultimate-Recovery (EUR) variations for the
North Sea and for the Gulf of Mexico (GOM) (the author used the term “reserves” rather
than “EUR,” defining “reserves” as the best estimate of total recoverable volume including

production). For the North Sea, the author reviewed 15 major oil fields for a period from



1974 to 2003, observing a clear tendency that on average, EUR from these fields grew

over this time period by a factor of 2.7.

For the GOM, the author normalized pre- and post-production EUR variations for 14 large
deep-water fields and concluded that, in general, from year one of production, EUR
variations in the GOM were more pronounced than those in the North Sea, as the majority
of large GOM deep-water fields had reached the same amount of EUR growth within a
much shorter period after production start. The author concluded that the reliability of
reserves estimates is poor, as many fields show wide fluctuations in reserves estimates

over time, with a tendency toward underestimation of reserves (Demirmen 2005).

Robinson and Elliot (2005) reviewed “technical revisions” in annual information forms.
They analyzed 216 filings of Canadian companies using data available from the Canadian
Securities Administrators (CSA) for the year 2003, which was the year that Canadian
companies changed from reporting under Policy 2B and started reporting under new
regulation National Instrument 51-101 “Standards of Disclosure for Oil and Gas
Activities” (CSA 2015). The authors excluded some companies from the analysis because
they found some inconsistencies, mainly attributed to it being the first year of reporting
under new regulations. The authors assessed the number of companies that had positive
technical revisions and the average volume of the positive revisions. For light and medium
oil, out of 138 companies, 55 (40%) presented positive technical revisions for 1P and 66

(48%) for 2P reserves. For natural gas, out of 155 companies, 47 (30%) presented positive

4



technical revisions for 1P and 59 (38%) for 2P. The authors did not explain why there are
more positive revisions for 2P than 1P. The authors compare the proportion of technical
revisions and the average volume of the technical revisions for 1P and 2P to the anticipated
values. Based on the results they concluded for 1P that the proportion of positive revisions
is much lower than the expectation (they expected for 1P positive revisions should occur
in the vast majority of the companies), and for 2P the proportion of positive revisions and
the magnitude of the average revision are close to the anticipated values (positive reserves
revisions should equal negative reserves revisions). The authors mentioned that “technical

revisions will continue to be analyzed in subsequent years” (Robinson and Elliott 2005).

Robinson and Elliot (2005) conclude that reserves estimates were generally optimistic, but
they did not present any calculation of how they determined this bias. This study was done
for one year in which a change in reporting could cause some noise into the results. A
better approach to determine the tendency for optimism or pessimism would be to analyze

the technical revisions of these companies for a longer period of time.

Even though reserves estimation is one of the most important tasks in the oil and gas
industry, many studies suggest that reserves estimates are not very reliable. There are not
many studies that quantify the reliability of reserves estimates. Therefore, estimators,
investors, and regulators have little guidance on whether reserves estimates can be

considered reliable or not.



1.3 Research Objective

The objective of this study is to assess the reliability of proved (1P) and proved-plus-
probable (2P) reserves estimates reported by public companies in the U.S. and Canada. To
do this | measured biases in reported reserves estimates for 34 companies filing in Canada
and 32 companies filing in the U.S. over the time period 2007 to 2017 (when information

was available).



2. OVERVIEW OF RESERVES

2.1 Reserves Definitions

The Securities and Exchange Commission (SEC) “Modernization of Oil and Gas
Reporting” defines reserves as “estimated remaining quantities of oil and gas and related
substances anticipated to be economically producible, as of a given date, by application of

development projects to known accumulations” (SEC 2009).

Reserves are categorized according to the range of uncertainty associated with the
estimates:
e Incrementally, as proved (high confidence), probable (less confidence), and
possible (least confidence), and
e Cumulatively, as proved (high degree of confidence that the stated volume or more
will be recovered), proved-plus-probable (equally likely that more or less than the
stated volume will be recovered) and proved-plus-probable-plus-possible (a low

probability that the stated volume or more will be recovered).

The Canadian Oil and Gas Evaluation Handbook (COGEH) defines proved reserves as
“those reserves that can be estimated with a high degree of certainty to be recoverable”
(COGEH 2018). The Securities and Exchange Commission (SEC) in the “Modernization
of Oil and Gas Reporting” defines proved reserves as “those quantities of oil and gas,

which, by analysis of geoscience and engineering data, can be estimated with reasonable

7



certainty to be economically producible from a given date forward, from known reservoirs,

and under existing economic conditions, operating methods, and government regulations”

(SEC 2009).

If deterministic methods are used to estimate proved reserves, reasonable certainty means
a high degree of confidence that the quantities will be recovered. If probabilistic methods
are used, there should be at least 90% probability that the quantities actually recovered

will equal or exceed the estimate (FASB 2010).

The certainty criterion for proved-plus-probable (2P) reserves is a 50% probability that
the quantities recovered will equal or exceed the estimated 2P reserves. In other words, it

should be equally likely that either more or less than the stated volume will be recovered.

2.2 Disclosure Requirements for Reporting Oil and Gas Activities

2.2.1 Canadian Standards of Disclosure for Oil and Gas Activities

In Canada, the Canadian Securities Administrators (CSA) is an umbrella organization of
Canada’s provincial and territorial Securities regulators. Its objective is to improve,

coordinate and harmonize regulation of the Canadian capital markets (CSA 2018).

The CSA, National Instrument (NI) 51-101, “Standards of Disclosure for Oil and Gas
Activities” referred to COGEH as the resource-evaluation standard to be followed in

Canada (COGEH 2018). Part 4 of NI 51-101 is the requirement for disclosure of an annual

8



reconciliation of changes in estimates of gross proved reserves, gross probable reserves
and gross proved-plus-probable reserves. This is required by country, product type, and
reserves-change category. An associated explanation is also required for any disclosure

that occurs in each reserves-change category (CSA 2015).

Reserves reconciliation compares reserves estimates on the effective date, (generally
December 31 of the current year), with the corresponding estimates at the end of the
preceding year, which is the opening balance of the reconciliation. The closing balance is

the result of this comparison.

Reserves-change categories are provided verbatim from the original source to prevent
misunderstanding of the regulations. Reserves-change categories that add to inventory
defined in

Table 2.1, reserves-change categories that reduce inventory are shown in Table 2.2, and

reserves-change categories that fluctuate within inventory are shown in Table 2.3.

Table 2.1—Reserves-change categories that add to inventory (COGEH Vol. 1 2018, 240-241).

Reserves-change Definition
Category
Discoveries Additions to volumes in reservoirs where no volumes were previously

booked. Any positive or negative changes to an estimate after the initial
assignment and reporting should be recorded as a technical revision.

Extensions Additions to volumes resulting from capital expenditures for step-out drilling
in previously discovered reservoirs. Any positive or negative changes to an
estimate after the initial assignment and reporting should be recorded as a
technical revision.




Table 2.1—Continued.

Reserves-change
Category

Definition

Improved Recovery

Additions to volumes resulting from capital expenditures associated with the
installation of improved recovery schemes (secondary or tertiary projects such
as waterfloods, miscible injection, steam-assisted gravity drainage (SAGD)).
Any positive or negative changes to an estimate after the initial assignment
and reporting of the improved recovery program should be recorded as a
technical revision.

Infill Drilling Additions to volumes resulting from capital expenditures for infill drilling in
previously discovered reservoirs that were not drilled as part of an enhanced
recovery scheme. Any positive or negative changes to an estimate after the
initial assignment and reporting should be recorded as a technical revision.

Acquisitions Positive additions to volume estimates because of purchasing interests in oil

and gas properties.

Table 2.2—Reserves-change categories that reduce inventory (COGEH Vol. 1 2018, 241).

Reserves-change Definition

Category

Dispositions Reductions in volume estimates because of selling all or a portion of an
interest in oil and gas properties.

Production Reductions in the volume estimates due to production during the time period

being reconciled.

Table 2.3—Reserves-change categories that fluctuate within inventory (COGEH Vol. 1 2018,

241).

Reserves-change
Category

Definition

Economic Factors

Changes to volumes between the current and previous reporting periods
resulting from different price forecasts, inflation rates, and regulatory
changes.

Technical Revisions

Positive or negative volume revisions to an estimate resulting from new
technical data or revised interpretations on previously assigned volumes,
performance and operating costs. Positive technical revisions are usually
associated with better reservoir performance and operating costs and negative
revisions with poorer reservoir performance and operating costs.
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The intention of this research is to assess the reliability of reserves estimates due to
technical factors. Thus, the focus of this study will be specifically on “technical revisions,”
even though “economic factors” also affect the reliability of the reserves. Based on
reserves definitions, it is reasonable to assume that a positive “technical revision” is
expected in proved reserves 90% of the time and a positive “technical revision” is expected
in 2P reserves 50% of the time. Therefore, by measuring the percentage of positive

“technical revisions,” the reliability of probabilistic reserves estimates is assessed.

This proposed method for assessing reliability is consistent with a validation process
described in section 4.6.1 of the latest edition of COGEH, where the technical reserves
revisions are tracked over time to validate the past reserves estimates and to determine
whether reserves were prepared in a manner consistent with the reserves definitions
(COGEH 2018). Table 2.4 summarizes the “technical revisions” that should be expected

for each reserves or resource category according to COGEH.

Table 2.4—Technical reserves/resources revisions expected by category (COGEH 2018).

Reserves Entity Reported

Category Level Level

1P, 1C, Low Positive revisions should occur in Negative revisions should seldom occur at
significantly more of the entities than this level.
negative revisions.

2P, 2C, Best Positive revisions should roughly equal Only minor positive or minor negative
negative revisions. revisions should occur at this level.

3P, 3C, High Negative revisions should occur in Positive revisions should seldom occur at
significantly more of the entities than this level.
positive revisions.
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According to COGEH, entity level refers to the discrete part of an oil and gas asset for
which a reserves calculation is performed prior to aggregation. For example, a reserves
entity may be an individual well zone, a group of well zones, or a pool. Report level refers
to the sum of individual reserves estimates to be contained in a report. Reported reserves

commonly refers to the total reserves a company owns (COGEH 2018).

2.2.2 U.S. Standards of Disclosure for Oil and Gas Activities

In the United States, the mission of the SEC is to protect investors, and to maintain fair,
orderly, and efficient markets to facilitate capital formation. The regulations that govern
the securities industry in the United States derive from a simple and straightforward
concept: all investors, whether large institutions or private individuals, should have access
to certain basic facts about an investment prior to buying it, and so long as they hold it.
Then, with the aim of achieve this, the SEC requires public companies to disclose

meaningful financial and other information to the public (SEC 2009).

Reserves-change categories are provided verbatim from the original source to prevent
misunderstanding of the regulations. Reserves-change categories that add to inventory are
defined in Table 2.5, reserves-change categories that reduce inventory are shown in Table
2.6, and reserves-change categories that fluctuate within inventory are shown in Table

2.7.
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Table 2.5—Reserves-change categories that add to inventory (FASB 2010).

Reserves-change Definition

Category

Discoveries Discovery of new fields with proved reserves or of new reservoirs with proved
reserves in old fields.

Extensions Additions in proved reserves resulting from extensions of proved acreage of

previously discovered (old) reservoirs through additional drilling in periods
subsequent to discovery.

Improved Recovery

Changes in reserves estimates resulting from application of improved
recovery techniques. If not significant, such changes shall be included in
revisions of previous estimates.

Purchases of Minerals in
Place

Purchases of minerals in place.

Table 2.6—Reserves-change categories that reduce inventory (FASB 2010).

Reserves-change
Category

Definition

Sales of Proved
Minerals in Place

Sales of proved minerals in place.

Production

Production.

Table 2.7—Reserves-change categories that fluctuate within inventory (FASB 2010).

Reserves-change
Category

Definition

Revisions of Previous
Estimates

This item represents changes in previous estimates of proved reserves, either
upward or downward, resulting from new information (except for an increase
in proved acreage) normally obtained from development drilling and
production history or resulting from a change in economic factors.

There are differences in the names and aggrupation of the reserves-change categories

between the U.S. and Canada (Table 2.8). An example of a reserves reconciliation for a

company that filed in both Canada and the U.S. is presented in APPENDIX A.
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Table 2.8—Reserves-change categories grouping.

U.S. CANADA
Opening Balance [Beginning of the Year Beginning of the Year
Additions Purchases of Mineralsin Place [Acquisitions
Extensions and Discoveries Extensions and Improved Recovery
Discoveries

Improved Recovery

Reductions Sales of Minerals in Place Dispositions
Production Production
Fluctuations Revisions of Previous Estimates |Technical Revisions
Economical Factors
Closing Balance End of the Year End of the Year

Sources: For U.S., the FASB and for Canada, Form 51-101F1.

2.2.3 Reserves Estimations and Disclosure—Differences between U.S. and Canada
The main differences between Canadian and U.S reserves estimations and disclosures are:

e It is mandatory for companies that file in Canada to report 1P and 2P reserves,
while for companies that file in U.S. it is mandatory to report only 1P reserves.

e Filers in Canada report gross reserves while filers in U.S. report net reserves. Gross
reserves are defined as the working-interest share of reserves prior to the deduction
of interests owned by others (burdens). Net reserves are the working, net carried,
and royalty-interest reserves after deduction of all applicable burdens (COGEH
2018).

e Filers in Canada estimate reserves using forecasted prices while filers in the U.S.
estimate with a fixed, recent average historical price. In Canada, companies can

use their own forecasted prices, which means the forecasted prices can vary from
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company to company. Conversely, in the U.S., companies all use the same fixed
average historical price, adjusted by transportation and quality.

e Filers in Canada present “technical revisions” separately from ‘“economic
changes,” while filers in the U.S. present technical and economical revisions
grouped in “revisions of previous estimates.”

e In the inventory, filers from both Canada and the U.S. present reserves-change
items for each product. Filers in Canada present “economic changes” by product
but unlike them, filers in the U.S. present explanations related to price changes by
total fluid without specifying what the changes were in the individual components
of the total fluids, making it difficult to calculate the revisions due to price change

for each product.

Reasons behind the Difference in Price Estimations

In the U.S., estimates of reserves quantities are determined using a fixed average historical
price, making these estimates in someway not realistic. The objective of reserves
estimations in the U.S. is to provide the public with comparable information about
volumes, not fair value of a company. On the other hand, Canadian companies estimate
both reserves volume and economic value. Therefore, a price forecast is necessary to

calculate the future revenue and present economic value of the reserves.
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2.3 Estimated Ultimate Recovery (EUR) and Reserves

Some techniques to calculate reserves begin with the estimation of EUR from which the
cumulative production is subtracted to arrive at the estimate of reserves. If the initial EUR
is reliable, EUR should remain constant over the life of the field, and reserves will decrease

as production increases.

The following example adapted from Robinson and Elliott (2004) presents an idealized
example of annual reserves reconciliation for a field that has produced for 10 years. It is
assumed that, during the life of this field, reserves changed due to only “technical
revisions” and production. In other words, the field reserves did not change due to
discoveries, extensions, improved recovery, or sales (Robinson and Elliott 2004). The
certainty levels associated with the initial reserves estimates at time zero are:

e High case (3P), P10, reserves estimate = 180 MMbbls,

e Medium case (2P), P50, reserves estimate = 100 MMbbls, and

e Low case (1P), P90, reserves estimate = 20 MMbbls.

These certainty levels mean that there is a high probability (90%) that the reserves will be
20 MMbbls or more, an equally likely probability (50%) that the reserves will be 100
MMbbls or more, and a low probability (10%) that the reserves will be 180 MMbbls or
more. Fig. 2.1 presents an inverse-cumulative distribution function (inverse-CDF) for this

reserves example.
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Table 2.9 presents a summary of annual reserves reconciliation. The input data are the
measured production and the reserves estimates (input data shown in blue in the table). At
year zero, the only information given is the initial EUR that corresponds to the initial
reserves estimates, and the certainty levels associated with this estimate. At end of year
one, the production for the year and new estimates of reserves, based on the information
gathered during this year, were obtained. The new EUR would be the addition of the

cumulative production and the new reserves estimate, and the technical revisions are the

Fig. 2.1—Probabilistic distribution of reserves, example.

difference between EUR in each year.
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Table 2.9—Reserves reconciliation example, adapted from (Robinson and Elliott 2004).

Year | Production (MMbbls) 1P (MMbbls) 2P (MMbbls) 3P (MMbbls)
L Tech Tech Tech

Initial | Yearly Cum EUR . Reserves EUR L. Reserves EUR L. Reserves

Revisions Revisions Revisions

0 0.0 20 20 100 100.0 180 180
1 18.0 18.0 34 14 16.0 102 2 84.0 160 -20 142.0
2 15.5 33.5 50 16 16.5 99 -3 65.5 145 -15 111.5
3 13.3 46.8 70 20 23.2 103 4 56.2 131 -14 84.2
4 11.4 58.2 82 12 23.8 99 -4 40.8 119 -12 60.8
5 9.8 68.1 77 -5 8.9 104 5 35.9 114 -5 45.9
6 8.5 76.6 89 12 12.4 102 2 25.4 121 7 44.4
7 7.3 83.8 94 5 10.2 105 3 21.2 114 -7 30.2
8 6.3 90.1 98 4 7.9 104 1 13.9 109 -5 18.9
9 5.4 95.5 100 2 4.5 105 1 9.5 106 -3 10.5
10 4.5 100.0 100 0 0.0 100 -5 0.0 100 -6 0.0

In this example, 1P EUR, a conservative estimate, increases with time as new information

IS obtained. Thus, positive revisions occur in a majority of years. The 2P EUR, the median,

does not change substantially over time since the number of positive revisions equals the

number of negative revisions. The 3P EUR, a high estimate, decreases with time since

negative revisions occur in most years. The uncertainty range in the EUR decreases as the

quantity of information available increases with time (Fig. 2.2). At the end of field life,

EUR is equal to cumulative production.

18




Production and EUR, MMbbls

Time, year

= = = Production (MMbbls)

1P (MMbbls) 2P (MMbbls)

3P (MMbbls)

Fig. 2.2—Example of field cumulative production and EUR over time.

As a general tendency, 1P, 2P, and 3P reserves decrease as the reservoir is depleted (Fig.
2.3). Reserves could fluctuate each year depending on the difference between the
Technical Revisions (TR) and the rate of extraction; e.g., proved reserves increases from
16.5 to 23.2 MMbbls from year 2 to 3 due to technical revisions increases larger than
production in this year. At the end of the life of the field, there is no uncertainty and

[ESEIVeES are Zero.

Production and Reserves, MMbbls

0 2 4 6 8 10
Time, year

= = = Production (MMbbls)

1P (MMbbls) 2P (MMbbls)

3P (MMbbls)

Fig. 2.3—Example of field cumulative production and reserves estimates over time.
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For this idealized example, 9 of 10 proved technical revisions are positive, 9 of 10 3P
technical revisions are negative, and 5 of 10 2P technical revisions are positive (Fig. 2.4).
Fig. 2.5 is a visualization of the relationships among EUR, reserves, production, and
technical revisions for proved reserves. The red line is the EUR, the blue shading
corresponds to the reserves, the black dash line is the cumulative production, and the
differences between the EUR’s each year are the technical revisions. When no other
inventory items affect the annual reconciliation, the proved EUR and reserves, cumulative

production, and technical revisions should change approximately as in Fig. 2.5.
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Fig. 2.4—Technical revisions over time.
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Fig. 2.5—Cumulative field production, proved EUR and reserves estimates, and technical
revisions (TR) over time.
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3. RESERVES RELIABILITY

Reliability of reserves estimates is a major issue in the oil industry, as these estimates
influence project-investment decision making, project planning, company stock valuation,

reserves write-downs, and even bankruptcy.

McVay and Dossary (2014) stated that chronic overconfidence and optimism bias are
common in nearly everyone, including oil and gas industry professionals. A key way to
improve the reliability of reserves estimates is to eliminate biases in these estimates. To
eliminate biases, it is first necessary to measure them. One way to measure biases is to
look back and compare previous probabilistic estimates to the actual values when they
become known (Alarfaj and McVay 2016). Unfortunately, in the case of reserves

estimates, the actual volumes will be known only at the end of the life of the field.

Continuous probabilistic assessments are often expressed in terms of cumulative or
inverse-cumulative distributions. In the case of reserves, the inverse-cumulative is used.
P90 means there is a 90% probability the actual value will be greater than or equal to the
P90 estimate. P50 means there is a 50% probability the actual value will be greater than
or equal to the P50 estimate, and P10 means there is a 10% probability the actual value

will be greater than or equal to the P10 estimate.
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Proved reserves estimates are expected to have positive “technical revisionS” in proved
reserves 90% of the time. Similarly, 2P reserves are expected to have positive “technical
revisions” 50% of the time. If our continuous probabilistic assessments are unbiased, or
reliable, the actual “technical revisions” for 1P reserves should be positive in
approximately 9 of 10 years, and the actual “technical revisions” for 2P reserves should

be positive in approximately 5 of 10 years.

The reliability of the reserves estimates is analyzed by comparing the observed frequency
of positive “technical revisions” to the assigned probability dictated by reserves
definitions. While the magnitudes of the revisions may be important, reliability in this

thesis refers to reliability of assigned probabilities, and probabilities relate to frequencies.

In probabilistic assessments, overconfidence causes the estimated distribution to be too
narrow (i.e., we are too certain of the possible outcomes). Optimism causes the estimated
distribution to shift in the more desirable, or beneficial, direction. Thus, an optimistic
estimated distribution would shift to the right for value-based assessments (Fig. 3.1) and
to the left for cost-based assessments. Optimism can occur when we ignore or fail to
consider possible negative outcomes or give them less weight than equally-probable

positive outcomes (Alarfaj and McVay 2016).
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Estimated

True

Probability Density Function

Value-based Assessment

Fig. 3.1—Estimated distribution showing overconfidence and optimism, from (McVay
2015).

The overconfidence-bias (CB) parameter was defined by McVay and Dossary (2014) as a
parameter that ranges from 0.0 to 1.0. A value of 0.0 denotes that the entire true
distribution was sampled. A value greater than 0.0 indicates that only a subset of the true
distribution was sampled, resulting in an estimated distribution narrower than the true

distribution. A value of one indicates no distribution at all, i.e., a point estimate.

Additionally, they defined the directional-bias (DB) parameter for a CDF as a parameter
that ranges from -1.0 to 1.0 and specifies the location of the estimated distribution relative
to the true distribution. A DB value of -1.0 (complete pessimism) means that only the
lowest possible outcomes of the true distribution were considered. A DB value of +1.0
(complete optimism) means that only the highest possible outcomes of the true distribution

were considered (McVay and Dossary 2014).
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3.1 Measuring Confidence and Directional Biases with Calibration Plots

The reliability of probabilistic assessments can be measured on a calibration plot in which
the frequency of outcomes is plotted against the assessed probability of outcomes (Fig.
3.2). Reliable probabilistic forecasts will fall on the unit-slope line on a calibration plot;
e.g., P90 means there is a 90% probability the actual value will be greater than or equal to
the P90 estimate for an inverse-cumulative distribution function (inverse-CDF). This
means that for a group of probabilistic forecasts, if the forecasts are probabilistically

reliable, then the actual values will be more than the P90 estimates about 90% of the time.

100%

90% ——Perfect Calibration
80% ——Overconfidence

——Underconfidence
70%

60%
50%

40%

Percent Correct

30%

20%

10%

0%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Probability Assigned

Fig. 3.2—Calibration plot with underconfidence, overconfidence and perfect calibration.
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A slope less than 1 indicates overconfident probabilistic assessments. For example, for a
group of P90 assessments the actual values were more than the P90 estimates only 70%
of the time, and for the P10 assessments the actual values were more than the P10 estimates
30% of the time (green line in Fig. 3.2). The estimated P90-P10 (80%) ranges are in
actuality only P70-30 (40%) ranges because the estimated distributions are too narrow. A
slope greater than 1 indicates underconfident probabilistic assessments. Because the
occurrence of underconfidence (overestimation of uncertainty) is apparently rare, it is

mentioned only briefly in this document.

In a calibration plot, the directional bias is assessed as a vertical shift in the line with
respect to the unit-slope line. In a cumulative distribution function (CDF), positive
directional bias (optimism for value-based assessments) is present when the line is shifted
upward (i.e., falls above the 0.5 proportion-correct value), and negative directional bias
(pessimism for value-based assessments) is present when the line is shifted downward
(Fig. 3.3). In this research, all the probabilistic assessments are all for value-based

quantities (reserves and reserves revisions).
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Fig. 3.3—Example of confidence and directional biases (Modified from Alarfaj, 2016).

Fig. 3.3 presents a cumulative distribution example with CB equal to 0.5. This means that
only half of the true distribution has been sampled (overconfidence), and it is represented
by a slope m equal to 0.5 on the calibration plot, where CB is equal to 1 —m. The three red
lines represent (a) neutral or no directional bias (DB = 0), when only the middle of the
distribution is sampled (middle red line), (b) optimism (DB = 1), when only the highest
possible outcomes of the true distribution were considered (top red line), and (c)
pessimism (DB = -1), when only the lowest possible outcomes of the true distribution

were considered (bottom red line).

When the probabilistic assessments are presented in the form of cumulative distribution

functions (CDFs) rather than inverse-cumulative distribution functions (inverse-CDFs),
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the relationships between the slope m and intercept a of the line in the calibration plot and

the biases are based on the following equations presented by Alarfaj and McVay (2016).

CBOC = 1 e 1 (1)
2a
) @)
1
CBUC = ; - 1 ............................................................................................... (3)
2a
DBUC = 1 - Ly (4)

Truncated normal distributions will generate straight lines in calibration plots (McVay and
Dossary 2012). Full distributions will generate curves in calibration plots (Alarfaj and
McVay 2016). The equations above are used in this study to approximate confidence and

directional biases from the straight lines constructed with two points (P90 and P50).

To illustrate the relationship between the CDF and the inverse-CDF, an example is
presented. Fig. 3.4 shows a calibration plot constructed when the probabilistic assessments
are presented in the form of CDFs, and Fig. 3.5 shows a calibration plot constructed when

the same probabilistic assessments are presented in the form of inverse-CDFs.

In the particular example presented in Fig. 3.4, the actual probability range from the group
of P10-P90 estimations is 0.64 - 0.2 = 0.44, a lower value than from the perfectly-
calibrated line where the probability range is 0.9 - 0.1 = 0.8. This indicates the estimations
are overconfident; i.e., the estimated uncertainty is narrower than actual, corresponding to

a slope less than one (m=0.55).

28



0.9

0.8
y =0.550x + 0.145
0.7
0.6
0.5

0.4

0.3

Proportion Correct

0.2

0.1

0 0.2 0.4 0.6 0.8 1

Probability Assigned

—Perfect Calibration ——Estimation

Fig. 3.4—Example of calibration plot with probabilistic assessments presented in CDF
form.
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Fig. 3.5—Example of calibration plot with probabilistic assessments presented in inverse-
CDF form.
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Fig. 3.4 and Fig. 3.5 (CDF and inverse-CDF plots) display the same slope (same
confidence bias). However, in a CDF representation, pessimism is indicated when the
calibration curve is below the P50 (Fig. 3.4), and in an inverse-CDF representation
pessimism is indicated when the calibration curve is above the P50 (Fig. 3.5). This
difference occurs because the proportion correct in a CDF is the complement of the
inverse-CDF. In other words, when the representation changes from CDF to inverse-CDF,
the proportion correct at P10 on the CDF plot corresponds to 1 minus the same proportion
correct at P90 on the inverse-CDF. Thus, a difference in the intercept between the

representations is expected.

Reserves estimates are usually represented with inverse-CDFs. Alarfaj and McVay (2016)
equations are applicable to CDFs representations. As mentioned above, the slope does not
change between the CDF and inverse-CDF representations. Thus, the same equation for
DBgc is applicable for both representations. However, because the intercept changes
between representations it was necessary to derive an equation to calculate the DB for
inverse-CDFs (Eq. 5).

DBoc = 1= =ttt (5)

The calculation for DBy in the case of CDF representations (Eg. 4) is the same as the

calculation for DBy in the case of inverse-CDF representations (Eg. 5).
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Fig. 3.4 illustrates probabilistic assessments presented as CDF form. CBy¢c and DBy were
calculated using Egs. 1 and 2 as:
CBpc =1—m =1—0.55= 045

2a _ 2 % 0.145

T-m '~ “oas =%

DBOC =

Fig. 3.5 illustrates probabilistic assessments presented as inverse-CDF form. CBg¢ and
DBy were calculated using Egs. 1 and 5 as shown below. The negative sign of DBoc in
both representations means that the estimations are pessimistic, which is consistent with
the DB definition presented earlier in this document.

2a 1 2 %0.305
1—m 0.45

DBpe=1— =—-0.36
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4. METHODOLOGY

4.1 Research Steps
1. Select the companies for the study. For Canada, 34 of 100 total companies that
filed in 2018 under the Alberta Securities Commission (ASC) were selected
randomly. For the U.S., 32 of 164 companies that filed in 2018 were selected based
on the availability of information.
2. Create a database of publicly available reserves disclosures for Canadian and U.S.
companies categorized by:

a. Products: light-medium oil, heavy oil, gas, and unconventional resources
(only for Canada).

b. Years: from 2007 to 2017.

c. Company.

d. Company size: Subdivide by size based on 2017 production, where senior
companies produce more than 100,000 BOE/D; intermediate companies
produce from 10,000 to 100,000 BOE/D; and junior companies produce
less than 10,000 BOE/D.

3. For Canadian companies, extract “technical revisions” from the reserves
reconciliation. For U.S. companies, calculate Revisions Other Than Price (ROTP)
by subtracting from “revisions of previous estimates” the price-related revisions.

It is assumed that this difference is the desired “technical revisions.”
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4. Create calibration plots, using the “technical revisions” information from Canada
and ROTP information from the U.S. Measure biases and assess the reliability of

reserves estimates based on the categories mentioned in Step 2.

For Canadian companies, the focus was on “technical revisions.” This information was
extracted from the reserves reconciliation section in the Annual Information Form (AIF).
The forms are stored in the System for Electronic Document Analysis and Retrieval
webpage (SEDAR 2018). For U.S. companies, which disclose reserves in filings with the
SEC, the focus was on ROTP, which were derived from “revisions of previous estimates”
that are presented in the summary of proved reserves in Form-10K and/or Form 40-F. The
forms are stored in the SEC webpage under the Electronic Data Gathering Analysis and
Retrieval (EDGAR 2018). Thus, the primary sources of information for this research

project are the two webpages, SEDAR and EDGAR.
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5. MEASUREMENT OF THE RELIABILITY OF RESERVES ESTIMATES

In Chapter 3, it was explained how to assess the reliability of probabilistic estimates
through the use of calibration plots. This chapter applies these concepts to assess the

reliability of reserves estimates made by U.S. and Canadian companies.

5.1 Database Specifications
The database created consists of three tables (datasets)—one for Canadian companies by
combined-product (general), another for Canadian companies by individual-product

(detailed), and another for U.S. companies by combined-product.

5.1.1 Canadian Dataset

The Canadian AIF presents the requirements for disclosure of an annual reconciliation of
changes in estimates of gross proved reserves, gross probable reserves and gross proved-
plus-probable reserves. This is required by country, product type, and reserves-change
category. An associated explanation is also required for any disclosure that occurs in each
reserves-change category. The general dataset presents reserves estimates and technical
revisions based on reports of combined-products by company and by year. These estimates
and revisions are expressed as total fluids in MMboe, which combines oil and gas using
the energy-content relation of 6 Mcf gas for 1 bbl oil. Because Canadian companies must
disclose reserves and technical revisions by product type, it was possible to create a

detailed dataset, where reserves estimates and technical revisions were analyzed based on
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the report of individual-products by company and by year and expressed as total fluids in

MMboe.

The information for both general and detailed datasets in Canadian filings were based on
34 companies—9 senior-size, 14 intermediate-size, and 11 junior-size. For the general
dataset, 270 company-year records were analyzed (Table 5.1). For the detailed dataset,
963 company-year-product records were analyzed (Table 5.2). These 963 records are
presented in yearly tables of a combination of company-product records and in company
tables of a combination of year-product records. A list of all the input information for both

datasets is presented in APPENDIX B.
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Table 5.1—Canadian general dataset; company hame, company size, years of analysis and
number of records.

Company Company Name Company Size | From Year | To Year e
Number Records
1 Advantage Oil Intermediate 2009 2017 9
2 ARC Resources Ltd. Senior 2008 2017 10
3 Bellatrix Exploration Ltd. Intermediate 2009 2017 9
4 Bonavista Energy Corporation Intermediate 2010 2017 8
5 Canadian Natural Senior 2010 2017 8
6 Canacol Energy Ltd Intermediate 2009 2017 9
7 Cardinal Energy Inc Junior 2013 2017 5
8 Cenovus Energy Inc Senior 2010 2017 8
9 Connacher Oil and Gas Limited Junior 2008 2015 8
10 Crescent Point Energy Corp Senior 2009 2017 9
11 Delphi Energy Corp Junior 2008 2017 10
12 Granite Qil Corp Junior 2008 2017 10
13 Husky Energy Inc Senior 2010 2017 8
14 Iron bridge -former RMP Energy Inc Junior 2007 2017 11
15 Jura Energy Corp. Junior 2013 2017 5
16 Kelt Exploration Ltd. Intermediate 2014 2017 4
17 Niko Resources Ltd Junior 2007 2017 11
18 NuVista Energy Ltd Intermediate 2008 2017 10
19 Paramount Resources Ltd Intermediate 2008 2017 10
20 Parex Resources Inc. Intermediate 2011 2017 7
21 Pengrowth Energy Corporation Intermediate 2010 2017 8
22 PetroShale Inc Junior 2013 2017 5
23 Peyto Exploration & Development Corp |Intermediate 2010 2017 8
24 Raging River Exploration Inc. Intermediate 2013 2017 5
25 Repsol Oil & Gas Canada Inc. ("ROGCI") |Senior 2012 2016 5
26 Seven Generations Energy Ltd. Senior 2014 2017 4
27 Strategic Oil & Gas Ltd Junior 2012 2017 6
28 Suncor Energy Inc. Senior 2010 2017 8
29 Surge Energy Inc Junior 2010 2017 8
30 Terra Energy Corp Junior 2009 2017 9
31 Tourmaline Qil Corp Senior 2010 2017 8
32 TransGlobe Energy Corporation Intermediate 2007 2017 11
33 Vermilion Energy Inc Intermediate 2010 2017 8
34 Whitecap Resources Inc. Intermediate 2010 2017 8

270
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Table 5.2—Canadian detailed dataset; resource type, product type, number of companies
and number of records.

Resource Type Product Type Number of Number of
Companies Records
Conventional Oil, MMbbls Light & Medium Oil, MMbbls 33 249
NGL, MMbbls 33 197
Conventional Gas, Bcf Natural Gas, Bcf 33 241
Total Conventional 687
Heavy Oil, MMbbls 24 138
Unconventional Oil, Tight Qil - Shale Oil, MMbbls 8 20
MMbbls Bitumen, MMbbls 6 43
Synthetic Oil, MMbbls 1 8
Unconventional Gas, Bcf shale Gas, Bcf 12 39
Coalbed Methane, Bcf 7 28
Total Unconventional 276
Total Records 963

5.1.2 U.S. Dataset
For the U.S. dataset, the information was based on 32 companies—23 senior-size, 6
intermediate-size, and 3 junior-size. In total, 332 records were analyzed (Table 5.3). A list

of all the input information for these datasets is presented in APPENDIX B.

In contrast to Canadian companies, the explanations that U.S. companies provide for
“revisions of previous estimates” are only for combined-product. The values of the
reserves revisions by product were individually loaded into the dataset, but specifically
the explanations of revisions due to price are provided only by combined-product.
Therefore, it was not possible to create a detailed dataset by individual-product for U.S,

companies.
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Table 5.3—U.S. dataset; company name, company size, years of analysis and number of

records.
Company . Number of
Company Name Company Size |From Year|To Year
Number Records
1 ANADARKO PETROLEUM CORP Senior 2007 2017 11
2 ANTERO RESOURCES CORP Senior 2011 2017 7
3 APACHE CORP Senior 2007 2017 11
4 APPROACH RESOURCES INC Junior 2007 2017 11
5 BONANZA CREEK ENERGY, INC. Intermediate 2011 2017 7
6 CABOT OIL & GAS CORP Senior 2007 2017 11
7 CHESAPEAKE ENERGY CORP Senior 2007 2017 11
8 CIMAREX ENERGY CO Senior 2007 2017 11
9 CNX RESOURCES CORP Senior 2007 2017 11
10 CONCHO RESOURCES INC Senior 2007 2017 11
11 CONTANGO OIL & GAS CO Junior 2011 2017 7
12 CONTINENTAL RESOURCES, INC Senior 2007 2017 11
13 DENBURY RESOURCES INC Intermediate 2007 2017 11
14 DEVON ENERGY CORP/DE Senior 2007 2017 11
15 DORCHESTER MINERALS, L.P. Junior 2007 2017 11
16 ENCANA CORP Senior 2007 2017 11
17 ENERGEN CORP Intermediate 2007 2017 11
18 EOG RESOURCES INC Senior 2007 2017 11
19 EP ENERGY CORP Intermediate 2011 2017 7
20 EQT CORP Senior 2007 2017 11
21 LINN ENERGY, INC. Senior 2007 2017 11
22 NEWFIELD EXPLORATION CO /DE/ |Senior 2007 2017 11
23 NOBLE ENERGY INC Senior 2008 2017 10
24 OASIS PETROLEUM INC. Intermediate 2008 2017 10
25 PDC ENERGY, INC. Intermediate 2007 2017 11
26 PIONEER NATURAL RESOURCES CO |Senior 2007 2017 11
27 QEP RESOURCES, INC. Senior 2007 2017 11
28 RANGE RESOURCES CORP Senior 2007 2017 11
29 SM ENERGY CO Senior 2007 2017 11
30 SOUTHWESTERN ENERGY CO Senior 2007 2017 11
31 WHITING PETROLEUM CORP Senior 2007 2017 11
32 WPX ENERGY, INC. Senior 2009 2017 9
Total 332
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5.2 Reliability of Reserves Estimates Made by Canadian Filers

In this study | chose to compare reserves changes and technical revisions from different
size oil and gas companies. The ratio of technical revisions to reserves at beginning of the
year help to compare companies of different sizes. Eq. 6 was used to calculate the reserves

change (%) for each company.

Technical revisions over the year (MMboe)

Reser %) =
eserves Change ( /0) Proved reserves at beginning of the year (MMboe)

Fig. 5.1 presents bar graphs of 1P reserves changes by company for 2017. The colors of
the bars represent the company size (senior = red, intermediate = blue, and junior =
yellow). The majority of the 32 companies analyzed in 2017 had modest changes (less
than 10 percent of its initial reserves). The two extreme reserves changes were a positive
one of 37% and a negative one of 12%. In 2017, 28 (88%) of the 32 companies had positive
1P reserves revisions. This means that for the year 2017, the proportion of positive

technical revisions is very close to what is expected for P90 estimates.

In the case of the 2P reserves analysis in 2017, there is a smaller variation in the magnitude
of the reserves-change (Fig. 5.2). The two extreme reserves changes for 2P were positive
of 8% and a negative of 16%. In 2017, 20 (63%) of 32 companies had positive 2P reserves
revisions. This means that the proportion of positive technical revisions for 2P is a little

more than what is expected for P50 estimates.
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The results presented here are for the most recent year 2017. APPENDIX C presents
corresponding plots for 1P and 2P for years 2008 to 2016. The compilation of results for

the year 2007 to 2017 is presented in the following section.
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Fig. 5.1—Canadian companies, proved reserves changes (%) - year 2017.
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Fig. 5.2—Canadian companies, proved-plus-probable reserves changes (%) - year 2017.
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5.2.1 Results of Reliability Analysis of Canadian General Dataset

Table 5.4 presents the number of companies with positive technical revisions per year and
the proportion of positive technical revisions to the total number of companies for 1P and
2P reserves estimates. Based on the general dataset, 0.80 (80%) of the 1P reserves
revisions were positive and 0.58 (58%) of the 2P reserves revisions were positive for all

Canadian companies and years combined.

Table 5.4—Canadian general dataset, 1P and 2P number and fraction of companies with
positive technical revisions per year.

Companies Companies with Companies with Fraction of Positive | Fraction of Positive

Year Positive Revisions of [Positive Revisions of 2P 1P 2P
Analyzed

1P Reserves Reserves Reserves Revisions | Reserves Revisions
2007 3 1 1 0.33 0.33
2008 9 6 4 0.67 0.44
2009 14 12 7 0.86 0.50
2010 25 19 15 0.76 0.60
2011 26 20 15 0.77 0.58
2012 28 23 16 0.82 0.57
2013 32 26 18 0.81 0.56
2014 34 30 21 0.88 0.62
2015 34 24 18 0.71 0.53
2016 33 26 21 0.79 0.64
2017 32 28 20 0.88 0.63
Total 270 215 156 0.80 0.58

Fig. 5.3 shows a calibration plot constructed with the information presented in Table 5.4.
This calibration plot shows that results for the P90 reserves are what we would expect for
P80 reserves, and results for P50 reserves are what we would expect for P58 reserves,
indicating that what the estimators thought were 40% probability ranges (difference

between the true distribution P90 and P50) actually represented 22% probability ranges
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(difference between the estimate distribution P80 and P58). Therefore, it can be concluded
that Canadian estimators as a whole are overconfident, as the true probability range is less
than the estimated probability range. The separation between the values for year 2007
(light-blue points) and the other years is most likely due to only three companies being

analyzed in 2007.

0.58
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0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Probability Assigned
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Fig. 5.3—Canadian general dataset, 1P and 2P reserves technical revisions calibration plot
by year.

Table 5.5 presents the number of years with positive technical revisions per company and
the proportion of positive technical revisions to the total number of companies for 1P and
2P reserves estimates. As Table 5.4 and Table 5.5 are analyzing the same dataset, the

overall results and conclusions are the same as already presented.
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Table 5.5—Canadian general dataset, 1P and 2P number and fraction of years with positive
technical revisions per company.

Years Years with Positive | Years with Positive | Fraction of Positive | Fraction of Positive
Company Name Analyzed Revisions of 1P Revisions of 2P 1P 2P
Reserves Reserves Reserves Revisions | Reserves Revisions

Advantage Oil 9 9 7 1.00 0.78
ARC Resources Ltd. 10 10 10 1.00 1.00
Bellatrix Exploration Ltd. 9 7 3 0.78 0.33
Bonavista Energy Corporation 8 5 4 0.63 0.50
Canacol Energy Ltd 9 7 5 0.78 0.56
Canadian Natural 8 8 8 1.00 1.00
Cardinal Energy Inc 5 4 3 0.80 0.60
Cenovus Energy Inc 8 8 4 1.00 0.50
Connacher Oil and Gas Limited 8 6 2 0.75 0.25
Crescent Point Energy Corp 9 9 7 1.00 0.78
Delphi Energy Corp 10 5 5 0.50 0.50
Granite Oil Corp 10 6 5 0.60 0.50
Husky Energy Inc 8 6 4 0.75 0.50
Iron bridge -former RMP Energy Inc 11 6 5 0.55 0.45
Jura Energy Corp. 5 3 2 0.60 0.40
Kelt Exploration Ltd. 4 4 4 1.00 1.00
Niko Resources Ltd 11 6 3 0.55 0.27
NuVista Energy Ltd 10 9 5 0.90 0.50
Paramount Resources Ltd 10 9 4 0.90 0.40
Parex Resources Inc. 7 7 6 1.00 0.86
Pengrowth Energy Corporation 8 7 7 0.88 0.88
PetroShale Inc 5 5 5 1.00 1.00
Peyto Exploration & Development Corp 8 3 3 0.38 0.38
Raging River Exploration Inc. 5 2 1 0.40 0.20
Repsol Oil & Gas Canada Inc. ("ROGCI") 5 3 1 0.60 0.20
Seven Generations Energy Ltd. 4 4 4 1.00 1.00
Strategic Oil & Gas Ltd 6 6 2 1.00 0.33
Suncor Energy Inc. 8 6 2 0.75 0.25
Surge Energy Inc 8 5 0 0.63 0.00
Terra Energy Corp 9 7 5 0.78 0.56
Tourmaline Oil Corp 8 8 8 1.00 1.00
TransGlobe Energy Corporation 11 9 8 0.82 0.73
Vermilion Energy Inc 8 8 7 1.00 0.88
Whitecap Resources Inc. 8 8 7 1.00 0.88
Total 270 215 156 0.80 0.58

A calibration plot that represents the fraction of years with positive technical revisions per
company is presented in Fig. 5.4. The number located next to each point represents the
number of companies that had a given fraction of positive revisions, e.g., 13 companies

had positive 1P reserves revisions in all years, or a fractional positive revision of 1.0.
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In Fig. 5.3 each point represents the proportion correct each year for all companies that
file in a respective year, around 32 companies per data point. In Fig. 5.4 each point
represents the proportion correct of a company for a period of time, around 11 years per
data point. Fig. 5.4 shows more variability by company than Fig. 5.3 shows by year,
primarily because there are fewer years per company-data-point than companies per year-
data-point. Another possible reason for the differences in variability in these two
representations is that—because company estimates are made by humans who are subject
to biases, and biases differ between humans—it is more likely there will be systematic

differences in biases between companies than between years.
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Fig. 5.4—Canadian general dataset, 1P and 2P reserves technical revisions calibration plot
by company.

5.2.2 Results of Reliability Analysis of Detailed Canadian Dataset

Table 5.6 presents the number of company-product records with positive technical
revisions (TR) each year and the fraction of positive technical revisions for 1P and 2P
reserves estimates. Fig. 5.5 shows a calibration plot constructed with the information
presented in Table 5.6. For all years combined, 72% of company-product records have
positive proved technical revisions whereas the expected result is 90%. With respect to
the 2P reserves, 54% of company-product records have positive technical revisions; this

value is very close to the expected of 50%. These results mean that 1P reserves are
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overestimated and 2P reserves are underestimated. It may seem counter-intuitive that, for
both the general and detailed datasets, the overall fraction of positive revisions is too low
for 1P reserves estimates but too high for 2P reserves estimates. It must be remembered
that 1P and 2P reserves are not independent, but are two points on a single distribution for

estimated reserves. The counter-intuition is explained by analyzing the calibration plot.

Table 5.6—Canadian detailed dataset, 1P and 2P number and fraction of company-product
records with positive technical revisions per year.

e Numberof| Number of Positive TR Fraction Positive
Records 1P 2P 1P 2P
2007 6 2 2 0.33 0.33
2008 24 17 11 0.71 0.46
2009 45 36 28 0.80 0.62
2010 89 65 47 0.73 0.53
2011 89 56 44 0.63 0.49
2012 103 74 61 0.72 0.59
2013 106 73 52 0.69 0.49
2014 116 88 55 0.76 0.47
2015 129 83 64 0.64 0.50
2016 131 97 76 0.74 0.58
2017 125 98 78 0.78 0.62
Total 963 689 518 0.72 0.54
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Fig. 5.5—Canadian detailed dataset, 1P and 2P reserves technical revisions calibration plot
by year.

Fig. 5.6 shows a calibration plot with a line connecting points corresponding to the overall
analysis at the assigned probabilities P50 and P90. Because conclusions are drawn based
on this line, it is intrinsically assumed that the P10 will fall on this same line. The assigned
P90 corresponds to a proportion correct of 0.72, while the assigned P50 corresponds to a
proportion correct of 0.54. The extrapolated assigned P10 is closer to a proportion correct
of 0.35, indicating that what the estimators thought were 80% (P90-P10) probability
ranges on average were actually 37% probability ranges. These results show that the
distributions for these Canadian reserves estimates are narrower than they should be,
indicating overconfidence (underestimation of uncertainty) in reserves estimates. This is

consistent with the slope of the line being less than one. The line is slightly shifted up from
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the P50-0.50 point, which is an indication of pessimism for reserves estimates that are
expressed in terms of inverse-CDFs. Using Egs. 1 and 5, the confidence and directional
biases are:

CBpce=1—-m =1—0.44=0.56

2a 2 %0.32
DBOC = 1 - = 1 =

T-m_ '~ Tosg 04

A CBoc of 0.56 indicates moderate overconfidence (underestimation of uncertainty),

while DBoc of -0.14 indicates slight pessimism.
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Fig. 5.6—Canadian detailed dataset, 1P, 2P and best fit of reserves technical revisions
calibration plot with overall results.
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To further illustrate, Fig. 5.7 presents plots of PDFs (left) and inverse-CDFs (right), each
with two distributions—the true distribution (perfectly-calibrated) and the estimated
distribution displaying overconfidence and pessimism. The inverse-CDFs show that for
the 1P (P90), the true distribution displays lower reserves than the estimated distribution,
while for the 2P (P50), the true distribution displays higher reserves than the estimated
distribution. For these results, the P90 reserves on the estimated distribution corresponds
to a 0.72 on the true distribution, and the P50 reserves on the estimated distribution

corresponds to a 0.54 on the true distribution.
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Fig. 5.7—Comparison between true and estimated in PDFs (left) and inverse-CDFs (right)
representations.

Table 5.7 presents the positive technical revisions of year-product records per company,
and their respective fractions for 1P and 2P reserves. As Table 5.6 and Table 5.7 are
analyzing the same dataset, the overall results and conclusions are the same as already

presented.

51




Table 5.7—Canadian detailed dataset, 1P and 2P number and fraction of year-product
records with positive technical revisions per company.

Number of| Number of Positive TR Fraction Positive
Company Name
Records 1P 2P 1P 2P

Advantage Oil 34 22 20 0.65 0.59
ARC Resources Ltd. 46 41 37 0.89 0.80
Bellatrix Exploration Ltd. 39 27 20 0.69 0.51
Bonavista Energy Corporation 32 15 8 0.47 0.25
Canadian Natural 48 43 28 0.90 0.58
Canacol Energy Ltd 23 15 13 0.65 0.57
Cardinal Energy Inc 18 15 11 0.83 0.61
Cenovus Energy Inc 33 28 20 0.85 0.61
Connacher Oil and Gas Limited 21 16 11 0.76 0.52
Crescent Point Energy Corp 42 35 27 0.83 0.64
Delphi Energy Corp 33 19 16 0.58 0.48
Granite QOil Corp 26 18 15 0.69 0.58
Husky Energy Inc 33 24 19 0.73 0.58
Iron bridge -former RMP Energy Inc 36 18 14 0.50 0.39
Jura Energy Corp. 8 5 4 0.63 0.50
Kelt Exploration Ltd. 12 10 9 0.83 0.75
Niko Resources Ltd 28 15 9 0.54 0.32
NuVista Energy Ltd 40 29 17 0.73 0.43
Paramount Resources Ltd 34 25 17 0.74 0.50
Parex Resources Inc. 12 11 8 0.92 0.67
Pengrowth Energy Corporation 47 39 32 0.83 0.68
PetroShale Inc 10 10 9 1.00 0.90
Peyto Exploration & Development Corp 23 12 12 0.52 0.52
Raging River Exploration Inc. 19 12 7 0.63 0.37
Repsol Oil & Gas Canada Inc. ("ROGCI") 30 15 12 0.50 0.40
Seven Generations Energy Ltd. 15 13 10 0.87 0.67
Strategic Oil & Gas Ltd 18 16 9 0.89 0.50
Suncor Energy Inc. 27 18 12 0.67 0.44
Surge Energy Inc 34 18 8 0.53 0.24
Terra Energy Corp 21 17 11 0.81 0.52
Tourmaline Oil Corp 27 15 16 0.56 0.59
TransGlobe Energy Corporation 23 16 10 0.70 0.43
Vermilion Energy Inc 42 32 29 0.76 0.69
Whitecap Resources Inc. 28 24 17 0.86 0.61
Total 963 689 518 0.72 0.54

Fig. 5.5 presented a calibration plot by year, where each point represents the fraction of
companies with positive technical revisions with respect to all companies that filed in the
specific year. Fig. 5.8 presents a calibration plot by company, where each point represents
the fraction of years with positive technical revisions with respect to all years for this
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specific company. One reason for the lower variability in the data presented in the
calibration plot constructed by year (Fig. 5.5) versus the calibration plot by company (Fig.
5.8) is that there are fewer years (11) than companies (34). Another reason could be that
it is more likely there will be systematic differences in biases between companies than

between years, as mentioned earlier.
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Fig. 5.8—Canadian detailed dataset, 1P and 2P reserves technical revisions calibration plot
by company.

Reliability Analysis by Year

Using Egs. 1 and 5, confidence and directional biases were calculated for each year (Table
5.8) from the calibration lines for each year (Fig. 5.9). All years are characterized by

overconfidence bias; i.e., estimated reserves distributions tend to be too narrow. Year 2009
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is the most pessimistic, year 2015 has an almost neutral directional bias, and year 2014
has wider ranges. A positive value of DB is an indication of optimism, while a negative
DB value is an indication of pessimism. There are more years with pessimism (calibration
line above the P50-0.50 point). An almost neutral bias appears in some years, and only

two years indicate optimism bias.

Table 5.8—Canadian detailed dataset, bias calculation per year.

Year Fr:;tlon Posnzt:)ve Slope | Intercept CB Interpretation DB Interpretation
2007 0.33 0.33 0.00 0.33 1.00 |Overconfidence| 0.33 [Optimistic

2008 0.71 0.46 0.63 0.15 0.38 |Overconfidence| 0.22 [Optimistic

2009 0.80 0.62 0.44 0.40 0.56 [Overconfidence| -0.44 |Pessimistic

2010 0.73 0.53 0.51 0.28 0.49 |[Overconfidence| -0.11 |Slightly Pessimistic
2011 0.63 0.49 0.34 0.33 0.66 |Overconfidence| 0.02 [Almost Neutral
2012 0.72 0.59 0.32 0.43 0.68 |[Overconfidence| -0.27 |Pessimistic

2013 0.69 0.49 0.50 0.24 0.50 |Overconfidence| 0.04 [Almost Neutral
2014 0.76 0.47 0.71 0.12 0.29 |Overconfidence| 0.18 [Optimistic

2015 0.64 0.50 0.37 0.31 0.63 [Overconfidence| 0.01 |Almost Neutral
2016 0.74 0.58 0.40 0.38 0.60 |Overconfidence| -0.27 [Pessimistic

2017 0.78 0.62 0.40 0.42 0.60 [Overconfidence| -0.41 |Pessimistic

Total 0.72 0.54 0.44 0.32 0.56 |Overconfidence| -0.14 [Slightly Pessimistic
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Fig. 5.9—Canadian detailed dataset, 1P and 2P reserves technical revisions calibration plot

by year.

Fig. 5.10 presents confidence and directional biases variation versus time for the Canadian

detailed dataset, each with a generated trend line ignoring the first data points because

insufficient data was collected in 2007. This Fig. 5.10 shows that there is no significant

change in these biases over time; i.e., the trend lines have small slopes. There is no

tendency for the biases to converge to zero over time, as one would hope and expect.
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Instead, the biases appear to be moving away from zero. Thus, it can be concluded that
there is no significant improvement in the probabilistic reliability of reserves estimates
over this time period; if anything, they are getting worse. It appears that reserves
estimators are not tracking and calibrating revisions, measuring biases, and making
appropriate corrections in subsequent years. If estimators were to do these things, it is

expected the biases would converge to zero over time.
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Fig. 5.10—Canadian detailed dataset, confidence bias (CB), and directional bias (DB)
variation per year.

Reliability Analysis by Company

Using Egs. 1 and 5, the confidence and directional biases were calculated for each
company (Table 5.9). There are some companies with directional bias values out of range
(lower than -1 and higher than 1). The reason why some companies get DB out of the

range is because the straight-line approximation is not reasonable for these cases. As
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mentioned in Chapter 3, these bias calculations are based on a straight line constructed
with two points. Overconfidence bias is present for all companies. This is confirmed by

slopes less than one and confidence bias greater than zero.

Table 5.9—Canadian detailed dataset, bias calculation per company.

(ETGEELL Company Name et [[EractionciiBositivelRevisions Slope [Intercept| CB | Interpretation DB Interpretation
Number Records 1P 2P
1 Advantage Oil 34 0.65 0.59 0.15 0.51 0.85 |Overconfidence | -0.21 |Pessimistic
2 ARC Resources Ltd. 46 0.89 0.80 0.22 0.70 0.78 |Overconfidence | -0.78 |Pessimistic
3 Bellatrix Exploration Ltd. 39 0.69 0.51 0.45 0.29 0.55 |Overconfidence | -0.05 |Pessimistic
4 Bonavista Energy Corporation 32 0.47 0.25 0.55 -0.02 0.45 |Overconfidence [ 1.10 [Optimistic
5 Canadian Natural 48 0.90 0.58 0.78 0.19 0.22 |Overconfidence | -0.76 |Pessimistic
6 Canacol Energy Ltd 23 0.65 0.57 0.22 0.46 0.78 |Overconfidence | -0.17 |Pessimistic
7 Cardinal Energy Inc 18 0.83 0.61 0.56 0.33 0.44 |Overconfidence | -0.50 [Pessimistic
8 Cenovus Energy Inc 33 0.85 0.61 0.61 0.30 0.39 |Overconfidence | -0.54 |Pessimistic
9 Connacher Oil and Gas Limited 21 0.76 0.52 0.60 0.23 0.40 |Overconfidence | -0.12 |Pessimistic
10 Crescent Point Energy Corp 42 0.83 0.64 0.48 0.40 0.52 |Overconfidence | -0.55 |Pessimistic
11 Delphi Energy Corp 33 0.58 0.48 0.23 0.37 0.77 |Overconfidence | 0.04 |Almost Neutral
12 Granite Oil Corp 26 0.69 0.58 0.29 0.43 0.71 |Overconfidence | -0.22 [Pessimistic
13 Husky Energy Inc 33 0.73 0.58 0.38 0.39 0.62 |Overconfidence | -0.24 [Pessimistic
14 Iron bridge -former RMP Energy Inc 36 0.50 0.39 0.28 0.25 0.72 |Overconfidence | 0.31 |Optimistic
15 Jura Energy Corp. 8 0.63 0.50 0.31 0.34 0.69 |Overconfidence | 0.00 [Neutral
16 Kelt Exploration Ltd. 12 0.83 0.75 0.21 0.65 0.79 |Overconfidence | -0.63 |Pessimistic
17 Niko Resources Ltd 28 0.54 0.32 0.54 0.05 0.46 |Overconfidence | 0.77 |Optimistic
18 NuVista Energy Ltd 40 0.73 0.43 0.75 0.05 0.25 |Overconfidence [ 0.60 [Optimistic
19 Paramount Resources Ltd 34 0.74 0.50 0.59 0.21 0.41 |Overconfidence [ 0.00 [Neutral
20 Parex Resources Inc. 12 0.92 0.67 0.63 0.35 0.38 |Overconfidence | -0.89 |Pessimistic
21 Pengrowth Energy Corporation 47 0.83 0.68 0.37 0.49 0.63 |Overconfidence | -0.58 |Pessimistic
22 PetroShale Inc 10 1.00 0.90 0.25 0.78 0.75 |Overconfidence | -1.07 |Pessimistic
23 Peyto Exploration & Development Corp 23 0.52 0.52 0.00 0.52 1.00 |Overconfidence | -0.04 |Almost Neutral
24 Raging River Exploration Inc. 19 0.63 0.37 0.66 0.04 0.34 |Overconfidence | 0.77 |Optimistic
25 Repsol Oil & Gas Canada Inc. ("ROGCI") 30 0.50 0.40 0.25 0.28 0.75 |Overconfidence | 0.27 |Optimistic
26 Seven Generations Energy Ltd. 15 0.87 0.67 0.50 0.42 0.50 |Overconfidence | -0.67 |Pessimistic
27 Strategic Oil & Gas Ltd 18 0.89 0.50 0.97 0.01 0.03 [Overconfidence | 0.00 [Neutral
28 Suncor Energy Inc. 27 0.67 0.44 0.56 0.17 0.44 |Overconfidence | 0.25 [Optimistic
29 Surge Energy Inc 34 0.53 0.24 0.74 -0.13 0.26 |Overconfidence | 2.00 |Optimistic
30 Terra Energy Corp 21 0.81 0.52 0.71 0.17 0.29 |Overconfidence | -0.17 [Pessimistic
31 Tourmaline Oil Corp 27 0.56 0.59 -0.09 0.64 1.09 [Overconfidence | -0.17 |Pessimistic
32 TransGlobe Energy Corporation 23 0.70 0.43 0.65 0.11 0.35 |Overconfidence | 0.38 [Optimistic
33 Vermilion Energy Inc 42 0.76 0.69 0.18 0.60 0.82 |Overconfidence | -0.46 |Pessimistic
34 Whitecap Resources Inc. 28 0.86 0.61 0.63 0.29 0.38 |Overconfidence | -0.57 [Pessimistic
Total 963 0.72 0.54 0.44 0.32 0.56 (Overconfidence | -0.14 [Pessimistic

Table 5.9, Fig. 5.11 and Fig. 5.12 show CB and DB by company for the Canadian detailed
dataset. In general, it is observed that all companies are overconfident and the majority of
the companies display pessimism bias. Fig. 5.11 specifically shows that company number
27, Strategic Oil & Gas Ltd. (with 18 records), is the most calibrated company with near-

zero CB and near-zero DB. Consistently, the calibration plot presented in Fig. 5.12 shows
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that Strategic Oil & Gas Ltd. is near perfectly calibrated, with a calibration line almost
overlying the unit-slope line. In addition, Fig. 5.12 shows companies that have extreme
combined biases—Niko Resources Ltd. (with 28 records), which is one of the most
optimistic combined with some overconfidence bias, and ARC Resources Ltd. (with 46

records), which is one of the most pessimistic combined with a lot of overconfidence bias.
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Fig. 5.11—Canadian detailed dataset, CB and DB per company.
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Fig. 5.12—Canadian detailed dataset, calibration plot by company.

Reliability Analysis by Company Size

| next investigated the reliability of reserves estimates by company size: senior,
intermediate, and junior (Fig. 5.13). Using Egs. 1 and 5, the confidence and directional
biases for different sized companies were calculated (Table 5.10). Results indicate that all
three company sizes exhibit overconfidence. This particular set of data shows that DB
increases as company size decreases—junior-sized companies are more optimistic than
intermediate-sized companies, which are more optimistic than senior-sized companies.
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Possible reasons for this tendency are that smaller companies may have more pressure to
show good reserves estimates to investors, and larger companies may have more

experienced reserves estimation personnel.
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Fig. 5.13— Canadian detailed dataset, calibration plot by company size.
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Table 5.10—Canadian detailed dataset, fraction of positive 1P and 2P reserves revisions for
different company sizes.

oy e Number.of Number of | Fraction Positive S || D CB DB
Companies| Records 1P 2P

Junior 11 253 0.66 0.46 0.49 0.22 0.51 0.15

Intermediate 14 408 0.71 0.54 0.43 0.32 0.57 -0.13

Senior 9 302 0.77 0.60 0.42 0.39 0.58 -0.35

Reliability Analysis by Fluid Type

Another analysis performed was the reliability of reserves estimates by fluid type: oil, gas,
and NGL. Table 5.11 contains number of 1P and 2P positive revisions by company and
fluid type, and overall fractions of positive revisions by fluid type. Gas and NGL present
similar numbers of 1P and 2P positive revisions, and higher than the oil. A calibration plot
by fluid type was generated based on this information (Fig. 5.14). The calibration plots

for all fluids indicate overconfidence.

61



Table 5.11—Canadian detailed dataset, 1P and 2P number of positive technical revisions by
company-year records, grouped by fluid type.

OIL GAS NGL

Company Name Number of | Number of Positive TR | Number of | Number of Positive TR | Number of | Number of Positive TR

Records 1P 2P Records 1P 2P Records 1P 2P
Advantage Oil 13 4 6 12 10 9 9 8 5
ARC Resources Ltd. 22 18 16 14 13 13 10 10 8
Bellatrix Exploration Ltd. 18 9 6 12 10 7 9 8 7
Bonavista Energy Corporation 16 4 2 8 4 2 8 7 4
Canadian Natural 32 27 18 8 8 5 8 8 5
Canacol Energy Ltd 17 11 10 4 4 3 2 0 0
Cardinal Energy Inc 10 8 6 4 4 3 4 3 2
Cenovus Energy Inc 24 19 12 8 8 7 1 1 1
Connacher Oil and Gas Limited 12 10 6 5 3 2 4 3 3
Crescent Point Energy Corp 21 15 8 12 11 11 9 9 8
Delphi Energy Corp 10 6 5 13 7 6 10 6 5
Granite Oil Corp 11 7 4 9 6 6 6 5 5
Husky Energy Inc 20 16 13 10 6 5 3 2 1
Iron bridge -former RMP Energy Inc 11 2 1 14 8 7 11 8 6
Jura Energy Corp. 0 0 0 5 3 2 3 2 2
Kelt Exploration Ltd. 4 2 1 4 4 4 4 4 4
Niko Resources Ltd 11 7 5 11 5 2 6 3 2
NuVista Energy Ltd 17 10 3 13 10 6 10 9 8
Paramount Resources Ltd 11 5 13 11 7 10 7 5
Parex Resources Inc. 9 9 6 3 2 2 0 0 0
Pengrowth Energy Corporation 21 17 14 18 14 11 8 8 7
PetroShale Inc 5 5 5 5 5 4 0 0 0
Peyto Exploration & Development Co 7 5 5 8 5 5 8 2 2
Raging River Exploration Inc. 10 6 4 5 3 1 4 3 2
Repsol Oil & Gas Canada Inc. 15 8 6 10 5 4 5 2 2
Seven Generations Energy Ltd. 4 3 1 7 6 5 4 4 4
Strategic Oil & Gas Ltd 10 9 4 6 6 4 2 1 1
Suncor Energy Inc. 16 11 8 8 6 3 3 1 1
Surge Energy Inc 16 11 4 10 5 2 8 2 2
Terra Energy Corp 9 2 9 9 7 3 3 2
Tourmaline Oil Corp 8 2 2 11 9 11 8 4 3
TransGlobe Energy Corporation 21 16 10 1 0 0 1 0 0
Vermilion Energy Inc 15 12 10 19 15 13 8 5 6
Whitecap Resources Inc. 12 8 4 8 8 6 8 8 7
Total 458 309 212 307 233 185 197 146 120
Fraction of Positive TR 0.67 0.46 0.76 0.60 0.74 0.61
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Fig. 5.14—Canadian detailed dataset, calibration plot by fluid type.

Using Egs. 1 and 5, confidence and directional biases were calculated for different
products (Table 5.12). Oil reserves estimates exhibit a positive directional bias that is an
indication of optimism, whereas gas and NGL reserves estimates indicate slight
pessimism. Since NGL is a by-product of gas production, it is expected to have similar
tendencies for these two products. One possible reason for the oil to be more optimist than
the gas and NGL is that because oil prices are higher, oil estimates will have more effect

on the revenue forecast of the company.
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Table 5.12—Canadian detailed dataset, bias calculation by fluid type.

Number of | Number of | Fraction Positive
Fluid Type ! ] " Slope |Intercept CB DB
Companies| Records 1P 2P
Oil 33 458 0.67 0.46 0.53 0.20 0.47 0.16
Gas 34 307 0.76 0.60 0.39 0.41 0.61 -0.34
NGL 33 197 0.74 0.61 0.33 0.44 0.67 -0.33

Reliability Analysis by Resource Type

Table 5.13 contains number of positive revisions of 1P and 2P reserves for each Canadian

filer and the fraction of positive changes grouped by resource type (i.e., conventional or

unconventional). A calibration plot by reservoir type was generated (Fig. 5.15). The

number of positive technical revisions for 1P are very close between conventional and

unconventional.
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Table 5.13—Canadian detailed dataset, number of positive technical revisions for 1P and 2P
reserves by company and resource type.

Conventional Unconventional

Company Name Number of Number of

Records 1p 2p Records 1P 2p
Advantage Oil 26 20 17 8 2 3
ARC Resources Ltd. 30 29 26 16 12 11
Bellatrix Exploration Ltd. 27 19 14 12 6
Bonavista Energy Corporation 24 14 7 8 1 1
Canadian Natural 24 22 10 24 21 18
Canacol Energy Ltd 15 10 8 8 5 5
Cardinal Energy Inc 13 11 8 5 4 3
Cenovus Energy Inc 17 16 13 16 12 7
Connacher Oil and Gas Limited 14 10 9 7 6 2
Crescent Point Energy Corp 27 26 22 15 9 5
Delphi Energy Corp 27 16 13 6 3 3
Granite Oil Corp 24 17 14 2 1 1
Husky Energy Inc 19 12 8 14 12 11
Iron bridge -former RMP Energy Inc 30 15 11 6 3 3
Jura Energy Corp. 8 5 4 0 0 0
Kelt Exploration Ltd. 12 10 9 0 0 0
Niko Resources Ltd 28 15 9 0 0 0
NuVista Energy Ltd 30 23 14 10 6 3
Paramount Resources Ltd 30 21 14 4 3
Parex Resources Inc. 10 9 6 2 2 2
Pengrowth Energy Corporation 24 20 17 23 19 15
PetroShale Inc 0 0 0 8 8 7
Peyto Exploration & Development Cor 23 12 12 0 0 0
Raging River Exploration Inc. 14 8 4 5 4 3
Repsol Oil & Gas Canada Inc. 15 5 3 15 10 9
Seven Generations Energy Ltd. 11 9 7 4 4 3
Strategic Oil & Gas Ltd 14 13 6 4 3 3
Suncor Energy Inc. 19 14 10 8 4 2
Surge Energy Inc 24 11 4 10 7 4
Terra Energy Corp 21 17 11 0 0 0
Tourmaline Qil Corp 24 12 13 3 3 3
TransGlobe Energy Corporation 13 7 4 10 9 6
Vermilion Energy Inc 24 21 17 18 11 12
Whitecap Resources Inc. 24 21 15 4 3 2
Total 685 490 359 275 196 156
Fraction of Positive TR 0.72 0.52 0.71 0.57
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Fig. 5.15—Canadian detailed dataset, calibration plot by resource type.

Confidence and directional biases were calculated for the different resource types with
Egs. 1 and 5 (Table 5.14). While both resource types indicate overconfidence,
unconventional estimations display more overconfidence than conventional.
Unconventional resources should be more uncertain (wider uncertainty ranges) since this
resource type is newer than conventional resources and more challenging. A possible
explanation of this overconfidence could be a relative lack of experience in estimating
these reserves, as it is more difficult to predict productivity in unconventional than
conventional reservoirs. Reserves analysts were more pessimistic in their reserves
estimates in unconventional resources (DB =-0.21) than in conventional resources (DB =

-0.09).
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Table 5.14—Canadian detailed dataset, bias calculation by resource type.

Number of | Number of | Fraction Positive

Product Class Slope |Intercept CB DB
Companies| Records 1P 2P P P

Conventional 33 687 0.72 0.52 0.48 0.29 0.52 -0.09

Unconventional 29 276 0.71 0.57 0.36 0.39 0.64 -0.21

5.2.3 Results Comparison between General and Detailed Canadian Dataset

The fractions of positive technical revisions differ between the general dataset (combined-
products) and the detailed dataset (individual-product) (Table 5.15). It is possible that
when volumes of technical revisions of individual-products are added, multiple small
positive volumes of one product added to a large negative volume of another product may
result in a single negative volume of the combined-products (or vice versa). Thus, there
should not be surprise at small differences in results when these two data sets are
compared. Fig. 5.16 shows the calibration plot with both datasets. The Canadian general
dataset displays more pessimism than the detailed dataset. In both cases, the P90 estimate
is less than the expected P90 result and the P50 estimate is greater than the expected P50

result, so that the overall conclusions are essentially the same.

Table 5.15—Results from reliability analysis of general and detailed Canadian datasets.

) Number of | Fraction of Positive |Fraction of Positive .
Canadian Datasets . . cB DB Records Description
Records 1P Revisions 2P Revisions
General Dataset 270 0.80 0.58 0.45 -0.34 [Company-Year
Detailed Dataset 963 0.72 0.54 0.56 -0.13 [Company-Year-Product
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Fig. 5.16—Calibration plot comparing general and detailed Canadian datasets.

5.3 Reliability of Reserves Estimates made by U.S. Filers

Unlike in Canada, in the U.S. there is no specific technical-revision item. Thus, the focus
parameter for addressing reliability of reserves estimates is Revisions Other Than Price
(ROTP). As mentioned in Chapter 4, these revisions result from subtracting priced-related
revisions from “revisions of previous estimates.” The ratio of ROTP to proved reserves
at the beginning of the year helps us compare reserves changes and technical revisions

from different-size oil and gas companies.
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The reserves change is calculated for each company using Eq. 7. A bar plot of reserves
change for proved reserves by company for year 2017 is presented in Fig. 5.17.

Additionally, APPENDIX D presents corresponding plots for years 2008 to 2016.

Technical ROTP (MMboe)

Reserves Change (%) =
§ $ g ( /0) Proved Reserves at beginning of the year (MMboe)

£ 100.... (7)

The majority of the 32 companies analyzed in 2017 had modest changes (less than 15%
of reserves at the beginning of the year). The two extreme reserves changes were a positive
27% and a negative 23%. In 2017, 13 of 32 companies (41%) had positive ROTP, which
is far from the 90% expected for a P90 estimate. It should be noted that this is for just one

year, which is a small sample.
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Fig. 5.17—U.S. companies, proved reserves changes (%) - year 2017.
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The compilation of results for years 2007 to 2017 is presented in Table 5.16, which
contains the number of companies with positive ROTP and the fraction of positive ROTP
per year. In the U.S., filers are required to report only proved reserves; hence, the table
presents only P90 values. The percentage of positive revisions in proved reserves for U.S.
filers averaged only 51% for all years, instead of the 90% expected from reserves
definitions. Fig. 5.18 presents a calibration plot with proportion correct of ROTP by year.
This calibration plot shows that the assigned P90 corresponds to a proportion correct of
0.51, meaning that on average for this period of time filers in the U.S. overestimate 1P

reserves significantly.

Table 5.16—U.S. dataset, proved reserves number and fraction of companies with positive
ROTP per year.

. Number of .
Companies ] . Fraction of
Year Companies with .
Analyzed . Positive ROTP
Positive ROTP

2007 25 18 0.72
2008 27 15 0.56
2009 28 13 0.46
2010 28 15 0.54
2011 32 11 0.34
2012 32 16 0.50
2013 32 16 0.50
2014 32 13 0.41
2015 32 19 0.59
2016 32 21 0.66
2017 32 13 0.41
Total 332 170 0.51
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Fig. 5.18—U.S. dataset, proved reserves ROTP calibration plot by year.

Table 5.17 presents the number and fraction of years with positive ROTP in proved
reserves for each company. As Table 5.16 and Table 5.17 are analyzing same dataset, the
overall results are the same. A calibration plot that represent the fraction of years with
positive ROTP per company is presented in Fig. 5.19. The number located next to each

point represents the number of companies that had a given fraction of positive ROTP.
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Table 5.17—U.S. dataset, proved reserves number and fraction of years with positive ROTP
per company.

Number of .
Years . Fraction of
Company Name Years with .
Analyzed . Positive ROTP
Positive ROTP
ANADARKO PETROLEUM CORP 11 11 1.00
ANTERO RESOURCES CORP 7 2 0.29
APACHE CORP 11 4 0.36
APPROACH RESOURCES INC 11 2 0.18
BONANZA CREEK ENERGY, INC. 7 3 0.43
CABOT OIL & GAS CORP 11 10 0.91
CHESAPEAKE ENERGY CORP 11 4 0.36
CIMAREX ENERGY CO 11 6 0.55
CNX RESOURCES CORP 11 5 0.45
CONCHO RESOURCES INC 11 1 0.09
CONTANGO OIL & GAS CO 7 2 0.29
CONTINENTAL RESOURCES, INC 11 6 0.55
DENBURY RESOURCES INC 11 5 0.45
DEVON ENERGY CORP/DE 11 5 0.45
DORCHESTER MINERALS, L.P. 11 11 1.00
ENCANA CORP 11 5 0.45
ENERGEN CORP 11 1 0.09
EOG RESOURCES INC 11 8 0.73
EP ENERGY CORP 7 3 0.43
EQT CORP 11 4 0.36
LINN ENERGY, INC. 11 3 0.27
NEWFIELD EXPLORATION CO /DE/ 11 6 0.55
NOBLE ENERGY INC 10 6 0.60
OASIS PETROLEUM INC. 10 4 0.40
PDC ENERGY, INC. 11 5 0.45
PIONEER NATURAL RESOURCES CO 11 6 0.55
QEP RESOURCES, INC. 11 5 0.45
RANGE RESOURCES CORP 11 9 0.82
SM ENERGY CO 11 4 0.36
SOUTHWESTERN ENERGY CO 11 10 0.91
WHITING PETROLEUM CORP 11 10 0.91
WPX ENERGY, INC. 9 4 0.44
Total 332 170 0.51
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Fig. 5.19—U.S. dataset, proved reserves ROTP calibration plot by company.

In Fig. 5.18, each point represents the fraction of companies with positive ROTP in proved
reserves for the respective year. In Fig. 5.19, each point represents the fraction of years
with positive ROTP in proved reserves for the respective company. Fig. 5.19 presents
more variability than Fig. 5.18. One reason for the differences in the variability of these
two representations is that there are more companies (32) than years (11). Another reason

could be that it is more likely there will be systematic differences in biases between
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companies than between years, as mentioned earlier. Because U.S. companies report
“revisions of previous estimates” for only proved reserves, there is only one point on the
calibration plot and many different lines with different slopes that can pass through this
single point. Thus, it is not possible to calculate unique values of actual probability ranges,
confidence bias (CB), and directional bias (DB). The interpretation of these biases is non-

unique.

To assess the reliability of reserves estimates prepared by U.S. filers, | assumed two
extreme scenarios that combine the only measure available (51% positive revisions of
ROTP for proved reserves) with extreme values for CB and DB. | also present an
intermediate scenario between these two extremes. Fig. 5.20 presents an interpretation of
these three scenarios, assuming the model of Alarfaj and McVay (2016) in which the true
and the estimated reserves distributions are continuous normal distributions (Alarfaj and
McVay 2016). Fig. 5.20 shows PDFs (left) and inverse-CDF (right) plots, each with four
distributions as follows:
e True distribution (perfectly-calibrated),
e Estimate 1 (Est. 1) with maximum overconfidence, CB=1, and almost neutral
directional bias, DB=-0.02,
e Estimate 2 (Est. 2) with moderate overconfidence, CB=0.43, and maximum
(optimistic) directional bias, DB=1, and
e Estimate 3 (Est. 3) intermediate between the two extreme cases.
All of these interpretations are possible.
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Fig. 5.20—Comparison between the true and estimates 1, 2 and 3 in PDFs (left) and
inverse-CDFs (right) representations.

The calibration plot shown in Fig. 5.21 illustrates the above estimates. Estimate 1
represents maximum CB, and Estimate 2 represents maximum DB. It can be concluded
that U.S. filers are overconfident, with biases are somewhere between extreme
overconfidence (based on Estimate 1) combined with little directional bias, and moderate
overconfidence (based on Estimate 2) combined with moderate-to-high optimism (Table
5.18). It is more likely that the reality is somewhere between these two extremes. Estimate

3 is one such possibility.
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Fig. 5.21—U.S. dataset, calibration plot showing three estimates.

Table 5.18—U.S. dataset, bias calculations for both estimates.

u.s 1P 2P Slope |Intercept| CB DB
Estimate 1 0.51 0.51 0.00 0.51 1.00 | -0.02
Estimate 2 0.51 0.28 0.57 0.00 0.43 [ 1.00
Estimate 3 0.51 0.40 0.28 0.26 0.73 | 0.28

5.4 Comparison between U.S. and Canadian Reserves Disclosures
Major differences in Canadian and U.S. reserves estimation and disclosure requirements
were presented in Section 2.2.3. As a summary:
e Canadian requirements are unigue in the following ways: (1) disclosure of annual
reconciliation of changes in estimates of gross 1P and 2P reserves is mandatory;

(2) reserves can be estimated using forecasted prices and costs; and (3) reserves
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reconciliation requires a reserves balance where technical revisions are presented
separately from revisions due to economic factors (COGEH 2018).

e Requirements in the United States have the following unique features: (1)
disclosure of annual reconciliation of changes in estimates of net 1P reserves is
mandatory; (2) estimation of proved oil reserves must be based on a fixed prices
and costs under existing economic conditions—the average of prices received from
product sales on the first day of each month during the 12-month period
immediately preceding disclosure of reserves in a filing with the SEC; and (3)
reserves reconciliation requires a reserves balance where “revisions of previous
estimates” may include changes caused by economic and technical factors
combined, although if important economic factors or significant uncertainties

affect changes in proved reserves, an explanation shall be provided (FASB 2010).

For these reasons, it is not possible to perfectly compare the reliability of reserves
estimates between filers in these two countries. Nevertheless, a reasonable comparison
can be made between the proportion correct of technical revisions in Canada and the
proportion correct of ROTP in the U.S. For the U.S., results based on an intermediate
estimation (Estimate 3, the line between the two extreme estimates presented in Fig. 5.21)

will be used to compare with the detailed Canadian dataset (Fig. 5.22 and Table 5.19).
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Table 5.19—Comparison of results between U.S. and Canadian filings.

Proportion Correct

0.2

0.4

0.6

0.8

Probability Assigned

——Perfect Calibration —®—Canada
(Detailed dataset)

-o-U.S.
(Intermediate estimate)

Fig. 5.22—Calibration plot with results from U.S and Canadian filings.

P i f
Country ro;):rtlon g CzoPrrect Slope | Intercept | CB Interpretation DB Interpretation
Canada 0.72 0.54 044 | 032 | ose |Moderate -0.14 [slight pessimism
(Detailed dataset) overconfidence
u.s. Moderate-to-high o
. . 0.51 0.40 0.28 0.26 0.73 . 0.28 |Moderate optimism
(Intermediate estimate) overconfidence

By definition, proved reserves are conservative estimates; technical revisions in proved

reserves should be positive about 90% of the time. For Canadian companies, the fraction

of positive revisions for the P90 is actually 0.72 (72%), indicating that 18% of the time

estimations decreased instead of increasing. In other words, 18% of the time previous

proved-reserves estimates were higher than they should have been. For 2P reserves,
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positive technical revisions are expected 50% of the time. The actual fraction of positive
revisions in P50 reserves was 0.54 (54%), indicating that 4% of the time estimations

increased instead of decreased. Filers in Canada are in need of improvement.

For reserves filers in the U.S., proved ROTP should be positive 90% of the time. However,
results for revisions were positive closer to 50% of the time. This indicates that 40% of
the time estimates decreased instead of increasing. In other words, 40% of the time,
previous proved-reserves estimates were greater than they should have been. Estimates
made by filers in the U.S. are significantly further from the assigned probabilities by

reserves definitions than Canadian filers.

Canadian reserves filers have a confidence bias of 0.56 on a scale of 0 to 1, where 0
corresponds to no overconfidence (perfectly-calibrated) and 1 corresponds to complete
overconfidence. Canadian filers have a directional bias of -0.14 on a scale of -1 to 1, where
-1 corresponds to a completely negative directional bias (which is pessimism), 0 means
neutral or unbiased directionally, and 1 corresponds to complete positive directional bias
(which is optimism). Therefore, Canadian filers are moderately overconfident in their

reserves estimates and have a slight directional bias toward pessimism.

U.S. reserves filers have approximately a confidence bias of 0.73 and a directional bias of
0.28. Therefore, U.S. filers are overconfident in their reserves estimates and have a

moderate directional bias toward optimism. It should be noted that U.S. biases calculations
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are approximate values due to the high uncertainty depicted by the three estimates from
one single point for proved reserves in the calibration plot (Fig. 5.21). With a more-likely
intermediate interpretation for the U.S., the results show that U.S. reserves filers are more
overconfident than Canadian filers, and U.S. filers are moderately optimistic, whereas

Canadian filers are slightly pessimistic.

The results of this study indicate that companies in Canada are more reliable in estimating
reserves than companies in the U.S. One possible explanation of the differences in the
reliability of reserves estimates could be that Canadian companies are forced to specify
two points on the reserves distribution, P50 and P90, and that they are thus better able to
distinguish between these two categories of reserves. Because U.S. companies are not
required to distinguish between these two categories, their single reported estimate ends
up somewhere in between and, apparently, closer to the P50 value. The U.S. 1P estimates
disclosed seemed to satisfy only the certainty criterion for 2P reserves. However, there

could be other possible causes that have not been considered.

5.5 Calculation of Confidence Interval

The biases calculations in the estimation of reserves for a sample of Canadian companies
and a sample of U.S. companies presented in previous sections were based on the
proportion of positive “technical revisions” for Canadian companies and in the proportion
of positive ROTP for U.S. companies. The proportions obtained are the means of the

mentioned revisions, and there is uncertainty about how far these sample means may be
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from the means of the entire populations of companies filing in Canada and in the U.S. In
this section, a confidence interval around the means of the positive proportions of the
revisions is calculated to assess the uncertainty associated with the proportion-correct

estimates.

The confidence interval for the mean is an interval that will contain the population mean
a specified proportion of the time. The confidence interval is computed based on the mean
and the estimated standard error (SE). The SE of the mean measures how far the sample
mean of the data is likely to be from the true population mean of the proportion-correct

distribution, and it is defined as (Lane 2013):

SE(p) = /@ ................................................................................................ 8)

where:

p = mean of the estimate

n = sample size

The confidence interval (Cl) of the mean is calculated using Eg. 9. Notice that the
confidence interval computation does not take into account information regarding the size

or mean of the population.

where:
a = the significance level
z, = number of standard deviations extending from the mean of a normal distribution

required to contain a specific area (1 — ) of the normal distribution, and
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(1 — @) = the confidence level

For this study, a significance level of 0.05 was selected (this value is at the discretion of
the researcher) that corresponds to a confidence level of 0.95 (95%). The interpretation of
a 95% confidence level for the mean is that if repeated random samples were taken and
the confidence intervals were computed for each sample, 95% of the intervals would
contain the population mean. For this statistical method to be valid, the sample must be

randomly selected and representative of the population (Lane 2013).

5.5.1 Confidence Interval for the General Canadian Dataset

The sample size of this dataset was 270, which corresponds to the combination of
companies and years analyzed. Results of the general dataset plotted in the calibration plot
show that the proportion of positive technical revisions is 0.80 for 1P reserves and 0.58

for 2P reserves (Fig. 5.3).

The confidence level selected to calculate the confidence interval is 95%. The z, value
can be found using the standard normal distribution, specifying that the area is 0.95 and

indicating that the area is to be between the cut off points. The z, s value is 1.96.

The mean of the proportion correct for 1P reserves revisions is 0.80, and the standard error

is:

SE(0.8) for 1P = Jp(ln‘p) = J(O'g*o'z) = 0.024

270
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The mean of the proportion correct for 2P reserves revisions is 0.58, and the standard error

is:

(0.58%0.42)

_ [p(-p) _ _
SE(O.SS)forZP-J ~ —J p— = 0.03

For 1P reserves the confidence interval is:

Cl =p + 2505 *SE(0.8) = 0.8+ 1.96 x 0.024 = (0.75 — 0.85)
For 2P reserves the confidence interval is:

Cl =p + 205 * SE(0.58) = 0.58 + 1.96 * 0.03 = (0.52 — 0.64)

Therefore, it can be stated with 95% confidence that when analyzing the general Canadian
dataset, the proportion of positive technical revisions for proved reserves will be between
0.75 and 0.85, and for 2P reserves will be between 0.52 and 0.64, for the population of
Canadian filers. Thus, it can be stated with 95% confidence that Canadian filers are
overconfident and somewhat pessimistic, as all combinations of proportions of positive
technical revisions for P90 and P50 will result in overconfident and pessimistic bias
values. Notice that there is a 5% probability that the population mean would not be contain

in previous confidence intervals.

5.5.2 Confidence Interval for the Detailed Canadian Dataset

This dataset contained a sample size of 963, which corresponds to the combination of

companies, years and products analyzed. The calibration plot of the detailed dataset shows
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that the proportion of positive technical revisions is 0.72 for 1P reserves and 0.54 for 2P
reserves (Fig. 5.5).
The mean of the proportion correct for 1P reserves revisions is 0.72, and the standard error

is:

SE(0.72) for 1P = \/”(1‘”) = J (072:028) _ 0,014

n 963
The mean of the proportion correct for 2P reserves revisions is 0.54, and the standard error

is:

(0.54%0.46)
963

SE(0.54) for 2P = \/"“n“’) = J =0.016

For 1P reserves revisions the confidence interval is:

Cl=p + 2505 *SE(0.72) = 0.72 +£ 1.96 * 0.014 = (0.69 — 0.75)
For 2P reserves revisions the confidence interval is:

Cl =p + zy0s * SE(0.54) = 0.54 + 1.96 * 0.016 = (0.51 — 0.57)

Therefore, it can be stated with 95% confidence that when analyzing the detailed Canadian
dataset, the proportion of positive technical revisions for proved reserves will be between
0.69 and 0.75 and for the 2P reserves will be between 0.51 and 0.57, for the population of
Canadian filers. It can be concluded with 95% confidence that Canadian filers are
overconfident and somewhat pessimistic, as all combinations of proportion of positive
technical revisions for P90 and P50 will result in overconfident and pessimistic bias
values. Again, notice that there is a 5% probability that the population mean would not be

contain in previous confidence intervals.
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5.5.3 Confidence Interval for the U.S. Dataset

This dataset contained a sample size of 332, which corresponds to the combinations of
companies and years analyzed. The calibration plot shows that for proved reserves the
proportion of ROTP for U.S. reserves filers is positive 51% of the time (Fig. 5.18).

The mean of the proportion of positive revisions for 1P reserves is 0.51, and the standard

error is:

(0.51%0.49)
332

SE(0.51) for 1P reserves = \/p(ln_p) = J = 0.027

For 1P reserves the confidence interval is:

Cl =p + 2405 * SE(0.51) = 0.51 + 1.96 * 0.027 = (0.46 — 0.56)

Therefore, it can be stated with 95% confidence that when analyzing the U.S. dataset, the
proportion of positive ROTP for proved reserves for U.S. filers will be between 0.46 and
0.56, for the population of U.S. filers. Thus, it can be stated with 95% confidence that U.S.
filers are somewhere between complete overconfidence and slightly pessimistic bias, and

moderate overconfidence and complete optimism.

5.6 Discussion

Several authors have reported for years the petroleum industry has underperformed due to
overconfidence and optimism in project evaluation procedures (Capen 1976; Rose 2004).
| have shown that companies tend to be biased in their reserves estimates. Specifically,

filers are overconfident in their estimations, and their tendency to be optimistic is not as
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dominant as their tendency to be overconfident. At least three groups of professionals can

benefit from the methodology presented in this study:

1)

()

(3)

Estimators, who can use this methodology to measure biases in their reserves
estimates and use this information to reduce or eliminate biases in future reserves
estimates. As determined in this study, the leading bias in reserves estimation is
overconfidence, i.e., underestimation of uncertainty. Measurements of biases should
make estimators aware that reserves distributions in general have been too narrow
and, thus, they need to widen the distributions.

Investors, who can use this methodology to measure the biases in reported reserves
estimates and apply external corrections (Capen 1976; Fondren et al. 2013) to
compare volumes fairly. If investors do not apply corrections, they could also be
overconfident and optimistic, and they could invest in some investments in which
they should not. Similarly, if the investors are overconfident and pessimistic, they
could choose to not invest in some investments in which they should, resulting in
missed opportunities.

Regulators, who can use this methodology to determine if filers are complying with
appropriate criteria for 1P and 2P reserves. As this study has shown, reserves
estimates made by filers in U.S. and Canada are not consistent with reserves
definitions. One way to mitigate this problem over time is to request that filers report
their historical record of “technical revisions” in the case of Canada, and ROTP in

the case of the U.S., to show how consistent their reserves estimates are consistent
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with reserves definitions. The expectation is that awareness of biases will induce
operators to reduce their biases over time. Another way to reduce biases in reserves
estimates for filers in the U.S. would be to request them to report 2P reserves, as U.S.

1P estimates were significantly more optimistic than those in Canada.
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6. LIMITATIONS AND FUTURE WORK

6.1 Limitations

The ideal procedure to select companies for this study is to select them randomly.
Canadian companies were randomly selected, while the selection of U.S. companies was
not entirely random. U.S companies were “randomly” selected from a pre-defined list of
companies that had relevant information available, specifically, information in the
reserves-change category “revision of previous estimates” and an explanation of the
revisions due to price variations. Thus, the U.S. analysis could be biased towards

companies that provided this information.

| also had a limited number of samples for some combinations of companies and years,
which made it difficult to calculate meaningful DB values, i.e., in the range of -1 to 1.
With only two points in the calibration plot for filers in Canada, sometimes the straight-

line approximation was not valid.

6.2 Future Work

This research presents a methodology that others can use to quantify biases in reserves
estimates. Since | have shown that companies tend to be biased in their reserves estimates,
the next step in this study could be to establish a procedure to apply corrections to reduce

or eliminate biases in reserves estimates (Capen 1976; Fondren et al. 2013).
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The source of the information for this study was 10-K reports by U.S. companies and AlF
reports by Canadian companies. The volumes reported are the result of the addition of
volumes of singular entities. In statistical aggregation, the P90 quantities from the
aggregate are always greater than the arithmetic sum of the reservoir-level P90 quantities,
and the P10 quantities from the aggregate are always less than the arithmetic sum of the
reservoir-level P10 quantities. This “portfolio effect” is the result of the central limit
theorem in statistical analysis. A portfolio effect should be expected when companies add

many entities. Future studies could analyze this topic in more detail.

This study assessed the reliability of reserves estimates by analyzing the proportion of
positive “technical revisions.” Another tool to evaluate the reliability of reserves estimates
could be to analyze the magnitudes of the “technical revisions.” This information is stored

in the database and is available for future studies.

Companies filing in Canada report in the AIF both “technical revisions” and “economic
factors.” The “economic factors” were gathered in the database but were not analyzed.
Future analysis of this information could help in understanding the impact of economic

factors on the reliability of reserves estimates for filers in Canada.
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7. CONCLUSIONS

Based on analysis of “technical revisions” of reserves by 34 reserves filers in Canada and

“Revisions Other Than Price” (ROTP) of 32 reserves filers in the U.S., for a period from

year 2007 to 2017, the following conclusions were drawn:

Filers in both Canada and the U.S. overestimated proved reserves, and U.S. filers
overestimated proved reserves more so than Canadian filers.

“Technical revisions” reported by the sample of companies filing in Canada were
positive an average of 72% for 1P reserves and an average of 54% for 2P reserves,
whereas the expected values were 90% and 50%, respectively. Thus, on average
over this time period, filers in Canada overestimated 1P reserves and
underestimated 2P reserves.

The ROTP calculated for the sample of companies filing in the U.S. were positive
an average of only 51% for 1P reserves, compared to an expected 90%. Thus, on
average over this time period, filers in the U.S. overestimated 1P reserves
significantly.

Considering the entire reserves distribution, Canadian filers’ reserves distributions
were too narrow (overconfident), with an average overconfidence bias (CB) of
0.56 on a scale of 0 to 1 (corresponding to zero to complete overconfidence). The
reserves distributions were shifted negative directionally (pessimism), with an
average directional bias (DB) of -0.14 on a scale of -1 to 0 to 1 (corresponding to
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complete pessimism to neutral directional bias to complete optimism). Thus,
overall, sampled filers in Canada over this time period were moderately
overconfident and slightly pessimistic.

Considering the entire reserves distribution, it is not possible to calculate unique
values for confidence and directional biases for filers in the U.S. as they are
required to report only 1P reserves. Overall, sampled filers in the U.S. over this
time period were somewhere between (1) complete overconfidence and neutral
directional bias (CB=1 and DB~0) and (2) moderate overconfidence and complete
optimism (CB=0.43 and DB=1).

The filers in Canada studied did not demonstrate any apparent improvement in
confidence and directional biases during the 11-year period analyzed. Similar
analysis cannot be performed for filers in the U.S., as it is not possible to uniquely
calculate biases by year.

For filers in Canada, directional bias decreases (becomes more pessimistic) with
increasing company size. Junior-sized companies are optimistic (DB=0.15),
intermediate-sized companies are slightly pessimistic (DB=-0.13), and senior-
sized companies are the most pessimistic (DB=-0.35).

For filers in Canada, oil reserves estimates exhibit a positive directional bias
(DB=0.16), indicating optimism, while reserves estimates for gas and NGL exhibit
negative directional biases (DB=-0.34 and DB=-0.35, respectively), indicating

slight pessimism.
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e Unconventional-resources reserves estimates in Canada display more
overconfidence (CB=0.64) than reserves estimates in conventional resources
(CB=0.52). Reserves estimates for unconventional resources (DB=-0.21) are more

pessimistic than estimates for conventional resources (DB=-0.09).
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Acronyms
AlF
ASC
CB

Cl
COGEH
CSA
DBoc
DBuc
EDGAR
EUR
FASB
NGL

NI

oC

SE

SEC
SEDAR

ucC

NOMENCLATURE

Annual Information Form

Alberta Securities Commission

Confidence Bias

Confidence Interval

Canadian Oil and Gas Evaluation Handbook
Canadian Securities Administrators

Directional Bias Over-confidence

Directional Bias Under-confidence

Electronic Data Gathering Analysis and Retrieval
Estimated Ultimate Recovery

Financial Accounting Standards Board

Natural Gas Liquids

National Instrument

Overconfidence

Standard Error

Securities & Exchange Commission

System for Electronic Document Analysis and Retrieval

Underconfidence
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Symbols - Units

a

Bcf

bbls

BOE

BOE/D

MM

Confidence level

Intercept

Billions of cubic feet

Barrels

Barrels of oil equivalent

Barrels of oil equivalent per day
Millions

Slope
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APPENDIX A

COMPANY RECONCILIATION SAMPLE FORMS FOR CANADA AND THE U.S.

This appendix presents a reconciliation snapshot for the company Crescent Point Energy

Corp. under Canadian and U.S. regulations for year 2017.
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Table A.1—Company reconciliation of changes in reserves AIF - Canadian regulation.

Reconciliations of Changes in Reserves(1)

The following table sets forth a reconciliation of the Corporation's Company Gross reserves by total Proved, total Probable

and total Proved plus Probable reserves as at December 31, 2017 against such reserves as at December 31, 2016 based on
forecast price and cost assumptions.

Shale Gas (3] Conventional Natural Gas (3] Total BOE

TOTAL (Natural Gas) (MMcf) (Natural Gas) (MMecf) {Mboe)

Proved Proved Proved

+ + +

Factors Proved Prabable Probable Proved Prabable Probable Proved Probable Prabable
December 31, 2016 247,501 138,953 386,455 127,261 67,441 154,702 600,199 358,285 558,489
Discoveries — — — — — — — — —
Extensions and Improved Recavery (21 (7) 30,692 25,512 56,203 859 1,399 2,257 57,559 44,814 102,373
Technical Revisions {3) 28,212 (608) 28,604 (1,284) {16,304 {17,588) 31,198 (36,517 (5,320
Acquisitions (&) 22,142 9,239 31,681 437 1,477 1,914 22,352 10,922 33,275
Dispositions (61 (8) (536 (306) (1,342) (1,600) (781) {2,380 (14,317) (6,561) (20,378)
Economic Factors (2,354) 2,433 79 (2,022) 1,463 (560] (1,477) 2,046 569
Production {28,398 - (26,398) {12,511] - {12,511) (64,245) — (64,245)
December 31, 2017 300,255 175,023 475,281 111,140 54,695 165,334 631,270 372,993 1,004,262
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Table A.2—Company reserves changes SEC - U.S. regulations.

Total
Crude Cil NGLs Natural Gas

Net Proved Reserves (1) (Mbbls) (Mbbls) (MMcf) Total (Mboe)
December 31, 2015 343,187 39,367 216,001 415,554
Revisions of previous estimates (13,789) 1,269 27,630 (7,915)
Improved recovery 10,981 1,357 6,753 13,464
Purchases of reserves in place 7,225 439 4183 8,361
Extensions and discoveries 8,794 473 3,040 Q773
Production (41,474) (5,682) (34.027) (52.827)
Sales of reserves in place (1,677) (62) (4,795) (2,539)
December 31, 2016 313,246 37,161 218,785 386,872
Revisions of previous estimates 81,960 16,515 83,039 112,323
Improved recovery 3,892 1,564 3,868 6,101
Purchases of reserves in place 13,191 1,841 18,548 18,124
Extensions and discoveries 14,972 1,387 5,802 17,826
Production (43.630) (5.978) (34,269) (55.319)
Sales of reserves in place (12,661) (178) (1,847) (13,147)
December 31, 2017 370,971 52,313 296,977 472,780
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APPENDIX B

DESCRIPTION OF DATASETS

Table B.1—General Canadian dataset records.

General Canadian Dataset

Record Title Units Comments
Year End Year Year at end of the period analyzed
Company category Senior, Intermediate or Junior
Company Name Name of the company as state in the database
Product Refers to the total volume.
Proved Beginning MMboe |Proved reserves at Beginning of period analyzed
Proved Technical Revisions MMboe |Proved technical revisions during the period analyzed
Proved Economic Factors MMboe |Proved economic factors during the period analyzed
Proved Ending MMboe |Proved reserves at End of period analyzed
Probable Beginning MMboe |Probable reserves at Beginning of period analyzed
Probable Technical Revisions MMboe |Probable technical revisions during the period analyzed
Probable Economic Factors MMboe |Probable economic factors during the period analyzed
Probable Ending MMboe |Probable reserves at End of period analyzed
2P Beginning MMboe |Proved-plus-probable reserves at Beginning of period analyzed
2P Technical Revisions MMboe |Proved-plus-probable technical revisions during the period analyzed
2P Economic Factors MMboe |Proved-plus-probable economic factors during the period analyzed
2P Ending MMboe |Proved-plus-probable reserves at End of period analyzed
Production MMboe |Cumulative production during the period analyzed
Year Production BOE/D Production rate of the year analyzed
Proved Technical Revisions change (%) % Ratio Proved technical revision / Proved Beginning
2P Technical Revisions change (%) % Ratio 2P technical revision / 2P Beginning
Number of Positive Proved Revisions Number [Number of positive Proved Technical Revisions
Number of Positive 2P Revisions Number [Number of positive 2P Technical Revisions
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Table B.2—Detailed Canadian dataset records.

Detailed Canadian Dataset

Record Title Units Comments
Year End Year Year at end of the period analyzed
Company category Senior, Intermediate or Junior
Company Name Name of the company as state in the database
Product Class Conventional or Unconventional
Fluid MMbls Oil
Fluid Bcf Gas
Fluid MMbls NGL
Bitumen Proved Beginning MMbls Bitumen Proved reserves at Beginning of period analyzed
Bitumen Proved Technical Revisions MMbls Bitumen Proved technical revisions during the period analyzed
Bitumen Proved Economic Factors MMbls Bitumen Proved economic factors during the period analyzed
Bitumen Proved Ending MMbls Bitumen Proved reserves at End of period analyzed
Bitumen Probable Beginning MMbls Bitumen Probable reserves at Beginning of period analyzed
Bitumen Probable Technical Revisions MMbls Bitumen Probable technical revisions during the period analyzed
Bitumen Probable Economic Factors MMbls Bitumen Probable economic factors during the period analyzed
Bitumen Probable Ending MMbls Bitumen Probable reserves at End of period analyzed
Bitumen 2P Beginning MMbls Bitumen Proved-plus-probable reserves at Beginning of period analyzed
Bitumen 2P Technical Revisions MMbls Bitumen Proved-plus-probable technical revisions during the period analyzed
Bitumen 2P Economic Factors MMbls Bitumen Proved-plus-probable economic factors during the period analyzed
Bitumen 2P Ending MMbls Bitumen Proved-plus-probable reserves at End of period analyzed
Coalbed Methane Proved Beginning Bcf Coalbed Methane Proved reserves at Beginning of period analyzed
Coalbed Methane Proved Technical Revisions Bcf Coalbed Methane Proved technical revisions during the period analyzed
Coalbed Methane Proved Economic Factors Bcf Coalbed Methane Proved economic factors during the period analyzed
Coalbed Methane Proved Ending Bcf Coalbed Methane Proved reserves at End of period analyzed
Coalbed Methane Probable Beginning Bcf Coalbed Methane Probable reserves at Beginning of period analyzed
Coalbed Methane Probable Technical Revisions Bcf Coalbed Methane Probable technical revisions during the period analyzed
Coalbed Methane Probable Economic Factors Bcf Coalbed Methane Probable economic factors during the period analyzed
Coalbed Methane Probable Ending Bcf Coalbed Methane Probable reserves at End of period analyzed
Coalbed Methane 2P Beginning Bcf Coalbed Methane Proved-plus-probable reserves at Beginning of period analyzed
Coalbed Methane 2P Technical Revisions Bcf Coalbed Methane Proved-plus-probable technical revisions during the period analyzed
Coalbed Methane 2P Economic Factors Bcf Coalbed Methane Proved-plus-probable economic factors during the period analyzed
Coalbed Methane 2P Ending Bcf Coalbed Methane Proved-plus-probable reserves at End of period analyzed
Natural Gas Proved Beginning Bcf Natural Gas Proved reserves at Beginning of period analyzed
Natural Gas Proved Technical Revisions Bcf Natural Gas Proved technical revisions during the period analyzed
Natural Gas Proved Economic Factors Bcf Natural Gas Proved economic factors during the period analyzed
Natural Gas Proved Ending Bcf Natural Gas Proved reserves at End of period analyzed
Natural Gas Probable Beginning Bcf Natural Gas Probable reserves at Beginning of period analyzed
Natural Gas Probable Technical Revisions Bcf Natural Gas Probable technical revisions during the period analyzed
Natural Gas Probable Economic Factors Bcf Natural Gas Probable economic factors during the period analyzed
Natural Gas Probable Ending Bcf Natural Gas Probable reserves at End of period analyzed
Natural Gas 2P Beginning Bcf Natural Gas Proved-plus-probable reserves at Beginning of period analyzed
Natural Gas 2P Technical Revisions Bcf Natural Gas Proved-plus-probable technical revisions during the period analyzed
Natural Gas 2P Economic Factors Bcf Natural Gas Proved-plus-probable economic factors during the period analyzed
Natural Gas 2P Ending Bcf Natural Gas Proved-plus-probable reserves at End of period analyzed
Heavy Oil Proved Beginning MMbls Heavy Oil Proved reserves at Beginning of period analyzed
Heavy Oil Proved Technical Revisions MMbls Heavy Oil Proved technical revisions during the period analyzed
Heavy Oil Proved Economic Factors MMbls Heavy Oil Proved economic factors during the period analyzed
Heavy Oil Proved Ending MMbls Heavy Oil Proved reserves at End of period analyzed
Heavy Oil Probable Beginning MMbls Heavy Oil Probable reserves at Beginning of period analyzed
Heavy Oil Probable Technical Revisions MMbls Heavy Oil Probable technical revisions during the period analyzed
Heavy Oil Probable Economic Factors MMbls Heavy Oil Probable economic factors during the period analyzed
Heavy Oil Probable Ending MMbls Heavy Oil Probable reserves at End of period analyzed
Heavy Oil 2P Beginning MMbls Heavy Oil Proved-plus-probable reserves at Beginning of period analyzed
Heavy Oil 2P Technical Revisions MMbls Heavy Oil Proved-plus-probable technical revisions during the period analyzed
Heavy Oil 2P Economic Factors MMbls Heavy Oil Proved-plus-probable economic factors during the period analyzed
Heavy Oil 2P Ending MMbls Heavy Oil Proved-plus-probable reserves at End of period analyzed
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Table B.2—Detailed Canadian dataset records. (Continued)

Detailed Canadian Dataset

Record Title

Units Comments

Light & Medium Oil Proved Beginning

Light & Medium Oil Proved Technical Revisions
Light & Medium Oil Proved Economic Factors
Light & Medium Oil Proved Ending

Light & Medium Oil Probable Beginning

Light & Medium Oil Probable Technical Revisions
Light & Medium Oil Probable Economic Factors
Light & Medium Oil Probable Ending

Light & Medium Oil 2P Beginning

Light & Medium Oil 2P Technical Revisions
Light & Medium Oil 2P Economic Factors

Light & Medium Oil 2P Ending

NGL Proved Beginning

NGL Proved Technical Revisions

NGL Proved Economic Factors

NGL Proved Ending

NGL Probable Beginning

NGL Probable Technical Revisions

NGL Probable Economic Factors

NGL Probable Ending

NGL 2P Beginning

NGL 2P Technical Revisions

NGL 2P Economic Factors

NGL 2P Ending

Shale Gas Proved Beginning

Shale Gas Proved Technical Revisions

Shale Gas Proved Economic Factors

Shale Gas Proved Ending

Shale Gas Probable Beginning

Shale Gas Probable Technical Revisions

Shale Gas Probable Economic Factors

Shale Gas Probable Ending

Shale Gas 2P Beginning

Shale Gas 2P Technical Revisions

Shale Gas 2P Economic Factors

Shale Gas 2P Ending

Synthetic Oil Proved Beginning

Synthetic Oil Proved Technical Revisions
Synthetic Oil Proved Economic Factors
Synthetic Oil Proved Ending

Synthetic Oil Probable Beginning

Synthetic Oil Probable Technical Revisions
Synthetic Oil Probable Economic Factors
Synthetic Oil Probable Ending

Synthetic Oil 2P Beginning

Synthetic Oil 2P Technical Revisions

Synthetic Oil 2P Economic Factors

Synthetic Oil 2P Ending

Tight Oil - Shale Oil Proved Beginning

Tight Oil - Shale Oil Proved Technical Revisions
Tight Oil - Shale Oil Proved Economic Factors
Tight Oil - Shale Oil Proved Ending

Tight Oil - Shale Oil Probable Beginning

Tight Oil - Shale Oil Probable Technical Revisions
Tight Oil - Shale Oil Probable Economic Factors
Tight Oil - Shale Oil Probable Ending

Tight Oil - Shale Oil 2P Beginning

Tight Oil - Shale Oil 2P Technical Revisions
Tight Oil - Shale Oil 2P Economic Factors

Tight Oil - Shale Oil 2P Ending

MMbls Light & Medium Oil Proved reserves at Beginning of period analyzed

MMbls Light & Medium Oil Proved technical revisions during the period analyzed

MMbls Light & Medium Oil Proved economic factors during the period analyzed

MMbls Light & Medium Oil Proved reserves at End of period analyzed

MMbls Light & Medium Oil Probable reserves at Beginning of period analyzed

MMbls Light & Medium Oil Probable technical revisions during the period analyzed

MMbls Light & Medium Oil Probable economic factors during the period analyzed

MMbls Light & Medium Oil Probable reserves at End of period analyzed

MMbls Light & Medium Oil Proved-plus-probable reserves at Beginning of period analyzed
MMbls Light & Medium Oil Proved-plus-probable technical revisions during the period analyzed
MMbls Light & Medium Oil Proved-plus-probable economic factors during the period analyzed
MMbls Light & Medium Oil Proved-plus-probable reserves at End of period analyzed
MMbls NGL Proved reserves at Beginning of period analyzed

MMbls NGL Proved technical revisions during the period analyzed

MMbls NGL Proved economic factors during the period analyzed

MMbls NGL Proved reserves at End of period analyzed

MMbls NGL Probable reserves at Beginning of period analyzed

MMbls NGL Probable technical revisions during the period analyzed

MMbls NGL Probable economic factors during the period analyzed

MMbls NGL Probable reserves at End of period analyzed

MMbls NGL Proved-plus-probable reserves at Beginning of period analyzed

MMbls NGL Proved-plus-probable technical revisions during the period analyzed

MMbls NGL Proved-plus-probable economic factors during the period analyzed

MMbls NGL Proved-plus-probable reserves at End of period analyzed

Bcf Shale Gas Proved reserves at Beginning of period analyzed

Bcf Shale Gas Proved technical revisions during the period analyzed

Bcf Shale Gas Proved economic factors during the period analyzed

Bcf Shale Gas Proved reserves at End of period analyzed

Bcf Shale Gas Probable reserves at Beginning of period analyzed

Bcf Shale Gas Probable technical revisions during the period analyzed

Bcf Shale Gas Probable economic factors during the period analyzed

Bcf Shale Gas Probable reserves at End of period analyzed

Bcf Shale Gas Proved-plus-probable reserves at Beginning of period analyzed

Bcf Shale Gas Proved-plus-probable technical revisions during the period analyzed
Bcf Shale Gas Proved-plus-probable economic factors during the period analyzed
Bcf Shale Gas Proved-plus-probable reserves at End of period analyzed

MMbls  |Synthetic Oil Proved reserves at Beginning of period analyzed

MMbls  |Synthetic Oil Proved technical revisions during the period analyzed

MMbls  |Synthetic Oil Proved economic factors during the period analyzed

MMbls  |Synthetic Oil Proved reserves at End of period analyzed

MMbls  |Synthetic Oil Probable reserves at Beginning of period analyzed

MMbls  |Synthetic Oil Probable technical revisions during the period analyzed

MMbls  |Synthetic Oil Probable economic factors during the period analyzed

MMbls  |Synthetic Oil Probable reserves at End of period analyzed

MMbls  |Synthetic Oil Proved-plus-probable reserves at Beginning of period analyzed
MMbls  |Synthetic Oil Proved-plus-probable technical revisions during the period analyzed
MMbls  |Synthetic Oil Proved-plus-probable economic factors during the period analyzed
MMbls  |Synthetic Oil Proved-plus-probable reserves at End of period analyzed

MMbls  |Tight Oil - Shale Oil Proved reserves at Beginning of period analyzed

MMbls  |Tight Oil - Shale Oil Proved technical revisions during the period analyzed

MMbls  |Tight Oil - Shale Oil Proved economic factors during the period analyzed

MMbls  |Tight Oil - Shale Oil Proved reserves at End of period analyzed

MMbls |Tight Oil - Shale Oil Probable reserves at Beginning of period analyzed

MMbls  |Tight Oil - Shale Oil Probable technical revisions during the period analyzed

MMbls  [Tight Oil - Shale Oil Probable economic factors during the period analyzed

MMbls  |Tight Oil - Shale Oil Probable reserves at End of period analyzed

MMbls |Tight Oil - Shale Oil Proved-plus-probable reserves at Beginning of period analyzed
MMbls |Tight Oil - Shale Oil Proved-plus-probable technical revisions during the period analyzed
MMbls |Tight Oil - Shale Oil Proved-plus-probable economic factors during the period analyzed
MMbls  |Tight Oil - Shale Qil Proved-plus-probable reserves at End of period analyzed
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Table B.2—Detailed Canadian dataset records. (Continued)

Detailed Canadian Dataset

Record Title

Proved Beginning

Proved Technical Revisions

Proved Economic Factors

Proved Ending

Probable Beginning

Probable Technical Revisions
Probable Economic Factors

Probable Ending

2P Beginning

2P Technical Revisions

2P Economic Factors

2P Ending

Production

Year Production

Proved Technical Revisions change %
2P Technical Revisions change %
Number of Positive Proved Revisions
Number of Positive 2P Revisions

Units Comments
MMboe |Total Proved reserves at Beginning of period analyzed
MMboe |Total Proved technical revisions during the period analyzed
MMboe |Total Proved economic factors during the period analyzed
MMboe |Total Proved reserves at End of period analyzed
MMboe |Total Probable reserves at Beginning of period analyzed
MMboe |Total Probable technical revisions during the period analyzed
MMboe |Total Probable economic factors during the period analyzed
MMboe |Total Probable reserves at End of period analyzed
MMboe |Total Proved-plus-probable reserves at Beginning of period analyzed
MMboe |Total Proved-plus-probable technical revisions during the period analyzed
MMboe |Total Proved-plus-probable economic factors during the period analyzed
MMboe |Total Proved-plus-probable reserves at End of period analyzed
MMboe |Cumulative production during the period analyzed
BOE/D Production rate of the year analyzed
% Ratio Proved technical revision / Proved Beginning
% Ratio 2P technical revision / 2P Beginning
Number |[Number of positive Proved Technical Revisions
Number |Number of positive 2P Technical Revisions

Table B.3—U.S. dataset records.

Company Name

Proved at Beginning

Proved Natural Gas

Proved Oil and Condensate

Proved NGL

Proved at End

Production

Production

Revisions Natural Gas

Revisions Oil and Condensate
Revisions NGL

Total Revisions

Revisions due Price

Total Revisions other than price
Total Revisions % change

Revisions Other than price % change
Number of Positive Total Revisions
Number of Positive Revisions Other than price

U.S Dataset
Record Title Units Comments
Year End Year Year at end of the period analyzed
Company Category Senior, Intermediate or Junior

Name of the company as state in the database
Total Proved reserves at Beginning of period analyzed
Bcf Proved Natural Gas reserves at end of period analyzed

MMbls Proved Oil and Condensate reserves at end of period analyzed
MMbls Proved NGL reserves at end of period analyzed

MMboe |Total Proved reserves at End of period analyzed

MMboe [Cumulative production during the period analyzed

BOE/D Production rate of the year analyzed
Bcf Proved revisions of Natural Gas during the period analyzed

MMbls Proved revisions of Oil and Condensate during the period analyzed
MMbls Proved revisions of NGL during the period analyzed
MMboe |Total Proved revisions during the period analyzed
MMboe |Total Proved revisions due price during the period analyzed
MMboe [Difference between Total Revisions and Revisions due Price
% Ratio Total Revisions / Proved at Beginning
% Ratio Total Revisions Other than Price / Proved at Beginning
Number [Number of positive Total Revisions
Number |Number of positive Total Revisions other than price
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APPENDIX C

CANADIAN COMPANIES 1P AND 2P RESERVES CHANGES (%) BY YEAR

Reserves Change, (%)
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Fig. C.1—Canadian companies proved reserves changes (%) for year 2008.
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Reserves Change, (%)
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Fig. C.2—Canadian companies proved-plus-probable reserves changes (%) for year 2008.
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Fig. C.3—Canadian companies proved reserves changes (%) for year 2009.
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Reserves Change, (%)

40 %

35 %

30 %

25%

20 %

15 %

10 %

5%

0%

-5%

=10 %

15 %

=20 %

-25 %

38%

26 %

0% 0% 0%

M senior
I Intermediate
Junior

0% 1%
2% 30 40,

6%

-24%

Company
Name

Granite Oil Corp

TransGlobe Energy Corporation
Terra Energy Corp

ARC Resources Ltd.

Crescent Peint Energy Corp
Paramount Resources Ltd

Niko Resources Ltd

Delphi Energy Corp

Bellatrix Exploration Ltd.
Advantage Oil

NuVista Energy Ltd

Connacher Qil and Gas Limited
Iren bridge -former RMP Energy Inc
Canacol Energy Ltd

2P Initial
Reserves

118
19.79
31.24

9
19085
36.38
27508
213
38.28
173.42
TS5
37947
17.75
134

Technical
Revisions

0.44

2P Reserves
(%) Change
378 %
257 %
58 %
21 %
D.4 %
0.3 %
0.0 %
0.4 %
08 %
-1.8 %
-2.4 %
28 %
£.3%
-242 %

Fig. C.4—Canadian companies proved-plus-probable reserves changes (%) for year 2009.
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Fig. C.5—Canadian companies proved reserves changes (%) for year 2010.
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Fig. C.6—Canadian companies proved-plus-probable reserves changes (%) for year 2010.
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Fig. C.7—Canadian companies proved reserves changes (%) for year 2011.
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Fig. C.8—Canadian companies proved-plus-probable reserves changes (%) for year 2011.
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Fig. C.9—Canadian companies proved reserves changes (%) for year 2012.

109




30%

8 v
28% Company 2P Initial Technical 2P Reserves
Name Reserves Revisions (%) Change
Canacol Energy Ltd 082 308 281 %
25 % Year 2012 Advantage Oil 255,44 2616 D%
TransGlobe Energy Corporation 442 486 1M0%
ARC Resources Ltd. 57237 4130 2%
Tourmaline Qil Corp 269.30 18.08 67%
20 % Suncor Energy Inc. 255355 167 67 56%
Bellatrix Exploration Ltd. B7.44 419 B2%
Vermilion Energy Inc 14623 7.96 54%
. Crescent Point Energy Corp 42478 768 2%
15 %, Senior Whitecap Resources Inc. 3853 162 2%
. Cenovus Energy Inc 2660 67 88.50 28%
. |nte rmed|ate Iron bridge -former RMP Energy Inc 2268 034 15%
= Canadian Natural 753782 101.33 13%
3
X 10 % Junior Pengrowin Energy Corporation 32989 353 1%
~ Bonavista Energy Corporation 34138 272 05 %
o Husky Energy Inc 2850 88 17.18 06%
o0 NuVista Energy Ltd 10966 075 oT%
c 50, Repsol Oil & Gas Canada Inc. ("R... N2 2420 1%
© Paramount Resaurces Ltd 53.02 153 29%
N Strategic Oil & Gas Ltd 527 018 24%
(@) Peyto Exploration & Development ... 2226 1163 26%
083 s

" 0% Granite Oil Corp 969 063 £5%
[} Delphi Energy Corp 401D ¥ D%
> Connacher Oil and Gas Limited 50375 4511 £D%
E Terra Energy Corp 4115 431 05 %
s 50, Parex Resources Inc. 071 136 27 %
Q Surge Energy Inc 3221 562 ATE%
o Niko Resources Ltd 6231 140 25%

-10 %

15 %

-18%
20 %
23%
25%

Fig. C.10—Canadian companies proved-plus-probable reserves changes (%o) for year 2012.

40 % 9% Company Proved Initial Technical Reserves (%)
Name Reserves Revisions Change

. Parex Resources Inc. 1008 393 9%
36 % Strategic Oil & Gas Ltd 402 1.43 6%
35 % Granite Oil Corp 1436 323 23%
Bellatrix Exploration Ltd. 5522 108 20%
Vermilion Energy Inc 10526 18.35 7%
30 9% Niko Resources Ltd 6114 908 15%
° Paramount Resources Lid 5085 7.18 14%
: PetroShale Inc 03s 002 1%
. Senior Crescent Point Energy Corp 400.37 3038 8%
o H Delphi Energy Corp 2374 152 6%
. 25% 2% . Intermediate ARC Resources Ltd. 38391 19.18 5%
o f Terra Energy Corp 3313 172 5%
é, Junior Advantage Oil 193.94 a73 5%
-~ 20 % Nuvista Energy Ltd 5915 282 5%
gJD Whitecap Resources Inc. s0se 248 4%
c Husky Energy Inc 115200 4598 4%
© 159 Iron bridge -former RMP Energy Inc 1486 058 4%
< o Suncor Energy Inc. 146817 5433 4%
(] Canadian Natural o183z 17088 3%

7] Cenovus Energy Inc 27547 3867 2
g 10 % Tourmaline 0il Corp 240.08 458 2%
c Pengrowth Energy Corporation 29925 485 2%
[ Bonavista Energy Corporation 21841 322 1%
$ Connacher Oil and Gas Limited 21401 179 1%
I~ 59, Jura Energy Corp. 1058 e 1%
Raging River Exploration Inc. 1158 010 1%
1o 9, Repsol Oil & Gas Canads Inc. ("ROGCT") 103072 1578 ERS
TransGlobe Energy Corporation 3277 050 2%
0% Peyto Exploration & Development Corp 27635 1226 4%
Cardinal Energy Inc 268 018 7%
Surge Energy Inc 2812 277 0%

59 Canacol Energy Ltd 1131 1.30 12

-10 %

12%

Fig. C.11—Canadian companies proved reserves changes (%) for year 2013.
110



21%

Company ZP Initial Technical 2P Reserves
20 % Name Reserves Revisions (%) Change «

Parex Resources Inc. 16.10 3.36 209 %

PetroShale Inc 0.37 0.04 10.5 %

Year 2013 Granite Oil Corp 2018 196 a7 %
Vermilion Energy Inc 16487 1.77
15 % Iron bridge -former RMP Energy Inc 2679 1.80
Delphi Energy Corp 4299 278
Niko Resources Ltd 9774 501
Advantage Oil 31005 11.47
11 % ARC Resources Ltd. 606.98 21.34
10 % 10 % . Senlor‘ Crescent Point Energy Corp 603.80 2010
Terra Energy Corp 4503 111
o . | nte rm ed | ate NuVista Energy Ltd 9407 1.85
? 7'7 o Husky Energy Inc 291528 45.55
< Junior e T
-~ o ging River Exploration Inc. 5
() 5 A ‘Whitecap Resources Inc. 8745 005
téo Canadian Natural 7585.50 083
© Pengrowth Energy Corporation 51091 009
< Connacher Oil and Gas Limited 451.40 -070
(@] Jura Energy Corp. 3236 007
w 0% Bonavista Energy Corporation 37222 3.4
g Paramount Resources Ltd 179.93 -4.16
fel Peyto Exploration & Development ... 39180 1155
(] Cenovus Energy Inc 3088.50 -81.50
$ Strategic Oil & Gas Ltd 8.18 -0.27
e 5% Bellatrix Exploration Ltd. 10373 405
Suncor Energy Inc. 264083 -137.17
Repsol Oil & Gas Canada Inc. ("R... 1709 68 -121.47
Cardinal Energy Inc 352 -0.28
Surge Energy Inc 46.12 -4.94
-10 % Canacol Energy Ltd 17.79 255
TransGlobe Energy Corporation 4572 718

15%

Fig. C.12—Canadian companies proved-plus-probable reserves changes (%o) for year 2013.

83 % Company Proved Initial Technical Reserves (%)

Name Reserves Revisions Change  ~
80 % Seven Generations Energy Lid. 107.22 3233 3%
Parex Resources Inc. 1718 227 435
Year 2014 Canacol Energy Ltd 2435 222 3
PetroShale Inc. 055 0.18 3%
70 % Strategic Oil & Gas Lt 868 133 2%
Kelt Exploration Ltd. 3518 536 18%
Cardinal Energy Inc 1375 208 15%
. Iron bridge -former RMP Energy Inc 1878 28 14%
60 % . Senlor Advantage Oil 178.47 2095 12%
o Bellatrix Exploration Ltd. 124.11 14.07 "%
. |ntermed|ate NuVista Energy Ltd 5046 350 1%
—_ Raging River Exploration Inc. 3133 208 0%
X Junior Crescent Point Energy Corp 43277 3282 3%
= 50 % Vermilion Energy Inc 128.95 264 3%
- Surge Energy Inc 4350 278 5%
(0] Tourmaline Oil Corp 31629 19.58 6%
oo Delphi Energy Corp 3608 204 8%
% 40 % Niko Resources Ltd 64.50 348 5%
Jura Energy Corp. 1075 053 5%
< Paramount Resources Ltd 767 407 5%
o ARC Resources Lid. 37388 16.50 4%
%] 30% Bonavista Energy Corporation 25622 283 4%
[ Cenovus Energy Inc 228417 5733 3%
E Terra Energy Corp 5410 1528 3%
r) Suncor Energy Inc. 1965.50 5533 3%
wv 0 Canacian Natural 5137.50 9550 2%
[J] 20 AJ Pengrowth Energy Corporation 30645 585 2%
o Husky Energy Inc 126470 2168 2%
Whitecap Resources Inc. 9458 084 1%
Connacher Qil and Gas Limited 21206 013 0%
10 % Repsol Oil & Gas Canada Inc. ("ROGCI") 104,43 843 A%
Peyto Exploration & Development Corp 30444 555 2%
D igegar Granite Oil Corp 2822 128 5%
1% % TransGlobe Energy Corporation 3182 414 3%

0%

-10 %

13 %

Fig. C.13—Canadian companies proved reserves changes (%o) for year 2014.
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26 %

Company 2P Initial Technical 2P Reserves
259, - Nalme Reserve;] - Rev\smn:ﬁ - (%)cm;:: %v
arex Resources Inc. 3 5 5
Year 2014 Iron bridge -former RMP Energy Inc 3167 357 1.3%
PetroShale Inc 070 007 10.4%
Canacol Energy Ltd 37.86 381 101 %
o Kelt Exploration Ltd. 59.03 561 95%
20 % NuVista Energy Ltd 13923 a70 70%
Tourmaline Oil Corp 585,50 26.28 45%
Vermilion Energy Inc 20025 595 45%
Advantage Oil 289.84 1004 35%
Delphi Energy Corp 6160 185 2%
15 % . Seven Generations Energy Ltd. 283.25 533 29%
. Se n | 0 r Crescent Point Energy Corp 68378 1475 22%
Jura Energy Corp. 3238 054 17%
’\3 111'?'“ . Intermediate ARC Resources Lid. 63357 EES) 18%
2, o 101“6.% . Strategic Oil & Gas Ltd 12.71 018 12%
- 10 % JUnlor Cenovus Energy Inc 320717 3450 11%
(V] Whitecap Resources Inc. 132.30 075 06 %
oY) Canadian Natural 7991.17 20.83 0.4%
c Husky Energy Inc 312673 11.00 D.4%
© Pengrowth Energy Corporation 47664 141 02
6 5 % Bonavista Energy Corporation 398.53 038 D1 %
Connacher Oil and Gas Limited 44538 028 1%
“ Raging River Exploration Inc. 4273 031 D7 %
c|>_) Repsol Oil & Gas Canada Inc. ("R.. 1840.37 -19.95 2%
j Peyto Exploration & Development ... 46776 1058 23%
g 0% Cardinal Energy Inc 2116 054 26%
] Bellatrix Exploration Ltd. 211.48 586 28%
o surge Energy Inc 73.46 261 26%
Suncor Energy Inc. 3108.33 12267 35%
Paramount Resources Ltd 22728 902 40%
-5 Niko Resources Ltd 58.56 5.48 6%
Terra Energy Corp 7458 508 5%
Granite Oil Corp 39.41 455 SME%
TransGlobe Energy Corporation 4528 B 156 %
-10 %
-12%
15 %
-16 %

Fig. C.14—Canadian companies proved-plus-probable reserves changes (%o) for year 2014.

)
120 % 12% Company Technical Reserves (%)
Name Revisions Change  ~
PetroShale Inc 737 RS
Parex Resources Inc. 1038 5%
%
100 % Niko Resources Ltd 490 145
Year 2015 Kelt Exploration Ltd. 634 10%
ARC Resources Ltd. 57.37 10%
Cardinal Energy Inc 281 5%
80 % Advantage Oil 1576 3%
° Tourmaline Oil Corp a2 8%
. Paramount Resources Ltd 17588 EEA
Senior Seven Generations Energy Ltd. 3149 8%
. TransGlobe Energy Corperation 154 T
60 % . Intermedlate Canacol Energy Ltd 331 7%
= B Strategic Oil & Gas Ltd 040 8%
°\ Jun|0r Vermilion Energy Inc 8.40 6%
~ Whitecap Resources Inc. 634 4%
~ -
Crescent Point Energy Con 21.21 4%
) 40 % ) oy 2o

o0 Iron bridge -former RMP Energy Inc 100 45
c . Cenovus Energy Inc 8017 3%
© 26 % Granite Oil Corp 101 25
- Repsol Oil & Gas Canada Inc. ("ROGCI") 2143 3%
O 20 % 14.% Terra Energy Corp 152 2%
%) 1040 g g« Canadian Natural 94.00 2%

] 8 88877 oy gy Surge Energy Inc 112 2
E 333299 4o Connacher Oil and Gas Limited 174 1%
O 0% Peyto Exploration & Development Corp EFS LE
0 ° 0.4 Bellatrix Exploration Ltd. 077 %

1290
] 237 5.9 Husky Energy Inc -13.50 %
£ %

o Bonavista Energy Corporation 515 2%
Pengrowth Energy Corporation 586 2%
=20 % Raging River Exploration Inc. 428 A%
NuVista Eneray Ltd 487 4%
Suncor Energy Inc. 0117 =%
Delphi Energy Corp 246 &%
807 £4%

-40 % Jura Energy Corp.

-84 %

Fig. C.15—Canadian companies proved reserves changes (%) for year 2015.
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100 %

91 %
90 © Company 2P Initial Technical 2P Reserves
/u Name Reserves Revisions (%) Change
PetroShale Inc 1026 .38 B4%
80 % Year 2015 Parex Resources Inc. 63.42 6.81 100 %
Kelt Exploration Ltd. 8811 532 50%
70 % Cardinal Energy Inc 4303 2.42 58%
TransGlobe Energy Corporation 3348 188 58%
60° ARC Resources Ltd. 67274 3535 53%
%o Tourmaline Oil Corp 855.41 4252 50%
Iron bridge -former RMP Energy Inc 4197 131 2%
50 % Advantage Oil 300.56 5985 0%
Canacol Energy Ltd 7568 168 22%
40 % . Senior Paramount Resources Ltd 44055 8.06 18%
Vermilion Energy Inc 246.88 202 D&%
o\° 30 % . |ntermed|ate Whitecap Resources Inc. 218.18 168 D8 %
- Seven Generations Energy Ltd. 733.63 520 07 %
~ Junior Repsol Oil & Gas Canada Inc. ('R... 138120 4.43 D3%
o,
gJD 20 % Canadian Natural 5591.33 15.50 D2%
c 10 % Connacher Oil and Gas Limited 441.03 106 02
© 10 % 666557 Crescent Point Energy Corp 80739 031 00%
< 337 29110000% Granite Oil Corp 51.70 006 01%
O 0% - Peyto Exploration & Development ... 531.44 062 01%
(%] 000A%" l—l'lll NuVista Energy Ltd 21881 060 03%
g 10 % ‘3-3-4.4_55_f§ Exp Terra Energy Corp 3025 038 05%
. o T-13389% Husky Energy Inc 3149.20 -TT.45 25%
g Niko Resources Ltd 9104 281 28%
o -20% Bonavista Energy Corporation 42677 1518 26%
[a'e Surge Energy Inc 12,04 46T 42
=30 % Raging River Exploration Inc. 63.55 289 A5%
Cenovus Energy Inc 3921.00 -180.83 4E%
40 % Pengrowth Energy Corporation 556.65 3318 £0%
Bellatrix Exploration Ltd. 243.87 -16.43 £E%
o Suncor Energy Inc. 292633 -20467 T0%
-50 % Strategic Oil & Gas Ltd 1392 ERTI 20%
Delphi Energy Corp 7433 -6.03 81 %
-60 % Jura Energy Corp. 3517 2735 TTB%
70 %
-80 % 78 %

Fig. C.16—Canadian companies proved-plus-probable reserves changes (%) for year 2015.

45% sy

Company Technical Reserves (%)
Name Revisions Change  ~

40 % Seven Generations Energy Lid. 4235 180.18 2%
Year 2016 TransGlobe Energy Corporation 1750 550 2%
PetroSnale Inc 19.45 297 2%
Parex Resources Inc. 46.01 EE 2%
35 % Cardinal Energy Inc 4392 758 17%
32 % Advantage Oil 213.19 268 15%
. Strategic Ol & Gas Ltd £53 on %
30 % . Senior ARC Resources Ltd. ELEES 4204 %
. ‘Vermilion Energy Inc 160.70 16.24 10 %
. . Intermediate Kelt Exploration Ltd. s3.33 508 0%
) ) : Canacol Energy Ltd s07s EE 8%
é 8% Junior Terra Energy Corp 7068 548 8%
N Husky Energy Inc 132410 EEES 7%
gJD 209 Bellatrix Exploration Ltd. 14350 330 7%
c Canadian Natural 571267 36417 &%
© Paramount Resources Ltd 22835 13.60 8%
< Crescent Point Energy Corp 59208 243 5%
(@] 15 % Granite Oil Corp 147 0.48 1%
u Pengrowth Energy Corporation 25175 761 3%
g Cenovus Encrgy Inc 254817 7.7 3%
o 10 % Tourmaline Oil Corp 54406 1571 2%
g ‘Whitecap Resources Inc. 199.61 412 2%

4} Surge Energy Inc 5278 104 2
o 59 NuVista Energy Ltd 7.8 211 2%
Repsol Oil & Gas Canada Inc. ("ROGCI") 79895 8.87 1%
Peyto Exploration & Development Corp 7480 353 1%
0y Bonavista Energy Corparation 26222 478 A%
o Iron bridge -former RMP Energy Inc 2527 041 2%
Raging River Exploration Inc. sr.3e Ep 2%
Delphi Energy Corp 2388 ERE 5%
5% Suncor Energy Inc. 2028.67 -156.00 5%
Jura Energy Corp. 400 042 0%
Niko Resources Lid 27.14 .00 B

-10 % i,
1%

Fig. C.17—Canadian companies proved reserves changes (%) for year 2016.
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Name
TransGlobe Energy Corporation
Cardinal Energy Inc
PetraShale Inc
Parex Resources Inc.
Seven Generations Energy Ltd.
Kelt Exploration Ltd.
Advantage Oil
Strategic Oil & Gas Ltd
ARC Resources Ltd.
Terra Energy Corp
Husky Energy Inc
Vermilion Energy Inc
Paramount Resources Ltd
Canadian Natural
Bellatrix Exploration Ltd.
Pengrowth Energy Corporation
Crescent Point Energy Corp
Tourmaline il Corp
NuVista Energy Ltd

Peyto Exploration & Development ..

Granite Oil Corp
Whitecap Resources Inc.
Repsol il & Gas Canada Inc.
Suncor Energy Inc.

Canacol Energy Ltd
Bonavista Energy Corporation
Cenovus Energy Inc

Iron bridge -former RMP Energy Inc
Jura Energy Cormp.

Surge Energy Inc

Raging River Exploration Inc.
Delphi Energy Corp

Niko Resources Ltd

2P Initial

Reserves
2870
59.53

Technical
Revisions
510
5.48
383
922
8172
12.46
2485
0.81
3255
426
106.60
972
882
157.17
237

2P Reserves
(%) Change v
178%
143%
143%
3%
a5%
83%
768%
T2%
47%
4T%
7%

Fig. C.18—Canadian companies proved-plus-probable reserves changes (%) for year 2016.
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APPENDIX D

U.S. COMPANIES 1P RESERVES CHANGES (%) BY YEAR

Reserves Change, (%)

12%

Company Name 1P Initial ROTP

12% "% DORCHESTER MINERALS, L P 14 2

CHESAPEAKE ENERGY CORP 1813 208

. ANADARKO PETROLEUM CORP 2431 183

10% SOUTHWESTERN ENERGY CO 242 18

PIONEER NATURAL RESOURC... 564 a7

WHITING PETROLEUM CORP 251 8

8% PDC EMERGY, INC. 114 3

DEVON ENERGY CORPIDE 2496 2

. Senior ENGANA CORP 2543 2

6% . EOG RESOURCES ING 1291 7

. Intermediate QEP RESOURCES, INC 31 2

A . NOBLE ENERGY ING 30 2

4% Junior EQT CORP 447 o

CABOT OIL & GAS CORP 269 0

CONTINENTAL RESOURCES, INC 138 [

2% NEWFIELD EXPLORATION CO ... 416 ]

LINN ENERGY. INC 238 [

CIMAREX ENERGY CO 245 2

0% RANGE RESOURCES CORP ar2 7

CNX RESOURCES GORP 223 =

APACHE CORP 2445 54

2% CONCHO RESOURCES INC o1 3

APPROACH RESOURCES ING 20 3

DEMBURY RESOURCES INC 195 8

49 SM ENERGY CO 181 7

4'449, ENERGEN CORP 292 12

OASIS PETROLEUM INC. 4 [
6%
8%
10 %

12 % "

ROTP
% changew
12%
1 %

Fig. D.1—U.S. companies proved reserves changes (%) for year 2008.
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12%

Company Name 1P Initial ROTP % change
12 % Chix RESOURCES GORP 237 30 12%
ANADARKO PETROLEUM CORP 2277 212 9%
109% CIMAREX ENERGY GO 223 12 &%
SOUTHWESTERN ENERGY CO 384 15 4%
PIONEER NATURAL RESOURC... 260 37 4%
8% RANGE RESOURCES CORP 442 15 3%
DORCHESTER MINERALS, LP. 14 o 3%
. WHITING PETROLEUM CORP 239 8 2%
6% . Senior LINM ENERGY, INC 277 7 2%
. PDC ENERGY INC. 128 3 2%
. 49, . Intermediate DEVON ENERGY CORPIDE 1998 37 2%
o\o ° CONTINENTAL RESOURCES, INC 159 1 1%
= OASIS PETROLEUM INC. 2 o 0%
d 2% DENBURY RESOURCES INC 250 0 0%
o0 EOG RESOURCES ING 1443 -18 A%
C EQT CORP 518 -7 1%
© 0% APACHE CORP 2401 a7 2%
6 APPROACH RESOURCES INC 35 -1 2%
n 29, CONCHO RESOURCES ING 137 3 2%
[J] ENCANA CORP 2817 -72 2%
c QEP RESOURCES, INC 370 -13 4%
[J) -4 % ‘CHESAPEAKE ENERGY CORP 2008 -74 -4 %
0 ENERGEN CORP 254 -10 4%
g NEWFIELD EXPLORATION CO /. 482 -20 -4 %
6 % NOBLE ENERGY ING 264 37 4%
CABOT OIL & GAS CORP 324 -18 5%
8% SMENERGY CO 144 -10 T%
WRX ENERGY, INC. 760 -12 -15 %
10 %
A12%
14 %
16 %
Fig. D.2—U.S. companies proved reserves changes (%) for year 20009.
9
15 % 1% ROTP
Company Name 1P Initial ROTP % change ~
OASIS PETROLEUM INC. 13 2 14%
DORCHESTER MINERALS, LP. 13 2 13%
109 CONTINENTAL RESOURCES. INC 257 28 1%
° ANADARKQ PETROLEUM CORP 2304 245 1%
SOUTHWESTERN ENERGY GO 609 51 3%
CIMAREX ENERGY CO 256 17 7%
ENCANA CORP 1920 125 T%
. CABOT OIL & GAS CORP 343 17 5%
5% PDC ENERGY, INC. 120 4 4%
RANGE RESOURCES CORP 521 18 3%
—_ DENBURY RESOURGES INC 208 & 3%
X QEP RESOURCES, INC. 258 13 25
~ WHITING PETROLEUM CORP 278 4 2%
[0} 0% DEVON ENERGY CORP/IDE 2330 2% 1%
<T] PICNEER NATURAL RESOURC... S 7 1%
g CHESAPEAKE ENERGY CORP 2378 -1 0%
= ENERGEN GORP 258 -1 0%
(@] APACHE GORP 2387 Bl 0%
%) 5 APPROACH RESOURCES INC ES [ A%
g WPX ENERGY, ING 753 16 2%
— SM ENERGY CO 129 -2 2%
9’ CONCHO RESOURCES INC 212 -5 3%
Q EOG RESOURGCES INC 1796 -B6 -4 %
o oy . Senior LINN ENERGY. ING 285 12 =%
NOBLE ENERGY ING 820 -40 5%
H NEWFIELD EXPLORATION CO /... 603 58 0%
. Intermedlate EQT CORP 878 -101 15 %
J u n ior CNX RESOURCES CORP 319 -BE 21 %
=15 %
20%

Fig. D.3—U.S. companies proved reserves changes (%) for year 2010.
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25% 449 B ROTP
Company Name 1P Initial ROTP % change~
DORCHESTER MINERALS, LB 14 3 24%
Year 2011 AMADARKO PETROLEUM CORF 2422 210 8%
RAMGE RESOURCES CORP 740 a7 5%
20 % WHITING PETROLEUM CORP 305 14 5%
SM ENERGY CO 164 3 2%
CASOT OIL & GAS GORP 250 4 1%
EP ENERGY CORP 25 s 1%
CONTINENTAL RESOURCES, ING £ 2 1%
15 % SOUTHWESTERN ENERGY CO 823 4 1%
APPROACH RESOURCES INC 51 ] 0%
. Senior BONANZA CREEK ENERGY, INC. 2 0 0%
CHESAPEAKE ENERGY CORP 2843 3 0%
— o . Intermediate CIMAREX ENERGY CO 314 2 A%
O\Q 10 A 9% OASIS PETROLEUM INC. 40 0 -1 %
‘-: Junior QEP RESOURCES, INC. 505 -4 -1 %
[0 PIGNEER NATURAL RESOURC... 1011 10 A%
Qo DEMBURY RESOURCES ING 295 37 2%
g 50 ChX RESOURCES CORP 22 12 2%
2 APACHE CORP 2053 58 2%
o DEVON ENERGY CORPIDE 2434 52 2%
a EOG RESOURCES INC 1850 43 2%
I ENERGEN CORP 2 3 2%
b 0% ENCANA CORP 2308 55 2%
] WRX ENERGY. INC. 72 2 2%
" CONCHO RESOURCES INC 323 -10 3%
[0} NOBLE ENERGY INC 1092 -49 5%
o ANTERO RESOURCES CORP ES & 5%
5% LINN ENERGY. ING. 433 25 £%
EQT GORP =70 ES T%
HEWFIELD EXPLORATION GO /.. 12 43 A%
CONTANGO OIL & GAS CO E = D%
10 POC ENERGY. INC 142 25 AT %
- o
15%
A7 %
Fig. D.4—U.S. companies proved reserves changes (%) for year 2011.
20% 490, ROTP
Company Name 1P Initial ROTP % change»
QEP RESOURCES, INC. 802 112 19%
Yea r 20 12 AMADARKO PETROLEUM CORP 2530 252 14%
o DORCHESTER MINERALS, LP. 15 2 13%
15% 14% ENCANA CORP 2273 251 11 %
CABOT OIL & GAS CORP =05 El 10%
CHX RESOURCES CORP s30 40 T
EDG RESOURCES ING 2054 138 %
10% ANTERO RESOURCES CORP 238 54 8%
o RANGE RESOURCES CORP 242 18 2%
f HEWFIELD EXPLORATION CO /. 52 13 2
. Senior WHITING PETROLEUM GORP 225 B 1%
: CONTINENTAL RESOURGES, ING sz 4 1%
;\? 509, . Intermediate EP ENERGY CORP 820 1 0%
= Junior APACHE GORP 2990 0 0%
m EQT GORP 294 o 0%
o0 WX ENERGY. ING. 245 0 0%
c DENBURY RESOURCES INC 462 -10 2%
_g 0% OASIS PETROLEUM ING 78 2 E
O PIONEER NATURAL RESCURC. 1083 27 K
DEVON ENERGY CORPIDE 2548 74 %
g ENERGEN CORP 243 13 4%
> CONTANGO OIL & GAS GO 42 2 4%
CILJ 59 (CONCHO RESOURCES ING 237 EE =%
n CHESAPEAKE ENERGY CORP 3131 226 7%
] SMENERGY GO 210 EH 7%
o NOBLE ENERGY INC 1210 26 2%
CIMAREX ENERGY GO £ 28 2%
=10 % PDC ENERGY, INC. 168 18 11 %
SOUTHWESTERN ENERGY GO 382 -108 1%
A% BONANZA CREEK ENERGY, INC. 44 7 5%
LINN ENERGY, INC. 562 22 5%
APPROACH RESOURCES ING Hd -15 20%
15%
-16 %
-16 %
=20 % 20%

Fig. D.5—U.S. companies proved reserves changes (%) for year 2012.
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ROTP

o 0% Company Name 1P Initial ROTR % changew
20 % Year 2013 DORCHESTER MINERALS, L. 14 3 0%
ANADARKO PETROLEUM CORP 2580 370 14 %
CABOT OIL & GAS CORP 640 62 0%
15 % 14% SOUTHWESTERN ENERGY CO 670 47 7%
NOBLE ENERGY INC 1184 a2 7%
RANGE RESOURCES CORP 1084 75 7%
CNX RESQURCES CORP 866 29 4%
10% WPX ENERGY, INC. 743 2 4%
DASIS PETROLEUM INC. 142 s 4%
EOG RESOURCES INC 1811 48 3%
50 WHITING PETROLEUM CORP 379 7 2%
\O /u SM ENERGY CO 283 &4 1%
< DENBURY RESOURCES INC g 5 1%
qJ\ APACHE CORP 2852 33 1%
(oY) 0 % EP ENERGY CORP 578 6 1%
c NEWFIELD EXPLORATION CO .. =57 4 1%
© ENERGEN CORP 345 -2 1%
< CONCHO RESOURCES ING a7 18 4%
O 5% DEVON ENERGY GORPIDE 2435 -104 4%
Hf LINN ENERGY, INC. 759 35 4%
S APPROACH RESOURCES ING ES = s%
e 10 ﬂ/ EQT CORP 1001 -58 £%
e ° CHESAPEAKE ENERGY CORP 2615 191 T%
Q CIMAREX ENERGY CO 376 -35 L%
o CONTANGO OIL & GAS CO ar “ 0%
-15 % . Senior CONTINENTAL RESOURCES, INC 785 -96 -12%
ANTERO RESOURCES CORP 822 -117 14 %
i EONANZA CREEK ENERGY, INC. 52 -10 2%
I Intermediate
20 ﬂ/ QEP RESQURCES, INC. 856 -135 21 %
20% . . .
Junior FDC ENERGY, INC. 183 5 24%
ENCANA CORP 1875 -439 -30%
PIONEER NATURAL RESOURC .. 1086 -330 -20 %
=25 %
309
30 % Py,
30%
Fig. D.6—U.S. companies proved reserves changes (%) for year 2013.
ROTP
16 % Company Name 1P Initial ROTP % change v
o AMADARKQO PETROLEUM CORP 2792 440 16 %
15 /“ DORCHESTER MINERALS, LP. 15 2 14 %
BONAMZA CREEK ENERGY, INC. 70 7 n%
CABOT OIL & GAS CORP 909 82 9%
NEWFIELD EXPLORATION CQ /. 813 48 2%
o SQUTHWESTERN ENERGY CO 1183 3 7%
10 /" CHNX RESOURCES CORP 955 36 4%
CIMAREX ENERGY CO 416 15 4%
WHITING PETROLEUM CORP 439 16 4%
EOQG RESOURCES INC 2n1s 49 2%
5 n/ SM ENERGY CO 429 7 2%
’? ° NOBLE ENERGY INC 1406 18 1%
Q\ APACHE CORP 2646 " 0%

- QEP RESOURCES, INC. 877 -2 0%
()] DENBURY RESQURCES INC 458 -4 -1 %
[T} 0 “/ EP ENERGY CORP 547 -10 -2%
c ° RANGE RESOURCES CORP 1367 =27 -2%

g CONCHO RESOURCES INC 203 -12 2%
(@) ENCANA CORP 1528 -42 2%
" CHESAPEAKE ENERGY CORP 2673 72 2%
Q 0, DEVON ENERGY CORP/DE 2411 -84 2%
5%
> EQT CORP 1381 -45 -4 %
a LINN ENERGY, INC. 1067 -54 5%
%] APPROACH RESOURCES INC 115 7 5%
] WPX ENERGY, INC. 724 -54 T%
[ PIONEER NATURAL RESOURC . 845 72 5%
0%
. Senlor CONTINENTAL RESOURCES, INC 1084 -105 -10%
CONTANGO OIL & GAS CO 52 £ -1 %
. Intermedlate OASIS PETROLEUM INC. 228 -25 -1 %
ANTERO RESOURCES CORP 1274 177 14 %
159, Junior ENERGEN CORF 48 -0 2%
PDC ENERGY, INC. 266 65 -24%
-20 %
=25 % -24%

Fig. D.7—U.S. companies proved reserves changes (%) for year 2014.
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16 %

18 % AT %

45 % o ROTP
42% Company Name 1P Initial ROTP % change»
o BONANZA CREEK ENERGY, INC. 50 37 2%
40 %
Year 2015 CNX RESOURCES CORP 1138 228 0%
NEWFIELD EXPLORATION GO |... 645 12 7%
359 SOUTHWESTERN ENERGY CO 1791 273 15%
AMADARKO PETROLEUM CORP 2858 378 13%
PIONEER NATURAL RESOURC... 758 0 10%
30 % RANGE RESOURCES GORP 1718 185 0%
CABOT OIL & GAS CORP 1233 7 10%
CHESAPEAKE ENERGY CORP 2488 214 9%
25 9% WPX ENERGY, INC. 727 58 8%
< DORGCHESTER MINERALS, LP. 15 1 €%
X . Senior WHITING PETROLEUM CORP 780 I 6%
'\ 20 % 1 NOBLE ENERGY ING 1404 79 &%
) . . Intermediate EOG RESOURCES INC 2487 107 4%
[T 15% CIMAREX ENERGY GO 522 20 4%
c 15 % Junior EQT CORP 1790 21 1%
APPROACH RESOURCES INC 146 1 1%
2
o DEMBURY RESOURCES ING 438 1 0%
s 10 % CONTANGO OIL & GAS CO 4% [} D%
1] APACHE CORP 239% 26 A%
c . ENCANA CORP 1277 24 2%
o 5% CONGHO RESOURGES INC 637 -18 2%
0 DEVON ENERGY CORPIDE 2233 58 3%
& 09 CONTINENTAL RESOURGES, ING 1351 26 2%
% ENERGEN CORP 373 2 5%
SM ENERGY GO 548 32 £%
59 LINN ENERGY, INC. 538 68 T%
° QEP RESOURCES, ING 655 53 2%
ANTERO RESOURCES CORP 2114 268 3%
10 % EP ENERGY CORP 622 -88 2%
POC ENERGY, INC. 250 &0 24%
DASIS PETROLEUM INC. 272 &7 5%
15 %
=20 %
259 280
g -25%
Fig. D.8—U.S. companies proved reserves changes (%) for year 2015.
18% Company Name 1P Initial ROTP % change
9 OASIS PETROLEUM INC. 218 3 18%
18 %
QER RESDURCES, INC 803 7 13%
16 % DORCHESTER MINERALS, LP. 14 2 13%
AMADARKO PETROLEUM CORP 2057 260 13%
14 % EOG RESOURCES INC 2118 253 12%
SOUTHWESTERN ENERGY CO 1036 114 1%
12 % DEVOM ENERGY CORP/DE 1662 155 9%
CIMAREX ENERGY CO 485 44 9%
10% NEWFIELD EXPLORATION CO /. B I 9%
o CHESAPEAKE ENERGY CORP 1504 14 3%
A\o 8% NOBLE ENERGY ING 1424 103 7%
> .
= 6% . Senior PIONEER MATURAL RESOURC... 664 43 5%
~ WPX ENERGY, ING. 583 34 6%
%‘D 49 . Intermediate CABOT OIL & GAS GORP 1365 £ S5
c ° Juni ENCANA CORP 738 26 3%
E 29, unior RAMGE RESOURCES CORP 1648 46 3%
o ° LINN ENERGY, ING. 540 14 3%
0 0% CONCHO RESOURGES ING 624 1%
°>J APAGHE CORP 1584 13 1%
- 29 WHITING PETROLEUM CORP 821 0%
9,," CONTANGO OIL & GAS CO k1l 0 0%
) 49 CNX RESOURCES CORP 940 A7 2%
o DEMBURY RESOURGES INC 288 5 2%
6% AMTERO RESOURCES CORP 2202 =] 3%
EMERGEMN CORP 355 -15 4%
-8 % EQT CORP 1663 74 4%
CONTINENTAL RESOURCES, INC 1226 82 7%
-10 % APPROACH RESOURGES INC 187 20 2%
SM ENERGY GO 41 &1 3%
2% BOMANZA CREEK ENERGY, ING 1 14 3%
. PDG ENERGY, INC. 273 42 5%
-14% EF ENERGY CORF 546 =2 AT %

Fig. D.9—U.S. companies proved reserves changes (%) for year 2016.
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