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Foreword

National Energy Board

The National Energy Board (NEB or Board) is an independent national energy regulator. Its role is to
regulate, among other things, the construction, operation and abandonment of pipelines that cross
provincial or international borders, international power lines and designated interprovincial power lines,
imports of natural gas and exports of crude oil, natural gas liquids, natural gas, refined petroleum products,
and electricity, and oil and gas exploration and production activities in certain areas. The NEB is also charged
with providing timely, accurate and objective information and advice on energy matters.

The NEB's strategic outcome states: The Regulation of pipelines, power lines, energy development and
energy trade contributes to the safety of Canadians, the protection of the environment and efficient energy
infrastructure and markets, while respecting the rights and interests of those affected by NEB decisions
and recommendations.

The Board's main responsibilities include regulating:

* the construction, operation, and abandonment of pipelines that cross international borders or provincial/
territorial boundaries;

* associated pipeline tolls and tariffs;
* the construction and operation of international power lines and designated interprovincial power lines;

* imports of natural gas and exports of crude oil, natural gas, natural gas liquids, refined petroleum
products, and electricity; and

* oil and gas exploration and production activities in specified northern and offshore areas.

The Alberta Geological Survey

The Alberta Geological Survey (AGS) is a branch of the Alberta Energy Regulator (AER) and provides
geological information and advice to the Government of Alberta, the AER, industry, and the public
to support responsible exploration, sustainable development, regulation, and conservation of
Alberta’s resources.

AGS is responsible for describing the geology and resources in the province, delivering geoscience
information and knowledge in several key areas, including surficial mapping, bedrock mapping, geological
modelling, resource evaluation (in-place hydrocarbons, minerals), groundwater, and geological hazards.
AGS also is responsible for maintaining the Alberta Table of Formations and providing geoscience outreach
to stakeholders.
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Executive Summary

The NEB, using geology and in-place hydrocarbon information determined by the AGS, has assessed
Alberta’s Duvernay Shale for its marketable petroleum potential. The NEB expects that the Duvernay
Shale can produce a total of 542 million cubic metres (m?) (3.4 billion barrels) of marketable crude oil,
2.17 trillion m3 (76.6 trillion cubic feet (Tcf)) of marketable gas, and 995 million m? (6.3 billion barrels) of
marketable natural gas liquids (NGLs).

FIGURE 1

Location of the Duvernay Shale in Alberta and Canada
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Since 2011, companies have been testing the Duvernay Shale of Alberta for shale gas and shale oil.

The Duvernay extends under 130 000 square kilometres (km?) of Alberta, or 20% of the province (Figure 1).
Importantly, the Duvernay Shale is rich in NGLs, including condensate’, which is often mixed with bitumen
from the Alberta oil sands so the bitumen can be thinned and shipped in oil pipelines.

The Duvernay Shale’s marketable resources? are the total amount of sales-quality petroleum that

can potentially be recovered from the formation. This is different than the Duvernay Shale’s in-place
resources** which measure how much petroleum the formation contains, but do not indicate how much
might be produced from it. This is also different than the Duvernay Shale’s reserves®, which measure how
much petroleum has been discovered close to wells already drilled, but do not estimate how much might be
produced from undeveloped areas.

1 Condensate is like a very light crude oil. In the reservoir deep underground, the condensate is gaseous and mixed with other gases in the
formation. When that gas mixture is brought to surface, the condensate in it condenses into a liquid.

2 The AER uses aspects of the Canadian Oil and Gas Evaluation Handbook (COGEH; SPEE, 2007) in reserves and resources reporting.

Marketable petroleum is not part of COGEH guidelines and is not used by AER in reporting resources.

AGS. Summary of Alberta’s Shale- and Siltstone-hosted Hydrocarbon Resource Potential. November, 2012.

AGS. Hydrocarbon Resource Potential of the Duvernay Formation in Alberta - Update. July, 2017

AER. Duvernay Reserves and Resources Report: A Comprehensive Analysis of Alberta’s Foremost Liquids-Rich Shale Resource, December, 2016.
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Geological Description

During the Upper Devonian (from 383 million years to 359 million years ago), much of western Canada was
flooded by high sea levels. Tall reefs and broad carbonate shelves grew in the tropical climate while mud was
deposited in the basins between them. During one stage of reef building about 380 million years ago, the
Duvernay Shale was deposited as organic-rich mud between Leduc Formation reefs (Figure 2).

The location of reefs, carbonate shelves, and basins during deposition of the Duvernay Shale®
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The Duvernay Shale is rich in organic matter and when the formation began to be deeply buried and
heated about 100 million years ago, oil and gas were generated. Some of the oil and gas escaped into
Leduc Formation reefs, which host some of the largest conventional oil fields in Alberta. Other oil and gas
remained in the Duvernay Shale and is now being developed. The Duvernay is related to other prospective
shales, such as the Muskwa Shale of northwest Alberta and northeast British Columbia, and the Canol Shale
of the Northwest Territories and Yukon’.

The Duvernay Shale is about 1 km deep at its northeast limit and deepens towards Alberta’s foothills,

where it is over 5 km deep. The Duvernay'’s net-pay thickness® ranges from near zero to over 100 m.

Formation porosity ranges from about 2 to 10% by volume and its organic content ranges from 2 to 5% by

weight. The Duvernay Shale is under-pressured where shallow and over-pressured® where deep. Because

the Duvernay's geology varies widely, its petroleum volume and contents change depending on location.

In particular, shallower areas are oil rich while deeper areas are gas rich. In between these areas, the gas is

rich in NGLs, including condensate. For more details on Duvernay geology, please see footnotes 3, 4, and 5.

6 As modified from Figure 12.17 of the Atlas of the Western Canada Sedimentary Basin, Chapter 12.

7 Fraser, T.A., and Hutchison, M.P., 2017. Lithogeochemical characterization of the Middle-Upper Devonian Road River Group and Canol and
Imperial formations on Trail River, east Richardson Mountains, Yukon: age constraints and a depositional model for fine-grained strata in
the Lower Paleozoic Richardson trough. Canadian Journal of Earth Sciences, Vol. 54, pp. 731-765.

8 Not all of a rock section is prospective for hydrocarbons. “Net pay” measures a section’s prospective thickness.

9 Under-pressured means lower than normal pressures for that depth while over-pressured means higher than normal pressures for that
depth. Over-pressured formations can store more natural gas, because the gas is further compressed, and tend to have significant internal
“push” to drive any oil and gas out, improving recoveries and making economics better. “Normal” is what the pressure would be under a
column of water to that depth.

Duvernay Resource Assessment


http://ags.aer.ca/publications/chapter-12-devonian-woodbend-winterburn-strata
http://www.nrcresearchpress.com/doi/abs/10.1139/cjes-2016-0216#.WcbeleaWyUl
http://www.nrcresearchpress.com/doi/abs/10.1139/cjes-2016-0216#.WcbeleaWyUl
http://www.nrcresearchpress.com/doi/abs/10.1139/cjes-2016-0216#.WcbeleaWyUl

4

Methods

The study area was divided into tracts of land 2.6 km? (one square mile) each. Tracts were excluded where
the Duvernay was too thin, had too little gas, or had too little pressure to be developed. Production

from 96 Duvernay Shale wells was analysed before being grouped to create an index well with a range of
potential low to high outcomes. Five index wells, as adjusted to local geology, were assumed to be drilled
in each remaining tract to determine recoverable petroleum. Raw gas was converted to marketable gas by
removing impurities and subtracting the fuel gas required to power wellsite operations, gas processing, and
gas shipping. Field condensate was treated like crude oil."

Assessment Results and Observations

The regionally extensive Duvernay Shale has the potential to produce a total of 2.17 trillion m® (76.6 Tcf)
of marketable gas, 995 million m? (6.3 billion barrels) of marketable NGLs, and 542 million m? (3.4 billion
barrels) of marketable crude oil (Table 1). The low and high estimates in Table 1 indicate the uncertainty
around the expected (average) values. Maps of the expected resources are available in Appendix A.
Estimates of individual NGLs (ethane, propane, butane, and pentanes plus) are also included in Table 1.
For in-place resources, please see the AGS report in footnote 4.

TABLE 1
Summary of Duvernay Shale marketable resources
Metric Imperial
Marketable Gas: trillion m? Gas: Tcf
Resource Oil and NGLs: billion m? Oil and NGLs: billion barrels
Low Expected | High Low Expected | High
Gas 0.963 2.168 3.713 34.021 76.567 131132
Oil 263.1 542.2 895.0 1.655 3.41 5.629
NGLs 446.7 994.6 1699.5 2.810 6.256 10.690
Ethane 241.1 539.5 922.0 1.516 3.394 5.799
Propane 116.0 257.85 440.2 0.730 1.622 2.769
Butane 571 126.41 215.4 0.360 0.795 1.355
Pentanes plus 32.3 70.81 120.14 0.203 0.456 0.756

As companies increasingly develop the Duvernay and improve well designs based on what they learn from
early results, new wells could perform better than old wells and increase recoveries. Further, some areas in
the Duvernay are less explored than other areas (such as the Duvernay’s East Basin) and resources could be
discovered in places that were thought to be not prospective. Therefore, the estimates of marketable oil,
gas, and NGLs in this study could be conservative.

For perspective, Canada consumes about 89 billion m?® (3.1 Tcf) of natural gas per year and 0.1 billion m?

(0.6 billion barrels) of crude oil. The Montney Formation’s marketable gas resource has been assessed

as 12.7 trillion m3 (449 Tcf)", the Liard Basin as 6.2 trillion m? (219 Tcf)'?, and the Horn River Basin as

2.2 trillion m? (78 Tcf)." The Bakken Formation’s marketable oil resource (Saskatchewan only) is expected
to be 0.22 billion m? (1.4 billion barrels)'* and the Montney Formation’s 0.18 billion m3 (1.1 billion barrels).
The Montney Formation’s marketable NGLs were estimated to be 2.3 billion m? (14.5 billion barrels)."

10 Field condensate is condensate produced at the wellsite. Condensate can also be extracted from the gas stream at gas processing plants,
though it is called pentanes plus when recovered there.

11 NEB, BC OGC, AER, and BC MNGD. The Ultimate Potential for Unconventional Petroleum from the Montney Formation of British
Columbia and Alberta. 2013.

12 NEB, BC OGC, BC MNGD, NTGS, and YGS. The Unconventional Gas Resources of Mississippian-Devonian Shales in the Liard Basin of
British Columbia, the Northwest Territories, and Yukon. 2016.

13 BC MEM and NEB, Ultimate Potential for Unconventional Natural Gas in Northeastern British Columbia’s Horn River Basin, 2011.

14 NEB and SME. The Ultimate Potential for Unconventional Petroleum from the Bakken Formation of Saskatchewan. 2015.

15 NEB, BC OGC, AER, and BC MNGD. The Ultimate Potential for Unconventional Petroleum from the Montney Formation of British
Columbia and Alberta. 2013.
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By combining this marketable gas estimate with prior assessments, the total ultimate potential for natural gas in the Western
Canada Sedimentary Basin (WCSB) is estimated to be 31.9 trillion m3 (1 128 Tcf) (Table 2). Of this, 26.2 trillion m3 (924 Tcf)

remains after cumulative production to year-end 2015 is subtracted. This total is expected to evolve, likely growing over time
as additional potential is estimated in unassessed formations. Overall, Canada has a very large remaining natural gas resource

base in the WCSB to serve its markets well into the future.

TABLE 2
Ultimate potential for marketable natural gas in the WCSB
NEB Estimate of Ultimate Potential for Marketable Natural Gas
in the WCSB - Year-end 2015
10° m3 Tcf
Area Gas Type UItima.te Cumulat.ive Remaining UItima.te Cumulat.ive Remaining
Potential Production Potential Production
|(Comvartfomsl L ozl I e ezEommm
Unconventional 7 046 248.8
Alberta CBM portion 1 42 8610 36| 1664 313.4
Montney portion 5042 178.1
Duvernay portion 2168 76.6
Alberta Total 13 587 479.8
| Conventional ______ | 1462 | 56 ]
Unconventional 14 854 524.6
. Horn River portion 2198 77.6
CcB»I:tIl:)l'l:ia Montney portion 7677 811 15505 2711 28.6 547.6
Cordova portion 248 8.8
Liard portion 4731 167.1
British Columbia Total | 16 316 576.2
| Conventional | 297 | 105
Saskatchewan Unconventional ) 82 227 152 29 8.0 5.4
Bakken portion 82 2.9
Saskatchewan Total 379 13.4
| Conventional 1 32 47
Unconventional 1250 441
s°:$$rn Liard portion 1250 14 1368 44.1 0.5 48.3
Southern NWT Total |1382 48.8
| Conventional | 6 | 22
Unconventional 215 7.6
s:(l:utkh:r: ! Liard portion 215 6 27 7.6 0.2 26
Southern Yukon Total | 276 9.8
WCSB Total 31941 5770 26172 1128 204 924

Notes:

Determined from reliable, published assessments by federal and provincial agencies.

Cumulative production is determined from provincial and territorial gas reserves reports.

For this table, “unconventional” is defined as natural gas produced from coal (CBM) or by the application of multi-stage hydraulic fracturing to horizontal wells.

The ultimate potential for natural gas should be considered an estimate that will evolve over time. Additional unconventional potential may be found in
unassessed formations.




Appendix A: Resource Maps

Figure A1. Map of the Duvernay Shale’s expected marketable gas (imperial units only). The green area of the
map was excluded, because it fell below one or more of the study’s geological cut offs.
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Figure A2. Map of the Duvernay Shale’s expected marketable oil (imperial units only). The green area of the
map was excluded, because it fell below one or more of the study’s geological cut offs.

FIGURE A2

Duvernay Shale Expected Marketable Oil
55.5
55.0
54.5
54.0

53.5

LATITUDE

53.0

52.5

52.0

Marketable Oil (thousand bbl/section)
0 1,498

51.5

-121 -120 -119 -118 -117 -116 -115 -114 -113 -112 -111 -110
LONGITUDE

Duvernay Resource Assessment 7



Figure A3. Map of the Duvernay Shale’s marketable NGLs (imperial units only). The green area of the map
was excluded, because it fell below one or more of the study's geological cut offs.
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Appendix B: Detailed Methods

Key Assumptions

1. The oil and gas resource is considered to be a resource play, where the hydrocarbons are pervasively
distributed through the geologically defined area. Thus, the chance of success at discovering
hydrocarbons with a well is 100%.

2. The estimated ultimate recoveries (EURs) of wells are based on existing technology, current trends in
development, and limited production. Recoveries and levels of development could be different in the
future as technology advances and the play matures.

Stratigraphy and Study Area
Stratigraphic intervals and Play Areas

The Duvernay Shale was treated as a single reservoir with no internal subdivisions, while its geographic
extent was treated as two play areas, the East Shale Basin and the West Shale Basin. The study area was
broken down into tracts' of approximately one-square mile in size. Some tracts were excluded from the
analysis because they were considered unlikely to be developed; such as where the Duvernay Shale is less
than 10 m thick, is underpressured, where its mapped in-place gas contents are less than 50 m? of volume
per m? of area, and where oil contents were more than 2000 barrels per million cubic feet of gas (i.e., there
is too little gas in the reservoir to help drive the oil out). Only 27 819 km? of the full 108 244 km? assessed by
the AGS for in-place resources (or 10 803 of the study area’s 42 012 square-mile tracts) were included after
these criteria were applied (Figure B1).

Estimating Duvernay EURs

Reservoir indexing

The AGS mapped in-place raw natural gas, crude oil (including field condensate), and NGL volumes for the
Duvernay Shale in a separate assessment."” To determine these volumes, the AGS mapped the Duvernay
Shale's geology, including net pay, pressure, and porosity. These data were extracted for every tract in the
Duvernay study area.

“Index” tracts in Kaybob (522-T62-R21-MW5) and in Joffre (22-40-27-MW4) were chosen in the prospective
parts of the West and East Shale Basins, respectively. Thus, every other tract could have their mapped net
pays, pressures, and porosities compared to the values of the index tracts in their respective basins. In other
words, each tract’s reservoir quality would be known relative to the index tract, such that worse tracts would
have relative reservoir qualities of less than one, and better tracts would have relative reservoir qualities
greater than one.

16 For this study, a tract is considered to be a section in the Alberta Township System Survey.
17 AGS. Hydrocarbon Resource Potential of the Duvernay Formation in Alberta - Update. July, 2017
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Production Data Gathering

Monthly production data from Duvernay shale gas and shale oil wells were gathered. Gas wells whose field
condensate production was mathematically recombined with their gas production to meet AER reporting
regulations were excluded, because it wasn't possible to determine their separate liquid and gas streams
(see also the AER’s Duvernay Reserves and Resources Report'®). Therefore, the only gas wells used were
those with either a full history of gas and field condensate production, or a limited history where the time
series could be truncated at the last field condensate production reported. Duvernay shale oil wells always
had two reported streams.

The selection of wells was also limited to those with a steady decline on the log-log plot of production
versus time (i.e., a clear indication that the wells were in transient flow), such that the data could be
confidently regressed. Some wells were excluded because of operational issues. In all, 90 gas wells and
19 oil wells were initially included in the analysis.

18 AER. Duvernay Reserves and Resources Report: A Comprehensive Analysis of Alberta's Foremost Liguids-Rich Shale Resource
December 2016.
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Decline Curve Analysis

Decline curve analysis was used to project the gas and field condensate production for each gas well, and
crude oil and gas production for each oil well, assuming a well’s lifetime was 30 years. The decline curve
analysis was two-stage. The first stage was transient flow', which was assumed to last 144 months (no
Duvernay well currently shows signs of boundary-dominated flow even after 6 years of production, so
144 months was arbitrarily chosen as transient flow’s duration). Transient flow was followed by boundary-
dominated flow for the remainder of the well’s life.

Each well was also analysed twice: 1) for main commodities (i.e., gas in gas wells and oil in oil wells); and 2)
for energy-equivalent volumes, because rates of associated production like field condensate and associated
gas were often too volatile to model alone. To determine the volumes of associated production, the main
commodity production curves were subtracted from the energy-equivalent production curves and the result
converted back to appropriate volumetric units assuming 5.8 thousand cubic feet of gas in a barrel of oil or
field condensate.

Transient flow was modeled by identifying steady declines on log-log plots of historical production versus
time and regressing them with Duong®, Arps hyperbolic?!, and Long Duration Linear Flow? models.
Regressed fits were then projected to the assumed start of boundary-dominated flow, or 144 months. It
was assumed that initial production for boundary-dominated flow was the last projected production of
transient flow, and that the initial, annual decline was 10%. The Arps b exponent was assumed to be 0.5
for gas production and barrel-of-oil-equivalent production, and 0.33 for oil production and gas-equivalent
production. The 3 projections for each well’s gas production were then averaged and the same done to the
3 projections of liquid production.

For the rest of the analysis, field condensate was assumed to be crude oil. Each well's monthly oil and gas
production were combined to become barrels of oil equivalent (BOE). Monthly production of oil and gas
were grouped to determine how the liquid fraction of monthly BOE production might evolve, because oil-to-
gas ratios typically fall over time in producing wells.

19 Companies develop shale gas and shale oil by hydraulically fracturing shale and creating a halo of fractured reservoir around a well.
Before the well starts producing, the fractured reservoir has the same virgin pressure throughout it. This reservoir pressure begins to fall,
however, once production begins and the reservoir starts draining. In particular, the reservoir doesn't drain instantaneously everywhere at
once, but like a wave of reduced pressure is continually expanding from the well and deeper into the reservoir’s fracture system over time,
finding new, virgin reservoir as it goes (what is called transient flow, because that pressure wave keeps moving). Transient flow ends when
the pressure wave contacts the outward limit of the fracture system and the reservoir starts draining like a tank (starting what is called
boundary-dominated flow).

20 Duong, A., 2011. Rate-decline analysis for fracture-dominated shale reservoirs. SPE 137748.

21 Fekete. Traditional decline analysis theory. Excel's Solver add-in was used to determine initial production, initial decline, and the
Arps b exponent.

22 For this study, a basic power regression.
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Indexing Production Curves

Because each Duvernay well has a different length for their horizontal legs (ranging from less than 1 km to
more than 2 km), each well’s BOE production was adjusted to a single kilometre of horizontal leg drilled so
wells could be better compared to one another. Each well’s adjusted BOE production was further adjusted
by its local reservoir quality (relative to the index tract of the basins the wells belonged to) to determine how
they might perform if they were located at the index tracts.

The adjusted BOEs were then batched by basin and by well vintage to see if well performance improved
over time. In the West Basin, a trend emerged from 2013 to 2016 (Figure B2). Thus, West Basin BOEs were
adjusted to 2016 levels using the relationship between vintage year and average EUR while West Basin wells
from prior to 2013 were excluded from the analysis (leaving a total of 88 wells used from the West Basin).
There were too few wells in the East Shale Basin (a total of 8) to have confidence in any trends, however, so
no East Basin wells were normalized relative to well vintage. The wells were then gathered to create index
wells for the index tracts of each basin (Figure B3).

West Basin well EURs as batched by well vintage

West Basin Duvernay Well EURs/Hz km/Reservoir Quality
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Duvernay Shale index-well type curves, historical and projected, as adjusted to km of horizontal leg
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Modeling Raw Estimated EUR per Tract

The ranges of potential BOE EURs for the index well at the index sections were modeled using a lognormal
distribution (Figure B4).

Figure B4. Statistical and modeled distributions of a) West Basin Duvernay Shale EURs; and b) East Basin
Duvernay Shale EURs.
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To determine each tract's BOE EUR, it was assumed that 5 horizontal wells with horizontal leg lengths of

1.6 km were required to fully develop a tract. The modeled EUR distributions of the index sections were
then applied to every tract in their respective shale basins, adjusting them by local, relative reservoir quality.
A Monte Carlo simulation of 1 000 iterations was run to determine the study area’s total low (P10) and

high (P90) EURs. The expected EURs of tracts—which add together to become the study area’s expected
EUR - were based on the statistical average of their respective basin’s index well and adjusted to local
reservoir quality.

Duvernay Resource Assessment
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Estimated BOE EURs for each tract were divided into recoverable raw gas and recoverable oil as based on:
1) the initial oil and gas fractions at each tract; and 2) how the oil fraction evolves over the life of a well.

Estimating Tract Marketable EURs

Marketable oil in a tract was assumed to be the recoverable oil. Marketable NGLs in a tract were estimated
from the local NGL-to-gas ratio mapped by the AGS as applied to the tract’s recoverable raw gas. Ethane,
propane, butane, and pentane plus components were determined from how their fractions change
depending on total NGL fraction of the raw gas in Duvernay Shale gas analyses. Gas-plant recoveries were
assumed to be 60% for ethane, 75% for propane, 90% for butane, and 100% for pentanes plus.

A tract’s recoverable raw gas was converted to wellsite gas by subtracting 1% of production for wellsite
fuel gas. Wellsite gas was converted to dry gas by subtracting marketable NGLs and a small fraction (0.5%)
of non-hydrocarbon gas impurities. Dry gas was converted to marketable gas by subtracting 2% for gas-
processing fuel and another 1% for pipeline fuel gas so it could be shipped to the NOVA Inventory Transfer
pricing point (NIT).

Appendix C: Data

Duvernay Shale Resource Assessment — data [Excel 7801 kb]
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http://tweb3/nrg/sttstc/crdlndptrlmprdct/rprt/2017dvrn/ppndcs/nnxc-eng.xls
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