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PREFACE

This Development Plan is the second of five documents comprising a Development Plan
Application (DPA) for approval of the Deep Panuke Offshore Gas Development. The
documents comprising the DPA are as follows:

Volume 1 Project Summary

Volume 2 Development Plan

Volume 3 Canada-Nova Scotia Benefits Plan
Volume 4 Environmental Assessment Report
Volume 5 Socio-Economic Impact Statement

Volume 1, the Project Summary, summarizes the DPA and provides a description of the
Project for a general review.

Volume 2, the Development Plan, describes the development strategy and includes
details on subsurface interpretation, drilling, processing, facilities, and environmental and
safety management for the Project.

Volume 3, the Canada-Nova Scotia Benefits Plan, describes the processes to promote
Canada and Nova Scotia benefits associated with the Project.

Volume 4, the Environmental Assessment (EA) Report, describes the physical and
biological environment in which the Project will operate, provides an assessment of the
potential environmental, and socio-economic effects of the Project, and identifies
mitigation measures.

Volume 5, the Socio-Economic Impact Statement (SEIS) provides a summary of the
existing socio-economic conditions and a summary of the potential impacts with the
project.
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INTERPRETATION

Unless the context otherwise requires,

“2-D” means two dimensional (length, width);
“3-D” means three dimensional (length, width, height);

“Accord Act” means the Canada-Nova Scotia Offshore Petroleum Resources Accord
Implementation Act, S.C. 1988, Chapter C-7.8 as amended;

“Accord Acts” means collectively, the Accord Act and the provincial Accord Act;
“ALARP” means as low as reasonably practicable;

“AVC” means annular velocity control;

“AVO” means amplitude versus offset;

“bef” means billion cubic feet;

“BOP” means blow out preventer;

“BVW?” means bulk volume water;

“CA” means Certifying Authority;

“CAPP” means Canadian Association of Petroleum Producers;

“CEAA’ means the Canadian Environmental Assessment Act, S.C. 1992, c¢. 37, as
amended;

“CDP” means common depth point;
“CNG” means compressed natural gas;
“CNOPB” means the Canada-Newfoundland Offshore Petroleum Board;

“CNSOPB” means the Canada-Nova Scotia Offshore Petroleum Board established under
the Accord Act and the Provincial Accord Act;

“CO,” means carbon dioxide;
“COF” means certificate of fitness;

“CR” means corporate responsibility;
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“CRA” means corrosion resistant alloy;

“CSA” means concept safety analysis or Canadian Standards Association;

“CSP” means Construction Safety Plan;

“CSR” means a comprehensive study report contemplated by Section 21 of CEAA;

“Deep Panuke” and “Project” means the Deep Panuke Offshore Gas Development
Project;

“D & A” means dry and abandoned (with no economic hydrocarbons found in the well);

“Development Plan Application” and “DPA” means an application filed by EnCana
Corporation to the CNSOPB seeking approval for its development of the project;

“DPEMP” means Deep Panuke Emergency Management Plan;
“DST” means drill stem test;

“DSV” means diving support vessel;

“EA” means environmental assessment;

“EAV” means equivalent aquifer volume;

“ECM” means environmental compliance monitoring;

“EEM” means environmental effects monitoring;

“EEMP” means environmental effects monitoring plan;
“EHS” means environment, health and safety;

“EnCana” means EnCana Corporation, including the legacy company PanCanadian
Petroleum Ltd.;

“EPP” means environmental protection plan;
“ESD” means emergency shut down;

“FEAC” means Federal Environmental Assessment Coordinator as that term is defined in
CEAA;

“FEED” means front end engineering design;
“FMI” means Formation Micro-Imager' ;
“Gas Show” means a small uneconomic gas flow on a drillstem test;

“GR” means gamma ray or gross revenue;
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“GMI” means Geo-Mechanics International;
“GWC” means gas/water contact;

“HAZID/HAZOP” means a risk screening tool for hazard identification/hazard
operations

“H,S” means hydrogen sulphide;
“HDD” means horizontal directional drilling;
“HPRF” means high permeability reef front;

“IMT” means integrated management team,;

“J” means function method — a preferred method for describing capillary pressure

relationships;

“JT” means Joule-Thompson;

“JOSH” means Joint Occupational Health and Safety;
“KCI” means potassium chloride;

“km” means kilometer;

“KP” means kilometer point;

“LMR” means Lambda-Mu-Rho;

“LNG” means liquid natual gas;

“LP” means low pressure;

“LTBR” means long term Government of Canada bond rate;
“LWD” means logging while drilling;

“LWIV” means light well intervention vessels;

“m’ means metre;

“MDT” means Modular Dynamic Tester'";
“Metocean” means meterological and oceanographic;
“M&NP” means Maritimes & Northeast Pipeline;
“MODU” means mobile offshore drilling unit;

“MOPU” means mobile offshore production unit;
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“MR” means mid-reef;

“MWD” means measurement while drilling;
“NaCl” means sodium chloride;

“NEB” means National Energy Board;

“NEB Act” means National Energy Board Act,;
“NN” means Neural Net technology;

“NPHI” means neutron porosity;

“NR” means net revenue royalty;

“0” means marker;

“OGIP” means original gas in place;
“P-impedance” means compressional wave impedance;
“PAV” means probabilistic aquifer volume;
“PEF” means photo-electric factor;

“PGM” means Project General Manager;
“Phiy,” meanstotal porosity;

“PLT” means production logging tool;

“Mean” means the statistical mean value of a probability distribution;
“POB” means persons on board,

“ppm” means measurement in parts per million
“PSDM” means pre-stack depth migration;
“PSP” means Project Safety Plan;

“PSTM” means pre-stack time migration;
“P10” means value at the 10" Percentile;
“P50” means value at the 50 Percentile;
“P90” means value at the 90" Percentile;

“RA” means return allowance;
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“RAB” means resistivity at bit;
“RACI” means responsible-accountable-inform-communicate;

“Responsible Authority” or “RA” means responsible authority as that term is defined in
CEAA;

“RF” means recovery factor;

“RFO” means ready for operations;

“RG III” means Rowan Gorilla III drilling rig;
“RG V” means Rowan Gorilla V drilling rig;
“RG VI” means Rowan Gorilla VI drilling rig;
“RGIP” means recoverable gas in place;
“RHOB” means bulk density;

“ROV” means remotely operated vehicle
“Rp” means compressional amplitude;

“Rs” means shear amplitude;

“S-impedance” means Shear wave impedance;
“SBM” means synthetic based mud;

“SCAL” means special core analysis;

“SCM” means subsea control module;

“S0O,” means sulphur dioxide;

“SOEP” means Sable Offshore Energy Project;
“SSIV” means subsea isolation valve;
“SSSV” means sub-surface safety valve;
“SW” means water saturation;

“Swi” means water saturation (initial);
“SWC” means side-wall core;

“tcf” means trillion cubic feet;

“TEG” means thiethylene glycol;
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“Tight” means very low porosity and permeability;

“TLS” means target levels of safety;

“TQP” means training and qualifications practice;

“TS” means tight streak;

“TVD” means true vertical depth taken from the rig;
“TVDss” means true vertical depth taken from the sea level
“VL” means vuggy limestone;

“Volps” means volume of dolostone;

“WBM” means water based mud;

“WC” means whole core.
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1 INTRODUCTION AND PROJECT OVERVIEW

1.1 Introduction

The Nova Scotia offshore has been the subject of exploration and study for the past five decades. Much
of the recent interest in exploration activities in the Nova Scotia offshore is likely attributable to the
development of the Sable Offshore Energy Project (the SOEP) and the Maritimes and Northeast Pipeline
(M&NP) project, each of which began operations in 1999. SOEP was the first offshore natural gas
development on the Scotian Shelf. M&NP provides open access natural gas transportation facilities to
growing markets located in Canada and the northeastern United States.

Since 1996, when the regulatory applications for SOEP and the M&NP project were filed, there has
been a total of 57 exploration, delineation, and development wells drilled in the Nova Scotia offshore.

In 1983 the Geological Survey of Canada, in the last published estimate of gas potential on the Scotian
Shelf, estimated the total potential gas resources for the Scotian Shelf at 508 billion cubic metres. This
equates to about 18 trillion cubic feet (tcf) while actual discovered gas on the Scotian Shelf is only 6 tcf.
The undiscovered gas potential for the deepwater Scotian Shelf is estimated to be between 15 to 41 tcf,
dependent on geological risk factors (Kidston et al. 2002).

EnCana Corporation (EnCana) is an active participant in the exploration activities in the Nova Scotia
offshore. From June 1998 to January 2006, EnCana participated in 15 exploration and delineation wells,
including the Deep Panuke discovery well, PP-3C.

Developments, such as SOEP and the Deep Panuke Offshore Gas Development Project (Deep Panuke
Project, Project), in the Nova Scotia offshore have not only resulted in positive economic benefit for the
Province of Nova Scotia, but have also allowed Nova Scotia’s potential as a participant in the offshore
oil and gas industry to be noticed on the world stage.

The proximity of the Nova Scotia offshore, now connected by the M&NP mainline to growing markets
in Canada and the northeastern United States, creates an impetus for further developments, such as the
Deep Panuke Project, offshore Nova Scotia.

While these circumstances are encouraging, it must be recognized that the Nova Scotian offshore oil and
gas industry, with only one producing project at present, is in the early stages of development compared
to other offshore areas around the world. The oil and gas industry is an internationally competitive
industry, subject to the uncertainties and realities of the marketplace. The economics of each individual
project determine when and where development takes place.
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The development plan for the Deep Panuke Project is specifically described in this Volume 2 of the
Development Plan Application (DPA). The Deep Panuke DPA also includes an assessment of the
environmental (biophysical and socio-economic) impacts of the Project (Volume 4), a socio-economic
impact statement (Volume 5) and a Canada-Nova Scotia Benefits Plan (Volume 3) describing various
processes and procedures to promote Canada-Nova Scotia benefits associated with the Project. Volume
1 of this DPA is a Project Summary.

Simultaneous with the filing of this DPA, EnCana is also filing an application with the National Energy
Board (NEB), pursuant to Section 52 of the National Energy Board Act (NEB Act).

EnCana filed a project description for the Deep Panuke Project on August 28, 2006 to initiate the
Federal Coordination Regulations process under the Canadian Environmental Assessment Act (CEAA).
The environmental assessment (EA) report is being filed under the CEAA process, the DPA process, and
the NEB process.

1.2 Purpose and Scope of the Project

In 1996, EnCana became the operator of the Cohasset Project. While producing oil from the Cohasset
Project, EnCana was also conducting exploration drilling in the area, which resulted in the drilling of the
PP-3C discovery well in late 1998.

The PP-3C well encountered the fractured and porous Abenaki 5 formation, a portion of a larger
carbonate reef structure. The PP-3C discovery well was followed by five successful delineation wells,
PI-1B, H-08, M-79A, F-70, and D-41.

The six Deep Panuke wells have identified a natural gas reservoir containing recoverable sales gas
estimated to be within a range of 11.0 x 10° m® [390 bef] to 25.1 x 10° m® [892 bef] with a Mean of 17.8
x 10° m’ [632 bef]l. The Deep Panuke field centre is located approximately 176 km southeast of
Goldboro, and 250 km southeast of Halifax, Nova Scotia where water depths are approximately 44
meters (m). The purpose of the Project is to maximize recovery of Deep Panuke natural gas resources in
a manner that maximizes return to EnCana’s shareholders at the same time as contributing to the
economies of Nova Scotia and Canada through royalty and tax revenue and job and business opportunity
creation.

Corollary benefits of the Project are the establishment of additional infrastructure and Project
development skills to the benefit of the developing Nova Scotia gas industry. As a single project, the
Deep Panuke Project does not constitute a natural gas industry in Nova Scotia; such an industry will
only arise as further development projects occur. However, the Deep Panuke Project will contribute to
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the establishment of the skills, infrastructure and, by providing a second source of gas supply, assist in
developing a sustainable natural gas industry in Nova Scotia.

1.3 Project Facilities

The Deep Panuke gas pool is located on the Scotian Shelf and encompasses natural gas located on, at the
time of this filing, offshore licenses PL 2902 (Panuke), EL 2387 (Margaree), SDL 2255H (Deep
Cohasset), PL 2901 (Cohasset), and EL 2360 (Lower Musquodoboit). Gas will be produced from the
completion of four existing wells and one new production well feeding a central production facility
sized for a peak sales gas throughput of 8.5 x 10° m*/day [300 MMscfd], producing a Mean cumulative
production total of 17.8 x 10° m® [632 bcf] over approximately 13 years.

Deep Panuke natural gas reservoir contains low volumes of associated gas liquids and approximately
0.18% hydrogen sulphide. The Mean volumes of condensate produced are small, approximately 163
m’/d [1030 bpd] at a peak sales gas production of 8.5 x 10°m?/d [300 MMscfd]. Peak production will
continue for a period of approximately two years, after which, production is expected to decline until
production cut-off at 1.1 x 10°m?/d [40 MMscfd] sales gas.

The Project field centre is located approximately 250 km southeast of Halifax and about 47 km west of
Sable Island. The Project consists of a jack-up mobile offshore production unit (MOPU) in water depths
of approximately 44 m. The Project will initially include completing four previously drilled wells and
drilling two new wells, one production well and one acid gas injection well. All wells will have
horizontal trees and will be tied back individually to the MOPU with subsea flowlines and control
umbilicals. Up to three additional subsea production wells could be drilled; such wells would be drilled
after production start-up and at least one full year of production. They would also be completed with
horizontal trees and tied back individually to the MOPU with subsea flowlines and control umbilicals.
Figure 1.1 is the proposed field layout for the Deep Panuke Project.

The export system will consist of a single subsea pipeline delivering Deep Panuke sales product to one
of two delivery points:

e Goldboro, Nova Scotia, to an interconnection with M&NP (herein referred to as the M&NP Option),
or

e SOEP 660 mm [26 inch] export pipeline at a close point on the pipeline route to Goldboro (herein
referred to as the SOEP Subsea Option).
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The export pipeline will be 176 km in length for the M&NP Option and 15 km in length for the SOEP
Subsea Option.

The MOPU field centre will be designed, supplied and operated by a contractor under a lease
arrangement with EnCana over the field production life. The MOPU will be constructed using a
“standard” drill rig design without drilling equipment, but purpose built to accept a topsides production
module. The MOPU hull will be outfitted in the optimal manner to minimize change to the standard
drill rig design to allow flexibility and minimize cost if the hull was to be re-fitted as a drill rig after
production shutdown of the Deep Panuke Project.

The hull will contain the standard drilling rig auxiliaries and services, including jacking systems, legs,
deck, and accommodations, to provide a safe working platform to accept the topsides production
module. The hull will provide accommodations for a minimum of 68 personnel on board (POB), a
central control room, and non-hazardous utilities, which service the hull and can potentially be shared
with the process module. Additionally, the MOPU facilities will include a helicopter deck with
associated re-fuelling facilities. Some hull upgrades to the standard rig design will be required to meet
the Nova Scotia Offshore Petroleum Installations Regulations, SOR/95-191.

The process module will be a purpose-built module containing all processing equipment needed to
process Deep Panuke gas to sales specification. The main process equipment includes separation,
sweetening, dehydration, dew-pointing, and inlet and export compression. In addition, condensate
treatment, process utilities, produced water treatment, main power generation, and acid gas disposal
equipment will also be located on the module.

For the M&NP Option, the produced condensate will be used as the primary fuel for the gas turbine
drivers located on the MOPU to maximize sales gas. Drivers will be designed for tri-fuel operation, thus
allowing for start-up and shutdown on diesel and operation on gas when condensate production is
exhausted or not available.

For the SOEP Subsea Option, the condensate will be commingled with the export gas and routed to
shore via the existing SOEP pipeline. The gas and condensate will be further processed at SOEP
facilities near Goldboro and in Point Tupper, as necessary. The gas turbine drivers located on the MOPU
will use fuel gas primarily with diesel for start up and shutdown only when fuel gas is not available.

A flare will be designed and welded out to the hull to provide for high and low pressure flare systems.
The production unit will be installed onto the hull and commissioned atshore and then towed to the field
centre to minimize offshore hook-up, commissioning and start-up.
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Each well will be tied back individually to the MOPU via single flowlines connected to a wet production
tree. Flowlines will be constructed of corrosion resistant alloy (CRA) materials to suit the wet, sour
corrosive wellbore fluids. Flowlines will be insulated, trenched and then buried. Each wellhead will also
be serviced with a dedicated umbilical to carry control functions, chemical injection lines and
instrumentation signals to and from the MOPU. Umbilicals will be laid in a separate trench and buried.
Subsea wellheads and production trees will be protected by a subsea protection structure.

For the M&NP Option, the pipeline carrying the sales gas to shore will be a 560 mm [22 inch] diameter
carbon steel line which will be coated for weight and corrosion protection. The line will be buried for
stability and physical protection over approximately 50% of the route to shore. A subsea isolation valve
(SSIV) assembly will be located approximately 150 m from the MOPU. Burial will predominately be in
areas where the water depth is less than 85 m. The pipeline route will follow the same corridor as the
existing SOEP pipeline and come ashore near Goldboro, Nova Scotia. The onshore pipeline will be
approximately 2-4 km in length with an onshore metering station before the tie in point to the M&NP
pipeline.

The onshore facility for the M&NP Option will consist of the physical components necessary for
interconnection of the Deep Panuke pipeline with M&NP’s facility. The exact onshore facility site has
not yet been determined but will be located in the Goldboro Industrial Park in Nova Scotia. The facility
will include a pig launcher/receiver facility and a safety/emergency shutdown valve system. The area of
the onshore facility is estimated to be 60 m x 45 m and will be enclosed by a security fence. Depending
upon the final location of the metering station, an access road to the metering station may be required.
The total length of the export pipeline will be 176 km for the M&NP Option.

For the SOEP option, a 510 mm [20 inch] diameter export line will be constructed to connect the Deep
Panuke facilities to the existing SOEP offshore pipeline. The new pipeline will be a two phase pipeline,
approximately 15 km in length and will tie into the SOEP offshore pipeline by means of a “hot tap”
connection. The new export pipeline will be fitted with a SSIV assembly near the platform (similar to
the M&NP Option) and will also be fitted with a manual isolation valve and subsea pig receiving
facilities to allow for periodic pigging of the pipeline for inspection and maintenance.

Safety and loss management will be a major part of the Deep Panuke Project. The facilities will be
designed to meet all the anticipated hazards identified through scenario based design methods and in
addition, equipment and infrastructure will be designed to meet EnCana target levels of safety and
environmental emission goals. Special systems will be added to reduce the risk of H»S gas exposure to
personnel.
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1.4 Project Principles

Project success depends upon Project economics, the quality of output, and the efficiency of operation in
a very competitive world energy market. In particular, the basic principle for the development and
operation of the Deep Panuke Project is that it must be internationally competitive as it operates in a
dynamic, market-driven environment.

Along with Project economics, other important principles, such as safety and environmental
performance, also guide the Project’s development team.

Also crucial to the success of the Project are open and ethical business practices. Open and ethical
business practices include working to the highest professional standards, placing top priority on safety
and quality and ensuring that staff, employees and contractors are treated in a fair and equitable manner.
The Deep Panuke Project Management Principles are more particularly described in the Canada-Nova
Scotia Benefits Plan (DPA Volume 3).

The principles that will guide EnCana in the development of the Deep Panuke Project are described in
Table 1.1.
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Table 1.1 Deep Panuke Project Principles

GUIDING PRINCIPLE

The Project operates in a dynamic, market-driven environment and must be internationally competitive.

ENVIRONMENT, HEALTH & SAFETY

The Project is fully committed to protecting the health and safety of
all individuals affected by their work, as well as the environment in
which they live and operate. Specifically, the Project will be guided
by the following principles, which outline EnCana’s Environmental,
Health, and Safety (EHS) commitments under EnCana’s Corporate
Responsibility Policy.

e We protect the health and safety of all individuals affected by
our activities;

e We provide a safe and healthy working environment and expect
our workforce to comply with the health and safety practices
established for their protection;

e We safeguard the environment and contribute to the well being
of the communities in which we live and operate;

e We maintain EnCana’s commitment to clear, honest and
respectful dialogue with stakeholders;

e We strive to make efficient use of resources, minimize our
environment footprint, and conserve habitat diversity and the
plant and animal populations that may be affected by our
operations;

e We strive to reduce our emissions intensity and increase our
energy efficiency;

e We integrate Environment, Health and Safety Best Practices,
EnCana’s EH&S Management System, into all parts of our
business;

e We comply with applicable laws, regulations, and industry
standards;

e We identify, assess and manage EH&S risks throughout our
business;

e We ensure each employee, contractor and third-party service
provider understands their EH&S responsibilities, is trained to
meet them, and is monitored for compliance; and

e We establish EH&S objectives, regularly measure our
progress, and strive to continually improve our EH&S
performance.

DEVELOPMENT PRINCIPLES

The Project will be competitive with other investment
opportunities available to EnCana.

Our Project will serve natural gas customers on a competitive
basis, on reasonable terms and conditions.

CANADA-NOVA SCOTIA BENEFITS

The Project will provide full and fair opportunity for Nova Scotians
and Canadians to participate in the supply of goods and services to
the Project on a “best value” basis.

Goods and services will be procured through competitive tender.
The bidding process will be open and fair.

Best value is a blend of total cost, quality, technical suitability,
reliability, delivery and assurance of supply, while at the same
time meeting or exceeding safety and environmental standards.
We will encourage the development of long-term industrial

support for the Project in Nova Scotia and Canada through
consultation and communication.

PROJECT MANAGEMENT

Safety and quality are the fundamental values that define the

Project’s Management Philosophy.

The Project’s management structure will operate to ensure
quality and safety, while maintaining cost control and schedule
requirements.

The Project will fully comply with all appropriate regulatory
standards and industry codes.

New technology will be embraced where an analysis indicates that

such use is prudent and does not create undue risk for the Project.
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1.5 Development Approach

This Development Plan (DPA Volume 2) has been refined based on the advice of various disciplines.
Building upon the best efforts of the multi-disciplinary team assembled to develop the Deep Panuke

Project, the Development Plan (DPA Volume 2) provides flexibility so as to allow the Project to respond
to the challenges of an offshore development.

The Deep Panuke Project contracting strategy proposes an integrated management team (IMT)
providing various levels of support and expertise to effectively manage all internal and external
stakeholder interfaces with a focus on effective change management, risk mitigation, and timely delivery
of the Project within established cost parameters as per Figure 1.2.

EnCana

Project
Management Team

Reservoir i " .
Commercial | Project | Technical

Regulator
Mgmt Controls | Integrity e

Element 1 Element 2 Element 3 Element 4 Element 5
EXPORT - ECSJEEU"
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Figure 1.2 Deep Panuke Project Elements
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The organization will be designed to integrate five major contract elements of the development, as

follows:

1. drilling and completions;

2. subsea flowlines, umbilicals and structures;

3. export pipeline;

4. provision of a leased MOPU; and

5. ready for operations (RFO) support and long term logistics and operations.

Where possible, key personnel from within the major contractors and supplier organizations will be
incorporated into the IMT to enhance communication, interface management and alignment.

EnCana will not consider full sanction to the Project until the conclusion of the bid competition phase
and after regulatory approvals are received.

During the concept development and front end engineering and design (FEED) stages, several potential
development alternatives were analyzed. As a result of this analysis, the production and transportation
systems described in this Development Plan (DPA Volume 2) are the most technically and economically
feasible means of developing the Project in a safe and environmentally responsible manner. The
evaluation of development alternatives is described in Section 4 of this Development Plan (DPA
Volume 2).

1.6 Project Timing

The Project’s three main phases are the Development Phase, the Production Phase, and the
Decommissioning Phase. The Development Phase consists of the following activities:

e definition — MOPU bid competition and regulatory application;
e engineering;

e procurement;

e well construction;

e facilities construction; and

e facilities commissioning.

The Project is currently in the MOPU bid competition and regulatory application phase.
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The Production Phase will consist of gas production and processing and, as required, further drilling and

well workovers.

Currently, the Development Phase is expected to continue until 2010. Following the commissioning of
the Project facilities, the Project life of the Production Phase is expected to be in the range of 8 to 17.5
years with the mean case of approximately 13 years. It is important to note that the Project facilities
have a design life of 25 years, with the exception of the topsides which have a design life of 20 years.
With proper maintenance, Project facilities can be available to other projects including subsequent
discoveries within the Panuke area.

Project timing may be adjusted to account for market conditions or other developments that may occur
over the life of the Project and/or Project facilities.

Figure 1.3 provides a detailed breakdown of the Development Phase schedule for the Project.
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1.7 Regulatory Overview

The Deep Panuke Project involves three separate regulatory processes and requires that four major
approvals be issued. The three separate regulatory processes are as follows:

e Comprehensive Study Process (CEAA Process);
e Development Plan Application (DPA) Process (CNSOPB Process); and
e National Energy Board (NEB) Process.

The CEAA Process pertains to the environmental assessment of the Project. The CNSOPB Process
pertains to the offshore aspects of development, including the offshore pipeline. The NEB Process
pertains to the entire transmission pipeline from interconnect with the MOPU to interconnect with
downstream facilities.

The major approvals that must be obtained through the three regulatory processes listed above are as
follows:

e A determination by the Federal Minister of the Environment that the Project is unlikely to have
significant adverse environmental effects (outcome of CEAA Process);

e (CNSOPB approval of the Benefits Plan for the Project;

e (CNSOPB approval of the Development Plan for the Project; and

e NEB approval of the pipeline application for the Project.

Proposed production installations and development drilling for offshore oil and gas are subject to
environmental assessment (EA) under CEAA. The CNSOPB and NEB have a mandate for
environmental protection and are Responsible Authorities (RAs) under CEAA. The Canadian
Environmental Assessment Agency is the Federal Environmental Assessment Coordinator (FEAC) and,
together with the CNSOPB, will lead the environmental assessment process for the Project.

Application of the Federal Coordination Regulations process under CEAA requires federal departments
with decision making responsibility under CEAA, (that is, RAs), or expert knowledge to declare their
interest in the project. The expected RAs for this project and respective CEAA “triggers” include:

e (CNSOPB (approval of a development plan, under Section 143(4)(a) and authorization under Section
142(1)(b) of the Canada-Nova Scotia Offshore Petroleum Resources Accord Implementation Act
(the Accord Act), referred to as item 1.2 in Schedule I, Part I of the Law List Regulations);

e Fisheries and Oceans Canada (authorizations under Sections 32, 35 and 37 of the Fisheries Act,
referred to as item 6 in Schedule I, Part I of the Law List Regulations);
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e Environment Canada (Disposal at Sea permit under paragraph 127(1) of the Canadian
Environmental Protection Act, referred to as item 3 in Schedule I, Part I of the Law List
Regulations);

e Transport Canada (paragraph 5(1) of the Navigable Waters Protection Act, referred to as item 11 in
Schedule I, Part I of the Law List Regulations);

e Industry Canada (paragraph 5(1)(f) of the Radio Communication Act, referred to as item 13 in
Schedule I, Part I of the Law List Regulations); and

e National Energy Board (Certificate under Section 52 or Section 58 authorization of the National
Energy Board Act related to the pipelines, referred to as item 7 in Schedule II of the Law List
Regulations).

The CNSOPB requires an environmental impact statement (EIS) as a condition of its approval process.
The NEB requires an EA as a condition of its approval process. Based on pre-filing consultation with
the regulators, EnCana’s CEAA EA Report (DPA Volume 4) will also form the EIS requirement of the
regulatory applications with the CNSOPB and the EA of the NEB application.

In 2002, EnCana conducted an EA in the form of a comprehensive study under CE4AA. EnCana
submitted a CSR and received Ministerial approval in December 2002. In February 2003, EnCana
requested a regulatory time-out to allow further evaluation of the Deep Panuke Project. In December
2003, EnCana withdrew the regulatory applications with the CNSOPB and the NEB to allow further
review and refinement of the Project.

Between 2003 and 2006, EnCana re-evaluated the reservoir and facilities to determine the optimum
project basis. As part of pre-filing consultation with the regulators, the FEAC and expected RAs put
together a draft work plan for the Deep Panuke Project in order to guide the regulatory review process.
The draft work plan indicated that the assessment would be a new comprehensive study, but that it
would solely address the modifications between the Project basis of the approved 2002 CSR and the
revised Project basis.

The NEB regulates international and interprovincial aspects of oil, gas and electric utility industries
under the NEB Act. To determine whether a pipeline project should proceed, the Board must be
satisfied that the proposed facilities are required by the present and future public convenience and
necessity in the form of a Certificate Application filed by the proponent. The Environmental
Assessment Report will also be included as a part of the NEB application.

The Deep Panuke Project also involves several supplemental approvals. These supplemental approvals
will depend on the final Project design but may include an approval from Transport Canada related to
navigable waters, for example. These supplemental approvals will be addressed as a part of regulatory
compliance monitoring during the execution of the Project.
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In addition, CNSOPB Work Authorizations will be required in order to install, construct and hook-up
the offshore facilities. A CNSOPB work authorization will also be required for the drilling program.
After a Drilling Program Authorization is issued, each well within the drilling program must also be
approved through a CNSOPB’s Approval to Drill a Well or Approval to Alter the Condition of a Well
(for re-entries). A CNSOPB Production Operations Authorization is also required in order to start-up
and operate the offshore facilities. An NEB operating permit will also be required.
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2 SUBSURFACE

The Deep Panuke pool will produce natural gas from a porous and permeable carbonate reservoir
located about 3500 m below the seafloor in the area of the decommissioned Cohasset Project.

Preparing the subsurface portion of the Deep Panuke Project involved careful integration of all available
subsurface information to achieve the best possible understanding of the pool and to minimize
uncertainty. Nevertheless, the limited number of wells drilled into the pool and the relatively complex
nature of the reservoir leave remaining uncertainties. Therefore, a probabilistic approach has been
employed in quantifying the volume of gas present in the pool, the volume which is recoverable and
forecasting production from the pool.

To summarize the subsurface methodologies and approach applied to the pool, a simplified Subsurface
Development Planning Workflow is presented in Figure 2.1. The workflow begins with the application
of Basic Data from wells and seismic data to create a detailed Reservoir Description. Analyses and
interpretations of pool geology, petrophysics, geophysics, fluid and pressure studies are combined into a
three-dimensional computer model of the pool, termed the “Earth Model”, from which many
deterministic estimates of Original Gas in Place (OGIP) are calculated. Dynamic reservoir simulation
was next used to ensure that the “Earth Model” is consistent with well test behavior and to predict key
reservoir performance parameters (e.g. gas recovery factor) leading to estimates of the range of
Recoverable Gas is Place (RGIP).

The Earth Model and the reservoir simulation model act as focal points for the subsurface reservoir
description and dynamic reservoir behavior predictions. Subsequently, OGIP, Aquifer Size and
Transmissibility, Recovery Factors, Life after Plateau and RGIP are key uncertainties addressed using
Probabilistic Resource Modelling via Monte Carlo simulation. Based on the resource estimates, the
recommended pool Development Strategy and Plan is formulated.

Many of the steps in the Subsurface Development Planning Workflow are iterative. The remainder of
this section describes the final products actually used in creating the proposed Development Plan.
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2.1  Geology

The Deep Panuke natural gas pool occurs along the margin of the Abenaki Formation carbonate
platform which formed along the East Coast of North America during the opening of the Atlantic Ocean
in the Middle to Late Jurassic, approximately 170 to 128 million years ago. The reservoir is made up of
porous limestone and dolomite. The natural gas pool is formed in a combined structural/stratigraphic
trap, with structural closure to the northeast and southwest, and stratigraphic closure updip into tight
carbonate platform interior sediments to the northwest. The carbonate platform thins and plunges to the
southeast. The pool is located about 250 kilometers (km) offshore southeast of Halifax, Nova Scotia.
General characteristics of the Abenaki gas play are summarized in Part 2 (DPA-Part 2, Ref # 2.1).

The general location of the pool is shown in Figure 2.2
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Figure 2.2: Location of the Deep Panuke Pool

2.1.1 Deep Panuke Regional Setting

The Scotian Shelf is part of the continental margin of eastern North America. The shelf extends from the
Laurentian Channel in the east to the Northeast Channel in the west. The Deep Panuke gas field is
located about 40 km southwest of Sable Island. The physiographic location of the Scotian Shelf is
shown in Figure 2.3.

The regional geology of the Scotian Shelf has been reviewed in detail by several authors. Key references
with regard to the regional geology of the Scotian Shelf are provided in Part 2 (DPA-Part 2, Ref # 2.2,
2.3,2.4,2.5 and 2.6).
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Figure 2.3: Physiography of the Scotian Shelf

2.1.1.1 Regional Structure

The Scotian Shelf is underlain by attenuated, rifted, continental basement. The basement is composed of
plutonic Devonian granite and Late Precambrian to Ordovician metasediments. The Scotian Shelf began
rifting in response to the separation of Africa in the late Triassic and extensional faulting was complete
by the early Jurassic. This process created a network of basement ridges and basins. The Abenaki
carbonate margin often overlies the outer edge of the basement ridges. The Deep Panuke gas pool
overlies part of the Moheida ridge feature. The leading edge of the carbonate platform appears to have
been controlled by a combination of syn-depositional listric faulting, clastic sediment influx and a break
in slope produced by the underlying basement structure (DPA-Part 2, Ref # 2.2). Diagenesis may have
been localized by reactivated wrench faulting along the underlying basement faults. One phase of this
reactivation may have coincided with the separation of the Grand Banks and Iberia at the end of the
Jurassic (DPA-Part 2, Ref # 2.3). The tectonic elements of the Scotian Shelf are illustrated in Figure 2.4.
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Figure 2.4: Tectonic Elements of the Scotian Shelf

2.1.1.2 Regional and Abenaki Formation Stratigraphy

The Abenaki Formation which hosts the Deep Panuke gas pool was deposited from Middle to Late
Jurassic time as part of the post-rift basin fill succession, as illustrated in Figure 2.5.
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The Abenaki Formation is formally subdivided into four members. The Scatarie Member (Abenaki 1) at
the base of the formation marks the onset of widespread, shallow marine carbonate deposition across the
Scotian Shelf and is overlain in the Deep Panuke area by a 100 m thick succession of open marine shales
of the Misaine Member. The Baccaro Member of the Abenaki Formation is an 1,100 m thick carbonate
margin succession of limestones, dolomites and minor clastics. The Artimon Member caps the Abenaki
Formation. Seaward of the margin carbonates, deeper marine equivalents comprise a portion of the
Verrill Canyon Formation shales.

The Abenaki Formation is overlain by clastics of the lower Mississauga Formation, or Mic Mac
Formation clastics at the northeast end of the carbonate platform. The DPA includes provision for the
disposal of waste acid gas by injection into upper Mississauga Formation sandstones.

2.1.1.3 Baccaro Member Stratigraphy

The Abenaki Formation along the Deep Panuke platform margin is divided into seven depositional

cycles based on well correlations, facies stacking patterns and seismic markers (DPA-Part 2, Ref # 2.4),
as shown in Figure 2.6.
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Figure 2.6: Abenaki Formation Stratigraphic Framework
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The Baccaro Member of the Abenaki Formation is comprised of the depositional sequences informally
referred to as Abenaki 2, 3, 4, 5, and 6, each bounded by a sequence boundary. This succession is
overlain by the Artimon Member, herein referred to as Abenaki 7. The Abenaki 2 sequence overlies and
is co-eval in part with Misaine Member shales. The top of the Abenaki 2 sequence is marked by a major
marine flooding event which pushed the platform margin significantly landward, followed during
Abenaki 3 and 4 time by a series of depositional cycles in an overall progradational sequence stacking
pattern.

The Abenaki 5 sequence represents the culmination of platform development, with the Abenaki 6 and 7
cycles dominated by foreslope facies deposited during the drowning of the platform. Gas is trapped
primarily in porous dolostones and limestones within the Abenaki 4 and Abenaki 5 cycles, with the
potential for significant gas reserves in the Abenaki 6 (though this is currently unproven). Syn-
depositional faulting appears to have occurred mainly during Abenaki 4 and 5 time. Top seal for the
reservoir is non-porous limestones of the Abenaki 6 and 7 cycles. The Abenaki carbonate platform was
drowned in the early Cretaceous and buried by clastics of the lower Missisauga Formation.

The carbonate margin at Deep Panuke has been sculpted by syndepositional faulting and gravitational
collapse during deposition. The preserved margin area is made up of shallow-to-deeper water coral and
stromatoporoid patch reefs and inter-reef and foreslope sediments while the stable carbonate shelf
immediately behind it is dominated by shallow water oolitic shoals. The deeper foreslope area is
dominated by coral-sponge to sponge reefs, debris flows, and thrombolitic mudstones.

2.1.2 Pool Discovery and Delineation History

The location of wells relevant to the history of the Deep Panuke pool is shown in Figure 2.7. This map
excludes many shallow penetrations related to the overlying Panuke and Cohasset oil pools.

Drilling in the immediate vicinity of the Deep Panuke pool began in 1973 with the Mobil-Tetco
Cohasset D-42 vertical well which was drilled to 4427 m total depth in the Misaine Member of the
Abenaki Formation. This well was drilled to test for the presence of hydrocarbons within the Abenaki
Formation. Limestones and minor dolomites were encountered in the Abenaki 5 but were of poor
reservoir quality. Although unsuccessful in the Abenaki Formation, this first “near-miss” well is part of
the spectrum of reservoir quality variations within the Deep Panuke pool. Low quality, gas-filled
porosity is present, even though the gas would not flow on a drill-stem test. D-42 is therefore considered
to be within the Deep Panuke gas pool, but cannot be recognized as the pool discovery well.
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Figure 2.7: Well Location Map, Deep Panuke Area

The D-42 well found light oil up-hole in younger Mississauga and Logan Canyon Formation (Cree
Member) sandstones and is the discovery well for the shallow Cohasset oil field. Subsequently,
numerous development and delineation wells were drilled into and adjacent to the Cohasset oil field but
none of those wells were deepened to the Abenaki Formation. The Cohasset oil field began producing
oil in 1993 and achieved cumulative oil production of 4.5 million cubic meters [28.3 million barrels] of
oil by December, 1999. The oil field ceased production at that time and the wells have been
subsequently abandoned.
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In 1978, the Mobil-Tetco PEX Cohasset L-97 vertical well was drilled along the Abenaki Fm. carbonate
margin and continued drilling deeper to a total depth of 4872 m in the Iroquois Formation. A gas show
was encountered in the Abenaki carbonates but the well was abandoned.

In 1986, the Shell PCI et al Panuke B-90 well was drilled to 3445 m total depth in the upper part of the
Abenaki 5 zone. The primary target for this well was oil in the Mississauga and Logan Canyon
Formations, following up on previous success nearby at Cohasset field, with the Abenaki Formation as a
secondary target.

The B-90 well is not considered as a Deep Panuke pool delimiting well since no porous reservoir was
drilled and the well penetrated only the upper part of the Abenaki 5 zone. The B-90 well discovered oil
in upper Mississauga Formation sandstones (informally designated as the Panuke sandstones) and is the
discovery well for the shallow Panuke oil pool. Oil production at Panuke began in 1992, achieving
cumulative oil production of 2.56 million cubic meters (16.2 million barrels) of oil by December, 1999.
The oil field ceased production at that time and the wells have since been abandoned.

Numerous Panuke oil production wells have been drilled into the Mississauga Formation but none
penetrated to the Abenaki Formation until just 18 months before the Panuke oil pool ceased production.

EnCana involvement in the Panuke area began in 1996 when it purchased LASMO PLC’s 50% working
interest in the Cohasset Project. Seismic data and well control indicated that a structural high was
present along the Abenaki Formation carbonate margin which also exhibited seismic amplitude
anomalies indicative of porosity. On July 17, 1998, EnCana, in partnership with Nova Scotia Resources
Ltd., spudded the Panuke PP-3C well from the Panuke oil production platform to test for hydrocarbons
in the deeper horizon.

2.1.2.1 Deep Panuke Discovery and Delineation Drilling

The Panuke PP-3C well is the discovery well for the Deep Panuke gas pool. The pool has subsequently
been delineated by other gas-bearing wells. Table 2.1 is a listing of the Deep Panuke pool wells,
including the non-commercial D-42 well and F-09 wells. Five of the pool wells have been production
tested at exceptional flow rates of greater than 1.4 x 10° m*/d [50 MMscfd] with rates limited by the
testing equipment.
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Table 2.1: Listing of Deep Panuke Pool Wells
Flow Rate
10° m3/d
Well Name Operator Rig Release Status (MMscfd/)
Cohasset D-42 Mobil-Tetco 16-Jul-1973 D& A Dst mud
Panuke PP3-C EnCana 12-Apr-1999 Gas 1.6 (55)
Panuke PI-14/B EnCana 19-Feb-2000 Gas 1.5 (52)
Panuke H-08 EnCana 20-Aug-2000 Gas 1.6 (57)
Panuke F-09 EnCana 11-Nov-2000 D&A 0.003 (0.1)
Panuke M-79/A4 EnCana 18-Dec-2000 Gas 1.8 (63)
Margaree F-70 EnCana 06-Aug-2003 Gas 1.4 (50)
MarCoh D-41 EnCana et al 23-Oct-2003 Gas No Test

The Panuke F-09 well had a very low gas flow rate due to poor porosity and permeability and is
considered a non-commercial well. The F-09 well is part of the spectrum of reservoir quality present in
the Deep Panuke pool and the gas phase is continuous with other wells thereby making this well part of
the pool.

While considered successful, the most recently drilled well, MarCoh D-41, was not production tested
since wireline log results were deemed sufficient to prove the presence of producible hydrocarbons by
comparison to previous wells.

The lateral extent of the Deep Panuke pool is restricted by four unsuccessful pool-delimiting wells,
listed in Table 2.2.
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Table 2.2: Listing of Deep Panuke Pool Delimiting Wells
Flow Rate
10° m3/d
Well Name Operator Rig Release Status (MMscfd)
Cohasset L-97 Mobil-Tetco | 21-Nov-1978 D& A Gas Show
Musquodoboit E-23 EnCana 02-Sep-2001 D& A Wet
Queensland M-88 EnCana 12-Feb-2002 D& A No Test, Tight
Dominion J-14/4 EnCana 26-Jan-2006 D& A No Test, Tight

2.1.2.2 Original Depletion Plan Submission (2002-2003)

Having drilled five wells into the Deep Panuke pool by the end of 2000, EnCana undertook a pool
reserves evaluation and examination of various options for developing the field. The work was focused
in the Panuke license where it was then thought that sufficient gas reserves could be accessed by a new
fixed platform infrastructure to which existing wells could be tied-in. Further development wells could
be directionally drilled as required.

A Development Plan Application (DPA) was filed with the Canada-Nova Scotia Offshore Petroleum
Board (CNSOPB) in early 2002 for the development of the Deep Panuke pool. Ongoing technical
studies and evaluation of the Deep Panuke pool continued as the early phases of the DPA were under
regulatory review.

During this time, uncertainty was growing regarding the recoverable gas reserves accessible within the
immediate Panuke license area between the Panuke H-08 and Panuke M-79 wells. Continuing
subsurface technical studies indicated that the gas resources in the pool were likely to be smaller than
first estimated. It was recognized, however, that the pool was likely to extend farther to the northeast
along the Abenaki carbonate margin and that it was necessary to drill additional pool delineation wells
to extend the known limits of the Deep Panuke pool prior to development.
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2.1.2.3 Additional Pool Delineation (2003—-2006)

Three wells were drilled as pool delineation step-out locations during the period from 2003 to 2006 with
the ultimate objective to increase the established gas resource base for the pool. Fortunately, the
Margaree F-70 and MarCoh D-41 wells both found thick dolomitized gas reservoir. No reservoir was
penetrated in the vertical Dominion J-14 or sidetrack J-14A wellbores.

The drilling of these wells confirmed that commercial gas-bearing reservoir extends at least as far to the
northeast as the D-41 well. Additional data collected from well logs, core and a production test in F-70
have greatly improved the understanding of the reservoir.

The principle technical learnings from this phase of pool delineation are as follows:

e gas resources in the pool exist mainly in dolomite reservoir along the carbonate margin with lesser
gas volumes in adjacent vuggy limestones;

e the reservoir is fractured;

¢ an aquifer of uncertain size exists below the gas pool; and,

e in-place and recoverable gas volumes have been substantially revised.

Since the original filing of the Development Plan Application (DPA) in 2002, considerable capital has
been spent to delineate the pool along with many person-years of additional subsurface technical study.
Heavy emphasis has been placed on fully integrating all of the subsurface technical disciplines such as
geology, geophysics, petrophysics and reservoir engineering, resulting in the construction of detailed
reservoir models. The overall level of confidence in the understanding of the pool has increased
considerably but substantial uncertainties remain. No production data is available for the pool. Such data
would reduce reservoir performance uncertainties and help to better assess aquifer size and strength.

Figure 2.8 shows the currently established extent of the Deep Panuke gas pool including the position of
the PP-3C discovery well and the pool delineation wells.
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Figure 2.8: Deep Panuke Area Drilling

2.13 Geological Reservoir Description

The geological description of a hydrocarbon accumulation typically deals with five key elements which

are all required for a hydrocarbon accumulation to exist, namely:

source rock, which generates hydrocarbons;
migration of hydrocarbons from the source rock;

N
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e reservoir, with porosity and permeability, to host the hydrocarbons;
e trap, which captures the hydrocarbons; and
e seal, which prevents the hydrocarbons from migrating out of the trap.

Shales of the Verill Canyon Formation are thought to be the source rock for Deep Panuke gas, with
migration of gas from the source rock into the Abenaki Formation via carrier beds within basinal
deposits and / or faults and fractures within the Abenaki Formation (DPA-Part 2, Ref # 2.1) These
elements will not be further discussed since they do not affect the estimation of Original Gas in Place
(OGIP) in the reservoir or Recoverable Gas in Place (RGIP). The main emphasis in presenting the pool
geological description has been placed on the reservoir. Description of the trap is addressed in Section
2.3, Geophysics. Tight limestones of the Abenaki 6 form the top-seal and Abenaki 4/5 tight limestones
provide lateral seal landward of the gas pool.

2.1.3.1 Sedimentology

Sedimentology is the science that deals with the description, classification and interpretation of the
origin of sedimentary rocks. The geological description of a reservoir begins with macroscopic
observations made from basic well data such as well logs and cores along with microscopic examination
of cuttings samples and thin sections cut from cores. For each individual well, observations of rock
lithology (e.g. limestone or dolomite), color, grain size and type, fossil content, cements, pore types and
pore size are used to describe the characteristics of the reservoir interval with vertical changes carefully
noted. The initial sedimentological study work on the Abenaki Formation by Eliuk (DPA-Part 2, Ref #
2.7) provides the fundamentals upon which recent well information is still interpreted.

Based on the described set of characteristics of a particular reservoir interval, it is classified into one of a
series of Facies Associations. A Facies Association includes a wide variety of very detailed, fine-scale
rock depositional characteristics grouped at larger scales to more generally describe a rock-type.

Each Facies Association is assigned an origin relating to the depositional environment into which the
sediments are interpreted to have initially been deposited before burial.

The following Facies Associations defined for the Abenaki Formation are applied to the Deep Panuke
Pool as in Table 2.3.
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Table 2.3: Listing of Facies Associations

# Facies Association Name Inferred Water Depth

1 Open Marine - Deep >200 m

2 Open Marine - Shallow >100 m <200 m

3 Foreslope

3a Channel (Debris Flow or Turbidite Related) 10 m to >100 m

3b Proximal Foreslope (Fore-reef) 10 mto 70 m

3c Distal Foreslope (Microbial mud mounds-*“5¢”) 70m to 100m
Foreslope (Deeper-water Bioherms and

4 Biostromes)

4a Siliceous sponge (hexactinellid & lithistid) reef >100 m

4b Lithistid sponge-chaetetid-strom. ‘shallow’ reef, 30 mto 100 m

4c Coral-demosp. (lithis.-strom.-chaet.) ‘shallow’ reef | 10 m to 50 m

5 Open Marine Platform Margin

Forereef 10 - 50 m
Reefcrest 1 -2 m,

Sa Skeletal Rich (Fore-reef rubble, reef crest etc.) Backreef 1 - S m
Coral-stromatoporoid-chaetetid-algal

5b reef boundstone 2mto 10 m

5c Pelletal mudstone (to grainstone) Smto 10 m

5d Oolitic grainstone shoals Imto5Sm
Oncolitic Backreef (shallow backreef to shoal

Se margin) Imto5m

5f Sandstone (Bypass, lowstand sandstone) Imto3m

6 Carbonate Platform Interior (Moat) Smto20m

7 Mixed Carbonate Siliciclastic Platform Interior 3mto 10 m

8 Coastal Deltaic Lagoonal/Continental 1 m

The next stage in the sedimentological work is to synthesize the individual well interpretations into a

Depositional Model for the entire pool which serves the following purposes:

e explain lateral and vertical spatial variations observed within the pool; and

e predict the lateral and vertical distribution of particular characteristics which may be found

between existing wells and in future wells.

Figure 2.9 shows the Detailed Deep Panuke Facies Model presented in a sequence stratigraphic context
illustrating the spatial distribution of Facies Associations within a complete depositional sequence.
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Figure 2.9: Detailed Deep Panuke Facies Model

The simplified version of the Deep Panuke Facies Model presented in Figure 2.10 still conveys the
essence of the Facies Associations and depositional environments across the Abenaki carbonate margin.

The Deep Panuke gas pool is assigned to the ‘Reef’, associated ‘Foreslope (Upper)’ and ‘Inter-reef’
environments.
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Figure 2.10: Simplified Deep Panuke Facies Model DPA-Part 2-Ref # 2.8

ENCANA.
N

Deep Panuke Volume 2 (Development Plan) ¢ November 2006 2-17



The principle applications of sedimentology in reservoir studies are to document the known distribution
of reservoir-prone and non-reservoir facies to predict from the resultant depositional model where
additional reservoir may (or may not) be found.

For the Deep Panuke pool, there are practical limitations to the utility of sedimentological analysis and
depositional facies mapping. Firstly, specific depositional facies cannot be confidently predicted from
seismic analysis, so the information available is largely confined to sparse well control. Secondly, much
of the primary porosity has been occluded during early diagenesis, regardless of Facies Associations and
depositional environments, which are therefore only weak predictors of ultimate reservoir potential.

Despite these limitations, the sedimentological analysis of the wells has shown that the reefal margin
Facies Associations host the main reservoir at Deep Panuke. The more seaward Foreslope Facies
Association has limited reservoir potential due to higher carbonate mud content and higher argillaceous
content which make this facies less prone to subsequent dolomitization. To date, the back-reef Facies
Associations, including oolitic grainstones, have not shown significant porosity development due to
early cementation and lack of dolomitization away from the carbonate margin. However, the occurrence
of limited porosity in oolitic grainstones in the F-09 well and up to 13% porosity in the Abenaki 4 in the
E-23 well suggest that porous oolitic grainstones may yet be found by further drilling within the Deep
Panuke pool.

2.1.3.2 Diagenesis

Diagenesis refers to the biological, physical and chemical changes which a sedimentary rock undergoes
after its initial deposition. Of particular concern at Deep Panuke are the physical and chemical changes
which the rock has undergone during dolomitization, leaching and the evolution of porosity during the
history of the Abenaki Formation. The development of secondary porosity tends to over-ride
depositional facies in determining the final distribution and quality of the reservoir at Deep Panuke.

Based on extensive studies of well logs, core, isotopes, and in particular, specialized thin-section
petrographic observations, (DPA-Part 2 Ref # 2.9, 2.10, 2.11, 2.12) the diagenetic processes which have
acted on the Abenaki Formation through time are summarized in the paragenetic sequence illustrated by
Figure 2.11. The evolution of porosity in the reservoir can be simplified into the following three
principle stages:

e Stage 1) Early cementation then later burial compaction resulting in decreased porosity;
e Stage 2) Burial dolomitization with increased porosity along the reef front, dissolution in the Vuggy
limestone region with increased porosity; and
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e Stage 3) Dolomite Leaching (dedolomitization) and late calcite cementation with likely net decrease
of porosity.

Diagenetic Process

Or End Product Tining

Early p- Late
Marine Shallow Burial (MW-Phreatic?)  Intermediate to deep Burial
Micritization -
Calcite Cementation
Fibrous
Bladed/Syntaxial
Calcite Spar
Blocky

Dissolution
Compaction

Machenical (Porosity decrease)

Chemical

Fracturing agm .
Dolomizaton Dolomitization

Matrix Dolomite

Saddlerized matrix Dolomite & Dissolution

R lized Dalomif . .
SadgaDonnte (Porosity increase)

Dedolomiizaton Dolomite Leaching &

Hydrocarbon Migration Late Calcite Cement
Sulphide Mineralization )
Anhydrite

Figure 2.11: Diagenesis and Porosity Evolution

The most important observation from the petrographic work and the diagenetic history is that porosity in
the pool is now dominated by secondary porosity development directly associated with dolomitization
and leaching. The porosity of economic interest exists only in the dolostones and leached limestones, not
in unaltered limestones. This fact must be accounted for when evaluating rock volumes composed of a
mixture of dolostone and limestone as described in Sections 2.1.3.4 and 2.2.5.

To illustrate the close relationship of the dolostones to limestones in the dolomitized part of the pool,
Figure 2.12 illustrates the results of petrophysical analysis of the F-70 well in the Abenaki 5 Member,
along with a series of five thin section photo-micrographs showing key aspects of the rock fabrics
present. The thin sections were cut from the F-70 conventional core. The selected photo-micrographs are
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illustrative of the partially dolomitized region of the pool (see Section 2.2.2). Many other thin sections
exist in addition to those shown (DPA-Part 2 Ref # 2.10, 2.11, 2.12).
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Figure 2.12: F-70 Well Abenaki 5 Rock Fabrics

On the left-hand side of the figure, Track 1 shows the proportions of dolostone (mauve) limestone (pale
green), argillaceous material (pale grey), vuggy porosity (yellow) and matrix porosity (white). Above
the “Tight Streak” (TS) interval of tight limestones (at the base of the Abenaki 5), the porous reservoir is
composed primarily of dolostone with several interbeds of limestone present in the upper part.
Obviously there is a close physical association of the dolostone and limestone interbeds.

In Track 3, the Total Porosity (Phiy) is further subdivided into vuggy porosity (yellow) and gas-filled
matrix porosity (red), moved fluid (pale yellow), clay bound water (grey) and free water (pale blue). It
should be noted that porosity occurs almost exclusively in the dolostones.
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2.1.3.3 Fracturing

Initial studies of the Deep Panuke pool did not regard it as having a significant flow contribution coming
from fractures. Touching vugs were thought to dominate permeability in the reservoir. Subsequently, as
the dolomitized reservoir in the F-70 and D-41 wells was analyzed, it became evident that fracturing
does indeed play an important role in enhancing permeability in the pool. Structural analysis now
indicates that open fractures are dominantly oriented roughly sub-parallel to the carbonate margin edge
hence permeability will be enhanced parallel to the margin edge. The following discussion provides an
overview of the current understanding of fracturing in the pool.

Overall there does not appear to be a great deal of fracturing present in the Abenaki 5 limestones. This is
consistent with the observation that limestone and vuggy rock tends not to fracture as they are more
ductile and bend rather then break. In addition, fractures are short as they tend to terminate when they
encounter a bedding plane, vug or a change in fabric like a coral head. The F-70 and D-41 wells
encountered much more dolomite in the Abenaki 5; these wells are more fractured, especially in the
non-vuggy dolomites.

It would appear that the rock recovered in the H-08 core is brecciated to some degree rather then
fractured, probably caused by partial solution collapse of the high porosity zone. The H-08 well has a
Resistivity At Bitry (RAB) tool image of the porous interval. The RAB tool is a Logging While Drilling
(LWD) tool with a much coarser resolution (pixels are about 3 cm wide by 10 cm high) than a
Formation Micro-Imager™ (FMI) tool. The image shows some large fractures in an overall very vuggy,
high porosity area. The fractures in the H-08 well appear to have been leached open and probably were
in place prior to leaching. PI-1B has an RAB tool log and does not show any fractures.

In the backreef setting in the F-09 well, there is limited fracturing of small aperture and it is restricted to
single beds or small groups of beds and will not have great lateral continuity. The tested interval in F-09
contained a few thin intervals of fractures. As indicated by the acid fracture pressures required and the
test results, these fractures are not open.

It was noticed in the petrographic study of thin sections from sidewall cores, predominantly from the
matrix, that micro-fracturing is fairly common. This type of tiny fracture relieves the stress within the
system and reduces the likelihood of large fractures. Micro-fracturing can improve the connectivity in
secondary porosity rock by connecting pinpoint vugs.

Overall, there are not a lot of fractures in the Abenaki limestones or vuggy dolomite; where they have
not been enhanced by leaching, they appear to be closed. Given that the majority of porosity-related
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events interpreted from seismic data are parallel to the carbonate margin, it appears that the extensional
fracture sets are the more important control on access of diagenetic fluids into the Abenaki platform.
The fractures will contribute to the connectivity of the reservoir but not to any greater degree than the
vuggy nature of the high porosity zones. However, the fractures likely explain the more uniform
continuity of permeability along the margin edge (interpreted from well tests) where porosity is variable
and vuggy intervals discontinuous. As these are steeply dipping fractures, they may allow some aquifer
access if open into the water leg.

Integrating data from the F-70 core and FMI log has added new insights into the fracture analysis (DPA-
Part 2, Ref # 2.13). The F-70 well has the most complete data set available with which to characterize
fracture distribution, morphology and orientations. FMI log, Stoneley wave log and core datasets are
available for analysis. The core shows a common short-length, leaching-enhanced fracture set. The
fractures are random, seem to be more brecciated than fractured and terminate in 10 to 20 cm against
styolites or fossil fragments. Fractures seem mechanically constrained to dolomitized beds whilst
limestones are generally unfractured. There are several generations of fractures. The FMI shows several
fracture swarms, some with fairly high-angle dipping events. Fracturing coincides with lower porosity
dolomitized grainstones i.e. denser brittle rock. The core fractures are dominantly oriented parallel to the
margin edge, though the FMI log shows great variation in fracture orientation.

An example of fracture identification from the F-70 FMI log is shown in Figure 2.13. Fractures are
discernable as high angle sub-vertical or sinusoidal features on an FMI log. Fracture strike and dip are
calculated from this data since the FMI tool is spatially oriented. Low angle dips are discounted as
fractures and are treated as bedding surfaces. Rock fabric interpretation is also done on the FMI with
vugs prominent on some images such as at 3525 m TVD.

The F-70 FMI shows several fracture swarms as at 3485 m TVD, some with fairly high angle larger
dipping events, such as at 3475 m TVD. Fracturing coincides with lower porosity dolomitized
grainstones i.e. dense, brittle rock. The FMI log shows great variation in fracture orientation.

The production test in the Abenaki 5 flowed gas at a sustained rate of 1.5 million m*/d (52 MMscfd)
limited by production equipment. The test showed that 93% of the gas production inflow came from 10
m of reservoir thickness. This is strong evidence that relatively thin, highly fractured intervals are
responsible for much of the overall permeability in the pool.
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Figure 2.13: Fracture Identification in Well F-70

2.1.3.4 Lithotypes

Three rock fabrics or lithotypes have been defined in the Deep Panuke pool, one which does not
contribute significantly to the gas reservoir (margin limestone) and two which do (i.e. dolostone and
vuggy limestone).

Lithotype/Rock Fabric: Margin Limestone

The first Lithotype/Rock Fabric to consider is the Margin Limestone Lithotype, illustrated in Figure
2.14. It represents the rock fabric and porosity characteristics of the Abenaki Formation as a result of
early cementation and subsequent burial compaction stage of reservoir development resulting in
decreased porosity. This lithotype was not subjected to dolomitization or leaching.
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Figure 2.14: Lithotype/Rock Fabric - Margin Limestone

This Lithotype/Rock Fabric is characteristic of the Mid-Reef region of the pool (see Section 2.2.2) but
also occurs in the other regions of the pool as non-reservoir “tight” limestones with minor preserved
porosity, mainly as leached, micritic matrix vugs or molds.

Lithotype/Rock Fabric: Dolostone

The second Lithotype/Rock Fabric is Dolostone, as illustrated in Figure 2.15, which accounts for the
majority of the reservoir rock in the pool. It is characterized by dolomite mineralogy with vuggy/moldic
to inter-crystalline porosity with several stages of fracturing resulting in high permeability. This
lithotype is considered to be a dual porosity reservoir. The rock matrix provides the bulk of the reservoir
volume and the fracture network provides the majority of the reservoir permeability.
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Figure 2.15: Lithotype/Rock Fabric — Dolostone

It is observed on all scales from thin section petrographic scale (DPA-Part 2 Ref # 2.10, 2.11, 2.12) to
well log scale (see Section 2.2.3) that a volume of rock may be only partially dolomitized. This
phenomenon is of great importance to the petrophysical description of the reservoir, reservoir
characterization and the subsequent building of a reservoir model since the vast majority of the reservoir
porosity exists in the dolomitized portion of the rock, not in the unaltered limestone portion.

The rock fabric and porosity occurrence in a partially dolomitized rock volume is illustrated in Figure
2.16. The interface between the dolomitized and un-dolomitized (i.e. limestone) portions of the rock
volume is a chemical reaction front where the dolomitization process stopped.
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Figure 2.16: Lithotype/Rock Fabric — Partially Dolomitized

In a partially dolomitized rock volume, porosity measurements from core and well logs primarily yield
total porosity (Phiy) measurements. It is important to discriminate porosity in the dolostone fraction
(Phips) from porosity in the limestone fraction (Phiyg) since other reservoir properties such as
permeability and water saturation are dependent on lithology and pore types.

Total porosity (Phiy) can be allocated to the dolostone and limestone fractions in direct proportion to
the volume of each lithology present within the rock volume being analyzed. It can be stated in
mathematical terms as follows:

Equation 1: Phiy= (Volrs x Phirg) + (Volps x Phipy)

Where Phi= Total porosity in a given rock volume
Vol = Volume of Limestone (or calcite)
Volps = Volume of Dolostone (or dolomite)
Phir s = Porosity in limestone
Phips = Porosity in dolostone
Note: Vol + Volps=1

A key implication of this statement 1is that different reservoir property statistical
populations/distributions may be present in each of the dolostone and limestone fractions. For example,
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the dolostone fraction may host a particular porosity population described by a statistical distribution
unique to the dolostone lithotype. The limestone fraction may host a completely different porosity
population described by a statistical distribution specific to the limestone lithotype. For the total rock
volume, the Phiy porosity distribution represents a composite which may exhibit bi-modality.

Lithotype/Rock Fabric: Vuggy Limestone

The third Lithotype/Rock Fabric is Vuggy Limestone, present in the reservoir region named as such, is
illustrated in Figure 2.17. Lithologically the region of the H-08 and PP-3C wells is characterized as
limestones with massive vuggy porosity and some matrix porosity present along with fractures. Where
diagenesis has not created Vuggy Limestone in this region, the “background” Margin Limestone
Lithotype is preserved.

Vuggy Secondary
Porosity Porosity

Phi;; = Phiy,_

Sw,, =0.02/ Phi,

Figure 2.17: Lithotype/Rock Fabric - Vuggy Limestone

Two possible explanations exist for the occurrence of Vuggy Limestone in close (< 300m) lateral
proximity to the High Permeability Reef Front (HPRF) region. The first explanation is that the creation
of the Vuggy Limestone region is part of the continuum of diagenetic processes which formed the HPRF
region. As magnesium was consumed in the dolomitization of the HPRF region, a diagenetic fluid
presumably evolved which was capable of leaching calcite from the limestones in the adjacent area but
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no longer capable of dolomitizing the rock. A key implication is that the HPRF and VL regions would
most likely be in reservoir continuity with each other.

The second explanation is that the fluids which leached the limestone in the Vuggy Limestone region
were of a different initial chemistry and presumably different timing to those which dolomitized the
HPRF region. The two regions may or may not be in reservoir continuity depending upon the areal
extent to which the different diagenetic events reached.

2.1.3.5 Reservoir Stratigraphy
A simple stratigraphic zonation is used to describe the reservoir stratigraphy at Deep Panuke:

1) porous and permeable limestones and dolomites in the Abenaki 5;
2) low porosity/permeability argillaceous limestones near the base of the Abenaki 5 (“Tight Streak™); and
3) porous and permeable limestones and dolomites in the Abenaki 4.

The reservoir stratigraphy of the Deep Panuke pool is illustrated by Figure 2.18. The gas/water contact is
at approximately -3504 m TVD SS and is most easily identified in the upper Abenaki 4 at the D-41 well.

The lower Abenaki 5 argillaceous limestone is correlative between wells as a consequence of its
deposition as lower Foreslope facies above a major marine flooding surface (which marks the top of the
Abenaki 4). It is informally termed the “Tight Streak”, although this is strictly a misnomer due to the
presence of some porosity and permeability in the interval. The interval deserves recognition as being
significantly different in its reservoir and fracture properties from the reservoir zones above and below
it. Unfortunately, the “Tight Streak” interval cannot be directly mapped seismically due to its lack of
impedance contrast with underlying and overlying rocks. It is correlated stratigraphically using well logs
and between wells by isopaching up from a geophysically mapped horizon corresponding to Abenaki 4
porosity.

The lower Abenaki 6 has minor effective porosity in the wells drilled to date. Overall, it is regarded as
top seal for the pool but seismic evidence indicates that there is local porosity development in the
Abenaki 6 which may be tested in future drilling.
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Figure 2.18: Reservoir Stratigraphy
2.2 Reservoir Characterization

2.2.1 Integrated Depositional and Facies Model

An integrated description of this complex reservoir in presented in Figure 2.19. For the sake of
simplicity, this model illustrated in the figure depicts gas-bearing reservoir only in the Abenaki 5
sequence which accounts for the majority of the gas in the pool. This figure does not fully address the
reservoir and gas in the Abenaki 4 sequence which has been proven in the D-41 well.

The Abenaki 5 sequence is schematically shown to form above a dipping surface at the top of the
Abenaki 4 sequence. The dip can be interpreted as either structural in origin (due to syn-depositional
structure), or depositional dip (reflecting pre-Abenaki 5 topography) or a combination of both.
Depositional facies within the Abenaki 5 are (from deeper to shallower water deposition) Lower
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Foreslope, Foreslope/Reefal Margin, Backreef Sand Flat and Oolitic grainstone Shoal, arranged in an
overall progradational stacking pattern.

Post-deposition extensional faulting has removed the Abenaki 5 seaward of a major listric fault.
Although not shown on the diagram, juxtaposition of Mic Mac Formation or lower Missisauga
Formation is implied to the right side (hanging wall) of the fault.

Associated with the faulting is the migration of burial-diagenetic fluids up the fault plane and fractures,
resulting in dolomitization of portions of the Abenaki 4 and 5. In the Abenaki 5, dolomite is shown to
penetrate into the Foreslope Reefal Margin and Backreef sand flat facies wackestones and grainstones,
but does not reach as far as the Oolitic Grainstone Shoal facies. From the wells, a “plume” of dolomite is
known to penetrate the Abenaki 4, spreading out horizontally below the top of Abenaki 4, but is not
depicted to its full extent in Figure 2.19.

Laalicee Lrainerane Shoal
Backreel =and dlai

ForeslopeFeclal mangin

Baszinal Shake

Previous placforms eyele

Figure 2.19: Integrated Depositional Facies and Diagenetic Model
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The argillaceous Lower Foreslope limestones of the lower Abenaki 5 (aka “Tight Streak”) overlie the
major marine flooding surface separating the Abenaki 4 and 5 sequences. It is shown as undolomitized
except in close proximity to the fault plane. This is a consequence of the argillaceous nature of these
Lower Foreslope deposits, leaving them with very low post-compaction permeability thereby limiting
the penetration of dolomitizing fluids into this zone.

A younger set of basement-involved wrench faults is shown to cut the Abenaki Formation more
landward than the listric fault-controlled margin. Associated with the younger age of faulting is a second
major diagenetic event responsible for creating the vuggy limestone regions within both the Abenaki 5
and 4. Again, diagenetic fluids are shown to be derived from basement or at least deeper formations.
Extensive leaching of the limestones in some areas and de-dolomitization in other areas is implied.

Although simplified, and therefore prone to excluding important information, this model has been found
to be very useful in portraying a broad series of observations about the Deep Panuke pool.

2.2.2 Reservoir Regions

The more drilled area of the Deep Panuke pool (extending from south of the H-08 well to northeast of
the D-41 well) has been subdivided into a series of four Reservoir Regions, each incorporating two or
more facies associations and lithotypes, with distinctive reservoir characteristics:

1) High Permeability Reef Front (HPRF): The region comprising the reefal margin which has been
extensively dolomitized and has a high density of fractures. Secondary porosity is variable and
moderate matrix permeability is enhanced by fractures. The PI-1A/B, M-79A, F-70 and D-41 wells
are within the HPRF region.

2) Mid-Reef (MR): The low primary porosity and low permeability, lightly fractured regions of the
pool immediately landward of the reef margin which has undergone limited diagenesis and
secondary porosity creation. Several Mid-Reef sub-regions are present which partially separate the
other regions of the pool. The M-79 vertical well and D-42 well are within the mid-reef region.

3) Vuggy Limestone (VL): The region in the southwest portion of the pool which is characterized by
high porosity and high permeability leached limestones with a moderate density of fracturing. The
H-08 and PP-3C wells are within the VL region.

4) Shoal: The undrilled region of the pool extending along a linear structural high present northeast of
the D-42 well toward the J-14 well location. The reservoir in this portion of the pool may be either
limestone or dolomite dominated; it is thought to have been deposited mainly as oolitic grainstones
which are expected to exhibit high porosity and permeability.
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The general characteristics of the Reservoir Regions are summarized in Table 2.4.

Table 2.4: Reservoir Region Characteristics
Reservoir Characteristics Reservoir Region
High Permeability Mid-Reef Vuggy Limestone Shoal (Undrilled)
Reef Front
Principle Lithology Dolomite Limestone Limestone Limestone or Dolomite
Depositional Facies Reef Margin Reef Margin Back Reef Oolitic Grainstone
Diagenesis Early cement, late  Early cement Leached (Karst) Leached (Karst) or
dolomite Dolomitized
Porosity Variable Low (Primary) iHigh High
Permeability High Low High High
Fracturing High Density Low Density Moderate Density  iModerate Density

2.2.2.1 Reservoir Regions Applied to Facies and Diagenetic Model

The following Reservoir Regions are applied to the Integrated Depositional Facies and Diagenetic
Model in Figures 2.20 and 2.21:

a) The High Permeability Reef Front (HPRF) region is shown extending from the seaward limit of the
pool through mainly dolomitized reefal margin to backreef sand flat facies.

b) The Mid-Reef (MR) region is shown in less diagenetically-altered portions of the pool between the
HPRF and VL regions.

c) The Vuggy Limestone (VL) region is shown in close association with faults, extending vertically
through reefal margin and sand flat facies.

d) The Shoal region (undrilled) is shown within oolitic grainstones developed landward of the reefal
margin and back reef sand flat facies.
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Figure 2.20: Reservoir Regions Applied to the Integrated Depositional Facies and Diagenetic
Model
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Figure 2.21: Map of Reservoir Regions
223 Petrophysical Metrics and Models

Consideration of the geology of the Jurassic Abenaki carbonates and corresponding drilling operations
parameters led to the application of comprehensive LWD and wireline logging programs in Deep
Panuke exploration and delineation wells. Formation evaluation program objectives achieved include the
development of a robust logging program to minimize the risk to key data collection and secondly the
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development of a robust petrophysical model to describe the prolific gas-bearing carbonate reservoir
intervals.

Within well operations limitations, the same evaluation program was run in all of the pool wells and
EnCana operated pool-delimiting wells. In wells drilled later (eg. F-70, D-41, J-14) extra care was taken
to maximize data collected to characterize fractured rock.

The well sketch provided in Figure 2.22 illustrates typical stratigraphy, casing program and the target
Jurassic Abenaki Formation penetration by 216 mm hole section drilled with KCL water-based mud.
Annular velocity control (AVC) drilling procedures were employed where indicated by fluid losses in
highly vuggy carbonates.
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Figure 2.22: Well Sketch
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The base logging program is LWD or wireline gamma ray, density, neutron, compressional and shear
sonic and resistivity. On success, additional wireline electrical image logs (FMI), rotary sidewall cores,
and formation tester pressures/samples (MDT) are taken.

To adequately describe the variable dolomitized/leached carbonate rock fabric in petrophysical terms, a
dual porosity, complex lithology model was applied (DPA-Part 2 Ref # 2.14). It is constructed using
sonic, density, photoelectric, neutron, resistivity, borehole image logs, standard core and special core
data.

To maximize the robustness of the model, measurement environment differences between LWD,
wireline and core data were reconciled as much as possible in the data acquisition program and model
design.

2.2.3.1 Baseline Logs

Baseline logs provide metrics to describe the baseline petrophysical model structure and in some cases
even provide a degree of valuable “over-constraint” to further validate the model. As illustrated in
Figure 2.23, the Density / PEF / Gamma Ray logs describe lithology (carbonates), gas saturation
(“crossover”) and total porosity structure in the data. The resistivity logs mainly describe primary
porosity and constrain water saturation model data structure. The compressional sonic log also provides
primary porosity and supplemental lithology (sandstone) model data structure. Lastly, the Neutron log
data serves as the other “bookend” for gas “crossover” and total porosity data structure in the model.

Log data quality issues include data scatter and bias. Much of the observed log data scatter derives from
scale-dependant variance and heterogeneity of rock physical parameters as shown Figure 2.24.

Some key data bias issues addressed in the analysis include the following:

e Dbarite in mud which systematically raises PEF;

o filtrate flushing of cavernous porosity which systematically lowers resistivity;
e KCL in mud/mud filtrate which systematically raises GR; and

e gas in the formation which systematically lowers RHOB and NPHI.

While this last point renders the nuclear “porosity” logs useless as independent measurements of
formation porosity, it sets up important end-members for gas saturation determination in the
petrophysical model.
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Figure 2.23: Baseline Log Dataset
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Figure 2.24: Porosity heterogeneity on several scales is illustrated in the core and log images

Special log data

The key special log data to supplement the baseline model includes Dipole Sonic Log (used for AVO,
LMR Stoneley permeability), Formation Micro-imager (used for FMI-depositional environment, rock
fabric texture, vugs, fractures), wireline Formation Tester (used for MDT-Pressure profile for GWC &
fluid identification) and Spectral Gamma Ray (shale).

2.2.3.2 Rock and fluid samples
Sample data include conventional and rotary sidewall core (used for porosity, permeability, grain
density) and fluid samples from wireline formation tester and production tests (used for fluid and gas

description).

Rock and fluid sample data issues include data scatter and bias. Much of the observed rock sample data
scatter derives from scale-dependant variance and heterogeneity of rock physical parameters. Because of
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sparse sampling and operational challenges in sampling vuggy and fractured reservoir rock, bias is
introduced into the data as well.

Notwithstanding the rock heterogeneity, lithology and porosity from core plugs and full diameter core
are employed to constrain and validate the petrophysical model parameters. Special core analysis
(SCAL) saturation data are integrated with in-situ-derived (log) data to describe the “constant bulk
volume water” (BVW) fluid saturation model for up-scaling into the 3-D earth model.

2.2.3.3 Conventional Core Analysis
The following whole core was available for analysis for Deep Panuke:

e 3m from the H-08 well (DPA-Part 2, Ref # 2.15);

e 1.5 m from the PI-1A well (DPA-Part 2, Ref # 2.16);

e 247 m from the F-70 well (DPA-Part 2, Ref # 2.17); and

e about 250 rotary sidewall core samples from wells PI-1A/B, F-09, M-79, F-70, D-41 and E-23.

The depositional facies and lithologies observed in the F-70 conventional core are summarized
schematically in Figure 2.25. The core is predominantly dolomite except for the uppermost 6 m which
are tight limestone. The vertical succession is interpreted as upward-deepening reefs developed on
proximal fore-reef slope.

Although very helpful in characterizing the Abenaki 5 depositional environment and facies and in
providing lithology and porosity-permeability measurements with which to calibrate well logs, the F-70
well whole core did not extend down into the better reservoir quality, higher porosity dolomites below
the core in the Abenaki 5.

Only 3 m of whole core for the vuggy limestone in the H-08 well is available; side-wall core recovery is
problematic in vuggy rock since vug size often exceeds the side-wall core size.

There is a systemic bias in the core sampling of the Deep Panuke reservoir whereby both the high
porosity-permeability dolostone and VL lithotypes have been under-sampled. This limits the ability to
effectively characterize the reservoir because the conventional and special core analysis data available
comes from the low porosity samples and does not fully serve to characterize the range of porosity
known to be present in the pool.

ENCANA.
N

Deep Panuke Volume 2 (Development Plan) e November 2006 2-39



Margaree F-70 o S

0“ \e \0 O’ELP’
LITHOFACIES CORE#1 siesnes ;‘ 3> DEPO
@\“

<
?p @ o°

|
dn-Buiuadaap

oy

'\)Tr P

Sd433¥ &

AL e U SOV

¢ 3d0OTS 43343H04 TVINIXOdd

@ﬁf

o |
BREAKS - colonized hardground? &
KE Y . .s«l OV\ \"e in situ framebuilders on
6 SKELETAL RICH L.Eliuk 2003/2005 66‘\ \’o\‘\ slope during lulls in debris
PS-GS (echlnoderm @©@° ly = in situ reef potential
. SPONGE #10% IOOOLITE i \,\@\ 00 supply = in situ reef potential | ik 2005
STRDM:KE?;%D *,_,TH SEQUENCE BREAK UPWARI? .DEEPENING' REEFS ON FOREREEF §LOPE
DEEPENING? UPWARD transitional upward from shallower to deeper settings
mj MICROBIALITE ,fsuom.ms UPWARD within similar trend of Abenaki well section as a whole

Figure 2.25: Margaree F-70 Schematic Core Description (DPA-Part 2, Ref # 2.18)

All available porosity and permeability data from conventional cores and sidewall cores in the pool are
cross-plotted in Figure 2.26 with no discrimination of lithology or depositional facies. Core porosity
ranges from 0 to 18 percent with the majority of the data points having less than 7 percent porosity.
Permeability ranges over six orders of magnitude, from 0.01 to 10,000 milli-darcies. The core sampling
bias must be considered when examining this plot since high porosity values evident from well logs (e.g.
H-08) are not adequately represented in the core data.
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Figure 2.26: Porosity and Permeability — All Wells

No simple, obvious porosity-permeability relationship is evident in the data aside from a general
increase in permeability with increasing porosity.

The porosity-permeability cross-plot from both whole and side-wall core for the dolomite lithology is

presented as Figure 2.27.
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Figure 2.27: Dolomite Facies SWC vs. Whole Core

An obvious discrepancy is present in the data whereby side-wall core samples show the same range of
porosity as whole core samples but most permeability values are about two orders of magnitude lower
for the side-wall core samples. The side-wall core samples are too small in size to adequately represent
permeability in a vuggy, fractured reservoir such as Deep Panuke. Side-wall core permeability
measurements may be adequate measurements of matrix permeability but are inadequate for evaluating
flow through touching vugs or fractures.

The whole core data does show a reasonable relationship between porosity and permeability, though it
must be noted that most of this data comes from just the F-70 well and excludes the samples that had
fractures identified in their sample description. The exponential trend line for the whole core reduced by
a factor of 0.25 for overburden represents the baseline matrix permeability used for the HPRF in the
reservoir models (see Section 2.4).
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The porosity versus permeability plot for limestones, Figure 2.28, shows wide scatter, particularly for
the whole core data for which there are relatively few data points. Maximum side-wall core porosity
matches the whole core data but maximum side-wall core permeability values are much less than from
whole core data. This is likely a consequence of small side-wall core sample size in vuggy limestones,
as per the dolomite data. The exponential trend-line through both WC and SWC reduced by a factor of
0.5 represents the baseline permeability used for the VL in the reservoir models (see Section 2.4).
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2.2.3.4 Special Core Analysis

Special core analysis (SCAL) studies have been performed on conventional core and sidewall cores

from the H-08, M-79 (sidewalls only), F-09 (sidewalls only) and F-70 wells and are summarized in

Table 2.5.

Table 2.5: Special Core Analysis Studies

Type of Analysis

Report Name

Reference No.

Application

Core Laboratories 2001a, Report #

L 52132-01-1063 221
Mercury Injection .
Capillary Pressure See Section 2.2.3.5
Core Laboratories (2004b, Report # 219
52132-03-0680
Porous-Plate Air-Brine
Capillary Pressure Core Laboratories (2004b) 2.19 See Section 2.2.3.5
Drainage
Capillary Pressure Omni Laboratories, 2004 .
FFE’RI Y e 5 S.00207 2.4 See Section 2.2.3.5
Core Laboratories, 2001b, Report #
52132-01-1076), 2.22
Air-Brine Capillary Core Laboratories, 2001c, Report # 2.20 See Section 2.2.3.5
Pressure 52132-01-1105
2.19
Core Laboratories, 2004b, Report #
52132-03-0680).
Terra Tek, Compressibility
Compressibility Measurements — Deep Panuke )23 Used in simulation for reservoir
Measurements Carbonates Report # TR04 401037, and aquifer modelling.
May 2004
To evaluate the potential
formation damage caused by the
Core Laboratories, 2001c, Well H- 'actc i(i}elntilbl eak}igi of setgwaterd
Gas Regain Permeability 0 'p o ort # 52132-01-1105 220 the effectivencss oofrlrlr;?nlgn "
methanol to remove the excess
water in the near wellbore
region. Not used
. . Core Laboratories, 2004b — e
Porosity and Permeability Advanced Rock Properties Study 219 Large variability in results. Not

at Net Overburden Pressure

Report # 52132-03-0680

used directly.
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2.2.3.5 Compilation of Capillary Pressure Results

The compilation of capillary pressure data for the pool, converted to wetting phase saturation fraction
versus height above free water level, is displayed in Figure 2.29. The figure immediately reveals wide
scatter in the data. This can be attributed to the heterogeneous nature of the reservoir which includes
varying lithologies (e.g. limestone, dolomitic limestone, limy dolomite, and dolomite) and pore types
(e.g. micro-porosity, intergranular, intercrystalline, and vuggy) and the different testing and analytic
methods used to generate the data.
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Figure 2.29: Capillary Pressure Data Compilation

A preferred method for describing capillary pressure relationships is called the “J-function” method.
Despite attempts to select data sub-sets and manipulate the data for Deep Panuke, it was concluded that
it was not possible to derive one or more “J-functions” from the widely scattered capillary pressure data
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for application across the pool. It was determined that the methodology best suited for describing and
modelling water saturations at Deep Panuke above the free water level is the Bulk Volume Water
(BVW) method as will be described in detail in Sections 2.2.3.7 and 2.2.3.8.

The porosity and irreducible water saturation data for the tested dolomite and limestone core plugs are
plotted with lines of constant BVW in Figure 2.30. The trend-lines and relatively high correlation factors
support the use of constant BVW to determine water saturations for the individual lithofacies. The trend
lines for the dolomite samples yield a BVW between 1.0 to 1.5 percent. The trend line for the limestone
closely approximates a BVW of 2 percent.
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Figure 2.30: SCAL BVW Correlations
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2.2.3.6 Future Data Acquisition Strategy

During the pool development phase, data acquisition plans for subsequent wells drilled will be directed
toward verification of the amount and quality of reservoir rock penetrated and toward evolution of the
working reservoir model to reconcile observed gas production to that point in time. These efforts aim to
further reduce uncertainties in pool size and thereby to maximize resource recovery and value realized.

LWD and/or wireline recordings of sonic, density/neutron and resistivity logs will be recorded over the
reservoir section where practical and safe to do so to verify well placement in the working reservoir
model. On occasion, particularly where reservoir rock facies not previously encountered are drilled,
supplemental data acquisition to describe formations and fluids will be carried out. The specific data
acquisition plan is dependant on the reservoir facies encountered, but might include special wireline
and/or LWD surveys and sample taking to verify geological structure, geological depositional
environment, rock and fluids composition, formation porosity, formation pressure, fluid saturations and
permeability.

Cased hole production monitoring logs will also be run as required to monitor reservoir performance.

2.2.3.7 Petrophysical Model Development

A petrophysical model to solve for lithology (mineral volumes) and porosity (fluid volumes) was
developed for a baseline set of wireline logs. A conventional probabilistic solver inverts the matrix
representing the set of linearized log responses by minimizing an error function to yield the desired
volumes (DPA-Part 2 Ref # 2.25, 2.26, 2.27).

The number of baseline model output volumes is kept to a minimum. This enables redundancy of input
logs for most well data sets. Therefore, a robust, marginally over-determined probabilistic model was
realized featuring a tightly-linked analytical check on model validity. Additional special log and
rock/fluid sample data provide a further independent loosely-linked analytical model check, which is
reconciled in a looping integration/modelling workflow.

Figure 2.31 describes the bulk rock volume model in terms of volumes of solid and liquid components
showing associations for rock framework, Archie-type (inter-grain/intercrystalline) and wvuggy
(dissolution) porosity.
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Figure 2.31: Petrophysical model minerals (4) and fluids (2) volumetric associations diagram

The difference of sonic and nuclear porosity logs response to vuggy dissolution pores in rock that
otherwise exhibits an intergranular/intercrystalline pore fabric response differentiates porosity types. An
Archie-type saturation relationship between porosity and resistivity (Dual-Water if shaley) applies to the
“Inter-grain/crystal” portion of the dual-porosity model only.

The effect of dissolution porosity, modelled here as electrically and acoustically “isolated” (DPA-Part 2,
Ref # 2.28) from participating in the Archie saturation relationship and Wyllie time-average porosity
relationship can be accounted for by a “variable m” behavior in a saturation relationship. The baseline
petrophysical model assumes the dissolution-porosity portion of the dual porosity model is 100% gas-
filled above the GWC (DPA-Part 2, Ref #2.29). The water saturation (Sw) then of the “total porosity” is
a composite of these two saturation volumes. However, it is gas cross-plot “crossover” effects on
nuclear porosity log data that most reliably identify gas-bearing intervals in the wells at Deep Panuke.

As would be expected in such a pore fabric, dissolution porosity effects also drive the analytical
modelling of the capillary pressure (SCAL) irreducible water saturation (Swi) data. Total porosity and
surface-to-volume ratio of the pore fabric are effectively uncorrelated.
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Sequence stratigraphy and petrophysical core data provides control and context on model lithology and
porosity end-points. Production test data ultimately provides control on fluid type and permeable zone
identification.

The integrated petrophysical model applied to the wells in the pool area is illustrated in Figure 2.32.
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Figure 2.32: Petrophysical model results plot type-log
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Across the area wells, the Abenaki gas pool reservoir rock exhibits complex dolostone and limestone
lithology where rock pore fabric and corresponding petrophysical properties are dominated by a
heterogeneous spatial distribution of diagenetic and dissolution porosity features. Porosities range from
three to forty percent with net gas pay intervals ranging from 7 to 122 m as per Table 2.6.

To summarize the petrophysical analysis of the Deep Panuke wells, a cross-section through the wells is
presented in DPA-Part 2, Ref # 2.30.

2.2.3.8 Petrophysical Summary Data
Porosity/Lithology Distribution Statistics

In the Deep Panuke pool, the majority of the reservoir porosity is found in dolostones in the HPRF
region where petrophysical data exhibit a strong relationship between volume of dolostone (Volps) and
total porosity (Phiy). This power-law relationship is illustrated in Figure 2.33, a cross-plot of the total
interval data from top lower Abenaki 6 (AB6B) to base Abenaki 4 in eleven wells (VL wells H-08 and
PP-3C not included). Dolomitization improves the porosity of the otherwise tight limestone by up to one
order of magnitude and the highest porosities are usually vuggier (vuggy porosity fraction indicated by
hotter colors).

Two lithotype end-members are described here; pure limestone and pure dolostone, each of which
possess an end-member characteristic porosity distribution. Degree of dolomitization is the major
control on porosity for a mixture of these end-members.

This is best illustrated on a colored frequency plot Figure 2.34 where the bimodality of the porosity
distribution is evident as peaks and the degree of dolomitization as hotter colors. The Abenaki formation
(AB6B, AB5, AB4) in these wells is characterized here as a mixture of the two end-member lithotypes
and exhibits a corresponding bimodal porosity distribution on a frequency plot.
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Figure 2.33: Petrophysical Relationship of VolDs to Phitot

Visual inspection of the data on this plot suggests a pure limestone mode porosity of approximately
1.5% and a pure dolostone mode porosity of approximately 10%, each approximately lognormally
distributed with a range (P10-P90) of about one-half an order of magnitude.
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Figure 2.34: Frequency Plot of Total Porosity Distribution for Limestone and Dolostone
Lithologies

Within and across several important scales of measurement (reservoir, seismic, log and core sample), the
Abenaki porosity distribution is heterogeneous. Porosity, a volume ratio, is also scale-dependant.
However, the power-law relationship evident in petrophysical porosity-lithology data and lognormal
distributions of end-member diagenetic porosity data are consistent with fractal distributions of rock
fabric and pore space.
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The range of porosity values expected at seismic scales (approximately 10-25 m vertical resolution) is
much less than that observed with petrophysical data derived from well logs (approximately 1 m vertical
resolution) or core plug scale (approximately 2 cm vertical resolution) where observed 2 cm diameter
vugs have 100% porosity.

In the HPRF region, effects of up-scaling porosity by averaging to seismic scale are illustrated in Figure
2.35. One effect is that the variance of porosities exhibited by limestone and dolostone end-member
lithotype modes collapses (regresses) to the mean value for each lithotype. Mode peaks are sharpened
with up-scaling to seismic scales.
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Figure 2.35: Scaling and Diagenetic (Dolomitization) controls on HPRF Porosity Distributions

In the VL region, the bimodal porosity end members are tight and vuggy limestones as shown in Figure
2.36. On smaller scales, very high porosity is seen in vuggy limestone. One meter bit drops experienced
while drilling suggest 100% porosity on a 1 m scale. On seismic scales, the upper end of the vuggy
porosity range is about 20-30%.
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Figure 2.36: Scaling and Diagenetic (Dissolution) controls on VL Porosity Distributions

Fluid Saturation Distribution Statistics

Early in the drilling program of the Deep Panuke exploration and delineation wells, BVW, the product

of total porosity and water saturation (BVW = Phi,,s x SW), was seen to be well-suited to characterize

the distribution of gas in the Abenaki formation. Even though porosity variation is large, the BVW

parameter serves to identify the location of the gas-water contact and gas-filled net porous reservoir

intervals on petrophysical plots.

Figure 2.37 displays total porosity versus depth for thirteen wells in the Abenaki 4, 5, & 6 intervals.

Hotter colored points represent gas-bearing porous intervals (BVW filled porosity is colored darkest

blue).

Subsequently, this analytical approach led to characterizing water saturation by aligning core (see
section 2.2.3.3) and in-situ (log) capillary (Swi) data by “constant BVW” also.
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Figure 2.37: Plot of Total Porosity vs. Depth

A constant BVW analytical model is constructed on an overlay of the well-log and SCAL porosity and
Swi data for all the wells and core data in Figure 2.38. Within the substantial variation of the data,
exaggerated near real physical boundaries on this linear plot, the core and log analysis of Swi
correspond well. The plot illustrates data structure along “constant BVW” lines (hyperbolae). SCAL
data at Swi and net overburden conditions overlays the modelled log data at Swi (points plotted are
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greater than 80 m above the GWC) for thirteen wells in the Abenaki 4 and 5. In the Abenaki carbonates,
the reservoir porosity is seen to be mainly diagenetic in origin. Diagenetic processes have decoupled any
pre-existing relationship between porosity and rock fabric surface-to-volume ratio that occurs normally
in variably-sorted clastic sediments.
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Figure 2.38: All Wells: Saturation (Swi) vs. Total Porosity

In random glass bead packs (and many clastic reservoirs) the grain-size distribution (sorting) tightly
links petrophysical properties of porosity and surface-to-volume ratio (water-wet irreducible water
saturation). A “J-function” analytical approach works to characterize irreducible water saturation where
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pore fabric surface-to-volume ratio (Swi) and pore-throat diameter (intrinsic permeability) are
determined by a characteristic porosity ultimately derived from packing and sorting of grains.

A constant BVW model for irreducible water saturation determination (Swi) is better aligned with the
Deep Panuke porosity system which is dominated by dissolution/secondary porosity that develops with a
relatively small change in surface-to-volume ratio, a key controlling factor for BVW.

For wells in the HPRF region, a near constant BVW relationship (Phiy, x SW equals approximately 1%)
is illustrated in Figure 2.39 as a hyperbolic regression exhibiting a correlation coefficient of 0.63. This
implies a power-law relationship for these data. As porosity is a volume ratio and Swi is strongly
dependant on surface to volume ratio, this is consistent with fractal pore fabric geometry.
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Figure 2.39: BVW and Lithology illustrated on a Saturation (Swi) vs. Porosity (Phitot) cross-plot
and BVW frequency plot

Alternatively, on a log frequency plot of BVW, a somewhat skewed bimodal lognormal distribution
highlights the limestone end-member mode (BVW approximately 1.4 percent) and the more widely
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ranging dolostone end-member (BVW approximately 1.0 percent). These parameters permit gas
saturation in the upscaled 3-D earth model to be derived from neural network (NN) seismic porosity and
lithology volumes trained from corresponding petrophysical well data.

2.2.3.9 Gas in Place Calculations

To determine the percentage of the rock volume (RV) occupied by gas (GV) in the HPRF region the
following methodology is applied.
o A fixed “background” porosity of 1.5 % is assigned to the limestone fraction (Voli) of the rock.
e The dolostone porosity is determined using equation 1.
e A fixed water volume (BVW) of 1.2% is assigned to the dolostone porosity.
e The GV is determined using equation 2. By using Volps and Phips in the equation the limestone
portion of the rock has been eliminated.

Equation 1:  Phig = (Volis x Phig) + (Volps x Phipy)
Equation 2: GV =RV* (Volps * Phips - Volps*0.012)
Equation 3: GV = Phitot + 0.003*Volps - 0.015

Phi = Total porosity in a rock volume

Volis = Volume of Limestone

Volps = Volume of Dolostone

Phi; s = Porosity in limestone

Phips = Porosity in dolostone

RV = Rock Volume

GV = Gas Volume

Combining equations 1 and 2 yields Equation 3. Note that the second term in Equation 3, (0.003*Volp,),
will have a small value compared to Phi, so even if Volps is inaccurately estimated, it will have little
adverse impact in the GV calculation. Therefore, GV is primarily a function of “Phiy— 0.015” where the
0.015 value is the characteristic “background” porosity in the margin limestone lithotype.

There is only one lithology (limestone) present in the VL region. The gas volume is calculated with
Equation 4. A fixed water volume (BVW) of 2.0% is assigned to the limestone porosity.

Equation4: GV = RV*(Phiy -.02)

Although not used for volumetrics in this work, Table 2.6 provides a summary of the mean
petrophysical properties in the gas-bearing intervals penetrated by wells. This provides an alternative
view of rolling-up mean petrophysical parameters at the well locations for the intervals penetrated.
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Table 2.6: Well Petrophysical Summary

TVDSS | TVDSS NET_TO_
Well Interval TOP BASE GROSS NET GROSS [PHIX AV| SW_AV | BVW_AV

METER METER | METER | METER M/M VIV V/V V/V
PP-3C AB6B 3313.1 3362 48.9 0 0
PP-3C AB5 3362 3487.3 125.3 85.4 0.68 0.17 0.34 0.06
PP-3C AB4 3487.3 3575.5 88.2 11.8 0.13 0.06 0.78 0.05
PP-3C subtot 3313.1 3575.5 262.4 97.2 0.37 0.16 0.36 0.06
PI-1B AB6B 3318.5 3368.7 50.2 0 0
PI-1B ABS5 3368.7 3493.1 124.4 38.6 0.31 0.05 0.13 0.01
PI-1B AB4 3493.1 3521 27.9 10.2 0.37 0.06 0.1 0.01
PI-1B subtot 3318.5 3521 202.5 48.8 0.24 0.06 0.13 0.01
PI-1A AB6B 3317.4 3369.9 52.4 0 0
PI-1A ABS5 3369.9 3503.7 133.8 6.9 0.05 0.04 0.29 0.01
PI-1A AB4 3503.7 3543.3 39.7 0 0
PI-1A subtot 3317.4 3543.3 225.9 6.9 0.03 0.04 0.29 0.01
M-79A AB6B 3350.6 3405.4 54.8 4.3 0.08 0.04 0.43 0.02
M-79A AB5 3405.4 34453 37.8 16.2 0.43 0.08 0.06 0
M-79A subtot 3350.6 3445.3 92.5 20.6 0.22 0.07 0.1 0.01
M-79 AB6B 3365.5 3417.2 51.7 0 0
M-79 ABS5 3417.2 3572.8 155.7 13.5 0.09 0.04 0.58 0.02
M-79 AB4 3572.8 3658.1 85.2 0 0
M-79 subtot 3365.5 3658.1 292.6 13.5 0.05 0.04 0.58 0.02
H-08 AB6B 3349.7 3394.4 44.7 6.2 0.14 0.12 0.23 0.03
H-08 AB5 3394.4 3532.1 137.7 105.8 0.77 0.23 0.23 0.05
H-08 AB4 3532.1 3644.2 112.1 0 0
H-08 subtot 3349.7 3644.2 294.5 112 0.38 0.22 0.23 0.05
F-70 AB6B 3326.1 3378.1 52 1 0.02 0.06 0.26 0.01
F-70 AB5 3378.1 3515 136.9 75 0.55 0.09 0.06 0.01
F-70 AB4 3515 3597 82.1 0 0
F-70 subtot 3326.1 3597 270.9 76 0.28 0.09 0.06 0.01
F-09 AB6B 3250.9 3295 44.1 0 0
F-09 ABS5 3295 3412.4 117.3 11 0.09 0.05 0.46 0.02
F-09 AB4 3412.4 3529.8 117.4 15.8 0.13 0.04 0.72 0.03
F-09 subtot 3250.9 3529.8 278.8 26.8 0.1 0.04 0.6 0.03
D-41 AB6B 3308.4 3364.7 29.4 2.5 0.09 0.03 0.61 0.02
D-41 ABS5 3364.7 3475.6 110.8 91.4 0.82 0.09 0.06 0.01
D-41 AB4 3475.6 3572.2 96.6 28.2 0.29 0.09 0.07 0.01
D-41 subtot 3308.4 3572.2 236.8 122.1 0.52 0.09 0.07 0.01
All Wells |AB6B - - 428.2 14 0.03 0.08 0.36 0.02
All Wells |ABS - - 1079.7 443.8 0.41 0.13 0.19 0.03
All Wells |AB4 - - 649.2 86.6 0.13 0.07 0.3 0.02
All Wells | TOTAL - - 2156.9 503.3 0.23 0.12 0.2 0.03

>= .03
PHIX VIV Standalone Minimum Thickness: 1 METRES
CARB > (0 V/V |Include Minimum Thickness: 0.25 METRES
<= 3504

TVDSS METRE |Maximum Separation: 0.5 METRES
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224 Hydrogeology

Regional Abenaki Formation and Deep Panuke pool pressure data was analyzed by Cox, W., 2001
(DPA-Part 2, Ref # 2.31) to determine the regional pressure regime(s) and pressure continuity within the
Abenaki Formation in the pool and region. Given the data uncertainties due to drilling practices and
limited quantity of data, Cox’s key conclusions are that the Abenaki Formation is in a normal pressure
regime and that the best interpretation is that there is one pool at Deep Panuke underlain by a regional
Abenaki Formation aquifer. The pressure data for the wells analyzed are displayed in Figure 2.40.

Jurassic Pressure Data: Scotian Shelf
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Figure 2.40: Pressure vs. Depth Cross Plot — All Deep Panuke Wells

All wells excluding the K-62, B-13 and L-30 wells are included in the general pool area. All are
considered close to the trend line except for the L-97 well which encountered some marginal porosity in
the Abenaki 5 and 6. The pressures for the four Drill-Stem Tests (DST) completed on that well are
plotted. DST #2B had a minor gas show (flared gas) from an interval approximately 70 m below the
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Deep Panuke GWC. The quality of the pressure data is considered poor and cannot be used to either
confirm or dispute its connectivity with the main Deep Panuke Gas Pool.

Additional pressure data became available in 2003 following the drilling of the F-70 and D-41 wells.
The new data strongly supports the conclusions of the 2001 study.

The pressure data from MDT, well tests and production logging (PLT) for wells H-08, PI-1A, PI-1B, F-
70, M-79, M-79A and D-41 are displayed in Figure 2.41 and Figure 2.42.

Deep Panuke Pressure Data (MDT , F70PLT and Well Tests)
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Figure 2.41: Pressure vs. Depth Cross Plot — Small Scale
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Deep Panuke Pressure Data (MDT , F70PLT and Well Tests)
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Figure 2.42: Pressure vs. Depth Cross Plot — Large Scale

The plots illustrate that the Deep Panuke pool is a normally pressured reservoir with discovery pressure
of about 36.3 MPa. The Abenaki 4 and 5 fall on the same pressure gradient in the D-41 well indicating
communication between the two zones, at least in geological time but not necessarily in the pool

production life time-frame.

The best estimate pool GWC is at -3504 mss. The intersection of the gas gradient(s) with the water
gradient shown in Figure 2.41 and Figure 2.42 are used to estimate the GWC:

e The water gradient is a best fit through the higher quality points in the water zone. The lower quality
MDT points were excluded from the analysis, including points that have super-charging effects,
short build-up times in low permeability rocks, and/or have mechanical measurement issues.

e Two different gas gradients were used. Following the main shut-in for the F-70 well test, a
production logging tool (PLT) was used to measure the static gas gradient in the well-bore. The data
quality is high resulting in an excellent gas gradient estimate. The F-70 well PLT data was shifted by
67 kpa to match the initial reservoir pressures determined during the well test. A lesser quality gas
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gradient estimate is also provided in the figure by drawing a best fit line through the higher quality
MDT points in the gas zone.

Well log and well test information supports the contact of -3504 mss.

e D-41: GWC identified on logs @ - 3508 m subsea elevation in the Abenaki 4;

e PI-1B: GWC identified on logs @ -3504 m subsea elevation in the Abenaki 4. PI-1B well tested both
water and gas from an interval (3497.5 — 3503.5 m subsea) just above -3504 m subsea; and

e Other Wells: Low porosity at GWC depths; unable to clearly identify the contact on logs.

The measured pressures and initial reservoir pressure determined from well tests for wells PI-1B, H-08,
M-79A and F-70 at a common datum depth of -3309 m subsea elevation are displayed in Figure 2.43.
The data for the PP-3C well is not presented as it is considered unreliable because of the large fluid
losses to the reservoir during drilling, completion and testing operations (see section 2.2.6).

Well Tests: Initial Pressure

36400 -All wells corrected to datum pressure of -3308.96 m TVDSS
-Measured initial reservoir pressures at datum for wells PI-1B, HOS,
M79A & F70 within 0.3 % (100 Kpa).
36350 - - - - __. -Adjusted well test initial reservoir pressures within 0.2%.
-PP3C not included; significant overpressure: ~ 250000 bbls water
injection during drilling, completion and testing operations.
X -HO8 overpressured; ~ 125000 bbls water injection during drilling,
36300 fp— - T T completion and testing operations.
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Figure 2.43: Pressure vs. Time Cross plot — All Deep Panuke Wells

ENCANA.

ﬁ,\\ Deep Panuke Volume 2 (Development Plan) e November 2006 2-63



The initial reservoir pressures based on well test analysis are also plotted in Figure 2.43. The pressure
data was reconciled to account for changing liquid levels, sub-optimal pressure recorder placement and
operational issues during drilling, completion and/or testing operations. The PI-1B, H-08 and F-70 well
data are on trend: the M-79A data is approximately 50 kpa off the gas trend line.

2.2.5 Abenaki Aquifer Geologic Model

The above pressure information indicates a normally pressured aquifer in the deeper parts of the
Abenaki Formation. However, the existence of a single pressure regime does not prove that there is
present-day reservoir continuity, permeability and transmissibility between porous bodies within the
lower Abenaki Formation which may affect the Deep Panuke gas pool. The vertical and lateral extent of
the aquifer and the degree of connectivity of porous bodies within the aquifer is poorly known since
only five wells have penetrated to the Misaine Member shale between the G-32 and L-97 wells (about 1
well/10 km). Lower Abenaki Formation porosity is “patchy” with no continuous porosity through all of
the wells. On a regional basis, the Abenaki Formation has only limited porosity development, with the
Deep Panuke area as the main exception, suggesting that the aquifer has limited lateral extent.

A geological model has been developed for the Abenaki aquifer system as displayed in Figure 2.44. The
aquifer system is defined as the total pore volume in pressure continuity with the Deep Panuke gas pool;
this includes water-filled pore volume, solution (dissolved) gas in the water and free gas-filled pore
volume in currently undiscovered gas pools which are in pressure continuity with the aquifer.

The Misaine Member shale, underlying the Abenaki Formation is treated as a regional aquiclude,
forming the base seal for the aquifer. The Abenaki 6 acts as the top seal for the Deep Panuke gas pool
and also the aquifer.

Porous parts of the Abenaki 2, 3 and 4 layers are included in the aquifer system. Vertical connectivity
between the deeper and shallower parts of the potential aquifer remains unproven so connectivity
probabilities are assigned. Thick tight limestone sections occur in the M-79 and D-42 wells. Internal
seals provide the possibility of free gas accumulations (i.e. gas pools) in the Abenaki 2 and 3, though
none have been found to date.

The connection of aquifer in the Abenaki 4 to the Deep Panuke gas pool is considered to be proven
given the clear GWC observed in the D-41 well. However, the Tight Streak (TS) interval in the lower
Abenaki 5 may locally baffle the vertical flow of water into the gas zone but local breaches are likely to
be present (i.e. fractures or faults).

ENCANA.
N

Deep Panuke Volume 2 (Development Plan) e November 2006 2-64



Any aquifer contribution within the Abenaki 5 zone must occur down-structure from the gas pool (e.g.
the E-23 well) and only along the basin margin, and hence is probably of limited extent.

Abenaki 6
Abenaki 5

P Abenaki

ST )=
4

|
1 Vertical Abenaki 3

4

Free Gas
(Inferred)

I Connectivity
400+ : Probability
200-| (m) Dissolved Gas Abenaki 2 \

/\

: Aquiclude Misaine Shale

Figure 2.44: Abenaki Aquifer Model

2.2.5.1 Aquifer Size

Sufficient information is not available to directly and accurately determine by geological or geophysical
mapping the total area and volume of aquifer attached to the Deep Panuke gas pool. The range of
potential fluid volumes in the aquifer system has been assessed using a methodology similar to the
industry standard approach to evaluating fluid volumes in an exploration drilling prospect. Statistical
ranges assigned for basic reservoir parameters such as pool area, net pay, porosity and water saturation
result in statistical prospect volume distributions for oil, free gas and dissolved gas using Monte Carlo
simulation. The fluid volume distributions have a probability associated with each potential outcome. In

ENCANA.
P

Deep Panuke Volume 2 (Development Plan) e November 2006 2-65



addition, there is uncertainty about whether or not a prospect is viable. Therefore, a risk parameter is
used to discount the potential volumes, resulting in risked, probabilistic volume calculations.

Thus, a probabilistic approach has been used to calculate aquifer volume distributions and associated
probabilities of occurrence for the Deep Panuke aquifer (DPA-Part 2, Ref # 2.14). The chosen
methodology is a four step process, involving the following:

e pore volume calculations for each potential aquifer layer;

e fractioning the total pore volume into free gas and water proportions whilst simultaneously
calculating the volume of solution (dissolved) gas in the water;

e connectivity risking for each layer; and

e probabilistic volume calculations

All calculations were performed in an “Excel™” spreadsheet linked to the “Crystal Ball™” Monte Carlo
simulator program.

The calculated range of aquifer sizes is expressed as the ratio of Probabilistic Aquifer Volume (PAV) to
gas pool OGIP using the full statistical range for each parameter. Typically, an aquifer is considered to
be weak if it is less than five (5) times the gas pool OGIP. A moderate aquifer is five to ten times and a
strong aquifer is greater than ten times the gas pool OGIP. The smallest aquifer size results (less than 5
times) represent statistical trials with very small PAV divided by very large OGIP. Similarly, large
aquifer size results (much greater than 10 times) represent trials with very large PAV divided by very
small OGIP.

The Deep Panuke aquifer size calculation results fall within a broad range from two to thirty times the
gas pool OGIP, reflecting the high degree of uncertainty in the connected aquifer volumes. The most
likely case (Mean) is an aquifer 9.8 times the gas pool OGIP. These estimates of aquifer size are used to
guide recovery factor determinations as discussed in Section 2.4.2 and Section 2.4.3.

2.2.5.2 Aquifer Connectivity to Gas Zone
The degree of connectivity between the gas zone and underlying aquifer is a key dynamic uncertainty in

modelling reservoir performance at Deep Panuke. The aquifer may be connected to the gas pool by one
or more of the three possible geometries illustrated in Figure 2.45:

e cdge water may be connected to the gas leg to the southeast and northwest of the pool where the
porous carbonate margin plunges down structure below the gas water contact. The E-23 well to the
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southwest suggests this may not be a significant issue in that area since the Abenaki 5 was tight,
although good reservoir quality, wet porosity is present in the Abenaki 4;

e bottom water underlying the gas pool may be vertically connected via faults and fractures. Although
the “Tight Streak™ argillaceous limestones at the base of the Abenaki 5 appear to be depositionally
continuous throughout the pool area, local fault/fracture breaches are likely to be present; and

e Dback-reef connection of bottom water which may move laterally around the “Tight Streak” through
fractures. The F-09 well suggests this is not the case.

Proposed
Significant
Discovery
Area

Figure 2.45: Aquifer Connectivity

Even if there is a low individual probability that any one of the three possible connection geometries is
valid, the overall probability of some aquifer connection becomes significant. Given that the D-41 well
has a clear GWC in a porous section, it is certain that a bottom-water aquifer connection does exist to
gas within the Abenaki 4 at least locally around that well.
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Given the great uncertainty regarding the degree of connectivity and since there is no further
information which can be gathered at this time to reduce the uncertainty, it is necessary to allow a wide
range of connectivity possibilities. This is addressed further in Section 2.4.2.

2.2.6 Well Test Analysis

Six different wells in the Deep Panuke pool have been production tested: PP-3C, PI-1B, F-09, H-08, M-
79A and F-70. Five of the six wells tested at rates greater than 1.4 x 10° m*/d (50 MMscfd).

The results of the well tests are summarized in Table 2.7. Individual well detailed analyses are provided
in (DPA-Part 2, Ref # 2.32)

Table 2.7: Deep Panuke Well Test Key Results
Minimum
well Region X;‘:{ﬁg Pri(kpa) = Kh(md) @ Total Skin l(ggGs f:s
[BCF]
PP3C VL 60 N/A 23200 58 N/A
HOS8 VL 56 36252 11500 16 2.25
[80]
PI-1B HPRF 53 36256 10600 214 11.27
[400]
M79A HPRF 64 36308 18300 349 5.92
[210]
F70 HPRF 54 36256 24800 476 6.76
[240]
F09 Back Reef <1 36350 <.01 N/A N/A

The tests have been analyzed both internally by EnCana and externally many times, with some
significant differences in interpretations. The “base” results presented here are considered to be a
realistic solution. They were generated using a numerical simulator within SAPHIR™. The models were
derived based on our current geologic understanding of the reservoir and P50 seismic interpretation. It
must be emphasized that these solutions are not unique but are representative of a reasonable geologic
reservoir model.

Individual well minimum OGIP estimates were determined by reducing connected pore volumes in the
base models to the point where pressure matches were lost.
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For each well test, potential data problem areas caused by operations have been identified and then
integrated into our interpretations. This makes the analyses more complex and introduces new
uncertainties that must be accounted for when drawing conclusions, especially those conclusions based
on relatively small changes in data. Typical problem areas include fluid injection during drilling,
completion and testing operations, “hanging” liquid levels, rate/pressure measurement issues and sub-
optimal pressure recorder placement.

While drilling through the Abenaki 5, high porosity/permeability vuggy limestone was encountered in
the PP-3C and H-08 wells resulting in severe loss of circulation. To stabilize the wells and permit
drilling operations to continue, Annual Velocity Control (AVC) drilling was undertaken whereby large
volumes of untreated sea water were injected into the reservoir. Lost circulation material pills and
diesel/gel ‘gunk’ squeezes were also attempted on PP-3C only. The end result is that approximately 7.1
x 10> m® (250,000 bbls) and 3.5 x 10> m’ (125,000 bbls) of seawater was injected into the PP-3C and H-
08 wells respectively to block the reservoir permeability in the near well-bore region. Significant fluid
mobility changes (or permeability reductions) have been identified close to the well-bore for each well.
The results of these well tests are very uncertain and must be used with extreme caution, especially for
the PP-3C well because of additional operational issues that impact the results.

The flow and build-up characteristics for the three HPRF region wells PI-1B, M-79A and F-70 all
exhibit similar dual porosity behavior with high pressure draw-downs, rapid build-ups, dual porosity
valley on the pressure derivative plot and dual slopes on semi-log plots. This behavior is consistent with
observations of the core, PLT, and FMI logs for the F-70 well and the FMI log for the D-41 well.

The F-09 well was completed and tested in a tight oolitic limestone in the back reef area; gas rates were
very low and uneconomic.

Geo-mechanics International (GMI) was engaged to study the ocean tide-related pressure fluctuations
observed in each well test (DPA-Part 2-Ref # 2.33). They concluded that the pressure fluctuations can be
explained by ocean tide loading; an underlying aquifer is not required to explain the observed pressure
variations.

2.2.7 Reservoir Fluids
2.2.7.1 Fluid Summary

The detailed description of the reservoir fluids is provided in the Reservoir Fluids Basis of Design
(DPA-Part 2-Ref # 2.34). Gas from Deep Panuke is very lean (specific gravity = .62) with relatively low
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levels of H,S (0.18 %) and minor amounts of CO, (3.44 %). No retrograde behavior is expected of the
Deep Panuke gas at the reservoir temperature of 123°C. Some condensate dropout may occur in the

tubular and subsurface flow-lines prior to separation and processing.

The reservoir fluid compositions for the expected range of condensate yields are provided in Table 2.8.
The best estimate of condensate/gas ratio is 0.0185 m3/10” (3.28 bbls/Mmscf), ranging between 0.0141
m3/10°(2.5 bbls/Mmscf) and .0254 m3/10° (4.5 bbls/Mmscf). The compositions were determined using

data from the F-70 well test. It provided the most believable and reliable results of all well tests.

Table 2.8: Reservoir Fluid Composition

F-70 Condensate Yield (bbl/MMscf)
Separator Pressure : 3089 kpa
Separator Temperature : 28 °C Most Likely Low High
Separator | Separator
Liquid Liquid Wellstream | Wellstream | Wellstream
Component (mole%) | (mole%) (mole%) (mole%) (mole%)
Hydrogen 0.0000 0.0002 0.0002 0.0002 0.0002
Helium 0.0000 0.0002 0.0002 0.0002 0.0002
Nitrogen 0.0000 0.0079 0.0079 0.0079 0.0079
CO, 0.0090 0.0345 0.0344 0.0344 0.0344
H,S 0.0021 0.0018 0.0018 0.0018 0.0018
Methane 0.1068 0.9105 0.9081 0.9087 0.9081
Ethane 0.0171 0.0281 0.0281 0.0281 0.0281
Propane 0.0163 0.0084 0.0084 0.0084 0.0084
i-Butane 0.0055 0.0014 0.0014 0.0014 0.0014
n-Butane 0.0136 0.0022 0.0022 0.0022 0.0022
i-Pentane 0.0100 0.0007 0.0007 0.0007 0.0007
n-Pentane 0.0123 0.0006 0.0006 0.0006 0.0006
n-Hexane 0.0232 0.0005 0.0006 0.0006 0.0006
Hexanes + 0.7841 0.0030 0.0053 0.0048 0.0053
Totals 1.0000 1.0000 1.0000 1.0000 1.0000

An internal study was conducted to determine the most likely Abenaki water composition because of the
significant difference in the water samples that have been acquired (DPA-Part 2-Ref # 2.35). The best
estimate composition is summarized in Table 2.9.
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Table 2.9: Water Composition
Component Abenaki 5 Formation
Water (mg/l)
Na' 29163
K" 513
Ca™ 5885
Mg™ 950
Ba® 8
S 448
Fe* 0
Mn** 0
Ccr 55321
HCO;5 731
CO5 0
SO, ~ 1570
Total Dissolved Solids 94589

A summary of key reservoir properties is provided in Table 2.10.

Table 2.10: Summary of Reservoir Properties

Reservoir Fluid Parameters Value

Reservoir Datum Depth 3309 mTVDss

Gas-water contact (best estimate) 3504 mTVDss

Temperature @ Datum 123 °C

Gas Gravity 0.62

Condensate Gas Ratio .0185 m3/10° (3.28 bbl/mmscf)
Formation Volume Factor 0.004 rsm3/sm3

Initial Reservoir Pressure @ Datum 363 Barsa

The “Deep Panuke Reservoir Fluid Basis of Design” (DPA-Part 2-Ref # 2.34) provides significantly
more detail on reservoir fluids, oil and gas contaminants and production chemistry.

2.2.7.2 Acid Gas

The reservoir contains both H,S and CO,; the best concentration estimates are 0.18% and 3.44%
respectively. The acid gas concentrations are expected to increase slightly over time (to 3.62% to 4.30%)
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with both H,S and CO, being evolved from formation water during pool pressure depletion, as
illustrated in Figure 2.46. Although the gas content in the formation water does not appear to be that
high (1.2 sm3/sm3 - from the D-41 MDT samples), there is enough CO; and H,S to cause the souring.

5.0%

4.0% F - o o -

B.0% - == -

20% === === mm e

Concentration (Mole %)

1.0% -

0.0%

Years

Acid Gas

H2S e C0O2

Figure 2.46: Reservoir Souring

Processing of the raw gas is required to remove the H,S and reduce the CO, content to less than 3% to
meet sales gas specifications. An amine sweetening system to remove the acid gas and an acid gas
disposal system (compression, flow-line and injection well) is planned. Further details of the proposed
acid gas disposal system are found in Sections 3 and 4.

2.2.7.3 Other Reservoir Contaminants

Mercury was detected in the gas from the F-70 and PI-1B well test in quantities usually less than 0.5
microgram/m’. This is a low level of mercury but its presence is indicative of basement rock interactions
with the reservoir fluids, supporting the deep burial diagenetic interpretations presented in Section
2.1.3.2. This level of mercury in the production stream will not be an impairment to marketing nor
production or facility design.

The level of radon gas (measured in Becquerels - Bq) is about 50 Bg/m3 in the PI-1B well and 100
Bg/m3 in the F-70 well. This level of radon in the production stream will not be an impairment to gas
marketing.
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2.2.7.4 Subsurface Flow Assurance

Down-hole flow assurance issues are addressed in “Deep Panuke Reservoir Fluid Basis of Design”
(DPA-Part 2-Ref # 2.34); this is a follow-up the detailed flow assurance study that was conducted in
2002 (DPA-Part 2-Ref # 2.36). The focus was to manage risk and minimise capital and operating
expenses with the main objective of ensuring reliable gas production from Deep Panuke. The following
topics were reviewed:

e wax, asphaltene, solids deposition;
e scale/salt deposition;

e hydrate potential; and

e sulphur and diamondoid deposition.

The key conclusions were as follows:

e Asphaltene content is very low and not a significant flow assurance issue.

e There are not anticipated to be any production/transportation challenges due to wax.

e Because of the uncertainty in the formation water analysis (re: section 2.2.7.1) conclusive
predictions of scale formation is difficult. No major problems are anticipated. However, it will be
necessary to monitor the production system closely for evidence of scale and take remedial action.

e Hydrates are not anticipated to be a significant operational concern during normal operating
conditions. A down-hole chemical injection valve is not required for hydrate control. However, for
well start-up conditions, provisions must be in place for methanol injection.

e Only trace concentrations of Diamondoids were found in the condensate stream and should present
no production problems.

e The risk of sulphur deposition in the Deep Panuke production system is considered extremely low
because of the low H,S content in the produced gas.

2.3  Geophysics

Reflection seismology, commonly referred to as seismic, is the geophysical method of choice for
subsurface reservoir mapping. The basic principle behind the seismic method is the reflection of sound
waves by boundaries between different rock types within the earth. A surface source generates sound
waves that penetrate the earth and then are reflected back to the surface where receivers measure the
strength and travel time of the reflected waves. This data is processed and is commonly displayed
vertically as a seismic wiggle trace in which the amplitude of the wiggle indicates the strength of the
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reflection and the vertical direction represents travel time. The display of such data collected along a line
on the surface produces a two-dimensional (2-D) seismic section that is an image of the rock boundaries
beneath the surface. Data collected over a grid on the surface produces a three-dimensional (3-D)
volume or “cube” of traces.

The principle applications of seismic data in describing the reservoir are as follow:

e mapping the vertical and lateral extent of the pool; and
e predicting lithology and porosity between the wells.

The following sections discuss the seismic time and depth interpretations and seismic lithology and
porosity predictions (DPA-Part 2, Ref # 2.14).

2.3.1 Seismic Database

EnCana’s seismic database over the Deep Panuke pool consists of several 3D seismic datasets as shown
on the map in Figure 2.47. The “Abenaki 3D” was the exclusive source for the geophysical reservoir
interpretations presented below. The other 3D seismic surveys provide supplementary information but
are not integral to the Deep Panuke pool mapping.

Western Geco shot the approximately 450 km? “Abenaki 3D” marine survey in 2002. A seismic vessel
acquired the data towing a dual air-gun source array and eight receiver cables (or streamers) each 5200
m in length. Subsequent processing of the data provided a seismic reflection amplitude trace at every
12.5 m in the NE-SW direction and at every 25 m in the NW-SE direction over the survey area. Overall,
the Abenaki survey is a data set of high quality.

The Abenaki 3D was processed for Pre-Stack-Time-Migration (PSTM) and Pre-Stack-Depth-Migration
(PSDM). The PSDM processing was transformed from depth back into the time as the basis for the
geophysical reservoir interpretation. Figure 2.47 shows the outline of the PSDM processed Abenaki 3D
survey. Due to the migration aperture, the area of the PSDM processing becomes smaller than the area
of the original survey.

To support the interpretation, various volumes of seismic attributes have been computed including
partial offset stacks, Rp and Rs extractions, P-impedance and S-impedance, coherency volumes and
LMR volumes. A full seismic reservoir characterization was only executed on the higher quality PSDM-
processed Abenaki 3D. Therefore, lithology and porosity analyses were completed only for the area of
the PSDM-processed Abenaki 3D survey.
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Figure 2.47: Outline of PSDM-processed Abenaki Survey (shaded in red)

2.3.2 Geophysical Reservoir Description Requirements

The following categories summarize the major seismic interpretational requirements for geophysical

reservoir description of the Deep Panuke pool:

1) Reservoir Vertical Extent

e Seismic time horizon interpretation of the Top Carbonate, Top Porosity, Abenaki 5 and Abenaki 4
plus several external horizons (necessary for depth conversion beyond the reservoir zone );

e Depth conversion and well ties to create geological depth horizons; and

e Additional geological horizons (not seismically resolvable) based on seismic horizons (e.g. Abenaki

6B, Tight Streak).
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2) Reservoir Lateral Extent

e HPREF Probability prediction;

e HPRF Basin Masks (minimum/best estimate/maximum cases);
e HPRF Back Reef Boundary; and

e VL region boundaries (P90/P50/P10 cases).

3) Lithology and Porosity Predictions

e Dolostone prediction (HPRF region);

e Porosity predictions -HPRF (low/mid/high cases); and
e Porosity predictions -VL (P90/P50/P10 cases).

This following discussion summarizes the methods by which these requirements were met.
233 Reservoir Vertical Extent
Seismic Time Horizons

The Abenaki 5 is the main reservoir zone with gas also present in the Abenaki 4 and lower Abenaki 6.
Three seismically mappable horizons are interpreted for the reservoir zone of the pool as follows:

e Top Porosity geophysical horizon;
e Abenaki 5 geophysical horizon; and
e Abenaki 4 geophysical horizons.

These surfaces are illustrated in a seismic time cross-section view in Figure 2.48.

In addition, the top O-Marker, base O-Marker, top carbonate/Abenaki 6-7 and Abenaki 3 horizons are
also picked external to the reservoir interval to be used in structural mapping and depth conversion.

Time to Depth Conversion

Seismic time horizon data is converted to the equivalent depth horizons. Time values measured from
seismic cross-sections are transformed to depth in accordance with the mathematical relationship of
velocity equals distance divided by time, using interval velocities measured and “tied” at the wells using
synthetic seismograms (DPA-Part 2, Ref # 2.37). The end result of the depth conversion process is that
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each time horizon has been transformed into its equivalent depth horizon for mapping and modelling
purposes.

L1400 L1350 L1300
Time Horizons
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HPRF Basin Masks [=
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Figure 2.48: Geophysical Surfaces Cross-Section

Based on well Vertical Seismic Profile (VSP) and Check-Shot Data of wells B-90, D-42, E-23, F-70, H-
08, J-14, L-97 and M-88, plus the time-depth curves derived from the sonic logs of wells D-41, G-32, F-
09, M-79 and PI-1A, a generalized layered velocity field was built from surface to the Abenaki 4
horizon as shown in Figure 2.49.

The velocity field was optimized by hand-contouring each velocity layer below the top O-Marker. The
objective of the hand-contouring was not to match all well data perfectly but to impart a geological
pattern to the contours. The consequence is that minor mis-ties remain but a smooth velocity field is
generated which has a higher probability to be representative between the wells.
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Velocity Profile for Depth Conversion
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Figure 2.49: Generalized velocity model

As an example of a key time horizon, the Top Porosity horizon is created by modifying the Abenaki 5
geophysical horizon in areas of the pool where porosity appears to be present in the lower part of the
Abenaki 6 in continuity with underlying Abenaki 5 porosity. Figure 2.50 shows the structural
configuration of the pool in map view at the Top Porosity horizon. The map shows an overall rise in
structural elevation up-dip toward the northwest. The mapped surface is cut to the south-east where the
GWC intersects the Maximum Basin Mask. A north-east-southwest oriented structural high is present as
a linear feature near the D-42 well with a structural low bounding it to the north-west. These are
structural drape features related to an underlying basement high and adjacent basement low.
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Figure 2.50: Top Porosity Map — Depth
Depth Horizons

Through the depth conversion process, depth-equivalent horizons are created for:

e Top Porosity;
e Abenaki 5 geophysical horizon; and
e Abenaki 4 geophysical horizon.

These structure maps are in included in DPA-Part 2, Ref # 2.30.

Due to phase changes laterally in the seismic data, the geophysical horizons (which conform to
continuous seismic events) do not necessarily conform to geological horizons at the wells. For that
reason, the geophysical horizons are adjusted where necessary to match the wells and the new surfaces
re-named as geological horizons. This procedure does not involve any modification to the velocity fields
used in depth conversion.
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In addition, two more depth horizons are added which are not seismically mappable. The Abenaki 6B
and Top TS horizons (see Section 2.1.3.5) are created by adding the appropriate isopach thickness up
from the Abenaki 5 and Abenaki 4 geological horizons respectively.

The final result of the depth conversions, adjustments and addition of sub-seismic surfaces are the
following horizons which are available for mapping and reservoir modelling in depth:

e Abenaki 6B horizon (top of the reservoir prone lower Abenaki 6)
e Top Porosity geological horizon

e Top Abenaki 5 geological horizon

e Top TS Interval

e Top Abenaki 4 geological horizon

A series of structure maps are included in DPA-Part 2, Ref # 2.30. The map series includes Depth
Structure Maps on Abenaki 6B, Abenaki 5, Abenaki 4 and Top Porosity displayed showing the position
of the Minimum, Best Estimate and Maximum Basin Masks. The Basin Masks are interpreted positions
along the carbonate margin where reservoir-prone rocks terminate or change facies into their non-
reservoir basinal equivalents. Uncertainty in the exact positions at which this change occurs gives rise to
the need for three Basin Masks.

2.3.4 Reservoir Lateral Extent

Defining the lateral extent of the HPRF and VL regions requires that seismic interpretational
uncertainties be addressed. The change from reef to basin or reef to backreef can be either abrupt or it
can be transitional in some portions of the pool. Since there is local uncertainty concerning the position
of the lateral changes, it is necessary to define a set of Basin Masks (minimum/best estimate/maximum
cases) and a Back Mask for the HPRF region along with VL region boundaries (P90/P50/P10 cases).

The HPRF boundaries are identified first by defining the probability of HPRF occurrence throughout the
pool area then integrating that prediction with independent porosity and dolostone predictions. The VL
region boundaries are defined primarily from the porosity predictions but their interpretation also
involved lithology predictions.

The mapped positions of the interpreted reservoir boundaries where they intersect the GWC are shown
in Figure 2.51.
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Figure 2.51: Reservoir Lateral Extent Map

HPRF Probability Prediction

An important early step in determining the lateral extent of the reservoir is to seismically separate the
HPRF reservoir rocks from their non-reservoir basinal and back-reef equivalents. The resulting HPRF
probability prediction cube describes the probability (in the range from 0-100 %) of HPRF existence at

each position in the cube.

To create this prediction, a neural net (NN) was trained to differentiate HPRF rock (High Perm Reef
Front), basinal rock (BR) and remaining rock (Rest). The first step in the supervised NN analysis is the
identification of training points. These points were identified from petrophysical data, well test data (i.e.,
some wells indicate a significant inflow from areas around the well bore so consequently high
permeability cannot be restricted to the direct well location), and deposition pattern (i.e. far beyond the
reef boundary, the pattern is significantly different to allow training points for the basin to be picked).
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Figure 2.52 illustrates the selected training points. Several NN architectures and many different input
seismic attribute combinations were tested to identify the best NN. A simplified diagram of the NN with
the selected input attributes is shown in Figure 2.53. Figure 2.54 illustrates the procedure of NN training
and the generation of the lithology cube.

Figure 2.52: Training points for lithology interpretation BR: Purple, HPRF: Red, Rest: Green
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Figure 2.53: Architectures of a NN for lithology interpretation
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Figure 2.54: Workflow for Lithotype NN analysis
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HPRF Basin Masks

Seismic interpretational uncertainty exists regarding the physical basinward limit of Abenaki carbonates.
The change from reef to basin can be abrupt or it can be more transitional in some portions of the pool.
Where there is uncertainty concerning the physical position of the lateral change from reservoir-prone
carbonate to non-reservoir basinal deposits, it is necessary to choose a set of basin masks for
minimum/best estimate/maximum cases. At locations where little uncertainty exists, the minimum and
best estimate cases may coincide.

The HPRF basin masks were identified by integrating several different types of predictions, including
HPRF probability, Dolostone Prediction (see section 2.3.5) and HPRF Porosity Prediction (see section
2.3.6).

A seismic cross-section display example of the HPRF Basin Masks is shown in Figure 2.48.
HPRF Back Reef Boundary

The HPRF back reef boundary is defined at the landward limit of the dolomitized HPRF region.
Northwest from the HPRF back reef boundary is the VL region (where present) or the MR region. A
fixed HPRF back reef boundary is used (rather than variable boundaries) to limit to a manageable
number the number of deterministic OGIP cases to be evaluated (see Section 2.4.1). Uncertainty in
reservoir rock volume of the pool is addressed primarily by the variable HPRF basin masks and
secondarily by the variable porosity (low/mid/high cases) assigned within the HPRF region.

The HPRF back reef boundary was seismically picked while simultaneously viewing HPRF prediction
cross-sections and NN porosity cross-sections, looking for the landward limit where they coincide. For
simplicity, it is represented in the static reservoir model as a vertical boundary as shown in Figure 2.48.

Vuggy Limestone Region Boundaries

Variable boundaries (P90/P50/P10 cases) have been identified for the VL region as shown in Figure
2.51. The P10 limit for the VL region is defined as extending close to the seismically mappable
maximum limit of porosity away from the PP-3C and H-08 wells. The eastern P10 limit of the VL
region is a somewhat diffuse boundary separating it from the nearby HPRF region (which is only a few
hundred meters from H-08). Using a vertical boundary between the VL and HPRF regions is a
simplification necessary for mapping purposes but the diagenetic processes of dolomitization and
leaching are likely to have created a much more complex three dimensional pattern. The western P10
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boundary of the VL region has a rectilinear shape strongly suggesting fault control. This is consistent
with the diagenetic model involving vertical migration of leaching fluids along faults.

The VL P90 area is confined to higher porosity in direct and obvious seismic continuity with the H-08
and PP-3C wells. The P50 area imposes a less rigorous standard whereby potentially lower porosity is
allowed within the VL region.

The VL P90/P50/P10 boundaries are represented in the static reservoir model as a series of vertical
boundaries (see Section 2.4.1).

2.3.4.1 Deep Panuke Trap

An integrated process is required to define the areal extent of the Deep Panuke pool. The depth
converted structural horizons do not completely define the pool limits since Deep Panuke is a
combination trap with both structural and stratigraphic elements. The overall extent of the trap and many
of the trapping elements are illustrated diagrammatically in Figure 2.55.

The southwest limit of the trap occurs where the HPRF dips structurally below the pool GWC. To the
southeast, the trap is limited by the intersection of the top porosity with the GWC (if porosity extends to
the GWC) or by the positions along the carbonate margin where the change from Abenaki carbonates to
basinal shales occurs. Locally arcuate listric faults have created several structural “scallops” along the
carbonate margin. Since there is local seismic interpretational uncertainty regarding the limits of
carbonate deposition, minimum/best estimate/maximum basin masks are defined.

To the northeast, the trap extends to the area where the shale body penetrated by the J-14 well extends
into the structural low paralleling the reef margin to the north of the J-14 and D-42 wells.

To the northwest, the Trap Back Boundary is defined along:

1) the axis of the structural low paralleling the reef margin to the north of the J-14 and D-42 wells; and

2) the area northwest of the PI-1B, PP-3C, H-08 and F-09 wells where stratigraphic trapping occurs due
to loss of porosity and fracturing away from the carbonate margin.

Within the trap area, porosity prediction results are integrated with HPRF predictions to define where
the HPRF back boundary occurs at the change from the HPRF region to the MR region. This change
does not conform to the trap back boundary.
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Also within the trap area, porosity prediction results are integrated with VL lithology predictions to

define where the P90/P50/P10 VL areas occur.

Deep Panuke Trap
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Figure 2.55: Deep Panuke Trap
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2.3.5 Dolostone Prediction

The reservoir characterization methodology described in Section 2.2 for the Deep Panuke pool depends
heavily on the accurate determination of two key reservoir properties in the HPRF region, namely the
volume of dolostone (Volps) and total porosity (Phiy). These parameters are direct outputs of
petrophysical analysis of the wells (Section 2.2.3) which must then be extended away from well control
to all parts of the pool to construct the reservoir models for OGIP, RGIP and simulation studies.

NN technology is the method of choice for the estimation of volume of dolostone (Volps). The training
data set for the NN consists of well log dolostone fraction and seismic attributes extracted from seismic
traces at the well locations. Based on the petrophysical dolostone content up-scaled to seismic scale, a
NN was trained on several seismic attributes to predict the 3-D volume percentage dolostone in the rock.
The procedure is summarized in Figure 2.56.

Extract

Well Logs

Seismic

Seismic Attributes
and Log Porosity
at each Sample

at the Wells

Extract
Seismic Attributes

Train NN Validate
to Predict NN
%Dolomite

Apply
Trained NN

Cube

L at each Sample to Predict > )
Dolomite

Seismic from 3D Seismic % Dolomite

Figure 2.56: Procedure for Dolostone Estimation

After testing many different NN architectures and various input attribute combinations, the NN
illustrated in Figure 2.57 was identified to deliver the best results. Criteria for this selection were:

e visual correlations at the well location with the well log dolostone content;

e consistent dolostone content around the well bores;

e high correlation co-efficient of the upscaled petrophysical dolostone content to NN predicted
dolostone content immediately around the wells;

e match of the mean up-scaled petrophysical dolostone content to NN mean dolostone content;
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e blind tests of wells not included in the training data set; and
e average dolostone content maps are logical.

Porosity

Analyzed hundreds of
possible Configurations

Blind tested

| Angle Stack 29-33 |

|Angle Stack 33-36 |

| Impedance |

Figure 2.57: NN Architecture for Dolostone Prediction

According to these criteria, the validation procedures to determine the best-result dolostone content
prediction are described in DPA Part 2, Ref # 2.14. One example of the validation is that the statistical
mean dolostone content in the petrophysical input data (32.6%) is closely matched in the NN output
result (31.8%). This value represents the overall mean dolostone content in the HPRF.

Average Dolostone Map -HPRF

The average volume of dolostone (Volps) between the top Abenaki 5 and the GWC in the HPRF region
is illustrated in Figure 2.58. This map is also included in Part 2, Ref # 2.30.

The map pattern is logical, showing good continuity along the HPRF and decreasing dolostone content
toward the northwest, away from the basin. Several partially connected linear trends paralleling the
basin margin are likely fault related.
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Figure 2.58: Map of Average Dolostone content within HPRF with Back Reef Boundary (Top
Abenaki 5 to GWC)

2.3.6 Porosity Predictions

NN technology is the method of choice to use seismic data for the estimation of porosity away from the
wells at Deep Panuke. The training data set for the porosity NN consists of petrophysical total porosity
(Phiy) curves and seismic attributes extracted from seismic traces at the well locations. Based on the up-
scaled well porosity data, a NN was trained on several seismic attributes to predict a 3-D volume of
porosity. The procedure is summarized in Figure 2.59.
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Figure 2.59: Procedure for NN porosity estimation

Acknowledging that the HPRF and VL regions represent significantly different lithologies and reservoir
types, NN porosity training was done separately for each region. After testing more than one hundred
different NN architectures and various input seismic attribute combinations, a set of NN were identified

for the HPRF and VL regions which delivered reasonable results.

Each of the identified NN has internally consistent porosity distributions over the HPRF or VL regions.
However, absolute porosity values differ for each NN result. Therefore, to determine which NNs offer
the best solutions additional criteria are required.

2.3.6.1 Ciriteria for Porosity NN Validation

The criteria used to validate the NN porosity predictions are as follows:

1. high correlation coefficient of up-scaled petrophysical porosity to NN predicted porosity

immediately around the wells;

2. match of up-scaled petrophysical mean porosity to NN mean porosity;

3. cross-section visual match of up-scaled petrophysical porosity to NN predicted porosity immediately

around the wells;

4. comparison of petrophysical porosity histograms (e.g. data range, bimodality in HPRF) to NN

derived porosity histograms;

5. blind tests (HPRF only) i.e. analysis of M-79A and J-14A wells which were not used in the training;

6. average porosity maps are logical;
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7. porosity analogues support the range of predicted porosity; and
8. well test matches; the well tests were modelled using the new simulation models to determine
modelled performance is consistent with actual well performance (Section 2.4.2.2).

Based on the above criteria, an extensive series of cross-sections, cross-plots, porosity histograms, and
maps were used to validate the NN porosity predictions (DPA Part 2, Ref # 2.14).

2.3.6.2 HPRF Porosity Prediction Results

A key observation made in the petrophysical analysis of the HPRF wells (Section 2.2.3) is that total
porosity (Phiy) histograms exhibit bimodality as a consequence of two underlying lithotypes in this
region, namely limestone and dolostone. The bimodality represents a “background” low porosity
distribution for limestones (undolomitized) and a superimposed higher porosity distribution for
dolostones as a direct consequence of the deep burial dolomitization process.

The bimodal character of the well log derived porosity histograms (Figure 2.34 and Figure 2.35) has
been preserved in the seismically-derived NN porosity histograms for the entire HPRF region as shown
in Figure 2.60. This is an important advance in the validation of the NNs and the reservoir
characterization of the pool.

The three different seismically-derived porosity NN all yield high correlation coefficients (> 0.8). When
compared, the petrophysical mean porosity values closely matches the NN mean porosity values (DPA
Part 2, Ref # 2.14). Each porosity distribution has an equal probability of being “correct”. Therefore, all
three distributions are used as input in the static reservoir modelling process to generate the range of
OGIP for the HPRF.
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Figure 2.60: HPRF Region Porosity Histograms

The computed 3-D porosity cubes allow one to scan through the full reservoir zone to identify high
porosity zones and to compute pore volumes. Furthermore, average porosity maps can be generated to
gain an understanding of the general distribution of porosity within the reservoir zone. Figure 2.61
illustrates the average porosity between the top Abenaki V and the GWC within the HPRF region.
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Figure 2.61: Average Porosity between Top Abenaki 5 and GWC (HPRF)

2.3.6.3 Vuggy Limestone Porosity Prediction Results

The three seismically-derived porosity NN histograms shown in Figure 2.62 were developed separately
for the VL region and were validated using most of the same procedures as in the HPRF region. The
porosity bimodality criteria used for the HPRF region is also preferred for the VL region (Figure 2.36)
since two lithotypes are present, margin limestone and vuggy limestone. However, as is seen in Figure
2.62, the seismically-derived P50 VL porosity histogram does not exhibit a bimodal character. This NN
is still acceptable since it meets the other NN validation criteria: when the relative proportions of two
lithotypes in a mixed population are not optimal, bimodality may be obscured or absent.

Additional issues with the VL region porosity distributions were identified and addressed through the
well test matching process as discussed in Section 2.4.2.2. The root cause of the problems may be that
with only two wells drilled to date, the porosity NN training dataset may not be fully representative of
the VL region. Only if additional wells are drilled into this region can this issue be further addressed.
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Figure 2.62: VL Region Porosity Histograms

The average porosity map for the VL shown in Figure 2.63 is based on the P10 porosity NN. The map
extends to the seismically mapped P10 boundary. The eastern boundary is a somewhat arbitrary vertical
boundary chosen to separate the VL region from the very nearby HPRF region which is only a few
hundred meters from H-08. Using a vertical boundary is necessary for mapping purposes but the
diagenetic processes of dolomitization and leaching are likely to have created a much more complex 3-D
pattern.

The western boundary of the VL extends to the mappable extent of porosity and has a rectilinear shape
strongly suggesting fault control. This is consistent with the diagenetic model involving vertical
migration of leaching fluids along faults.

The PP-3C well was drilled into a northeast-southwest oriented high porosity (> 12%) trend which
extends further toward the southwest from the well with porosity variations along the trend. The linear
nature of the porosity trend suggests fault control.
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The porosity distribution around the H-08 well has a more complex pattern, probably due to the
proximity of the HPRF. To the southwest of H-08 there are weak porosity trends interpretable from the
map, again suggesting fault control.

Such maps are simplifications which effectively collapse a three-dimensional pattern of porous reservoir
and non-porous rocks into a two-dimensional representation. The patterns observed on the average
porosity map shown in Figure 2.63 are logical and consistent with the diagenetic history interpreted for
this region.
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Figure 2.63: Average Porosity Map Vuggy Limestone Region with P10 Boundary
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2.4 Abenaki Reservoir Models

Based on the reservoir characterization work presented in Section 2.2, a rigorous reservoir modelling
process was used to generate static and dynamic 3-D “Earth Models” for Deep Panuke (DPA-Part 2, Ref
#2.14).

The key static modelling uncertainty inputs are areal extent, effective porosity and GWC which
represents the uncertainty in both GWC and seismic depth conversion. The modelling effort provided a
range of outcomes for OGIP. Three models which capture the range of OGIP were then selected for
reservoir simulation.

The key dynamic uncertainty inputs are aquifer size, aquifer connectivity to the HPRF and connectivity
within the VL. The simulation models were first history-matched to the well test results prior to running
numerous cases to generate the range of gas recovery efficiencies.

24.1 Static Model Development

The VL and HPRF regions introduced in Section 2.2.2 comprise the proven reservoir to be developed in
Deep Panuke and are the focus of our modeling work. MR region limestones are included in the earth
model but are considered to be non-reservoir for simulation modeling purposes. The Shoal region has
not been drilled; it is considered only as exploration potential and is not part of the static model.

There are many possible approaches by which a reservoir model can be constructed. The choice of
methods is generally guided by the amount, type and quality of data available to the modelers. The Deep
Panuke dataset is heavily weighted in favor of seismic data which is judged to be good quality, though
with definite limitations. As discussed in Section 2.3.3, structural mapping of the reservoir is highly
dependant on picking geophysical surfaces which are depth converted using wells as control points, then
adjusting the geophysical surfaces to match geological surfaces at the wells. The key surfaces in the
models are as follows:

e top Carbonate;

e top Abenaki 6B;

e top Abenaki 5;

e top porosity;

o topTS;

e top Abenaki 4; and
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e GWC.

The mapping of reservoir lateral extent (e.g. basin masks, back-reef mask, and VL boundaries) is very
dependent on geophysical methods (Section 2.3.4). For modeling purposes, the lateral extent of the
HPRF has been limited by a back reef mask (constant for all cases), minimum / best estimate and
maximum basin masks and varying GWC. The northeast boundary of the pool has been set to the
northeast of the D-41 gas well. Further details are provided in DPA-Part 2, Ref # 2.14.

The structural elevations of the surfaces in the model are considered to be very reliable. The seismic
velocity field is sufficiently well behaved that depth conversions have an accuracy of less than 15 m.
The possible range in the GWC determined from petrophysical and pressure measurements is similar.
Depth uncertainty in the modelling process is addressed by varying the GWC between three cases, -3496
mss (P90), -3504 mss (P50) and -3512 mss (P10). The maximum model depth was set at -3700 m subsea
to include approximately 200 m of aquifer interval.

The well petrophysical data is high quality but relatively sparse in terms of the number of wells
available. Only six wells are available which have penetrated good reservoir along the length of the
pool. Due to the sparse well control, rather than applying poorly constrained geostatistical methods to
predict porosity away from the wells, NN prediction methods are the preferred approach to mapping the
distribution of porosity away from the wells as described in Section 2.3.6. The NN approach in Deep
Panuke uses up-scaled petrophysical porosity estimates along with the various combinations of seismic
attributes at the wells to train the network. This is then applied throughout the seismic volume to predict
porosity away from the wells. An extensive series of validations are performed to verify and iteratively
improve the efficacy of the method and accuracy of the porosity predictions. A similar NN approach
was used to predict dolostone volumes and also fracture intensity in the HPRF.

One of the key outputs of the static modelling work is to generate the range of potential OGIP for
resource calculations. For Deep Panuke the static model parameters that account for the majority of the
uncertainty in OGIP are areal extent, effective porosity and GWC.

e Areal Extent: Three separate structure models were built in PETREL™ (Schlumberger’s 3D
visualization, mapping, modelling and simulation software) to represent the minimum, most likely
and maximum basin masks for the HPRF. The VL structure is the same for all three models;
P90/P50/P10 VL areas were determined based on the geophysical interpretation to represent the
uncertainty in areal extent. The structure models were constructed with 50 x 50 m areal cell
dimensions and 5 m cell thickness for the Abenaki gas zone. The model dimensions are 694 x 172 x
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69 m cells, resulting in more than 7 million cells in the model. The HPRF and VL regions were
handled separately to populate the models with reservoir parameters.

e Effective Porosity: Over 100 NN porosity scenarios were initially evaluated for the HPRF (Section
2.3.6). These were narrowed down to ten cases based on quality of the fit to petrophysical data, then
further narrowed down to the three best cases by ensuring that the predicted porosity distributions
are consistent with the petrophysical analysis described in Section 2.2.3. The three best NN HPRF
total porosity (Phiy) distributions and their associated volume dolostone (Volp) distributions were
input into each structure model to represent low, mid-range and high porosity cases. Effective
dolomite porosity and water saturations were then determined. The process used to generate
P10/P50/P90 porosity estimates for the VL was similar to the HPRF but not as rigorous. Water
saturations were determined using a BVW equal to 2 percent.

e GWC: The range in GWC (see above) was used to address the depth conversion uncertainty and
GWC for both the VL and HPRF regions.

Twenty Seven deterministic estimates of OGIP for both the HPRF and VL to account for the variability
in areal extent, porosity and GWC were generated with the static models and based on the gas in place
calculation methodology presented in Section 2.2.3.9. The results are presented in Table 2.11.

Table 2.11: OGIP Estimates -HPRF and VL
HPRF OGIP Estimates VL OGIP Estimates
oGIP OGIP

Contact (109 Contact a 0’
Basin Mask Porosity (mSS) sm3) Area Porosity (mSS) sm3)
minimum A10 3496 13.2 p90 p50 3496 1.8
minimum A10 3504 14.2 p90 p90 3496 1.9
minimum Al10 3512 15.2 p90 p50 3504 2.0
minimum P1073 3496 15.6 p90 p90 3504 2.1
minimum P1073 3504 17.0 p90 p50 3512 2.1
minimum P1073 3512 18.4 p90 p90 3512 2.2
minimum All 3496 19.5 p50 p90 3496 2.7
best estimate Al0 3496 20.9 p50 p90 3504 2.9
minimum All 3504 21.0 p90 pl0 3496 3.0
best estimate A10 3504 22.4 p50 p90 3512 3.2
minimum All 3512 22.4 p90 pl0 3504 3.2
best estimate P1073 3496 23.0 p90 pl0 3512 33
best estimate Al10 3512 23.9 p50 p50 3496 3.5
best estimate P1073 3504 24.8 pl0 p90 3496 3.6
maximum A10 3496 25.3 p50 p50 3504 3.7
best estimate P1073 3512 26.7 pl0 p90 3504 4.0
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Table 2.11: OGIP Estimates —-HPRF and VL
HPRF OGIP Estimates VL OGIP Estimates
oGIP OGIP
Contact (109 Contact (109

Basin Mask Porosity (mSS) sm3) Area Porosity (mSS) sm3)
maximum A10 3504 27.3 p50 p50 3512 4.0
maximum P1073 3496 27.7 pl0 p90 3512 4.3
maximum A10 3512 29.3 p50 pl0 3496 4.5
maximum P1073 3504 30.1 p50 pl0 3504 4.8
best estimate All 3496 31.0 p50 pl0 3512 5.0
maximum P1073 3512 32.5 pl0 pl0 3496 5.9
best estimate All 3504 33.2 pl0 pl0 3504 6.3
best estimate All 3512 353 pl0 pl0 3512 6.6
maximum All 3496 36.5 pl0 p50 3496 6.6
maximum All 3504 39.0 pl10 p50 3504 7.2
maximum All 3512 41.8 pl0 p50 3512 7.8

“Small”, “Mid” and “Large” Models were initially selected for reservoir simulation to represent the low,
mid and high end OGIP estimates. The well test history-matching process followed (see Section
24.2.2).

Modification to the fracture permeability near the wells was required to get an acceptable match for the
HPRF wells F-70, PI-1B, and M79-A in all models. Additional pore volume was added close to M-79A
for the small and mid-range models.

The H-08 well test was used to calibrate the VL region. The matching process did not initially yield
acceptable results:
e The P90 and P50 porosity distributions did not have sufficient connected OGIP for the P90, P50
and P10 areas without major adjustments.
e The P10 porosity distribution did not have enough connected OGIP in the P90 area; the
connected OGIP for the P50 and P10 areas were too large.
Three new VL scenarios were then selected for simulation. The small and mid-range models use the P10
porosity estimate with the west half of the P50 area; the large model utilizes the P10 porosity cube and
the P10 area. Acceptable well test history matches were obtained. The final simulated OGIP volumes are
provided in Table 2.12.
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Table 2.12: Simulation Model OGIP

HPRF VL TOTAL
Simulation Contact Basin OGIP OGIP
Model (mSS) Mask Porosity  (10° sm3) Area Porosity (10’ sm3) OGIP (10° sm3)
Small 3496 minimum All 20.0 P50 P10 2.5 22.5
best
Mid 3504 estimate P1073 26.8 P50 P10 2.9 29.8
best
Large 3504 estimate All 33.2 P10 P10 5.8 38.9

A series of maps are included in DPA-Part 2, Ref # 2.30 which correspond to the Small, Mid and Large
reservoir simulation models identified in Table 2.12. The map series includes the following:

e Average Porosity Maps -both HPRF and VL regions

e Net Pay Maps -both HPRF and VL regions

e Porosity*Thickness Maps (phi *h) -both HPRF and VL regions

e Porosity*Thickness*Gas Saturation Maps (phi*h*Sg) - both HPRF and VL regions

2.4.2 Reservoir Simulation Model Development

The three cases selected for reservoir simulation identified in Table 2.12 are referred to as Small, Mid
and Large. The models focus on the HPRF and VL in the areas that have been appraised by drilling and
were up-scaled to grid block sizes of approximately 100m x 100m x 10m. “ECLIPSE 100™" simulation
software was used. Effective dolostone porosity, dolostone volume and fracture intensities were up-
scaled. Matrix permeability was estimated on the up-scaled grid using the porosity/permeability
relationships established in Section 2.2.3. The initial estimate of fracture permeability was based on well
test results discussed in Section 2.2.6. A vertical to horizontal permeability ratio of 0.1 was assumed.

Approximately 200 m of aquifer thickness was modelled. A “Fetkovich Bottom Water Drive” analytical
aquifer was attached to the bottom layer of the simulator to represent the remaining aquifer volumes.

As discussed in Section 2.1.3, the HPRF is considered to be a dual porosity reservoir. The rock matrix
provides the bulk of the reservoir volume and the fracture network provides the majority of the reservoir
permeability. To model dual porosity systems in the simulator, two cells are associated with each block
in the geometric grid, representing the matrix and fracture volumes of the cell. Characteristics of the
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twin cells such as porosity, permeability and water saturation are independent. A matrix to fracture
coupling transmissibility is constructed in ECLIPSE™ to simulate the flow between the matrix and
fractures.

The model dimensions are 272 x 73 x 74 m which equates to approximately 1.5 million cells. The
volumetrics of the up-scaled models are consistent with the finer grid static models.

2.4.2.1 Model Aquifer Size and Connectivity

As discussed in Section 2.2.5, the aquifer size and the degree of connectivity between the gas zone and
underlying aquifer are important dynamic uncertainties in modeling reservoir performance. A
“Fetkovich Bottom Water Drive” analytical aquifer was used to supplement the “modeled aquifer”
(simulation model grid extends approximately 200 m below GWC) to achieve the desired aquifer size. It
was concluded that the range of connectivity alternatives discussed in Section 2.2.5 can effectively be
handled by varying the “Fetkovich” aquifer productivity index “J” as follows:

e The P90 “J” index is estimated to be 30. This equates to a water influx rate equivalent to the
“modeled aquifer”.

e The P50 “J” index is estimated to be 100. This equates to a water influx rate approximately 1.5 times
that of the “modeled aquifer”.

e The P90 “J” index is estimated to be 400. This equates to a water influx rate approximately 2 times
that of the “modeled aquifer”.

2.4.2.2 Simulator Well Test Matches

An important step in any modeling process is the history matching of the available dynamic reservoir
data. As was discussed in Section 2.2.6, six well tests were conducted. Three wells, PI-1B, M-79a and
F-70, tested the HPRF. The H-08 and PP-3C wells tested the VL. The F-09 well tested in the back reef
areca outside of the modeled area.

The major objective of the history matching process is to constrain the up-scaled geologic models with
the well tests. The focus of the match is on stabilized well and reservoir performance: closely matching
the early time behavior is not considered important because of scaling issues. Well operational problems
as identified in Section 2.2.6 must be taken into account. The Small, Mid and Large models were all
history matched.

The production rate of the wells is set at the well test rates, the model is run and the bottom-hole flowing
and shut-in pressures at the wells are compared to the measured gauge data. When performing the
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matching, the initial changes are only made to permeability since permeability is relatively uncertain.
Only when a match cannot be achieved by changing just permeability are changes to porosity also
considered.

The HPRF wells, PI-1B, M-79a and F-70, all had acceptable matches with only minor adjustments to the
simulation grid. The fracture permeability within 500 m of each well was increased and additional pore
volume was added close to M-79A for the Small and Mid models (see Figure 2.64). The log-log plot for
the actual and simulated bottom-hole pressures for well PI-1B is provided in Figure 2.65 to demonstrate
the quality of the matches. Semi-log and linear comparisons were also conducted.

Mid Grid_ HPRF Fracture Permeability

Fracture Permi (MDARGY)

10 100 1000

Figure 2.64: Regions for Adjusting Fracture Permeability
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Figure 2.65: PI-1B History Match

As was discussed in Section 2.2.6 both PP-3C and H-08 experienced major operational problems during
the well tests that significantly impacted the results. The PP-3C data quality was so compromised that it
was not of sufficient quality to use in the well test matching process. The data for H-08 was also

compromised but considered to be of adequate quality to calibrate the VL in the simulation models.

The matching process did not initially yield acceptable matches.

e The P90 and P50 porosity distributions did not have sufficient connected OGIP
P10 areas without major adjustments. This is best illustrated by looking at the
for the “P90 porosity” provided in Figure 2.66. The OGIP connected to H-08 1
match the well test results.

e The P10 porosity distribution did not have enough connected OGIP in the P90 area; the connected

OGIP for the P50 and P10 areas were too large.

for the P90, P50 and
average permeability
s not large enough to
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OGIP well
connected to H-08

\ area not sufficient

to match well test
for P90 and P50
porosity cubes

VL _P10
Area

Neural Net W_MM1_A11b_LaLST (P90)
Abenaki 5 Average Permeability (md)

Figure 2.66: VL: “Average Permeability for P90 Porosity”

New VL models were selected using only the P10 porosity distribution to progress the simulation work
and history matching. For the “Small” and “Mid” models, the P50 area was used and the eastern half of
the VL was eliminated (Figure 2.67). For the “Large” model the full P10 area was used.
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Figure 2.67: VL: “Average Permeability for P10 Porosity”
Further details on the history matching process are provided in DPA-Part 2, Ref # 2.14.
2.4.2.3 Simulation Results

Simulation results for fifty-eight cases are provided in Table 2.13 to illustrate the impact of the
uncertainty in the HPRF OGIP, aquifer size and aquifer connectivity on reservoir performance. The
correlation coefficients between the input and output parameters are provided in Table 2.14. Both the
HPRF and VL regions were simulated. The focus of the analysis was on the HPRF and then applying the
learnings to the VL.
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Table 2.13: Simulation Results for the HPRF
Inputs Outputs
Aquifer Aquifer HPRF Project  Life After HPRF
HPRF OGIP Size Trans. Plateau Life Plateau RGIP (109
(10° sm3) (X _OGIP) J) HPRF RF RF Years) (years) sm3 raw)
20.0 4.7 10 0.72 0.244 11.4 9.6 14.4
20.0 9.9 10 0.712 0.244 11.2 9.3 14.2
20.0 16.6 10 0.708 0.244 11.1 9.2 14.2
26.8 4.7 10 0.751 0.263 15.0 12.4 20.2
26.8 9.9 10 0.738 0.263 14.5 11.9 19.8
26.8 16.6 10 0.734 0.263 14.2 11.7 19.7
33.2 4.7 10 0.773 0.294 16.4 12.7 25.6
33.2 9.9 10 0.769 0.294 16.3 12.6 25.5
33.2 16.6 10 0.767 0.294 16.3 12.6 25.4
20.0 4.7 40 0.702 0.243 11.6 9.7 14.0
20.0 9.9 40 0.667 0.243 10.6 8.7 13.3
20.0 16.6 40 0.636 0.243 9.7 7.8 12.7
26.8 4.7 40 0.746 0.262 15.0 12.4 20.0
26.8 9.9 40 0.694 0.262 13.3 10.7 18.6
26.8 16.6 40 0.667 0.262 12.4 9.8 17.9
33.2 4.7 40 0.757 0.287 16.8 13.1 25.1
33.2 9.9 40 0.722 0.281 15.1 11.5 23.9
33.2 16.6 40 0.702 0.281 14.2 10.6 23.3
20.0 4.7 150 0.719 0.232 11.7 10.0 14.4
20.0 9.9 150 0.666 0.232 11.2 9.4 13.3
20.0 16.6 150 0.558 0.231 8.2 6.4 11.2
26.8 4.7 150 0.744 0.262 14.9 12.4 20.0
26.8 9.9 150 0.691 0.254 13.9 11.4 18.6
26.8 16.6 150 0.613 0.254 11.3 8.8 16.5
33.2 4.7 150 0.757 0.274 16.9 13.5 25.1
332 9.9 150 0.689 0.26 14.9 11.6 22.8
33.2 16.6 150 0.61 0.254 12.0 8.7 20.2
20.0 4.7 350 0.718 0.231 11.8 10.1 14.4
20.0 9.9 350 0.668 0.22 11.5 9.8 13.4
20.0 16.6 350 0.525 0.22 7.6 5.9 10.5
26.8 4.7 350 0.738 0.254 14.7 12.2 19.8
26.8 9.9 350 0.688 0.145 14.0 11.6 18.5
26.8 16.6 350 0.609 0.245 11.8 9.4 16.4
33.2 4.7 350 0.774 0.267 17.5 14.1 25.7
332 9.9 350 0.692 0.241 15.9 12.8 22.9
33.2 16.6 350 0.578 0.234 12.0 9.0 19.2
20.0 4.7 1250 0.695 0.22 11.1 9.4 13.9
20.0 9.9 1250 0.641 0.196 10.6 9.1 12.8
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Table 2.13: Simulation Results for the HPRF
Inputs Outputs
Aquifer Aquifer HPRF Project  Life After HPRF
HPRF OGIP Size Trans. Plateau Life Plateau RGIP (109
(109 sm3) (X OGIP) J) HPRF RF RF Years) (years) sm3 raw)
20.0 16.6 1250 0.51 0.185 8.2 6.8 10.2
26.8 4.7 1250 0.722 0.245 14.4 12.0 19.4
26.8 9.9 1250 0.678 0.236 14.2 11.8 18.2
26.8 16.6 1250 0.558 0.227 10.8 8.6 15.0
33.2 4.7 1250 0.753 0.234 17.9 14.9 25.0
33.2 9.9 1250 0.662 0.207 15.5 12.8 22.0
33.2 16.6 1250 0.566 0.208 12.0 9.3 18.8
26.8 30 3000 0.433 0.201 10.2 8.2 11.6
26.8 30 1250 0.472 0.218 10.3 8.2 12.7
26.8 30 150 0.533 0.254 9.2 6.7 14.3
26.8 30 10 0.533 0.254 9.2 6.7 14.3
26.8 16.6 3000 0.504 0.211 9.2 7.2 13.5
26.8 9.9 3000 0.635 0.219 12.7 10.5 17.0
20.0 30 3000 0.403 0.15 7.2 6.1 8.1
20.0 30 1250 0.425 0.173 6.8 5.5 8.5
20.0 30 150 0.483 0.231 6.4 4.7 9.7
20.0 16.6 3000 0.494 0.173 8.4 7.1 9.9
20.0 9.9 3000 0.619 0.185 9.9 8.5 12.4
20.0 1.14 N/A 0.744 0.244 11.7 9.9 14.9
26.8 1.61 N/A 0.772 0.263 15.5 12.9 20.7
33.2 0.89 N/A 0.787 0.301 16.6 12.7 26.1
Table 2.14: Correlation Coefficient
INPUTS OUTPUTS
HPRF Project Life After
HPRF RF | Plateau RF | Life Years) | Plateau (years) | HPRF RGIP
HPRF OGIP 0.39 0.55 0.75 0.61 0.83
Aquifer Size (x_OGIP) -0.80 032 20.66 0.76 0.53
Aquifer
Transmissibility -0.50 -0.73 -0.26 -0.22 -0.34
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The simulation results indicate that the reservoir performance is highly variable with some strong
correlations to OGIP, aquifer size and aquifer connectivity. They also indicate that the relationships are
complex, leading to the conclusion that a statistical approach is the best methodology to predict overall
ranges of reservoir performance. The strongest correlation coefficient for the HPRF RF is with aquifer
size at -0.80; however the range in recovery factor for one aquifer size is very wide (0.49 to 0 .77 for the
“16.6 x OGIP” aquifer cases). Figure 2.68 illustrates this complexity; the HPRF recovery factor is
plotted versus aquifer size (an exponential trend-line is also provided).

HPRF _RF
=
=N

0.55
0.5 1
0.45
0.4

Aquifer Size (X OGIP)

Figure 2.68: HPRF_REF vs. Aquifer Size

The key simulation outputs required for the risk modeling process are recovery factor, plateau recovery
factor and life after plateau.

24.3 Subsurface Risk Model

A subsurface risk model was built in “Crystal Ball"™” (Risk Analysis Software attached to Excel™) to

integrate the output from the static and dynamic reservoir models with economic parameters, then to
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probabilistically generate resource estimates and production forecasts accounting for the full range of
subsurface uncertainties and different depletion strategies.

2.4.3.1 Risk Model Input Parameters
Original Gas in Place (OGIP)

The OGIP distributions for the HPRF and VL regions are illustrated in Figure 2.69 and Figure 2.70. A
lognormal distribution provided the best fit to the HPRF OGIP data in Table 2.12. This was then limited
to a minimum OGIP of 11.27 10° sm3 (400 BCF) based on well test results (see Section 2.2.6) and a
maximum OGIP of 36.63 10° sm3 (1300) BCF.

A triangular distribution was used to characterize the VL OGIP. The OGIP values for the P90 cases
provided in Table 2.12 were eliminated because of the well test matching issues discussed in detail in
Section 2.4.2.2.

OGIP_HPRF 7
Lognormal distribution with parameters:

Mean (un truncated) 26

Standard Deyv. 8 i

Selected range is from 11.30 to 36.60 -

v N v T T b G ]
- ~

9.36 2272 36.09

Figure 2.69: OGIP Distribution —-HPRF
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Figure 2.70: OGIP Distribution —VL
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Aquifer Size and Transmissibility

The methodologies used to determine the ranges of aquifer size and transmissibility were discussed in
detail in Section 2.2.7. Lognormal distributions were used as illustrated in Figure 2.71 and Figure 2.72.

AQ SIZE /\
/
/ \
Lognormal distribution with parameters: | / \
10% - tile 4.7 | /
90% - tile 166 | |
/
Selected range is from 2.0 to 30.0 ] /
> ' ' 4
20 12 204 25
Figure 2.71: Aquifer Size Distribution
AQ Trans |

Lognormal distribution with parameters:

10% - tile 29.6 |
90% - tile 420.0 :
Selected range is from 5 to 1979 i [ Mean =185 |
- |/ v L v ]
5 626 1247

Figure 2.72: Aquifer Transmissibility
Recovery Factor — HPRF

The simulation results provided in Table 2.13 yielded a recovery factor range for the HPRF between
0.40 and 0.79. This range is considered too narrow. Additional risks have not been modelled on the
downside associated with fracture heterogeneity, well completion problems and poor well performance
at high water cuts: recoveries as low as 20% are possible. Some upside potential has also not been
modelled; recoveries as high as 87% which corresponds to reservoir abandonment pressure of 5000 kpa
are considered possible. Additional wells, well optimization activities, installation of booster
compression and/or a primary depletion scenario with no water production issues would all lead to
higher recovery factors.
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The recovery factor distribution illustrated in Figure 2.73 was created to characterize the HPRF region
based on the simulation results and to accommodate the potential upsides and downsides. It was
correlated to the HPRF OGIP, aquifer size and aquifer transmissibility based on the correlation
coefficients provided in Table 2.14.

The same recovery factor distribution was used for the VL region. A connectivity factor was also
applied to the VL to account for the VL connectivity uncertainty identified through the well tests (see
Section 2.2.6).

RF_HPRF N\
Extreme Value distribution with parameters: ]
Mode 0.720 /
Scale 0.085
Selected range is from 0.215 to 0.870 | /// \
,/ i
Correlated with: 1 // \\
OGIP_HPRF 0.39 | - Meen=0672 |
AQ SIZE 080 T ' T —
AQ TRANS 2050 020 039 0550 070 080

Figure 2.73: Recovery Factor —- HPRF
Plateau Recovery Factor and Life after Plateau

“Plateau recovery factor” and “life after plateau” are the key factors in addition to the RGIP that are
required to generate production forecasts.

The simulation results provided in Table 2.13 yield a plateau recovery factor range for the HPRF
between 0.17 and 0.29. This range is considered too narrow for the same reasons as for the recovery
factor. The distribution shown in Figure 2.74 was created to characterize the plateau recovery factor in
the HPRF based on the simulation results and to accommodate the potential upsides and downsides and
then correlated to the HPRF OGIP, aquifer size and aquifer transmissibility for risk modelling.
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Figure 2.74: Plateau Recovery Factor — HPRF

The simulation results provided in Figure 2.75 indicate that “life after plateau” correlates very well with
the HPRF RGIP. The logarithmic trend-line is used in risk modeling to generate “life after plateau”.

Life After Plateau (years)

HPRF_RGIP(10° sm3 raw)

Figure 2.75: “Life after Plateau” —-HPRF
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Recoverable Gas in Place (RGIP)

The most important output from the model is total pool RGIP which is illustrated in Figure 2.76. The
sensitivity of the total RGIP to the key technical parameters is illustrated in Figure 2.77.
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Figure 2.76: Total RGIP Distribution
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Figure 2.77: Total RGIP Sensitivity Analysis
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2.5 Acid Gas Disposal
2.5.1 Introduction

Deep Panuke natural gas reserves contain approximately 0.18% hydrogen sulfide (H,S) and 3.44%
carbon dioxide (CO,). This sour gas must be removed from the raw gas stream before it can be sent to
market. The following methods of removal were considered:

¢ injection of waste acid gas into a stable geological formation;

o flaring of waste acid gas and discharge to atmosphere;

¢ high temperature conversion of waste acid gas with seawater scrubbing and marine discharge;
e offshore sulphur recovery; and

e onshore acid gas processing.

Although the injection of waste acid gas into a subsurface formation is one of the most expensive
alternatives, it was chosen as the preferred method of disposing of the acid gas due to the minimal
impact on the environment.

The volume of acid gas which requires disposal is a function of the total raw gas reserves in the Deep
Panuke pool and the efficiency of the processes used to remove acid gas from the raw gas stream. The
injected acid gas volumes range from 149 x 10°sm’ to 465 x 10° sm® (5.3 to 16.5 Bscf).

For the MN&P Option, the condensate that is produced will be the main source of fuel for the MOPU,
and condensate production in excess to MOPU fuel requirements will be disposed of into the acid gas
disposal well. For the SOEP Subsea Option, gas will be the main source of fuel on the MOPU, and
treated condensate will be re-combined with the gas in the multiphase export pipeline (See Section
4.7.7).

Details on the proposed subsurface acid gas disposal scheme can be found in the “Acid Gas Disposal -
Subsurface Summary Report” (DPA-Part 2, Ref # 2.38).

2.5.2 Acid Gas Disposal Scheme
The amine sweetening system on the Mobile Offshore Production Unit (MOPU) (See Section 4.7.3)

removes H,S and CO; from the raw gas stream resulting in an acid gas stream containing mainly H,S
and CO; (Table 2.15). The acid gas is then compressed to approximately 15100 kpa, pipelined to a
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disposal well and then injected down-hole into a disposal zone. The disposal zone selected for the Deep
Panuke project is the Tidal-Fluvial Sandstone of the upper Missisauga Formation that occurs at a depth
of approximately 2.4 km below sea level (See Section 2.5.3). These Tidal-Fluvial Sandstones are a
regionally extensive water bearing aquifer. The salinity of the aquifer water is estimated to be
approximately 82000 ppm; the salinity of sea water is approximately 35000 ppm.

Table 2.15: Acid Gas Injection Composition

Pressure 150 bar
Temperature 40°C
Mole. Wt. 39.27
Hydrogen (H,) 0.000003
Nitrogen (N) 0.000303
CO, 0.695811
H,S 0.198641
Methane (C) 0.030635
Ethane (C,) 0.000969
Propane (C3) 0.000302
iso-Butane (i-C,) 0.000044
n-Butane (n-Cy) 0.000074
iso-Pentane (i-Cs) 0.000021
n-Pentane (n-Cs) 0.000017
Hexane (Cy) 0.000010
Heptane (C;) 0.000009
Octane Plus (Cs") 0.000002
Benzene (C¢Hyg) 0.000014
Toluene (C,Hg) 0.000016
Water (H,0) 0.073128

TOTAL 1.000000
Notes: 1)Composition with low volumes of stripping gas (low water rates)
2)Conditions at compressor outlet.

Once the acid gas is injected into the disposal zone, there are a number of processes at work to ensure
that it is contained within a relatively small area around the injection well as illustrated in Figure 2.78.
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1. The total reservoir volume of injected acid gas is very small compared to the volume of water in the
aquifer. In the aquifer, the estimated maximum area affected by acid gas is 4 km? compared to the
aquifer area of thousands of km®.

2. The density of the acid gas is less than water; so it will tend to rise in the aquifer due to buoyancy
effects. Shales within the interbedded Panuke Sandstones and Shales (Upper Mississauga Formation)
will mitigate vertical migration from the Tidal-Fluvial Sandstones upward within the Formation. The
Naskapi Formation Shale, which is the top seal for the Upper Missisauga Formation will ensure
containment within the Formation.

3. After the acid gas is introduced into the aquifer, a portion of the acid gas will dissolve in the aquifer
water.

4. A portion of the acid gas will become trapped in the pore spaces and become immobile due to
relative permeability effects.

5. Some acid gas may become temporarily trapped under inter-bedded shales.

6. The trapped gas will eventually dissolve into the aquifer water through diffusion.

7. The end product will be acid gas saturated water trapped in a deep aquifer (-2450 mss).
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Acid Gas Disposal Schematic
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Figure 2.78: Acid Gas Disposal Schematic

2.5.3 Prospective Disposal Zones

Upon the selection of injection as the preferred disposal method, all possible zones of interest were

investigated to determine the best alternative. The following zones were scrutinized:

e Dawson Canyon and Upper Logan Canyon Sands

e Cohasset and Lower Logan Canyon Sands

e Panuke “P” Sands -upper Missisauga Formation

e Tidal-Fluvial Sandstones -upper Missisauga Formation
e lower Missisauga Formation Sandstones

e Abenaki Formation
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The “Tidal-Fluvial Sandstones” were identified as the best formation for the disposal of acid gas. They
are very thick (greater than 40 m), located approximately 50 m below the Panuke “P” sands, regionally
extensive (towards the NW for at least 100 km) and have excellent reservoir quality with porosity up to
30 % and air permeability as high as 10 darcies. The “Tidal-Fluvial Sandstones” at the preferred
injection well location, D-70, are water-bearing and occur at a depth of about 2460 m below sea level.
The estimated reservoir pressure and temperature are 24000 kpa and 90°C respectively at this depth.

Completion of only the lower half of the “Tidal-Fluvial Sandstones” is preferred since it would provide
sufficient injectivity and at the same time maximize the vertical distance to the Panuke “P” sands.

Hydrodynamic analysis of the water-bearing sandstones indicates that no statistically significant vertical
pressure breaks (seals) can be identified within the base Naskapi Formation to top of O -Marker
succession which includes the Panuke and “Tidal-Fluvial Sandstones”. Despite the potential regional
connectivity between the Tidal-Fluvial Sandstones and Panuke “P” sands, local vertical connectivity is
unlikely due to the presence of numerous thick regionally extensive shales which will act as partial
topseals. The thick Naskapi Formation Shale is an effective regional top seal as proven by the existence
of the Panuke oil pool beneath this topseal.

The geology of the Upper Missisauga and Naskapi Formations in structure and cross-section views is
illustrated in DPA-Part 2, Ref # 2.39.

254 Potential Well Locations
Several different options were identified for locating an acid gas disposal well:

e A preliminary location was selected involving injection into the “Panuke Sandstones” updip of the
now abandoned Panuke oil pool: this location would avoid any possibility of souring the remaining
oil in that pool. This proposed injection well location to the northwest of the planned Deep Panuke
field centre production facility was rejected by EnCana (due to its position in an up-wind direction
from the field centre raising safety concerns).

e H-82 is a non-sequestered acid gas disposal well location involving injection into the “Tidal-Fluvial
Sandstones” with initial updip migration and dissolution of injected gas into the aquifer over a
distance of about 3 km to the northwest before the residual gas saturation becomes so low that the
gas is no longer mobile. There are no consequences for future drilling under this option. This
location is outside of the proposed Deep Panuke Significant Discovery Application area.
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e D-70 acid gas disposal well location involves injection into the “Tidal-Fluvial Sandstones” with updip
migration and dissolution of injected gas into the aquifer over a lateral distance of about 2 km before
the residual gas saturation becomes so low that the gas becomes immobile. Injection is proposed
down-dip from the abandoned Panuke oil pool. Prior to dissolution, the acid gas will most likely
move to the west/southwest along the axis of the structure in the direction of the Panuke oil pool
because of the buoyancy of the acid gas. However, it is very unlikely that the acid gas will reach the
oil pool due to the limited lateral migration of the injected gas. D-70 is much closer to the Deep
Panuke pool than H-82 but the potential consequences (if any) for future drilling are manageable by
applying industry-standard drilling practices to future wells. This well location is within the
proposed Significant Discovery Application area, downwind of the MOPU.

EnCana prefers the D-70 acid gas injection location to minimize sea-bottom infrastructure and costs
whilst achieving the goals of a safe, effective, environmentally advantageous injection scheme.

2.5.5 Reservoir Model

To determine the ability of the reservoir to contain the effluent injected, a representative geocellular
model was built of the Naskapi to Lower Missisauga interval. The model was built in GoCad™ using a
seismic structural map of the O-marker as the basis of the grid (See Figure 2.79). The static model was
constructed only to the west of the structural saddle which separates the Panuke structural high from the
Cohasset Structural High. By injecting up-structure from the saddle, injected gas will not migrate into
the Cohasset High.
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Figure 2.79: O Marker Structure

Porosity and permeability data was collected from all the shallow and deep wells in the area that had
reasonable information (DPA-Part 2, Ref # 2.39). Permeability was estimated from whole and side-wall
cores and well log data. Tops were picked for all wells and the O marker surface was translated and
flexed to match all tops. Layers were created for the Naskapi, Panuke PO sandstone, P2 sandstone, P3 to
PS5 sandstone, Upper Missisauga-Tidal/Fluvial, O-marker, and Lower Missisauga. A simulation grid (S-
grid) extending 15 km by 20 km was built using the translated surfaces. Cell size was 200 m by 200 m.
Cell thickness varies between 3 and 10 m.

The dynamic model was created using only the eastern half of the static model as shown in Figure 2.80.
The simulation grid represents an area north and to the east of the Panuke oil field; it was created with
local grid refinement about the injection location and up-scaling to the northwest.
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Figure 2.80: Static and Dynamic Model Area

As described in Section 2.5.3 the large lateral extent of the upper Missisauga sandstones will provide
aquifer support; an analytical aquifer on the perimeter of the reservoir simulation model was created to
simulate this aquifer support.

Eclipse E300™ which is a compositional simulator and allows CO; to be absorbed into the water phase
was used. The absorption of H,S into the water is expected to be similar to the CO,; E300 does not
handle H,S dissolution. Diffusion of the CO, and H,S was not modeled; its positive effect on the
outcome was ignored.

The Mean and P10 acid gas forecasts as provided in Table 2.16 were modelled followed by a shut-in
period of over 80 years to determine the extent of the migration and CO, dissolution for the two different
well locations (H-82 and D-70) and three different completion strategies. Completions into the lower
half only of the Tidal-Fluvial Sandstones, both the lower and upper half of the Tidal-Fluvial Sandstones
and into the Panuke P2 sandstones only were modelled.
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Table 2.16: Acid Gas Forecast
P90 P50 P10 Mean
10? 10? ao’ 10?

Year sm3/d) (MMscfd) sm3/d) (MMscfd) sm3/d) (MMscfd) sm3/d) (MMscfd)
2010 60.8 2.2 60.3 2.1 60.7 2.2 60.5 2.1
2011 101.9 3.6 101.6 3.6 101.8 3.6 101.9 3.6
2012 934 33 114.9 4.1 114.7 4.1 111.0 3.9
2013 63.5 2.3 95.9 34 129.5 4.6 91.5 3.2
2014 46.2 1.6 77.1 2.7 132.7 4.7 79.2 2.8
2015 33.9 1.2 64.8 2.3 112.1 4.0 67.8 2.4
2016 25.6 0.9 54.8 1.9 94.5 34 59.4 2.1
2017 20.3 0.7 46.1 1.6 86.6 3.1 50.2 1.8
2018 18.3 0.7 40.1 1.4 73.9 2.6 43.4 1.5
2019 0.0 0.0 31.6 1.1 67.3 2.4 36.7 1.3
2020 0.0 0.0 28.7 1.0 58.2 2.1 31.2 1.1
2021 0.0 0.0 29.6 1.1 50.7 1.8 26.9 1.0
2022 0.0 0.0 26.1 0.9 44.0 1.6 26.3 0.9
2023 0.0 0.0 23.2 0.8 40.2 1.4 24.0 0.9
2024 0.0 0.0 0.0 0.0 37.6 1.3 0.0 0.0
2025 0.0 0.0 0.0 0.0 38.6 1.4 0.0 0.0
2026 0.0 0.0 0.0 0.0 36.1 1.3 0.0 0.0
2027 0.0 0.0 0.0 0.0 32.6 1.2 0.0 0.0
2028 0.0 0.0 0.0 0.0 30.3 1.1 0.0 0.0

As well, an understanding of the possible effects of any future oil production from the Panuke Oil Pool
was desired. This production could create a large pressure drawdown within the Upper Missisauga
formation and impact the migration of the injected effluent. Two production wells were located near the
crest of the Panuke structure and placed on production at a rate of 8000 sm>/day fluid (~50,000 bbl/day)
for a five year period for a total removal of 14.6 million sm® (92 million bbl) of fluid. The results
presented in Table 2.17 assume using D-70 injection location, P10 acid gas forecast and Panuke
production commencing in 2028 after the Deep Panuke Gas Pool has been shut-in.

2.5.6 Acid Gas Simulation Results

Table 2.17 provides the results of a number of different simulation cases to illustrate the impact of the

key parameters (completion zone, acid gas well location, CO, dissolution, Panuke Oil Pool production
and reservoir permeability) on the migration patterns for the injected acid gas. Additional simulation
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results are provided in DPA-Part 2, Ref # 2.38. The key output parameters are “100 Year Migration

Distance and Pore Volume Impacted” and “CO; Dissolution”.

Table 2.17: Acid Gas Injection Simulation Results

Input Parameters Results
100 Year
100 Year Migration:
Panuke Migration Pore Volume CO2
Completion CO2 Inj. Qil Pool Perm Distance Impacted Dissolution

Fcst | Zone Sol. Loc. Prod Adjustment (km) (rm3) (%)
Mean Lwr 1/2 TF SS Yes D-70 No None 1.2 6.48E+06 32%
Mean Lwr 1/2 TF SS NO D-70 No None 1.4 9.42E+06 0%
Mean Lwr 1/2 TF SS Yes D-70 No YES 1.2 7.25E+06 34%
Mean Lwr 1/2 TF SS NO D-70 No YES 1.4 1.16E+07 0%
Mean Lwr 1/2 TF SS Yes D-70 YES YES 1.3 7.91E+06 38%
Mean P2 Yes D-70 No None 1.3 3.61E+06 13%
Mean TF SS Yes D-70 No None 1.6 4.02E+06 19%
P10 Lwr 1/2 TF SS Yes D-70 No None 1.8 1.04E+07 31%

P10 TF SS Yes D-70 No None 2.2 5.96E+06 19%

P10 TF SS Yes D-70 YES None 2.2 6.69E+06 22%

P10 P2 NO D-70 No None 1.8 8.46E+06 0%

P10 P2 Yes D-70 No None 1.7 5.86E+06 14%

P10 P2 Yes D-70 YES None 2.0 8.40E+06 22%

Mean TF SS Yes H-82 No None 2.5 7.61E+06 38%
Mean P2 Yes H-82 No None 2.3 5.75E+06 24%
P10 TF SS Yes H-82 No None 2.8 1.18E+07 34%

P10 P2 Yes H-82 No None 2.9 8.72E+06 22%

Perm Adjustment: 2X Kx, 2X Ky, 10X Kz

Panuke Oil Pool Prod: 8000 m3/d for 5 years in 2028 after shut-in of Panuke Gas Pool

Completion Zone: TF SS- Tidal Fluvial Sandstone, Lwr '2- Lower Half, P2 — Panuke Oil Sands

Based on the results of the dynamic modelling we have concluded the following:

1. It is evident that the acid gas does not move far from the injection well(s) for all cases;

approximately 2.9 km maximum after 100 years for the cases evaluated. The 100 year migration

distance for the Base Case, D-70 completed in the lower half of the Tidal Fluvial Sandstones, and

the mean forecast was approximately 1.2 km, the smallest for all cases modeled (see Figure 2.81).

Figure 2.82 is a SW-NE sectional view of the same migration pattern. It illustrates that the majority

of the acid gas is contained within the Tidal-Fluvial Sandstones.
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2. The migration distance and the contacted pore volumes increased by approximately 40% and 60%
respectively for the P10 forecast.

3. An increase in permeability applied to the base case resulted in larger contacted pore volumes;
however the migration distances remained essentially the same.

4. Production from the Panuke Oil Pool in 2028 had a very small impact on the acid gas migration
patterns for the cases with acid gas injection into the TFSS, the targeted completion zone. Panuke
Oil Pool production following acid gas injection into the P2 zone in D-70 was also modelled for

illustration purposes only. The migration distance and the contacted pore volumes increased by
approximately 20% and 40% respectively over the case without Panuke Oil Pool production.

i EAN LWR 12 UM H2S MOL% lOOYR

Background
Grid
500mX500M

Figure 2.81: 100 Year H,S Mol % Plan View
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Figure 2.82: 100 Year H,S Mol % SW-NE Section

5. The migration distance and the contacted pore volumes increased by approximately 60% and 70%
respectively with the H-82 injection location. This is a direct result of the increase in buoyancy
effects due to the steeper structural gradient at this location as shown in Figures 2.83 and 2.84.
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Figure 2.83: 100 Year H,S Mol % Plan View
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Figure 2.84: 100 Year H,S Mol % NW-SE Section

6. The percent CO, dissolved is well correlated to the pore volume contacted as illustrated in Figure
2.85. H,S dissolution was not modelled but is expected to be similar to the CO,. All the gas would
eventually dissolve in the water leaving only a water phase as diffusion and migration continues.
Hence, there would be no free phase existence of any of the injected components. Initially, this
water would only be slightly more acidic than the original native waters as the effluent continues to
migrate. But eventually, even the slightly more acid waters would be consumed due to the rock-
water reactions. The linear trend-line in Figure 2.85 illustrates that 100% dissolution would be
expected with a contacted pore volume of just over 18 x 10° m®. Increased reservoir permeability,
connectivity between the different sand layers and/or an increase in buoyancy effects with the ability
of the acid gas to move up structure (as was demonstrated with the H-82 injection location) would
all lead to increased contact volumes.
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Figure 2.85: CO; Dissolution

2.5.7 Acid Gas Disposal Summary

Sub-surface injection into the “Tidal-Fluvial Sandstones™ is the optimal scheme for acid gas disposal
with no environmental consequences. The small volume of acid gas to be injected at the preferred D-70
injection well location is very likely to remain in close proximity to the well as it dissolves into the
aquifer and is very unlikely to result in souring of the oil remaining in the Panuke oil pool. Industry
standard drilling practices are sufficient to manage any possible consequences for future drilling in
proximity to the injection well. Injection at the H-82 location would have no possibility of souring of the
oil remaining in the Panuke oil pool but requires increased sea-bottom infrastructure and costs.
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2.6  Reservoir Depletion Plan

2.6.1 Resource Estimates

The probabilistically generated resource estimates are summarized in Table 2.18.

Table 2.18: Resource Summary Raw Gas(metric)
RESERVOIR GROSS OGIP (E9M3) GROSS RGIP (E9M3)
REGION P90 P50 P10 MEAN | P90 P50 P10 MEAN
HPRF 16.5 237 32.2 24.0 9.7 16.0 239 16.5
VL 3.1 47 71 4.9 14 20 3.0 2.1
TOTAL 21.3 28,6 374 28.9 11.5 182  26.2 18.6
Resource Summary Raw Gas (Imperial units)
RESERVOIR GROSS OGIP (BCF) GROSS RGIP (BCF)
REGION P90 P50 P10 MEAN | P90 P50 P10 MEAN
HPRF 585 841 1143 853 345 568 849 584
VL 110 166 252 174 48 72 106 75
TOTAL 755 1016 1327 1027 407 645 931 659
2.6.2 Recommended Development Concept

2.6.2.1 Production Well Strategy

The well count required to fully develop the resources at Deep Panuke is uncertain. This is mainly due

to the RGIP uncertainty caused by uncertainty in OGIP, aquifer size and aquifer connectivity.

A phased development approach is planned. The initial phase of development is to re-use the four
existing wells, H-08, M-79A, F-70 and D-41 as producers and to drill an additional producer, Panuke H-
99 to replace PI-1B. PI-1B will not be used because of the risks of installing a wellhead and tree on a cut
casing; it has essentially been abandoned with the exception of cutting the conductor below the mudline.

A new well for acid gas injection is required; the proposed location is Margaree D-70.

The second phase of development will include up to three new production wells. The identified potential
locations are Panuke D-99, Panuke O-79 and MarCoh C-42. The actual number and specific locations

for the new production wells will be determined post-startup based on well and reservoir performance.
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For the P50 and Mean cases, it has been assumed that in two years one additional well will be required
to optimize pool recovery and economics. No new wells have been assumed for the P90 case; for the
P10 case three new production wells have been assumed: two additional wells are required two years
after start-up and one new well four years after start-up.

All development well and the field centre locations are illustrated on Figure 2.86. All wells will be tied
back to the MOPU with subsea flowlines.

Figure 2.86: Deep Panuke Well Strategy
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2.6.2.2 Production Profiles
Gas and Condensate

Field raw gas, sales gas and condensate production profiles in both metric and imperial units for the P90,
P50, P10 and Mean cases have been generated in the risk model and are presented in Tables 2.19, 2.20
and 2.21. Given our current state of knowledge and the current economic environment, these profiles
cover the range of probable reservoir performance and are derived from a realistic range of depletion
strategies. The field raw gas and sales gas production forecasts are illustrated in Figures 2.87 and 2.88.

The same base well number (five wells) has been used for each forecast. It has been assumed that the
additional wells that are planned for the P50, Mean and P10 cases are required to replace problem wells
that “are not forecast in the simulator” (i.e., the forecasts do not change).

Facilities start-up is planned for October 2010 with a two-month facility ramp-up period. It was assumed
that the topsides capability is 8.5 x 10® m3/d [300 MMscfd] sales on a calendar day basis. Well
production efficiency of 95% has been assumed. The estimated raw gas shrinkage factor is estimated to
be 0.9585.
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Table 2.19: Raw Gas Forecast
P90 P50 P10 Mean
(10° (10° ao° (10°
Year sm3/d) (MMscfd) sm3/d) (MMscfd) sm3/d) (MMscfd) sm3/d) (MMscfd)
2010 5.9 211 5.9 209 5.9 211 5.9 210
2011 8.8 313 8.8 312 8.8 313 8.8 313
2012 7.3 260 8.8 313 8.8 312 8.5 303
2013 4.7 166 6.7 238 8.8 313 6.4 229
2014 3.2 115 5.0 179 8.1 287 5.2 185
2015 2.3 82 4.0 142 6.3 222 4.2 149
2016 1.7 60 3.2 115 4.9 175 3.5 124
2017 1.3 47 2.6 93 4.3 151 2.9 101
2018 1.2 42 2.2 79 3.5 123 2.4 85
2019 0.0 0 1.7 61 3.0 108 2.0 70
2020 0.0 0 1.5 54 2.5 90 1.6 58
2021 0.0 0 1.5 54 2.1 76 1.4 49
2022 0.0 0 1.3 47 1.8 64 1.3 47
2023 0.0 0 1.2 41 1.6 57 1.2 42
2024 0.0 0 0.0 0 1.5 53 0.0 0
2025 0.0 0 0.0 0 1.5 53 0.0 0
2026 0.0 0 0.0 0 1.4 49 0.0 0
2027 0.0 0 0.0 0 1.2 43 0.0 0
2028 0.0 0 0.0 0 1.1 40 0.0 0
Start of
Forecast 01-Oct-10 01-Oct-10 01-Oct-10 01-Oct-10
End of
Forecast 30-Jun-18 31-Aug-23 31-Mar-28 31-Dec-23
Project Life
(Years) 7.8 12.9 17.5 13.3
ENCANA.

S

Deep Panuke Volume 2 (Development Plan) e November 2006

2-132



Table 2.20: Sales Gas Forecast
P90 P50 P10 Mean
(10° (10° ao® (10°
Year sm3/d) (MMscfd) sm3/d) (MMscfd) sm3/d) (MMscfd) sm3/d) (MMscfd)
2010 5.7 202 5.7 201 5.7 202 5.7 201
2011 8.5 300 8.4 300 8.5 300 8.5 300
2012 7.0 249 8.5 300 8.4 300 8.2 291
2013 4.5 159 6.4 228 8.4 300 6.2 219
2014 3.1 110 4.8 171 7.7 275 5.0 177
2015 2.2 79 3.8 136 6.0 213 4.0 143
2016 1.6 58 3.1 110 4.7 168 34 119
2017 1.3 45 2.5 90 4.1 145 2.7 97
2018 1.1 40 2.1 76 33 118 2.3 81
2019 0.0 0 1.6 58 2.9 103 1.9 67
2020 0.0 0 1.5 52 2.4 86 1.6 55
2021 0.0 0 1.5 52 2.1 73 1.3 47
2022 0.0 0 1.3 45 1.7 62 1.3 45
2023 0.0 0 1.1 40 1.6 55 1.1 41
2024 0.0 0 0.0 0 1.4 50 0.0 0
2025 0.0 0 0.0 0 1.4 51 0.0 0
2026 0.0 0 0.0 0 1.3 47 0.0 0
2027 0.0 0 0.0 0 1.2 41 0.0 0
2028 0.0 0 0.0 0 1.1 38 0.0 0
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Table 2.21: Condensate Forecast
P90 P50 P10 Mean
Year (m3/d) (bpd) (m3/d) (bpd) (m3/d) (bpd) (m3/d) (bpd)
2010 110 692 109 687 110 691 109 689
2011 163 1028 163 1025 163 1027 163 1028
2012 135 851 163 1027 163 1025 158 995
2013 86 543 124 781 163 1025 119 750
2014 60 378 93 586 149 940 96 605
2015 43 269 74 466 116 729 78 489
2016 32 198 60 377 91 574 65 408
2017 25 154 49 306 79 496 53 332
2018 22 138 41 258 64 404 44 278
2019 0 0 32 199 56 353 36 228
2020 0 0 28 177 47 294 30 190
2021 0 0 28 179 40 249 26 161
2022 0 0 25 155 34 211 24 154
2023 0 0 22 136 30 189 22 139
2024 0 0 0 0 27 173 0 0
2025 0 0 0 0 28 174 0 0
2026 0 0 0 0 25 160 0 0
2027 0 0 0 0 22 141 0 0
2028 0 0 0 0 21 131 0 0
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Figure 2.87: Raw Gas Forecast
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Figure 2.88: Sales Gas Forecast
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The key areas of uncertainty that have the greatest impact on the forecasts are the connected OGIP,
aquifer strength/connectivity and the ability of the wells/reservoir to produce large volumes of water.
The reservoir surveillance plan that will be developed will focus on developing a better understanding of
these issues and their relative impact on performance. However, because of the complexity of the
reservoir significant uncertainty will remain throughout the productive life of the field.

Water Production

The field water production forecasts for the P90, P50, P10 and Mean cases presented in Table 2.22 are
indicative of the expected water rates for high water-cut cases. For design purposes, 6400 m3/d (40,000
bwpd) is a reasonable maximum water rate for the topsides design. The water forecast is illustrated in
Figure 2.89.

Table 2.22: Daily Water Forecast
P90 P50 P10 Mean
10? ao’ ao’ 10?
Year m3/d) | (mbwpd) | m3/d) | (mbwpd) | m3/d) | (mbwpd) | m3/d) | (mbwpd)
2010 0.0 0 0.0 0 0.0 0 0.0 0
2011 1.7 11 0.5 3 0.5 3 0.5 3
2012 5.6 35 2.5 16 2.4 15 2.4 15
2013 6.3 40 4.4 27 5.3 33 4.0 25
2014 5.9 37 5.1 32 6.4 40 5.1 32
2015 5.1 32 5.4 34 6.4 40 5.6 35
2016 4.2 27 5.4 34 6.4 40 5.9 37
2017 3.6 22 5.1 32 6.4 40 5.6 35
2018 1.7 11 4.8 30 6.4 40 53 33
2019 0.0 0 4.1 26 6.4 40 4.8 30
2020 0.0 0 3.9 25 6.4 40 4.3 27
2021 0.0 0 4.2 26 6.4 40 3.9 25
2022 0.0 0 3.9 24 6.2 39 39 25
2023 0.0 0 2.3 15 5.8 36 3.7 24
2024 0.0 0 0.0 0 5.5 35 0.0 0
2025 0.0 0 0.0 0 5.8 36 0.0 0
2026 0.0 0 0.0 0 5.5 35 0.0 0
2027 0.0 0 0.0 0 5.0 32 0.0 0
2028 0.0 0 0.0 0 1.2 7 0.0 0
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Figure 2.89: Water Forecast

Individual Well Production

Typical individual well forecasts (gas, water and flowing pressure) for the initial five wells are provided
in DPA-Part 2, Ref # 2.40. These forecasts are provided to illustrate the ranges of well performance that
are expected and must be used with caution when referring to a specific well. In the simulator, one well
may produce at a very high water rate and another well may produce very little water. Until this
reservoir is produced and water breakthrough occurs it will remain very difficult to predict a specific
wells’ performance.

Acid Gas Production

Acid gas forecasts were generated for the P90 /P50/ P10 /Mean cases with increasing acid gas yields to
account for the souring of the raw gas stream and were provided in Table 2.16. Additional details on the
proposed subsurface acid gas disposal scheme can be found in the “Acid Gas Disposal- Subsurface
Summary Report” (DPA-Part 2, Ref # 2.38).
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2.6.3

Significant subsurface uncertainty does exist and will exist for the life of the Deep Panuke project. The

Subsurface Risks

following table highlights these uncertainties, their impact and some mitigation options.

Table 2.24: Subsurface Risks, Impacts and Mitigation

Heterogeneity in
HPRF

leading to premature water
breakthrough.

Potential impacts include reduced
recovery, reduction in time at
plateau, extension to project life
and reduced NPV.

Risk Impact and/or Uncertainty Action Taken / Mitigation Options
Range OGIP Significant impact on recoverable Delineation and risk analysis complete
reserves and value. Phased development.
Recovery Significant impact on value. Risk analysis complete.
Efficiency
Aquifer Drive Significant uncertainty in the drive | Accounted for in Risk analysis.
Potential potential (aquifer size and Comprehensive reservoir surveillance
connectivity). Major driver of well | plan.
performance, recovery and value. Phased development. Future development
options to be analyzed include well
counts, smaller tubing sizes and drilling a
water production well.
Compartmentaliz  Well tests indicate potential Accounted for in risk analysis.
ation -Vuggy compartmentalization. Comprehensive reservoir surveillance
Limestone Potential impacts include reduced  plan.
recovery, reduction in time at Phased development. Additional vuggy
plateau, extension to project life limestone location if reservoir
and reduced NPV. performance dictates.
Fracture High permeability fracture streaks ~ Recovery factor range in risk analysis

adjusted for potential outcome.
Comprehensive reservoir surveillance
plan.

Phased development.

Well completion
problems.

Completion problems leading to
premature water breakthrough.
Potential impacts include reduced
recovery, reduction in time at
plateau, extension to project life
and reduced NPV.

Recovery factor range in risk analysis
adjusted for potential outcome.
Comprehensive reservoir surveillance
plan.

Phased development.
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Table 2.24: Subsurface Risks, Impacts and Mitigation

Risk

Impact and/or Uncertainty

Action Taken / Mitigation Options

Well / reservoir
performance at
high water rates

Uncertainty in well performance at
high water rates.

Potential impacts include reduced
recovery, reduction in time at
plateau, extension to project life
and reduced NPV.

Recovery factor range in risk analysis
adjusted for potential outcome.
Comprehensive reservoir surveillance
plan.

Phased development. Future development
options to be analyzed include well
counts, smaller tubing sizes and drilling a
water production well.

condensate.

New Well Uncertainty in 3D seismic Pre-Spud sidetrack evaluations.
Locations interpretation could result in a poor

location and additional funds to

sidetrack.
New Well Unable to drill and tie-in well in To be addressed in reservoir surveillance
Timing time to offset production decline. plan.
Acid Gas Well Potential shutdown. Approval from regulator to flare during
Injection Environmental concerns with upsets.
Efficiency flaring of acid gas and excess

Well Start-up at
reduced reservoir
pressures.

Well ability to start-up after
shutdown in low reservoir pressure
and high water-cut scenarios.
Impact is expensive work-overs
and/ or reduced recovery.

Reservoir surveillance plan.
Smaller tubing sizes and/or drilling a
water production well.

Flow Assurance

Flow assurance work completed for
dry trees. No major problems were
identified.

Work needs to be updated with the
consideration of Sub-Sea infrastructure.

2.6.4 Reservoir Management Philosophy

Reservoir management is an evergreen process, starting with the identification of a commercial
development and continuing through to abandonment and reclamation. The projection of field
performance and acceptable performance tolerances, the monitoring of actual performance, and the

identification of contingency actions are the building blocks of a successful depletion plan.

A phased development approach at Deep Panuke is required to optimize recovery and economics
because of the large range of uncertainty in reservoir performance. The initial phase of development is
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described in Sections 3 and 4. Future development is totally contingent on well / reservoir performance
and could include drilling up to three new wells.

A Reservoir Surveillance Plan will be developed to document the data requirements, introduce the
methods used to analyze the data and determine the relative impact of the uncertainty of the key risk
factors on reservoir performance. The plan and resulting increased understanding of the reservoir will
then be used to optimize future development plans, reservoir management strategies and overall project
economics. The focus of the plan will be on analyzing the first year of production.

The data captured will include daily pressure, temperature, production numbers, and fluid compositions.
Additional information will also be acquired as needed to address specific questions or uncertainties.

In addition to managing expected production volumes and rates at the field and well level, it is also
critical to manage resource depletion within the total field. History-matching of production data and any
additional information within the current reservoir model will aid in better understanding of resource
definition within the reservoir and its subsequent depletion patterns. Model changes will occur to
account for energy balances and fluid movements within the reservoir. Changes to resource and
recovery factors will be reviewed with the goal of optimizing recovery of the total system.

Enhancements to the reservoir model honor the original input data while incorporating new dynamic and
static data. Re-characterization of the reservoir model requires a multi-disciplinary team to incorporate
this new data in an effective manner. In addition to the conventional input received from subsurface
geosciences and engineering team members, contributions from wellbore, pipeline, compression and
facilities team members are critical in understanding total system performance and identifying
bottlenecks to the system.

This multi-disciplinary team will recommend adjustments to the Reservoir Management Plan and take
remedial action where appropriate. This may include additional drilling, re-completions or infrastructure
upgrading.

The development of a multi-disciplinary asset management team and management plan will be a focus
of future work, prior to commencement of production.
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3 WELL CONSTRUCTION

Since the discovery of the Deep Panuke gas reservoir in 1998, several delineation wells have been
drilled. There are four delineation wells that have been suspended for potential future re-entry with the
remaining wells abandoned. EnCana plans to re-enter the four suspended wells, drill two new wells,
including one production well and one acid gas injection well, and complete all wells as subsea tiebacks.
Once production is established at Deep Panuke, up to three additional production wells may be drilled.
This section details the overall construction (drilling and completion) of the wells to be used for the
Project.

3.1 Strategy

The development of well construction plans for the Project is guided by the requirement to minimize
risk and costs associated with the drilling, completion, and future operations of all wells.

All wells for the Project will be constructed using a cantilever jack-up rig that is equipped with
appropriately sized blow-out preventers (BOPs). All completion and workover operations will utilize
either a large drilling rig or equipment, such as coiled tubing or wireline units, present and certified on
the rig. An exception would be skid-mounted units that could be placed on light well intervention
vessels (LWIV) if weather and availability permit.

Specific safety issues for well construction will be considered in the Project’s Safety Plan (see Section
8). These safety issues include the development of procedures to be followed during simultaneous
operations, such as drilling and production.

During some periods of well construction operations, the potential exists that only one rig may be
operating in the Scotian Shelf area. Agreements will be established with the CNSOPB for a contingency
plan should relief well drilling be necessary. In the event of a well control situation where the surface
equipment is not sufficient to contain the well, well fluids can escape under blowout conditions. In
order to regain control of such a well, it is necessary to drill a well intersecting the original wellbore,
called a relief well, and use it to control the blowout well. Casing, wellhead, and mudline suspension
equipment will be available for control of a blowout situation. The likelihood of a blowout is extremely
unlikely and is further addressed in the EA Report (DPA Volume 4).

All manuals and drilling programs will be completed, and required approvals will be obtained prior to
the proposed well construction start for the Project. The tentative schedule for the timing of the drilling
and completion activities is included in Figure 1.3.
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3.2 Exploration and Delineation Wells

The Deep Panuke gas reservoir was discovered in late 1998, with the original discovery well, PP-3C,
drilled from the Panuke platform using the jack-up/drilling production unit, Rowan Gorilla III (RGIII).
This well discovered a highly fractured, highly porous carbonate formation, which led to significant loss
circulation problems during drilling. The discovery well was eventually cased, tested and then
abandoned. Following this discovery, a delineation well and its sidetrack, PI-1A/B, were drilled from
the Panuke platform in late 1999. The sidetrack, PI-1B, was tested in early 2000 and then suspended for
potential re-use. Since that time, the PI-1B well has been abandoned with the exception of cutting the
conductor below the mudline. Because PI-1B was drilled from the Panuke Platform, a mudline
suspension system was not used, making it very difficult to convert to a subsea wellhead. The decision
was made to abandon PI-1B due to the risk and technical challenges related to converting it to a subsea
wellhead.

In May 2000, the RGIII moved to a new location and drilled the third delineation well, H-08. This
vertical well found a substantial pay zone of gas and also experienced significant loss circulation
problems; the well was tested and suspended. Concurrently, the Rowan Gorilla V (RGV) moved to drill
M-79; this was the deepest vertical well through the Abenaki reef to date. The M-79 vertical well
encountered poor porosity; the main well was plugged back and a sidetrack was initiated by milling a
window near the bottom of the 245 mm casing. The sidetrack was drilled to almost horizontal, and it
was cased, tested, and then suspended.

After finishing the H-08 well, the RGIII was moved to drill the Panuke F-09 well targeting prospects to
the west of Deep Panuke on the back reef. The F-09 well was drilled directionally to investigate targets
from the Abenaki 6 to the Scatarie formation. Intermediate logging proved the Abenaki 3 & 4 were
water-saturated and so drilling was terminated at 3733.1 m true vertical depth (TVD). A drill stem test
(DST) was conducted in the Abenaki 5 but proved non-commercial. The well was plugged and
abandoned.

In July 2001, the RGV was again mobilized to drill Musquodoboit E-23 to the south west of the Panuke
license on EL 2360. It penetrated 466 m of Jurassic limestones and lesser amounts of sandstone and
shale. The prospective Abenaki 5 zone did not reveal any gas bearing intervals. Zones of vuggy
porosity were found to contain water from the electric logging evaluation. The well was subsequently
plugged and abandoned.

In May 2003, further delineation drilling was conducted using the RGV, to first drill Margaree F-70 on EL
2387 and then MarCoh D-41 on SDL 2255H. Both wells were drilled vertically at locations to the north-
east of the discovery well. Each well encountered a substantial gas pay zone in the Abenaki. A production
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test was conducted on Margaree F-70 and the well was subsequently suspended. An extensive logging
program was conducted on MarCoh D-41 including MDT pressure points and fluid sampling in lieu of a
production test. The D-41 well was cased and suspended.

In November 2005, the Rowan Gorilla VI (RGVI) was mobilized to further delineate the Deep Panuke field
to the northeast by drilling the Dominion J-14 well. The vertical well was drilled to a total depth of 3700 m
TVD but did not encounter any gas bearing formations. The Dominion J-14A horizontal sidetrack was
drilled due south from the J-14 well but did not encounter any gas bearing formations. Both the vertical
well and sidetrack were abandoned.

Figure 3.1 shows the relative locations of the existing wells. Table 3.1 lists details of the existing wells.

The Project plans to re-enter and complete the Panuke H-08, M-79A, Margaree F-70 and MarCoh D-41
wells as part of the pool development.
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Figure 3.1  Deep Panuke Exploration and Delineation Wells
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Table 3.1 Exploration and Delineation Wells - Summary Information
Well Name Year Drilled Status Rig Measured Depth' TVD?

PP-3C (Discovery Well) 1998 Abandoned | RGIII 4163 m 3643 m
Panuke PI-1A 1999 Abandoned RGIII 4033 m 3595 m
Panuke PI-1B 2000 Abandoned® | RGIII 4046 m 3589 m
Panuke H-08 2000 Suspended RGIII 3682 m 3682 m
Panuke M-79 2000 Abandoned RGV 4598 m 4597 m
Panuke M-79A 2000 Suspended RGV 3934 m 3492 m
Panuke F-09 2000 Abandoned RGIII 3815m 3654 m
Musquodoboit E-23 2001 Abandoned RGV 3818 m 3814 m
Margaree F-70 2003 Suspended RGV 3677 m 3676 m
MarCoh D-41 2003 Suspended RGV 3625 m 3625 m
Dominion J-14 2005 Abandoned | RGVI 3700 m 3699 m
Dominion J-14A 2006 Abandoned RGVI 4440 m 3568 m

" Measured Depth below the Rotary Table (RT)
*True vertical depth (TVD) below the Rotary Table (RT)
3 PI-1B has been abandoned downhole but still requires cutting and removal of conductor pipe 3m below the mudline.

3.3 Development Drilling

EnCana’s current plan is to re-enter the four suspended wells (H-08, M-79A, F-70, D-41), drill two new
wells prior to start-up, including one production well and one acid gas injection well, and complete all
wells as subsea tiebacks. Once production is established, up to three additional production wells may be
drilled. All of these wells will be completed with subsea production trees and tied back to the MOPU
with individual flowlines and control umbilicals.

3.3.1 Tentative Drilling Schedule

The current schedule is to start well construction activities in early-to-mid 2009 to enable full production
to be available by the time the MOPU and pipelines are commissioned in 2010. During this time, the
four existing exploration wells will be re-entered and completed, and one new production well and one
acid gas injection well will also be drilled and completed. This schedule may change based on
availability of existing equipment and services. Figure 1.3 provides a preliminary overall well
development schedule.

3.3.2 Drilling Hazards

Extensive drilling experience within the area of the Deep Panuke pool provides an excellent understanding
of the well construction hazards. The two primary areas of concern when dealing with any wells in the
Abenaki reef structure are the potential for loss circulation problems and the H,S content of Deep Panuke
gas. While these operational difficulties were dealt with appropriately during the drilling of the discovery
and delineation wells, they must be appropriately accounted for during any well construction activity.
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Other more routine drilling hazards could include hole instability, shallow gas and differential sticking.
These hazards are described in more detail as follows.

3.3.2.1 Loss Circulation

While drilling into a highly fractured/highly porous carbonate formation, it is sometimes difficult to
maintain circulation. Under normal drilling circumstances, the drilling fluid is pumped into the wellbore
through the drillstring and out of the drill bit and back to surface through the annulus. From the surface to
the drill bit and back to surface represents one full circulation of drilling fluids. The volume of fluid
entering the wellbore is equivalent to the volume of fluid coming back to surface under normal drilling
conditions and any change in this would represent a well control situation. This condition was encountered
during the drilling of the discovery well, PP-3C, where it was determined that the formation would only
support a mud density of approximately 10 kg/m’® more than the wellbore fluid ingress density required to
keep formation fluids in place. Therefore, a wellbore that would stand full of drilling mud would begin to
lose fluid as soon as circulation began due to annular pressure loss.

To overcome this problem, a drilling method called the annular velocity control (AVC) drilling technique
was developed. The AVC technique employs a rotating BOP while injecting seawater down the drill string
and casing annulus at a rate that is higher than the gas migration rate up the wellbore to maintain dynamic
well control while drilling. Initially, the AVC technique involved the use of stripping and snubbing
equipment to move the drill string (or casing) into and out of the wellbore. A modification to this procedure
replaces the stripping and snubbing equipment with continuously pumping a weighted brine solution while
moving the drill string (or casing) in and/or out of the wellbore.

3.3.2.2 Hydrogen Sulphide (H,S)

H,S was encountered during all well tests from the discovery and delineation wells, but none was detected
during the drilling of any of these wells. Through proper drilling practices and the application of
appropriate environment, health and safety (EHS) procedures and policies, the exposure of well
construction operations to the H,S risk will be managed safely.

3.3.2.3 Shallow Gas

A shallow gas deposit could cause uncontrollable well flow before adequate casing is set to allow use of
a BOP system to divert the gas flow. Although some site surveys have indicated the possibility of
shallow gas on the Panuke license, it has not been encountered in any of the wells drilled to date.
Detailed site surveys of the proposed new well drilling locations will be performed to ensure shallow gas
is not a risk during drilling operations.
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3.3.2.4 Hole Instability

Hole instability problems result in extended drilling times and increased costs but do not pose a hazard
to personnel or the environment. The Deep Panuke exploration wells were drilled using a water-based
drilling fluid which provided good hole stability and inhibition to reactive shale sections when fluid
density is properly controlled. This water-based fluid also provided excellent directional control while
drilling carbonate section in highly deviated, near horizontal, sidetracks such as Panuke M-79A and
Dominion J-14A.

The new drill production and injection wells are expected to be vertical or sidetracked similar to M-79A
or J-14A. A water-based mud system will be used for all new wells with careful attention to the density
and visco-elastic properties of the fluid in order to prevent any hole stability problems.

3.3.2.5 Abnormal Pressure

Abnormal pressures are not expected throughout the Abenaki Reef. Reservoir pressure in the Abenaki 5
is approximately 36.3 MPa at 3309 m TVD. This pressure has been measured directly using logging
tools and through well testing and has been correlated with all of the Deep Panuke delineation wells.

3.3.2.6 Well Control

As described above in Section 3.3.2.1, well control is of primary concern due to the very tight pore
pressure kick tolerances within the reservoir. The discovery well, PP-3C, experienced significant loss
circulation that was eventually controlled using a seawater bullheading technique. The probability of
well control incidents or uncontrolled kicks is low through the utilization of EnCana’s tripping (moving
pipe in or out of the wellbore), drilling, and AVC techniques.

3.3.2.7 Differential Sticking

Differential sticking across the hydrocarbon zones is possible due to lost circulation and AVC drilling.
Tight control of drilling fluid properties and good operating practices will minimize this potential.

3.3.2.8 Directional Control

Direction will be closely controlled using the latest measurement-while-drilling (MWD) technologies on the
additional development wells. The wellbore trajectory will also be confirmed by the application of two
independent measurement sources. Likewise, locating existing wells is not a concern due to accurate
records and tight directional control techniques used during the previous drilling of these wells.
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3.33 Drilling Details

This section presents the well design based on experience from existing Deep Panuke discovery and
delineation wells. The well design will evolve over the life of the Project and the field to take advantage of
equipment development, new techniques, and drilling experience. The detailed design specifications will
be submitted with the Drilling Program prior to the “spud” of each well in accordance with CNSOPB
Regulations. “Spudding” a well is generally considered the first moment the drill bit touches the seabed or
ground level in the case of a land well.

3.3.3.1 Casing and Hole Sizes

The normal drilling program for all Deep Panuke wells involves conventional hole and casing/pipe
sizes. All casing designs are based on Nova Scotia Offshore Area Petroleum Drilling Regulations.
Additional information on casing design and drilling program is contained in the Part Two (DPA-Part 2,
Ref. #3.1)

For the new production and injection wells drilled, the conductor pipe (first string of pipe) will be set
approximately 100 m below the seafloor by first drilling a 914 mm hole and then cementing a 762 mm
conductor pipe. This is the same method that has been used on the existing suspended delineation wells.
This section will be drilled primarily with seawater and viscosifiers to aid in ensuring cuttings removal
from the wellbore. These cuttings are deposited at the seabed and approximately equivalent to the
volume of the hole drilled.

The conductor pipes will serve as the primary weather barrier to take environmental loading and protect
the inner strings of casing (length of pipe) while drilling the well. The conductors also take the surface
loading implied by the other strings of casing that are returned to the mudline suspension system. Once
the drilling has been completed, the conductors will be removed and the well will be converted to a
subsea wellhead. With the production tree installed, a high pressure riser will be required to tieback to
the surface BOP stack. The high pressure riser will be designed to withstand the environmental loads as
well as all internal design loads.

All production and injection wells will set the surface casing into the Wyandot member (refer to Figure
2.5) at approximately 950 m true vertical depth from sea surface (TVDss) in the general direction that
the bottom of the well will be located. The existing suspended delineation wells have drilled a 445 mm
hole and set 340 mm surface casing approximately 50 m into the Wyandot with cement back to the
seabed. The BOP stack is then installed on top of the surface casing prior to drilling the intermediate
hole section.
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Figure 3.2  Typical Production Well Schematic

ENCANA.
S

Deep Panuke Volume 2 (Development Plan) e November 2006

3-8



For the re-activation wells, a 311 mm intermediate hole section has been drilled just into the top of the
limestone at approximately 3200 m TVDss. A 244.5 mm intermediate casing string has been set 20m
into the Abenaki 7/6 formation and cemented back just above any potential hydrocarbon bearing sands
(~2300m).

A rotating BOP and an injection spool will be installed with the surface BOP stack in preparation for
AVC drilling techniques and the main hole section will be drilled through the productive interval of the
carbonate reef. For the re-entry wells, the reservoir section has been drilled to a total depth of circa
3650m TVDss which is about 150m past the gas/water contact (GWC) at 3504m TVDss. On many of
the delineation wells, this GWC was not clearly evident while drilling the section as the formation was
not porous at this depth; however, it was clearly identified while drilling the MarCoh D-41 well. On
each of the wells to be re-used for production, a 177.8 mm liner (string of pipe) has been installed across
the reservoir section and cemented back to the previous casing shoe.

The new production well(s) will be similarly constructed to the existing suspended delineation wells.
Prior to drilling the reservoir section and with the well secured, the surface wellhead and conductor will
be removed and the well will be converted to a subsea wellhead. The production tree will be installed
with the high pressure riser connected back to the surface BOP stack. For the new producing well(s),
the reservoir section may be left open, with no liner in place, in order to maximize the flow potential of
the well.

For re-entry of the existing wells, a 762 mm “trash cap” will first be removed from the conductor stub
3m above the seafloor. A “trash cap” is a cylindrical device closed on one end that fits over the
conductor to keep out sea life or falling debris. Once the trash cap has been removed, a running and
retrieving tool is used to back off the temporary abandonment caps from the 340 mm and then 244.5 mm
mudline suspension thread profiles. Each of the wells then has a 100m thick cement plug set at
approximately 2900 m in the 244.5 mm casing that has to be drilled out.

For H-08, there are two mechanical bridge plugs set below the cement plug that must also be retrieved
prior to gaining access to the 177.8 mm liner section. For M-79A, there is one mechanical bridge plug
set inside the 244.5 mm casing and one inside the 177.8 mm liner that will be pulled. Also, each of
these two wells has a production packer and 114.3 mm tailpipe installed with plug and prong profile
nipples installed. The tailpipes have two plugs and prongs that must be pulled before opening the well
to flow. Pulling the plugs and prongs will be done only after the new completion has been installed and
the well is ready for production clean-up operations. The Margaree F-70 well has a 100 m cement plug
set just below the 177.8 mm liner top which will be drilled out. Margaree F-70 and MarCoh D-41 each
have a sealed permanent packer installed in the 177.8 mm liner that will either be drilled out or cut and
pulled. For F-70, once the packer is pulled, the well is open to the perforations below that were put in
the liner during production testing. On MarCoh D-41, the well was not tested and therefore it should be
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secure after pulling the 177.8 mm packer. Due to size restrictions on the subsurface safety valve, the
abandonment packer will have to be pulled prior to running the completions on these two wells.

The production wells will all be completed with a downhole packer (plus other ancillary downhole
equipment), production tubing, surface controlled subsurface safety valve, a tubing hanger, and a subsea
production tree. Once all hydrostatic tests and function tests are performed, the production wells will be
opened for clean-up flow on the drilling rig. This will remove any water or debris from the wellbore
prior to handover for production operations on the MOPU. See Figure 3.2 for details on the production
wells.

The injection well will be drilled using similar processes and procedures as with the production wells.
Once the surface casing is set in the Wyandot formation, the main well bore will be drilled vertically to
the injection zone in the Upper Mississauga formation located at approximately 2400m TVDss. See
Figure 3.3 for details on the injection well. Similar to the production well, the completion for the
injection well will consist of tubing, downhole packer, subsurface safety valve, tubing hanger and
injection tree.

This injection well for acid gas and condensate (if necessary) will be drilled into a porous and permeable
zone in the Upper Mississauga Formation; the targeted injection zone is the Tidal-Fluvial Sandstone.
The impermeable Naskapi shales located directly above the Upper Mississauga Formation will prevent
any migration of injected acid gas or condensate. The Upper Mississauga Formation will be capable of
containing the entire acid gas and surplus condensate volumes that will be produced over the life of the
Project. Migration of injection fluids to other formations and/or to the surface is considered extremely
unlikely. The possibility of acid gas injection souring the Panuke oil zone is also considered to be
extremely unlikely. The injection zone in the Upper Mississauga is expected to have 14% porosity and
400 mD permeability.

3.3.3.2 Drilling Fluid Program

Water-based muds (WBM) will be used in development drilling. These muds are used to protect and
clean the drill hole, for overbalancing formation pressures, and for bringing cuttings to the surface. The
selection of the drilling fluid is based on factors such as the hole angle, the formation types drilled
(mudstone, sandstone, clays, etc.), and the time of exposure.

WBM is a suspension of solids and dissolved material in a carrier base fluid of water. WBM tends to be
used for wells that are normally pressured or do not encounter difficult geology. Based on the
experience gained while drilling the Deep Panuke delineation wells, it was determined that only WBM
will be used for any new development drilling activities. This fluid has proven to be successful even
when drilling highly deviated wellbores such as the M-79A sidetrack.
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Figure 3.3  Typical Injection Well Schematic
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For each well there are three hole sections below the 762 mm conductor, each of which has different
mud-type requirements. These three sections are: (1) surface hole section (from seabed, = 100m below
the sea floor (BSF), to the Wyandot formation, £ 950m TVD); (2) intermediate hole section (from the
Wyandot formation to the top of Abenaki formation at + 3200m TVD); and (3) the main hole section
(from the top of the Abenaki formation to the production zone, £ 3400 m TVD).

WBM will be used to drill the surface hole for several reasons. The surface hole section drills very
quickly, so oil-based mud would not increase the rate of penetration. Most importantly, the potential for
surface (seafloor) break-through of the drilling fluid while drilling this hole section is fairly significant.
From an environmental and economic perspective, this break-through would be undesirable if oil-based
muds were used. The WBM for this hole section will be a one to one ratio of pre-hydrated bentonite
(gel) to seawater.

For the intermediate section, WBM will be used. The drilling fluid for the intermediate hole will be
selected based primarily on pressure regime, formation types drilled, and time of exposure. The
selection of drilling fluid will be as per the delineation wells, which consisted of a 3% glycol and 8%
potassium-chloride (KCl) mixture, which provides adequate shale inhibition, good lubricity for the drill
bit and relatively good gauge hole.

Finally, for the main hole section, WBM will also be used in case AVC drilling with total mud losses is
required. This will be the same drilling fluid from the intermediate section; however, the glycol and
KCI properties will not be maintained in the event total loss circulation is encountered. In the event total
losses are encountered, the AVC drilling technique, which uses seawater, will be used to complete
drilling the section. When moving the drill pipe in or out of the hole under AVC conditions, a densified
brine (NaCl) mixture will be used throughout the length of the trip. Once the drill string is out of the
hole, the well can again be controlled by pumping seawater at a continuous rate.

For the wells to be re-entered and completed, some drilling is required to remove cement plugs. This
will be done using a viscosified brine solution and therefore drilling mud will not be required. For
running the completions, a completion fluid will be required which is described in more detail in section
3.4.6.

During drilling, the mud is circulated down the drillpipe from the drilling unit to the bottom of the
wellbore and returned to the drilling unit in the annular space (between drill pipe and open hole/casing)
carrying the cuttings from the well. Each hole section of a wellbore requires different fluid properties
for the mud. Thus after each hole section, the mud is modified or changed out. WBM that is no longer
required will be disposed of overboard, along with WBM cuttings in accordance with the Offshore
Waste Treatment Guidelines (NEB et al. 2002).
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Through the life of the field, workovers will be required in the wellbores. These workovers will require
various pieces of equipment to be sent offshore to perform downhole work. Completions brines may be
used during these processes. These brines would be composed of water and a salt formulation kept in
suspension using a viscosifier (polymer).

3.3.3.3 Cementing Program

The cementing program is expected to be similar to that used for the exploratory and delineation wells. The
conductor will be cemented from shoe to seabed. The surface, intermediate and production casing will be
cemented high enough to prevent future casing instability and to isolate permeable zones. To ensure a leak-
off path for trapped-fluid expansion during production, intermediate and production casings may not be
cemented into the previous casing shoe. If a liner is used in the new drill production wells, it will likely be
left as an uncemented completion. External casing packers and stage tools may be used in high loss
circulation situations to isolate the highly porous zones. If the liner is not cemented in place, proper
metallurgy and liner top packers will ensure containment of the reservoir fluids to ensure a safe production
wellbore. See Part Two for existing well casing and cementing details (DPA-Part 2, Ref. # 3.2).

3.3.3.4 Well Control System

The selection of the BOP configuration will be part of the rig evaluation process. Typically, a 346 mm, 103
MPa (or 69 MPa) BOP equipped with four rams and an annular preventer will be installed on a 508 mm
wellhead and used for the remainder of the well. In addition, an injection spool and rotational BOP will be
installed for the sections drilled using the AVC method.

3.34 Directional Drilling

High hole angles (up to horizontal) may be used in the pay zone if increased productivity can be realized.
Kick-off elevation and well profiles will be customized for each new well. High hole angles may also be
used to minimize the possibility of encountering low quality reservoir rock since longer intervals of the
reservoir will be exposed.

Mud pulse telemetry directional tools will be used for directional control. The survey intervals and the
type of surveying system used will be sufficient to assure entry into the target, while avoiding collision
with adjacent wells, and providing adequate wellbore positioning information to reliably target a relief
well. The wellbore trajectory will be confirmed by using two independent sources of MWD tools and
correlating the data from each tool.
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34 Well Completions
34.1 Design Philosophy

For the Project, EnCana will use completion systems that are simple and reliable and meet all
requirements for the corrosive environment in which they will be placed. The completions will be
designed with minimal need for intervention as one of the key drivers. Preliminary design indicates that
a 177.8 mm tubing string will be required for the production wells. The injection well will likely use a
88.9 mm string. Due to size limitations with the existing delineation well construction, a smaller
diameter subsurface safety valve will be required if a 177.8 mm tubing string is used. Figures 3.2 and
3.3 provide schematic examples of the production well and injection well.

Some of the production and injection objectives considered in the completion design are as follows:

e to ensure operational safety;

e to keep completions as simple as possible;

¢ to minimize the number of wells while maximizing recovery and effectively depleting the reserves;

e to ensure that downtime is minimized, including workovers;

e to maintain a surplus in deliverability to mitigate production downtime due to workovers or
suspended wells;

¢ to maintain the plateau production of the Project as long as possible; and

e to reduce or eliminate one-off well designs to reduce the number of spares required.

The completions will ensure operational safety by providing an effective barrier and seal to the reservoir
while at the same time providing a conduit for delivering well fluids to the subsea flowline. The design
incorporates a surface controlled sub-surface safety valve (SSSV) that can effectively isolate the flow
stream downhole in the event of an emergency or extended shut-down period. The tubing string,
downhole completion equipment, and subsea production tree will be selected with materials suitable to
the corrosive environment of well fluids over the life of the Project. The completions will be kept as
simple as possible to reduce the potential of downhole equipment failures that could require a workover
during the life of the Project.

A rigorous engineering analysis will be performed to select the optimum tubing size, which will
minimize the number of wells required to produce the field while at the same time maximize plateau
production rates. This analysis will include liquid loading issues that might develop near the end of the
Project’s economic life. Liquid loading occurs when the velocity of the flow stream is not sufficient to
carry the liquid out of the wellbore. If the liquid builds up to significant levels, it would render the well
insufficient to flow gas to surface. The velocity of the flow stream can be greatly affected by the size of
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the tubing string used. Generally, a smaller tubing string will yield higher flow velocities for the same
wellhead pressure.

The tubing may be sized such that peak production can be achieved from as little as three to four wells,
which will allow some redundancy in the system. In the event of losing a well prematurely, some time
would be required to mobilize a drilling rig before a workover could be completed. Redundancy in the
production capacity of the wells would ensure peak or maximum production rates until the workover
was completed.

3.4.2 Tubing Design

The tubing size will be maximized so that wellbore deliverability is not minimized by tubing constraints.
Tubing size is limited by the outside diameter of the SSSV that will fit in the production casing. The
tubing design must provide a flow conduit consistent with the inflow performance of the completed
reservoir for the life of the field. The injection well will also be designed so that the tubing string does
not provide pressure constraints.

A monobore completion technique is an alternative to conventional completions. This style has production
casing set near the top of the zone and uses a liner with a tie back packer to case the zone. Tubulars,
downhole equipment, and trees are sized so that all equipment has a similar internal diameter. The Deep
Panuke production wells will be “quasi-monobore” completions in that the subsurface safety valve will
have a smaller inside diameter if a 177.8 mm tubing string is used due to the size constraints inside the
244.5 mm casing.

The design of the tubing connections will likely incorporate the following:

e primary metal-to-metal seals;

e multiple seals;

¢ internal flush bore to prevent turbulence and corrosion;
e high strength to withstand combined stresses;

e minimum outside diameter; and

e proven reliability with make-up/break-out history, particularly with respect to the design metallurgy.

Where practical, one size, weight, grade, and connection will be used for each tubing string. This will
minimize inventory and prevent the use of improper materials. Design limits for production tubing will
meet or exceed the minimum tolerances of burst, tension and collapse, as calculated for the influence of
combined stress under expected operating conditions. Final selection of the tubular connection will
adhere to a connection qualification program that meets industry standards. The design will also

ENCANA.
S

Deep Panuke Volume 2 (Development Plan) e November 2006 3-15



incorporate any reduction in strength of materials due to temperature considerations under flowing and
static well conditions.

343 Metallurgy

Careful consideration will be given to the materials used for tubulars, wellhead and downhole equipment
because of exposure to corrosive fluids. Due to the presence of H,S, CO,, and chlorides, high alloy steel
or corrosion resistant alloy (CRA) material may be required for tubulars and downhole equipment, and a
corrosion resistant cladding may be required for subsea production tree equipment. Both production and
injection wells will require detailed attention to the type of materials used for all components. EnCana
has undertaken a study to determine the corrosion potential of the producing environment, and to
determine suitable material and operational guidelines.

3.4.4 Downhole Equipment

The use of downhole completion tools will be minimized to reduce workover potential and wellbore
complexity. The corrosive environment may reduce the performance of any equipment in the wellbore.

The current design has tubing-retrievable SSSVs installed and all wells are equipped with a polished
bore receptacle system to facilitate tubing change-out. The liner hanger design incorporates a packer
assembly above the slips to ensure positive pressure integrity. The selection of all seals and elastomers
will incorporate the results of the corrosion study.

The maximum anticipated wellhead pressure will be contained safely and effectively through the
selection of appropriate wellhead and production/injection tree equipment. Full-bore access to the
tubing will allow for well-kill operations and be integrated with an operating and emergency control and
shutdown system. Operating control and the emergency shut-down (ESD) system will be achieved
through an electro-hydraulic umbilical from the MOPU to the subsea production tree. There will be a
similar control panel from the drilling rig during completion and workover operations. Due to the
operating environment, the wellhead and tree will most likely be clad in a corrosion/erosion resistant
material. The tubing hanger will be ported to allow capability to handle the downhole gauge cable,
SSSV control lines, and chemical injection. Depending upon anticipated workover scenarios, the
hydraulic valves in the production trees may be capable of cutting both wireline and coiled tubing.

The present completion strategy allows for the integration and use of typical downhole equipment
including flow control nipples and mandrels for real-time pressure and temperature read-out gauges.
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3.4.5 Completion, Workover & Packer Fluid
Separate completion fluids will be used for the following three phases of completions operations:

e cleaning out the well;
e providing an annular packer fluid; and
e perforating (when required) pre-flow.

Well clean-out will follow the installation of the production liner. The fluid used to clean the wellbore will
be water based. Viscous pills of polymer gelled fluid may be used at total depth to sweep the hole clean.

Packer fluid will likely be saltwater based (brine), corrosion inhibited, and oxygen and hydrogen scavenged.
The packer fluid will be weighted such that in the event of a tubing leak deep in the well, the fluid will
overbalance the formation pressure and kill the well.

Three alternatives are available for a perforating/pre-flow fluid: non-damaging brine, a nitrogen cushion or
an oil-based fluid. The fluid of choice will depend upon the well and the final reservoir requirements. All
of these fluids will be flowed back to the processing or testing system during startup or cleanup.

3.4.6 Annular Barriers

There will be two annular barriers between the formation and the seafloor. The first barrier is the packer in
the well, separating the formation from the annulus. The second barrier is the tubing hanger and annular
kill wing valve on the subsea tree.

3.4.7 Production/Injection Trees

The production and injection trees will be located on the seafloor and will consist of a standard
horizontal configuration. The reactivation wells have all been drilled with a surface wellhead and
mudline suspension system. These wells will be converted to subsea wellheads through the mudline
suspension system to provide a platform to mount and seal the subsea production trees.

The maximum expected pressure at surface is approximately 37 MPa for all wells due to pressure testing
requirements on abandonment. Therefore, standard 34.5 MPa subsea tree equipment will be not be
sufficient and it may be necessary to have 45 MPa equipment or more standard 69 MPa.

During workovers, control of the wellhead equipment from the MOPU will be locked out to avoid
accidental operation of equipment when the workover unit is connected to the wellhead.
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Valve function on the subsea trees will be controlled by an electro-hydraulic umbilical tied back to the
MOPU during production and to the drilling rig during completion and workovers. This system will be
integrated with the MOPU ESD system during production operations. The subsea tree design will also
incorporate an interface for remotely operated vehicle (ROV) intervention in the unlikely event of a topside
control system failure.

3.4.8 Perforating

Perforating the production casing or liner allows formation fluids to flow into the wellbore (or injected
fluids to access the reservoir). If perforating is required, the three alternatives available for perforating are :

e wireline-conveyed perforating;
e tubing-conveyed perforating using coiled tubing or drillpipe; or
e tubing-conveyed perforating on tail pipe below the packer.

The appropriate method of perforating for each individual well will be chosen based on its merits for the
particular operation.

3.5 Well Interventions

EnCana's well workover philosophy for the Project is to maximize resource recovery from the Deep
Panuke reservoir on an economically viable basis. The viability of workovers will take into account the
amount of resource likely to be recovered together with the availability, proximity, and cost of MODU
required to complete the workover, either major or minor.

3.5.1 Major Workovers

Major workovers are those that require a mobile drilling unit to accomplish the required tasks. Few major
workovers are anticipated through the life of the field due to the reservoir type, the completion style and the
use of quality components throughout.

Typical major intervention activities include:

e replacing tubing;
¢ replacing tubing-retrievable SSSVs and control lines;

drilling up/replacing packer;

sidetracking to improve reservoir productivity; and
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e replacing a subsea production tree or valve.
3.5.2 Minor Workovers

Minor workovers could encompass both wireline and coiled tubing operations for both production and
injection wells. Coiled tubing or wireline intervention could also require a jack-up rig or specialized light
well intervention vessels, equipment and operating procedures.

Typical minor workover activities include:

¢ installing or removing plugs and prongs;

e running or retrieving downhole pressure recorders;
e production logging;

e formation logging;

e perforating;

e circulating fill or debris from wellbore;

e jetting scale or paraffin from tubing interior;

e acid stimulations;

e setting packers or bridge plugs; and

e cement squeezes.
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4 PRODUCTION AND TRANSPORTATION SYSTEMS

4.1 Introduction

The Deep Panuke reservoir contains lean sour gas. Full processing of the gas including H,S removal
will be carried out offshore using a MOPU which will provide all the necessary production equipment.
Subsea producing wells will be connected to the MOPU via individual subsea tiebacks. The Deep
Panuke Project currently includes two options for the export of the sales product: either by constructing
a new 176 km, 560 mm [22 inch] diameter stand alone export pipeline to shore near Goldboro, N.S.
(M&NP Option); or to interconnect with the existing SOEP pipeline and downstream facilities at
Goldboro via a 510 mm [20 inch] diameter subsea pipeline, approximately 15 km, and subsea tie-in (hot
tap) at a close point on the SOEP pipeline route (SOEP Subsea Option). The gas will be conveyed to
market via the M&NP pipeline. See Figure 4.1 for the proposed field rendering.

This section outlines the technical summary of the production and transportation systems as well as
discusses options and alternatives that were considered for the development.

4.2 Design Criteria

4.2.1 Philosophy

EnCana is committed to protecting the health and safety of all individuals as well as the environment in
which it operates. Therefore, the design of the Project facilities is based on high standards for personnel
safety, environment, and resource conservation. EnCana will employ a systematic approach in
identifying and addressing potential hazards, and defining design criteria and appropriate control and
recovery measures.

Applicable standard industry practices will be adopted for the Project. Safety reviews will be held
periodically throughout all phases of the Project, including during detailed design, construction,
commissioning, and decommissioning. All Project installations will be designed, constructed, installed
and commissioned in accordance with a quality assurance program that will meet the requirements
specified in the CNSOPB regulations.

EnCana also intends that the quality assurance for the Deep Panuke Project will meet the requirements
of ISO 9000 program. Quality plans and procedures will be developed and quality control, through
auditing and surveillance, will ensure that the appropriate levels of quality assurance will be present
throughout the Project and that all requirements will be met.

ENCANA.
N

Deep Panuke Volume 2 (Development Plan) e November 2006 4-1



22 inch diameter
Sales Gas Pipeline
to shore (173 km)

Pipeline
Isolation Valve

Production Well
(New)

o,

i ‘j
Production Well
H-08

Acid Gas
Disposal Well

Production Well
F-70
Production Well
M-79A

N

Field Schematic
Nova Scotia Canada

Figure 4.1 Proposed Field Layout

Production Well
D-41




The final design will achieve fit for purpose facilities using proven technology and equipment with low
life cycle costs.

4.2.2 Regulations and Certifying Authority

The Project facilities will comply with all applicable regulatory requirements. Regulations and
guidelines that will be used for both the offshore and onshore portions of the Project include, but are not
limited to, the following:

e Nova Scotia Offshore Area Petroleum Production and Conservation Regulations;
e Nova Scotia Offshore Certificate of Fitness Regulations;

e Nova Scotia Offshore Petroleum Installations Regulations;

e Nova Scotia Offshore Petroleum Occupational Health and Safety Requirements;
e Nova Scotia Offshore Petroleum Drilling Regulations;

e Nova Scotia Offshore Area Petroleum Diving Regulations,

e (Canada-Nova Scotia Oil and Gas Spills and Debris Liability Regulations;

e NEB Onshore Pipeline Regulations;

e NEB Pipeline Crossing Regulations Part I & Part 11,

e NEB Power Line Crossing Regulations,

e Canada Shipping Act (and related guidelines);

o Fisheries Act (and related guidelines);

o Offshore Waste Treatment Guidelines;

o Offshore Chemical Selection Guidelines;

e Physical Environmental Guidelines; and

e Guidelines on Operator’s Safety Plans.

EnCana will adhere to applicable regulations or other international standards as deemed acceptable to
the Certifying Authority (CA) and the CNSOPB.

To fulfill the requirements of the Accord Act, an independent third party known as a CA is required to
confirm, through design appraisal and works survey, that all Project facilities and structures have been
designed, constructed, transported and installed in accordance with the Nova Scotia Offshore Certificate
of Fitness Regulations. This confirmation is provided in the form of a Certificate of Fitness (COF)
issued by the CA. The COF must be issued by the CA prior to the installation of any offshore facility.
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In order to support the CA's function and demonstrate compliance with regulatory requirements, the
Project will implement a certification process. The certification process addresses the following
certification requirements:

CA design appraisal of preliminary & detailed engineering;

procurement design appraisal, works survey & documentation review by CA;
pressure system component certification;

structural welding certification;

lifting appliance certification;

container certification;

material certification;

Transportation of Dangerous Goods cylinder certification;

A T A o e

electrical product certification;
10. Marine Warranty certification; and
11. inspection operator certification.

The CA Scope of Work was approved and in place for the Deep Panuke Project at the time of Project
time-out in 2003. The scope of work is essentially unchanged since 2003.

4.2.3 Codes and Standards

Various codes and industry standards from the following organizations will typically be used for the
Deep Panuke Project:

e American Petroleum Institute;

e American Society of Mechanical Engineers;

e National Fire Protection Association;

e National Association of Corrosion Engineers;

e (Canadian Standards Association;

e Institute of Electrical and Electronic Engineers;
e International Standards Organisation;

e International Electrotechnical Commission;

e Transport Canada,;

¢ International Maritime Organisation;

e (Canadian Council of Ministers of Environment; and
e Det Norske Veritas.

ENCANA.
N

Deep Panuke Volume 2 (Development Plan) e November 2006 4-4



4.3 Environmental Criteria

Meteorological and oceanographic (Metocean) design criteria will be developed for the Deep Panuke
Project in accordance with the Nova Scotia Offshore Petroleum Installation Regulations. These criteria
will be created from hindcast studies of environmental data from the Scotian Shelf and Sable Island
areas and on data accumulated over the nine year life of the Cohasset Project. The design criteria will
take into account parameters, such as winds, waves, currents, air and sea temperatures and ice conditions
and will convert extreme conditions into 1, 10 and 100-year outlooks for design purposes. Wave and
current criteria have also been developed for representative locations along the export pipeline route for
design purposes.

The preliminary environment design criteria for the export pipeline to be constructed from the MOPU to
shore (M&NP Option) is listed in Table 4.1. For the pipeline of the SOEP Subsea Option, the values
from KP157 — MOPU data are applicable.

Table 4.1 Preliminary Environmental Design Criteria — Export Pipeline
Return Sites along KP' KP' KP' KP' KP' K'P KP' 157-
period pipeline route 2-8.5 | 12.5-17.5 | 37.5-47 | 61-80 | 105-125 | 125-157 | MOPU
(years) Depth (m) 30 50 145 100 60 30 45
. Hmax’ (m) 9.8 10.7 12.2 12.8 13.6 13.4 16.3
Tp® (s) 11.3 11.4 11.5 11.6 11.8 11.9 12.2
g 10 Hmax ? (m) 13.5 14.6 16.4 17.1 17.7 17.8 20.0
= Tp® (s) 13.3 13.1 13.7 13.5 13.6 13.5 14.3
100 Hmax’ (m) 17.1 18.5 20.7 21.5 21.8 22.6 23.7
Tp® (s) 15.4 14.9 15.9 15.5 15.3 15.1 16.3
g 1 Uc* (m/s) 0.84 0.76 0.64 0.68 0.76 0.84 0.81
g 10 Uc* (m/s) 1.04 0.95 0.80 0.85 0.95 1.04 1.00
© 100 Uc* (m/s) 1.24 1.12 0.95 1.00 1.12 1.24 1.19
Notes: 1. Kilometre point from shoreline noted KP

2. Maximum wave height noted Hmax
3. Associated Peak Period noted 7p
4. Estimated bottom current (non-wave component) noted Uc

A summary of the 1, 10 and 100-year return preliminary environmental design criteria for the Deep
Panuke MOPU and flowlines/umbilicals is listed in Table 4.2. These criteria will be refined in the
course of detailed engineering design.
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Table 4.2 Preliminary Environmental Design Data - Deep Panuke MOPU and
Flowlines/Umbilicals
Parameter 1 year 10 year 100 year

Winds

1 hour wind speed at 10m MSL' (m/s) 27.1 35.8 41.6
3 second gust at 10m MSL (m/s) 36.3 48.0 55.7
Waves

Significant wave height (H;) (m) 8.8 10.8 12.7
Maximum wave height (H,,,,,) (m) 16.3 20.0 23.7
Peak period associated with H; (sec) 12.2 14.3 16.3
Currents

Surface (m/s) 1.47 1.84 2.19
Mid-depth (m/s) 1.24 1.54 1.82
Bottom (m/s) 0.81 1.00 1.19
Water Levels

MOPU Design water depth (m LAT") 44
Maximum astronomical tide (m) 1.6 1.6 1.6
Storm surge above MSL (m) 0.3 0.5 0.7
Tsunami water level above MSL* (m) 0.5
Air and Water Temperatures

Minimum air temperature (°C) -13.7 -16.8 -20.0
Maximum air Temperature ("C) 23.3 26.4 29.4
Minimum sea surface temperature (°C) -1.1
Maximum sea surface temperature ("C) 24.6
CSA Toughness (°C) -13.7

Marine Biofouling

+2m LAT to —25m LAT (mm) 125
-25m LAT to mud line (mm) 60

Notes: ' MSL refers to Mean Sea Level

2 It should be noted that the likelihood of a tsunami is low and thus its effect is not included in
the calculation of extreme water level.
> LAT refers to Lowest Astronomical Tide

4.3.1 Operating Limits

Initial operating limits for offshore equipment were developed and verified during the Cohasset Project.
These limits will be reviewed and adapted for the Deep Panuke Project in conjunction with the MOPU
contractor during detailed design.

4.3.2 Marine Growth

Marine growth criteria (100-year) have been developed for the Project. The criteria identified for the
Project build upon earlier Cohasset Project studies and take into account data accumulated at site between
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1993 and 2000. The compressed thickness criteria for marine growth for the MOPU legs is 125 mm (from
+2m LAT to —25m LAT) and 60 mm (from —25m LAT to the mud line).

EnCana will monitor biofouling of the MOPU legs during annual underwater ROV inspection surveys.
Marine growth will be removed using the ROV by scraping or hydrojetting if the equivalent marine
growth thickness exceeds the design threshold. Typically, a natural reduction of biofouling levels is
observed during winter months.

4.4 Geotechnical Criteria

4.4.1 Preliminary Geotechnical Data — Deep Panuke Site

EnCana has obtained geotechnical data for the Deep Panuke site from the Cohasset Project, the Deep
Panuke Project, and for each of the Panuke delineation wells that have been drilled. Table 4.3 gives a
typical description of the soil stratum per depth drilled.

Table 4.3 Preliminary Soil Profile for Deep Panuke Site

. Core . Water | Relative Undrained Friction | Effective Over
Description . Density . Shear .
Stratum . Resistance 3, | Content | Density Angle Cohesion | consol.
(Depth in m) (kN/m”) ° o Strength R
(Mpa) (%) (%) (kPa) (deg.) (kPa) ratio
Dense to very dense >10
I Fine to medium 30 20.0 22 70-100 - 45-41 - >4)
SAND (19.5)
1 éfﬁ)s“ff CLAY 3 20.0 25 ; 200 24 20 (4.0)
Dense SAND with
I gravel (27.0) 25-70 21.0 15 85-100 0 40-42 - (3.9)
Hard CLAY
v (29.5) 6 21.0 15 - 340 24 30 (3.8)
Very dense fine
A% SAND (32.3) 70 20.0 21 95-100 - 41 - (3.7)

This geotechnical data will be used for the initial design of the MOPU, as well as the subsea flowlines
and associated umbilicals/wellhead protection structures. Additional geotechnical surveys will be

performed to obtain more site specific geotechnical design data as required by the MOPU contractor.
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4.4.2 Geotechnical and Geophysical Survey — Export Pipeline
4.4.2.1 M&NP Option

The export pipeline will transport market-ready gas from the process facilities on the MOPU to the
onshore connection with the existing M&NP main transmission pipeline near Goldboro, Nova Scotia.
The total length of the offshore pipeline is approximately 173 km and the onshore pipeline is
approximately 3 km.

Geophysical and geotechnical surveys of the proposed pipeline corridor were conducted in September
and October 2001 and in May 2002. The pipeline corridor surveys were comprised of three elements:
(1) a shore-based topographic survey of the landing site; (2) a nearshore geophysical survey near
Goldboro; and (3) an offshore geophysical survey near Goldboro to the Deep Panuke site.

The initial route surveyed between September and October 2001 followed a base case defined centreline
with additional data on four to six wing lines offset at 150 m intervals from the centreline. In May 2002,
additional survey work was conducted to define potential optional routes, which were identified in
several areas from the earlier phase of the study.

Table 4.4 provides a summary of the geophysical data acquired along the export pipeline route to shore.
The kilometre point (KP) range refers to the distance in kilometers along the pipeline route from the
landing site in Goldboro at KP-0. The data provided documentation of the sediment types, rock
formations and seabed geology along the pipeline route.
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Table 4.4 Summary of Geophysical Data

KP(:IE;lge Geophysical Zone Description
0.0-009 Shore Approach near Surficial sediments predominantly gravels and boulders with minor sands and
Goldboro silts.
09-94 Country Harbour Basin Silty sand and silts coarsening to sands toward harbour entrance.
9.4 -12.0 |Country Harbour Sill Bedrock with a mantle of glacial till, surficial sediments and gravels.
Numerous linear outcrops of Meguma Group sedimentary bedrock, surrounded
12.0-34.4 [Inner Shelf Outcrop by stratified glaciomarine sands and silts overlying glacial till. SOEP pipeline

transits an ancient riverbed system.

Thick glacial and glaciomarine sediments. Seabed consisting of gravels,

344-43.0 |I Shelf Platfi
nner Shett Hatiorm cobbles and boulders with some silty sands. Relict ice scours are present.

43.0-499 |nner Shelf Basin Broad dep.resswn host to stratified silts, sands and silty clays. Seabed consisting
of sandy silt and silty sands.

Part of Scotian Shelf End Moraine complex with a thick till ridge. Seabed

49.9 - 57.4 |Country Harbour Morai
ountty Hatbout Moraine consisting of gravel, cobbles and boulders.

Middle Shelf Proglacial ~ [Surficial sediments are sands, silts and gravels with occasional boulders

57.4-92.4 . . . S
Deposits overlying soft to stiff sandy clay. Relict ice scours present.

Slope deposits of coarse sand and interbedded sand and clay. Till lobes and
92.4-102.4 |Bank Margin Deposits ridges are present with surficial sands, gravel, cobbles and boulders. Slopes of
12° are present on the margins.

Continuous thin sand deposit with superimposed megaripples and sand waves

102.4 — 132.4 |Outer Shelf Sand Sheet i )
that overlay cross-stratified, potentially gravelly sands.

. Medium to coarse grained sands with localized cobbles and boulders near KP
Coarse Grained Outer

132.4-139.4 . 132 (KP 131). Sand ridges and waves are present with coarser sand and gravels
Shelf Deposits )
exposed in the trough.

139.4 1544 |Low Relief Sand Ridges Gravel'ly sa'nd with crest heights less thanlm aligned in a predominant east—
west direction.

154.4 - MOPU |High Relief Sand Ridges f ine t;) medium grained sand with coarser sand (perhaps gravel) exposed in the
rough.

Table 4.5 summarizes the seabed sediments and physical properties found at various locations along the
export pipeline route to shore. These findings will be applied to the engineering design in the evaluation
of trenching methods, assessment of potential pipeline spanning, and in the detailed selection of route
options.
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Table 4.5 Surficial Seabed Characteristics

. Section KP Subsection
Section L.
Number ! Range KP Range Description
(km) (km)
0-03 Gravel-boulder lag with thin discontinuous sandy silt veneer overlying
glacial till. Boulders are observed from the shoreline to KP 0.3.
03-05 Veneer of sandy silt overlying glacial till
NA 2 NA?2 05-0.7 Sand and gravel overlying glacial till
0.7-0.9 Silty sand with gravels, cobbles and boulders
09-1.65 Thin layer of silty sand on clayey silt overlaying glacial till
1.65-3.0 Very soft to soft organic silt
3-10 Loose silty sand overlying very soft organic silt
10-15 Extensive bedrock outcrops with surficial soil of thin sand or clean gravel
with cobbles.
I 3-30 Loose silty sand overlying very soft organic silt. Numerous cobbles and
15 - 30 boulders with a thin veneer of sand. Bedrock outcrop observed at KP 18, 20,
21 23 and 28, however, the degree of bedrock continuity is not known due to
point source data sampling.
Loose to compact silty sand to sandy silt with organics overlying very soft
1 30— 50 B lean clay with occasional gravel and organic streaks. Interbedded silty sand
and clay overlying soft clay observed between KP 34 to KP 37. Dense silty
sand observed at KP 49.
Thin veneer of compact to dense sand, with occasional clay pockets,
5054 overlying firm to stiff lean clay. Numerous boulders and cobbles were
observed.
e 50102 5496 Thin \./eneer of c9mpact to dense sand, with occasional clay pockets,
overlying firm to stiff lean clay.
Channelised area containing interbedded sand and clay overlying soft clay.
96.2-102 | An adjacent ridge till between KP 98.4 and KP 100.4 was observed but not
sampled.
v 102 - MOPU - Compact to very dense poorly graded sand with gravel
Notes: 1. Section classification.

2. Nearshore geotechnical characterization based on site description, grab sample and sub-bottom profiler data.

In the subsequent survey in May 2002, three areas were evaluated for potential route alternatives that

included:

e KP 0 to KP 5 — shore approach optimization including potential horizontal directional drill option;

e KP 22 to KP 28 — bedrock outcrop and potential crossing of the existing SOEP pipeline; and

e KP 135 to MOPU - platform approach optimization due to mega-ripples or sandwaves on seabed
topography.
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The additional data collected in these surveys has advanced design considerations in these areas.
Presently, consideration is being given to horizontal directional drilling (HDD) of the nearshore pipeline
to avoid trenching the first kilometre of the pipeline. A geotechnical investigation must be performed
during detailed design to evaluate the soil conditions, which will help to determine the technical
feasibility of the HDD option.

4.4.2.2 SOEP Subsea Option

The proposed offshore pipeline route for the SOEP Subsea Option extends 15 km taking a direct path
from the MOPU to the existing SOEP gas pipeline. The export pipeline will transport both export gas
and condensate commingled from the process facilities to the existing SOEP pipeline.

Geophysical and geotechnical surveys of the proposed pipeline corridor will likely be performed if this
option is selected.

4.5 Production Installation and Topsides Facilities

The primary infrastructure for the Project is the central offshore processing facility, known as the
MOPU. The MOPU will be located in a central location to accept production from the surrounding
subsea producing wells. The final location of the MOPU or the “field centre” will be determined during
detailed design; however, the present tentative location is positioned at coordinates of Northing 4853668
and Easting 685918 (ZONE 20 NAD 83).

The reservoir fluids are sour and contain formation water and condensate as well as natural gas. The
MOPU will include all the required processing equipment for separation and processing to allow product
to be shipped to market. Product will be shipped via one of two alternative pipeline arrangements;
directly to shore (M&NP Option) or to a subsea hot tap to the existing SOEP pipeline (SOEP Subsea
Option). The sales gas production capacity is 8.5 x 10° m’/d [300 MMscfd], with a turn down to 1.1 x
10° m*/d [40 MMscfd] to allow for reduced production as the field declines over time. The facility will
not be designed for expansion of production capacity; however, it will have the capability to connect up
to eight subsea production wells at one time.

The offshore processing required for both pipeline options is nearly identical; however, there are minor
variances for each alternative. One of the key differences is that the SOEP Subsea Option allows for the
condensate to be recovered and processed onshore by SOEP, whereas in the M&NP Option, the
condensate will be used as the primary source of fuel. Process requirements are discussed in Section
4.7. Pipeline options are discussed in Section 4.9.
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The MOPU will also provide all necessary utility systems to support the process and non-process
functions as well as craneage, accommodations, helideck, and a central control room. The MOPU will
allow for a minimum continuous POB complement of 68 persons to sustain year round production. The
normal steady state POB complement is expected to be approximately 30 persons; however, it could also
be larger should the design be a standard MODU accommodations design to allow for easier conversion
back to MODU operations in the future.

The MOPU will likely comprise a newly built unit. The MOPU has the following two main
components:

¢ a floating hull structure with jack-up legs, which provides a “dry” deck and ancillaries to support the
processing equipment; and

e a topsides production facility which contains all the necessary production and processing equipment
necessary to produce the field.

There is no drilling provision provided on the structure and all drilling will be done by MODUSs. The
MOPU will be built in two main sections (the hull and the topsides), integrated atshore, and then towed
to field where it will self-install by jacking up on location. Final hook-up to the subsea production
flowlines and the export pipeline will be done offshore before the reservoir is brought on stream.

The MOPU will be a leased facility, with a lease arrangement to accommodate the Deep Panuke Project.
When the production at Deep Panuke is complete, it will be disconnected, jacked down, and
demobilized. It could be refitted/reused at a new location for another project or refitted as a drilling unit.

The MOPU concept was selected because of the inherent flexibility to match the predicted production
life, ease of decommissioning, and the economic advantages of leasing this type of structure. Other
alternatives were studied and these are discussed in Section 4.11.

4.6 Subsea Systems
The Project’s development wells will be subsea wells comprised of:

e four re-entry wells (H-08, M-79A, F-70 and D-41);
e one new drill production well (H-99);

e one new drill acid gas injection well (D-70); and

e up to three additional new wells if required.
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The Project’s subsea system will include all equipment from the wellhead to the connection of the
flowlines at the riser on the MOPU, including the riser section. This will be comprised of the following
components:

¢ horizontal production trees;
e protection structures;

e flowlines;

e umbilicals; and

e control systems.

4.6.1 Subsea Production Tree
Subsea well completions will be designed with two barriers against well flow under all conditions.

The standard wellhead system will likely be based on a 346 mm wellhead housing with a 69 MPa
pressure rating. Horizontal trees are to be used and will likely be rated for approximately 45.0 MPa
minimum. Metal-to-metal seals will likely be used for all seals with potential for exposure to well

fluids.

The production trees, with connections for production and service lines, will be optimized for
productivity and ease of access for downhole interventions. Production trees will be designed to allow
chemical injection into the production stream both downstream of the upper master valve and below the
tree in the wellbore. Hydraulically actuated subsea choke valves will be installed at each tree for flow
control during start-up and shut down. Figure 4.2 provides an example of a mudline conversion subsea
production tree.

4.6.2 Wellhead Protection Structure

The subsea wells will be protected by dedicated protection structures against dropped objects, dragging
anchors, and fishing gear. The protection structure is to be designed to allow adequate access to the
wells for all planned diver and ROV intervention tasks. These protection structures will be designed to
be trawlable even though they will likely be located within the facilities safety zone.
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Figure 4.2  Spool Subsea Trees

4.6.3 Flowlines

Each production well will be tied back to the MOPU platform with its own dedicated infield subsea
flowline. The initial production flowlines are expected to be 200 mm [8 inches] in diameter and range
from 1 to 6 km in length. The acid gas injection flowline is expected to be 75 mm [3 inches] in diameter
and approximately 1.7 km in length. Flowlines would be of either rigid steel or flexible construction
and installed by either S-lay or reel-lay methods respectively. The rigid steel production flowlines will
likely have a CRA inner liner material due to the corrosive nature of the production fluids and the rigid
steel injection flowline will likely be carbon steel material.

The flowlines will be trenched their entire length. Final flowline lengths, diameters, construction, and
material type will be confirmed during detailed design.

4.6.4 Umbilicals
Subsea umbilicals are required for each of the production wells and the acid gas injection well. Each

well will have its own dedicated umbilical controlled from the MOPU; it will be laid beside the well
flowline and will be trenched and buried along its entire length.
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The structural integrity of the umbilical will be designed such that it can withstand the installation loads
without tensile or crushing damage to the internal components. The umbilicals will be pulled through J-
tubes located on the MOPU.

4.6.4.1 Production Well Umbilical

The services to be provided within the production well control/chemical injection umbilical will include
the following:

e high pressure (HP) hydraulic conduit;

e low pressure (LP) hydraulic conduit;

e spare HP/LP hydraulic conduit;

e methanol injection;

e chemical injection;

e spare chemical injection;

e clectrical power quad cable;

e communications power quad cable; and

e spare communication/power quad cable.
4.6.4.2 Injection Well Umbilical
The services to be provided within the injection well control umbilical will include the following:

e HP hydraulic conduit;

e LP hydraulic conduit;

e spare HP/LP hydraulic conduit;

e clectrical power quad cable;

e communications power quad cable;

e spare communication/power quad cable; and

e chemical injection.
4.6.5 Subsea Control System

The control system for the subsea wells will be configured as a multiplexed, open loop type system with
tree-mounted subsea control modules. The system will be capable of controlling, monitoring, and
supplying chemicals to the subsea wells. The subsea well control system will comprise the tree mounted
subsea control module (SCM) and the associated topsides equipment.

ENCANA.
N

Deep Panuke Volume 2 (Development Plan) e November 2006 4-15



The subsea control system will provide redundant power, signal, HP hydraulic, and LP hydraulic
supplies to the tree-mounted SCM. The hydraulic control fluid used will be a water-based
biodegradable type since this fluid will be vented to the sea via the SCM during valve functioning. The
SCM is to be designed so that it may be retrieved by ROV.

The subsea control system topsides equipment will include, but not be limited to, a subsea control unit,
operator work station, hydraulic power unit, electrical power unit, and topsides umbilical termination
unit.

4.7 Production Facilities

Production facilities on the MOPU will be designed and operated to optimize production while
maintaining environmental protection and high safety standards. The production facilities will be
staffed on a 24-hour basis. Facilities maintenance and inspection requirements will be managed through
a maintenance management system that will incorporate proactive and predictive methods as well as
intelligent condition monitoring techniques.

Production facilities will consist of equipment for separation, metering, amine sweetening, acid gas
injection, dehydration, hydrocarbon dewpoint control (M&NP Option only), produced water treatment
and disposal, condensate treatment, condensate injection (M&NP Option only), feed gas and export gas
compression, and utilities. A simplified process flow diagram is presented in Figure 4.3.

For the M&NP Option, all production and treatment facilities are located offshore. For the SOEP
Subsea Option, production and treatment facilities are primarily located offshore but the export gas and
hydrocarbon liquids will be routed via the SOEP 660 mm [26 inch] pipeline to the existing SOEP
facilities near Goldboro. The hydrocarbon liquids will be transported from Goldboro to the SOEP
fractionation plant at Point Tupper via the dedicated SOEP 200 mm [8 inch] pipeline.

For the M&NP Option, the export gas will be “on specification” sales gas meeting the hydrocarbon
dewpoint and water content requirements for the M&NP pipeline. As a result, there is no onshore
treatment required. The sales gas will be routed to shore near Goldboro in a new 560 mm [22-inch]
pipeline with a connection into the existing M&NP pipeline. Onshore facilities are related to metering/
quality measurement and isolation valve requirements only. The liquids will be treated offshore and
used as fuel. Currently, it is estimated that there will be no surplus condensate produced beyond fuel
usage; however, in the event that condensate must be injected because of maintenance and unexpected
outages, it will be commingled with the acid gas and re-injected for disposal.
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For the SOEP Subsea Option, the export gas and condensate will be commingled and routed, via the
SOEP 660 mm [26-inch] pipeline and routed to the existing SOEP Goldboro gas plant. The gas and
liquids will be separated and the gas further processed into sales gas by SOEP and shipped via the
existing M&NP pipeline to market. The liquids will be routed to the SOEP Point Tupper liquids plant
for processing and sale.

4.7.1 Separation

The well fluids will be processed through the production or test separator for separation of the gas,
condensate, and water.

4.7.2 Metering

The Deep Panuke production facilities will adhere to the Canada-Newfoundland/Canada-Nova Scotia
Offshore Petroleum Board (CNOPB/CNSOPB) Measurement Guidelines in the Newfoundland and
Labrador and Nova Scotia Offshore Areas, October 2003.

The individual wells will have facilities to be routed to a test separator for metering of all three phases
while the facility is in production. The fluids leaving the facility, namely, export/sales gas, flared gas,
condensate, acid gas, and produced water, will be metered. The fluids consumed internally on the
facility, namely gas and condensate for fuel, gas for continuous purging, and make up water to gas
sweetening, will be metered. The buy-back gas from the export pipeline will be metered.

All metering will be designed, operated, and tested in accordance with the applicable regulations and/or
guidelines. The records of such design, operation, and testing will be forwarded to the applicable
authorities per the applicable regulations and/or guidelines.

A detailed study will be carried out during the design phase to ensure that all intended meters will
adhere to the applicable regulations and/or guidelines and the study deliverables will be forwarded to the
CNSOPB Chief Conservation Officer for approval of all systems.

4.7.3 Amine Sweetening

The amine sweetening system is designed to remove the H,S and a portion of the CO, contained in the
raw gas. The removal of the H,S and CO, from raw gas results in a waste acid gas stream
predominantly containing H,S and CO,. The H,S content of the raw gas during the life of the Project
will vary. The amine sweetening system is designed to operate safely over the expected variation of H,S
content in the raw gas.
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The Deep Panuke gas contains approximately 1,800 ppm (0.18%) H,S and up to 3.5 mole % CO,. The
amine sweetening unit is designed to be fed with gas that contains up to 2,500 ppm of H,S and up to 3.5
mole % CO, to provide some operational design flexibility. The facility metallurgical design will be for
3,000 ppm of H,S and 4.0 mole % CO, to provide some metallurgical design flexibility. The sales gas
specification requires the H,S content to be a maximum of 6 mg/m® (approximately 4 ppm) and 3.0 mole
% CO,. The current design basis unit outlet is for an H,S level of 2 ppm and CO; at 2.8 mole %.
Although the M&NP Option is the only option producing sales gas, the same production specification
requirements will be met for the SOEP Subsea Option as the SOEP facilities require a sweet feedstock.

The amine-sweetening unit is based on physical absorption using a solvent to absorb the impurities (H,S
and CO;). The solvent is then regenerated via heating to release the absorbed impurities. The process is
cyclic, in which the amine is continuously circulated through the absorber/contactor to pick up the
impurities, then routed to a regenerator to release the impurities.

The amine solvent used in the sweetening unit will be methyldiethanolamine (MDEA), which will
improve the selectivity between H,S and CO; absorption. The cyclic process can result in a build up of
impurities in the amine solvent over time. If the amine solvent requires a change, whether complete or
partial (dilute out the impurities), it is removed from the process and shipped to shore for reclaiming
(manufacturer to clean and recycle). Production will be halted when a complete change-out of amine
solvent is required. The change-out of the amine solvent will be subject to the Environmental Protection
Plan (EPP).

4.7.4 Acid Gas Handling

Acid gas from the amine regenerator will be compressed to approximately 15,100 kPa using a multistage
compressor. Water condensing between the compression stages is recycled back to the processing
facilities. The compressed acid gas will be injected into the selected subsurface reservoir (see Section
2.5). Table 4.6 describes the design flow and composition for the acid gas injection system.

The Project does have the capability to flare acid gas. The capability to flare the acid gas stream is
required to provide operational flexibility in times of maintenance and/or operational issues.

4.7.5 Dehydration

Sweet gas from the amine-sweetening unit contains water that must be removed prior to hydrocarbon
dewpoint adjustment (M&NP Option) or prior to export (both options). The gas dehydration unit is a
liquid desiccant process utilizing a solvent to absorb the water. The solvent, triethylene glycol (TEG), is
then regenerated via heating to release the absorbed water. The process is cyclic in which the TEG is
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continuously circulated through the absorber/contactor to pick up the water then routed to a regenerator
to release the water.

Spent TEG has no measurable H,S and will be disposed at an approved facility.

Table 4.6 Acid Gas Injection System — Composition and Flow

Description Design Data

Mass Flow (kg/h) 8100
STD Gas Flow (m’/hr) 5325
Molar Flow (kgmole/hr) 230
Pressure (kPa) 150
Temperature (C) 56
Component Mole %

CO, 63.2
H,S 18.5
CH,4 17.0
c2 1.1
H,0 0.24

Note: The flow represents the total feed to the acid gas management system including acid gas from the amine system and
H,S removed from the condensate fuel for the Mean Production Profile.

4.7.6 Hydrocarbon Dewpoint Control

For the M&NP Option, the dehydrated gas from the TEG system is cooled via the Joule-Thompson (JT)
effect by dropping the pressure of the gas. A portion of the gas stream condenses (condensate), which is
then separated. This step will be done offshore as it is necessary to satisfy pipeline gas specification
requirements.

For the SOEP Subsea Option, the export gas routed to the SOEP 660 mm [26 inch] pipeline does not
need to meet sales gas specification requirements. For these cases, hydrocarbon dewpoint control
operations will be done via the Goldboro gas plant existing facilities.

4.7.7 Condensate Treatment for Fuel

Recovered condensate will be treated via stabilization to remove light ends and H»S. The light ends and
H,S thus released will be recycled back to the raw gas stream for processing.

For the M&NP Option, condensate is used on the MOPU as the primary source of fuel. Operation of the
condensate stabilizer will be such as to remove all H,S in order to minimize air emissions and to
produce a fuel meeting the turbine driver requirements. Given that the amount of condensate is a
function of raw gas rate thus declining over the life of the Project, it will be supplemented with natural
gas as necessary to maintain adequate fuel levels.
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For the SOEP Subsea Option, all recovered condensate will be routed to the shore based SOEP facilities
for separation, processing, and sale.

Condensate production is based on the production profile for the Project. The production profile has
been calculated for a range of reservoir gas compositions. The intent is that the platform will be
designed for the entire possible range. Over the range, the facility will produce less condensate than that
required for fuel for the M&NP Option; thus it is expected that no surplus condensate will exist. Table
2.21 presents the condensate production profiles that have been generated in the risk model for the P90,
P50, P10 and Mean cases (see Section 2.6.2.2).

The MOPU will have some minimal storage for condensate. This storage will be approximately 55 m’
and represents approximately five hours of consumption at full rate. The intention of this storage is to
cover periodic production upsets with enough time to allow for short term troubleshooting and/or
swinging fuel from condensate to either fuel gas or diesel for load levelling to ensure maximum
condensate usage. The storage tank will be a pressure vessel that is pressured with inert gas with excess
pressure routed to the flare.

For the M&NP Option, it is estimated that there will be no surplus condensate produced beyond fuel
usage; however, the ability to inject condensate down-hole with the acid gas stream provides operational
flexibility in times of maintenance and/or operational issues. The probability of the acid gas injection
well malfunctioning and becoming inoperable is very low. If possible, any maintenance work for the
well would be scheduled during planned shutdowns. If the injection well becomes unavailable at any
time, additional condensate can be consumed through the operation of “spare” fired turbine equipment.

There is no capability to flare the condensate stream on the MOPU.

4.7.8 Produced Water Treatment and Disposal

Water produced with raw gas and separated during the initial stages of processing is called produced
water or formation water. This water contains residual hydrocarbons and other contaminants that must

be removed to acceptable levels prior to ocean discharge.

The design basis for produced water composition is provided in Table 2.9 (see Section 2.2.7.1). Table
2.22 indicates the design basis for produced water production profile (see Section 2.6.2.2).

Treated produced water will be discharged overboard according to the Offshore Waste Treatment
Guidelines (NEB et al. 2002). The following is a brief description of the treatment process.
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Water from the inlet separator, test separator, condensate stabilizer surge drum, and stabilizer feed filter
coalescers is commingled and routed directly into the produced water feed drum. Water from other LP
vessels is typically routed to the closed drains header, which is routed to the LP flare drum. Liquids
from the LP and HP flare drums are routed to either the inlet or test separators.

The function of the water feed drum is to hold produced water until sufficient volume is available to
route to the hydrocyclones. The small amount of gas from this drum is routed to the acid gas injection
compressor. At the start of the field life, the produced water rates are anticipated to be very low, such
that batch processing in the hydrocyclones is likely. As the water rates increase, the flow will be
continuous.

The hydrocyclones will remove all but trace amounts of liquid hydrocarbons. The hydrocyclones’ oil outlet
is routed to the closed drains. The water is continuously routed to cartridge-style produced water polishers
to further reduce trace amounts of liquid hydrocarbons.

The water is then heated in the produced water stripper feed preheater prior to entering the produced
water stripper. The amount of heat will be adjusted to aid in the H,S removal capabilities of the stripper
tower. The produced water stripper tower is a packed counter current gas/liquid stripping column in
which sweet fuel gas flows upwards counter current to the water to remove H,S. Preliminary
indications suggest that H,S will be lowered to a concentration between 1 to 2 ppm. The gas from the
stripper is routed to the acid gas injection compressor. The flow to the stripper column will change
dramatically over the field life. It may be necessary to provide flow via recycle or process in batches
during low flow periods.

The water outlet of the stripper is then sampled for oil and H,S and routed overboard. The waste gas
from the produced water stripper will be routed to the acid gas injection compressor for injection. This
will be the normal mode of operation. The plant does have the capability to divert the produced water
stripper gas to the flare in the event of a malfunction of the acid gas injection well. If the produced
water stripper gas were flared, it would be approximately a maximum of 980 kg/h of 19.7 MW gas
containing 1.5 mole % H;S.

Currently the design envisages platform-based laboratory facilities for verification of produced water
measurements.

The produced water will be routed overboard via the discharge caisson where it will mix with
approximately 2,400 m’/hr of seawater, which is used for process cooling purposes.

ENCANA.
N

Deep Panuke Volume 2 (Development Plan) e November 2006 4-22



4.7.9 Compression

For the M&NP Option, the sales gas will be compressed on the platform for delivery to shore. The
expected sales gas discharge pressure on the platform is approximately 13,000 kPa. The Deep Panuke
compressor system is comprised of three 7 MW units for a total of 21 MW of compression power. The
compressors will be used for sales gas export and feed gas. The feed gas service will be to account for
declining reservoir pressure. These compressors will be tri-fuel (condensate, fuel gas, and diesel).

For the SOEP Subsea Option, the export gas will be compressed on the platform for delivery to the
existing SOEP 660 mm [26 inch] pipeline and subsequently routed to shore. The expected export gas
discharge pressure on the platform is approximately 13,000 kPa. Like the M&NP Option, the Deep
Panuke compressor system is comprised of three 7 MW units for a total of 21 MW of compression
power. The compressors will be used for gas export and feed gas. The feed gas service will be to
account for declining reservoir pressure. These compressors will be dual-fuel (fuel gas and diesel).

It is currently envisioned that the compressors will be piped in an arrangement that allows the
compressors to be used in either feed or export service as the pressures and flow rates decline with time.
Initially feed gas compression is not required until after Year 1. Thus the compressors will initially be
set-up for export service. When a feed compressor is required, one compressor will be assigned to feed
service. Late in the Project life as reservoir pressures and flow rates begin to decline, two compressors
may be required for feed service. The final configuration will be confirmed during detailed design.

4.7.10 Utilities
4.7.10.1 Electrical Power Generation

Electrical power generation for the Deep Panuke MOPU will be provided by multiple redundant fuel
turbine generating sets. For the M&NP Option, the turbines will be tri-fuel (condensate, fuel gas, and
diesel). For the SOEP Subsea Option, the turbines will be dual-fuel (fuel gas and diesel). For the first
production start-up, sufficient quantity of diesel will be available for power generation.

Emergency power will be provided by a diesel engine driven generator set as per CNSOPB regulations.
The design requires the use of diesel fuel for emergency situations (emergency generator, firewater
pumps), for certain start up scenarios (i.e., when buy back gas is not available), and for certain
maintenance scenarios (i.e., power generators when no buy back gas is available).

The transfer of diesel from ships to the MOPU storage tanks will occur via loading hose. Bulk
transfer/hose-handling procedures will be outlined in the EPP.
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Battery back-up will be provided for critical emergency services.
4.7.10.2 Platform Fuel

For the M&NP Option, condensate will be used as fuel. Fuel gas will be used as supplemental fuel as
condensate production declines. For the SOEP Subsea Option, fuel gas will be used as the primary fuel
source.

Diesel will be used as fuel for the crane and the emergency generator. Diesel will also be used for start-
up and shutdown of the compressor and power generation turbines. The MOPU will have a storage
capacity of approximately 70 m® for diesel. The area around the diesel storage will be “bunded” or
“dyked” to collect diesel fuel in the unlikely event of a leak/spill. The bunded area will be routed to the
open drains system within which the hydrocarbon is recovered.

All fuel will be metered.
4.7.10.3 Heating Medium System

The processing facilities require heat input for a number of systems including amine regeneration, TEG
regeneration, condensate stabilization, and produced water processing. The heating system is a “closed
circuit” system in which a heating medium (essentially the same solution as per the cooling medium
except it contains some stabilization additives) is pumped through waste heat recovery units (WHRU).
There are three WHRUES, one installed on each turbine exhaust of the compressors.

The heating medium, circulating through the WHRUS, extracts heat that would be destined as waste to
ambient and routes it to various users.

4.7.10.4 Cooling Medium System

Cooling water for process and utility systems will be done via an indirect seawater/cooling medium
system. Seawater will be pumped through a filter then a heat exchanger. The exchanger will cool a
mixture of ethylene glycol and water (cooling medium). The cooling medium will then be distributed to
the equipment and the plant requiring cooling. The once through seawater is returned to the ocean via
the discharge caisson where it is mixed with produced water.
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4.7.10.5 Deck Drainage

Deck drainage will be collected and treated according to the Offshore Waste Treatment Guidelines (NEB
et al. 2002). Drainage from equipment areas will be directed through a header system to a collection
tank to an oil/water separator treatment unit on the MOPU. Petroleum hydrocarbons and sludge in the
oil/water separator will be transferred into containers for shipment to shore for disposal. The water from
the oil/water separator will be treated using cartridge-style water polishers and tested prior to discharge
to ensure compliance with the discharge criteria of 15 mg/L or less.

The deck drainage system does have overflows to permit water to be routed directly overboard in the
event of a deluge event or rain water in excess of the design condition.

4.7.10.6 Relief and Blowdown System

Safety systems and devices will be designed to meet Project standards and the requirements of all
applicable standards, codes, and regulations, including:

e APIB31.3 —Piping,

e API 14C — Cause and Effects;

e API 520, 521 — PSV’s/Rupture Discs;

e [EC 61508 — Functional Safety System;

o ANSIISA-84.01-1996 — Safety Instrumented Systems;
e NFPA 72E — Automatic Fire Detectors; and

e NORSOK-1-002 — Safety and Automation System.

The principal elements of the relief and blowdown system include the pressure relief devices, flare
piping system, flare separator, and the flare structure. The flare design will take place during detailed
design. Application of all relevant codes will be followed for the system design. The system will be
designed considering emergency shutdowns, blocked discharges, fire exposure, tube rupture, control
valve failure, thermal expansion and utility failures.

Scheduled activation of the relief and blowdown system will occur for planned tests and inspection or
maintenance work. When the system is commissioned and activated, hydrocarbons will be safely
directed to the flare system. The flare will be designed to prevent any impact on the helideck and the
living quarters during worst-case weather scenarios.
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4.7.10.7 Inert Gas System

The Project will include an inert gas system. Inert gas is necessary for commissioning and start-up
exercises as well as ongoing operations. The main use of the inert gas is to maintain the sealing of the
main compressors (from migration of hydrocarbons). The inert gas may also be used as a blanketing or
purging gas to displace hydrocarbon vapours and reduce the risk of explosion and fire.

4.7.10.8 Instrument Air

Instrument air will be produced by electric driven air compressors and used in the instrumentation and
controls system. The air will be dried.

4.7.10.9 Breathing Air

A breathing air system will be included in the design of the Project. Breathing air will be required for
emergency purposes and for routine maintenance activities.

4.8 Operations

Operations personnel will be involved in all phases of the Deep Panuke Project, including the
Development Phase. This execution strategy includes establishing a relationship with the MOPU
contractor to cover the provision of services for both the ready for operations and long-term logistics and
operations phases of the development. More specifically, these services would cover the following
activities:

e operations input to design phase;

e establish operations organization;

e support onshore pre-commissioning;

e installation phase logistics management;
e offshore hook-up and commissioning;

e facilities start-up;

e long-term logistics management; and

¢ Jong-term production management, operation and maintenance.

While there is considerable overlap in the activities listed above, the MOPU contractor will develop a
Project-specific team of experienced personnel to deliver each of these activities. In addition, the
MOPU contractor will be responsible for providing the necessary equipment, facilities and services to
fully support the operations group. All operations will be coordinated from a Halifax-based office.

ENCANA.
N

Deep Panuke Volume 2 (Development Plan) e November 2006 4-26



Supply vessels and helicopters will be used to supply personnel, fuel, food, well construction equipment
and other materials required to maintain production, construction, and well construction operations.
Typically, helicopters will be used for regular crew changes, visits from regulatory agencies, service
personnel and other visitors that need to be transported to and from the offshore facilities.

Supply vessels will be used to provide the platform operations with materials. Supply vessels will hold
consumables and other equipment and materials necessary for production operations. It is anticipated
that supply vessels will make periodic round trips from a dockside shorebase in Nova Scotia to the
platform operation between two and four times a week during normal operations. It is anticipated that
there will be approximately six trips a week during construction and heavy maintenance periods. In
addition, a standby vessel is required near the platform at all times as per CNSOPB regulations. Supply
vessels will also be used to support well construction operations.

Personnel will be transported to and from the offshore facilities via helicopters from the heliport located
at the Halifax International Airport. During pipelay and heavy lift activities, the frequency of helicopter
activity is estimated to be two to three trips per week. During hook-up and commissioning, the
frequency is estimated to be seven to ten trips per week. The frequency will reduce to approximately six
to ten flights per month during operations. These helicopters are used primarily to transport crew
members, company personnel, and service personnel. In some cases, small equipment and parts are
transported via air transportation.

For the onshore facility, periodic mechanical, electrical, instrumentation and general housekeeping

maintenance will be performed. For example, valves, piping, or general lighting will require routine
maintenance. Site visits will take place periodically.

4.9 Export Systems

4.9.1 Offshore Pipeline

EnCana proposes to transport sales product via a subsea pipeline from the offshore processing facility to
one of two delivery points:

e Goldboro, Nova Scotia (M&NP Option) to an interconnection with M&NP; or
e SOEP 660 mm [26 inch] pipeline tie-in (SOEP Subsea Option) at a close point on the pipeline route.

The Deep Panuke export pipeline will have a sales gas capacity of 8.5 x 10® m*/d [300 MMscfd] at mean
environmental conditions. The proposed routes of the export pipeline will minimize its footprint by
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using existing pipeline corridors where practical. The pipeline details for both options are presented in
Table 4.7.

Table 4.7 Export Pipeline

Pipeline diameter Pipeline length [km] Pipeline phases
[mm (inch)]
M&NP Option 560 (22) 176 (including approximately Single phase
3 km onshore)
SOEP Subsea Option 510 (20) 15 Multiphase

The subsea pipeline will be designed in accordance with the Nova Scotia Offshore Petroleum
Installations Regulations. Steel pipe, coated with concrete to reduce buoyancy and improve on-bottom
stability, will be installed on the bottom of the ocean by a pipelay vessel. Non-destructive testing will be
carried out on the vessel.

It is anticipated that the pipeline will be buried in the zones where the water depth is less than 85 m for
on-bottom stability reasons. For water depth greater than 85 m, the pipeline has sufficient on-bottom
stability and thus will not be buried. This will also reduce span correction and reduce the potential for
sediment scour to the pipeline. The pipeline will be designed to withstand impacts from conventional
mobile fishing gear in accordance with the Det Norske Veritas (DNV) Guideline No. 13, Interference
Between Trawl Gear and Pipelines, September, 1997.

The following criteria were used to determine the proposed pipeline route:

e Minimize the environmental effects, seabed disturbance, and effects to fisheries due to the installation
and operation of the new pipeline;

e Minimize the pipeline route length where possible while still satisfying all other route criteria;

e Minimize the number of subsea pipeline and cable crossings. Where crossings are unavoidable, routing
of the pipeline will, where possible, have a crossing angle of greater than 30°;

e Consider any known future pipelines;

e Consider concerns raised by the landowners and fishing interests;

e The pipeline route will be such that “normal” pipelay operations (pipelay vessel) are not precluded and
appropriate minimum horizontal radius of curvature (to be defined during detailed design, dependent on
the pipeline size and water depth) could be kept;

e Consider approaches near the MOPU field centre (which may be installed in advance of the pipeline
installation) to ensure compliance with safety and layout requirements;

e The shore approach routing will be such to enable shore pull-in systems to be as simple as possible.
Consideration will be given to the existing SOEP pipeline in the close confines of the harbour; and
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e Within the limits of the lay corridor and SOEP pipeline proximity requirements, route selection will
minimize potential pre-lay works (pre-sweeping, etc.) and post-lay rectification requirements for
freespans.

The M&NP Option offshore pipeline route extends approximately 173 km and closely follows the
existing SOEP pipeline. The offshore pipeline route starts at the landing site near Goldboro,
approximately 50 m northwest of the existing SOEP pipeline, at KPO (landfall point). The landfall
technique is still under review and may be completed by either conventional landfall techniques or HDD
from KPO to KP1.1. The proposed route then extends southeast paralleling the SOEP pipeline, with a
minimum separation from the SOEP pipeline of approximately 250 m from KP7.0 to KP23.7 to
minimize the width of the corridor in the nearshore area. From KP 23.7 to KP28, the route narrows
towards the existing SOEP pipeline to a minimum separation of 8 m as the pipeline passes through a
narrow corridor of an ancient riverbed system.

Between approximately KP28 and KP133.5, the route follows along the eastern side of the SOEP
pipeline paralleling the SOEP pipeline at a target nominal separation of 1000 m with a target minimum
separation distance of 500 m.

At KP133.5, the pipeline diverts from following parallel to the SOEP line and is re-directed towards the
Deep Panuke MOPU location until it reaches the MOPU at approximately KP173.

The onshore pipeline route starts at the landing site near Goldboro, approximately 50 m northwest of the
existing SOEP pipeline, at KPO (landfall point) and also represents the onshore station post, STN 0.
This landing point is located within a 100m onshore pipeline corridor that has been established by the
Municipality of The District of Guysborough. The pipeline corridor is located along the easterly and
northerly boundary lines of the Goldboro Industrial Park from landfall to the M&NP facility. The
pipeline corridor land is owned by the Municipality of the District of Guysborough. The onshore
pipeline will be situated in this established 100m corridor in consultation with the Municipality of The
District of Guysborough.

The proposed offshore pipeline route for the SOEP Subsea Option extends approximately 15 km from
the MOPU to a close location on the existing SOEP 660 mm [26-inch] multiphase export pipeline.

The proposed offshore pipeline route is presented on Figure 4.4, 4.5 & 4.6. There will be an SSIV
assembly located on the export pipeline within 150 m of the MOPU. This SSIV assembly consists of a
check valve complete with a small diameter bypass containing an on/off actuated buy back gas valve.
The buy back gas valve will be controlled via an umbilical from the MOPU.
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Figure 4.5
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4.9.2 Onshore Pipeline and Facilities

Onshore facilities are required for the M&NP Option only. In this option, EnCana’s onshore facility
will consist of a pipeline and the physical components necessary for interconnection of EnCana’s
pipeline with M&NP’s facility. EnCana’s pipeline will tie into the M&NP transmission main at
Goldboro, Nova Scotia, downstream of the SOEP gas processing plant. The onshore pipeline will be
located within the pipeline corridor in the Goldboro Industrial Park, as indicated on Figure 4.7. The
onshore portion of the pipeline will be approximately 2 to 4 km in length depending upon the final
routing selected.

The onshore facility will include a pig launcher/receiver facility and a safety/emergency shutdown valve
system. The onshore facility will interface with the M&NP owned facility which will include custody
transfer meters, the final section of pipeline, and tie-in to the existing 760 mm [30 inch] M&NP pipeline.
Additionally, the area of the facility is estimated to be 60 m x 45 m and will be enclosed by a security
fence. A new access road to the metering station may be required. Figure 4.8 is a schematic of the
onshore facility that would be required for the Deep Panuke Project.

For the SOEP Subsea Option, no new onshore facility will initially be required since the export gas and
condensate will be processed by the existing SOEP onshore gas plant (Goldboro) and liquid facilities
(Point Tupper).

4.10 Provisions for Decommissioning and Abandonment

The mean production life of the Project is anticipated to be approximately 13 years; however, the
resource forecasts show a probable production life ranging from 8 years to 17.5 years. The actual field
life will be predicted with greater certainty after production commences. The topsides will be designed
for a life of 20 years and structures will be designed for a life of 25 years. The following facilities will
be utilized during the life of the Project and will eventually require decommissioning and abandonment:

e the MOPU;

e subsea production and injection wells;

e the subsea facilities;

o the offshore gas export pipeline;

e the onshore gas pipeline (M&NP Option only); and
e the onshore facility (M&NP Option only).

ENCANA.
N

Deep Panuke Volume 2 (Development Plan) e November 2006 4-33



ENCANA.
Figure 4.7

Deep Panuke Project
Onshore Pipeline Corridor

EnCana

\/ EnCana Proposed
4 Pipeline Corridor

N EnCana Proposed
Offshore Pipeline Route

Existing Pipeline
/\/ M&NP Pipeline

Terrestrial Features

® Small Stream

® Small Stream - (Intermittent / Subsurface)
@® Good Four-toed Salamander Habitat
[ 1 Wetland
[ ] Deer Wintering Are
[ Geocaulon lividum Distribution

% Geocaulon lividum (~29 Stems)
Topographic Features
Land Cover Roads
/\/ Watercours /\/ Maj
[ ] Waterbody /\/ M ;
| No Cover A,/ Service/Track
"~ Forested /\/ Abandoned

Proposed Keltic/Maple Property Boundary

/\/ Wharf

.+ Pipeline Trestle

O Mooring/Berthing Dolphins

0 500
—
etres
Map Parameters
i i |

tobe
mb
5999

rza,
er: 1015157
MAV_Projects\Panuke_Working.apr

Date: Ocf
Project Nu
X:\Projects\NovaScotiaiNSD1
M Jacques
L}
Whitford




The decommissioning and abandonment of these facilities will be performed in accordance with the
regulatory requirements applicable at the time such activities are undertaken. Potential changes in
technology, regulations, and accepted industry practices over the time between initial construction and
decommissioning make it difficult to commit to a specific course of action at this time. At the time of
decommissioning, an action plan will be submitted to the regulatory authorities for approval prior to
commencement of decommissioning and abandonment activities. Based on current regulatory
requirements, a typical action plan is included below.

The requirement for eventual removal of facilities will be taken into account during detailed design.
Decommissioning of the MOPU will essentially be a reverse of the installation process. The processing
equipment will be systematically shutdown, flushed, and cleaned. The MOPU will then be disconnected
from the subsea infrastructure, jacked down, and removed from the site. It is expected that the MOPU
will be reused following decommissioning but this will be evaluated on an economic basis at the time of
decommissioning.

Wells will be abandoned in compliance with applicable drilling regulations and according to standard
industry practices.

Subsea equipment, such as wellhead trees and manifolds, will be purged, rendered safe, and recovered.
Trenched flowlines and umbilicals will be flushed and left in situ below the seafloor. All other subsea
facilities above the seafloor, including protection structures, will be purged and decommissioned in
accordance with applicable regulations at the time.

The offshore export pipeline will be abandoned “in place” after it is flushed and filled with seawater.

With the exception of the pipeline, the onshore facility will be removed and utilized land restored in
accordance with applicable regulations. Buried onshore pipeline will be flushed, capped, and abandoned
in place. The onshore pipeline RoW will be re-vegetated and allowed to return to a natural state. Any

above ground structures associated with the onshore pipeline will be removed.

A decommissioning plan will be developed for the Project, which will provide detailed procedures for
decommissioning the onshore facility.

4.11 Assessment of Development Alternatives

4.11.1 Introduction

The development of the Deep Panuke Project has been studied since the initial discovery was made in
1998. A front end engineering design (FEED) study and other supporting studies were conducted
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between 1999 and 2002 leading to the filing of a DPA in March 2002. The DPA was withdrawn in 2003
pending further assessment of the reservoir and a further review of the facilities concept.

Since the withdrawal of the DPA in 2002, EnCana has investigated options and alternatives that are
more economically feasible based on resource estimates which are lower than those predicted in 2002.
The Project, as conceived at present, shares many similarities with the original Project concept;
however, some aspects have changed.

This section describes the Project as originally conceived in 2002 and discusses the alternatives that
were studied leading to the final concept selection.

4.11.2 The 2002 Deep Panuke Project

The 2002 Project basis was designed to produce a sour gas reservoir via an offshore processing concept
and transport sales quality gas to market via a 610 mm [24 inch], 176 km pipeline with an onshore tie-in
to the M&NP pipeline near Goldboro, NS. The producing reservoir was located in a relatively small
area enabling production to be sourced from a cluster of directionally-drilled wells from a central
wellhead platform. Offshore processing was to be performed on a second bridge-linked production
platform. The production platform contained the main process-related utility systems. The main
elements that formed the process were:

e H,S removal;

e condensate recovery and processing as the primary source for fuel on the platform;
e gas dehydration;

e gas dewpointing;

e produced water treatment and disposal; and

e extraction and disposal of acid gas and surplus condensate.

The process plant also required inlet and export compression to maximize resource recovery and to
transport sales gas through the offshore pipeline to market. The production platform was bridge-linked
to a third platform which housed the central control room, non-hazardous utilities, and accommodations
for offshore workers.

The 2002 Project basis was designed to process 11.3 x 10° m’/d [400 MMscfd] at peak capacity with
design allowances to allow peak production year round. This overall concept required significant
infrastructure with a total topsides weight of approximately 13,000 tonnes to accommodate all the
required facilities offshore. The topsides were to be built as three separate integrated decks and installed
offshore by means of a semi-submersible crane vessel.
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Key similarities in the design basis between the current Project basis and the 2002 Project basis are:

e fluid composition and properties;

e offshore gas processing;

e acid gas injection into a subsea reservoir;

e produced water treatment and ocean disposal; and
e condensate handling (for the M&NP Option only).

Compared to the 2002 Project, the current Project design basis has:

e larger reservoir area requiring subsea completions with tie-backs;
e reduced resource estimate;

e reduced peak production capacity;

¢ increased volume of produced water; and

e a MOPU, replacing the three fixed platforms.

4.11.3 Alternative Assessment Methodology
The following methodology was used to assess Project alternatives:

e review the alternatives and supporting work for the 2002 DPA, and determine which fundamental
principles and decisions are still valid for the revised resources forecast and current concepts;

e consider concept alternatives for reduced peak production capacity (5.7 x 10° m*/d and 8.5 x 10°
m’/d [200 MMscfd and 300 MMscfd]);

e consider a subsea tie-in to the SOEP pipeline as a product export option;

e consider platform and processing facilities which could be leased to reduce capital expenditures; and

e reassess safety/occupational health and environmental criteria in light of revised concepts.

The decision to proceed with the development basis described herein was based on evaluation of the
following criteria:

e technical suitability (including operational factors, flexibility and ease of decommissioning);

e capital and operating costs, taking into consideration leased arrangements of some infrastructure;
e commercial risk;

e concept deliverability;

e safety; and

e environmental considerations.
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If an alternative was deemed to be technically and economically unfeasible, further assessment of that
alternative using other criteria was not considered.

As a precursor to the formal evaluation of various development alternatives against selected evaluation
criteria, it is also worth noting that development alternatives which will not allow EnCana to take
advantage of the infrastructure installed by M&NP were not evaluated due to economic reasons.
Examples of development options which fell outside the Project’s central development concept (and
hence were determined not to be economically feasible) are alternatives involving landfall sites other
than Goldboro, and the use of technologies requiring substantial new infrastructure such as liquefied
natural gas (LNG) or compressed natural gas (CNG) technologies. The following development
alternatives were evaluated:

e substructure type;

e topsides type;

e total number of platforms;

e re-use of existing platform;

e processing location;

e acid gas handling;

e produced water disposal;

e condensate handling;

e production capacity alternatives;
e field centre structure type;

e export pipeline alternatives;

e subsea tie-back alternatives; and

e acid gas injection location.

For the 2002 Project basis, consideration was given to using, in addition to WBM, oil-based muds due to
the drilling conditions associated with directionally drilled wells. However, based on the experience
gained while drilling the Deep Panuke delineation wells, it was determined that only WBM will be used
for any new development drilling activities. Therefore, the disposal options for oil-based mud drilling
cuttings described in the approved 2002 Comprehensive Study Report (CSR) are no longer applicable to
the Deep Panuke Project.

4.11.3.1 Substructure Type
The environmental conditions at the field centre location are considered harsh, by offshore standards,

but are well within the criteria which fit many world-wide accepted design solutions for substructures.
Several types of substructures were investigated and were classed into three groups; 1) floating
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structures, 2) permanent bottom founded structures, and 3) mobile structures. Each option was
evaluated against the evaluation criteria summarized in Table 4.8 and these are discussed in the
following sections.

Floating Structures

The floating type structure evaluated was the semi-submersible type which requires a fixed mooring
system with fluids being conveyed on and off the structure through a series of subsea flexible risers.
This type of structure is not well suited for the relatively shallow water depth at the field centre location
and has not been proven for use in harsh, shallow water applications. It would be technically
challenging to provide a mooring and riser design that would meet the project environmental conditions.
Also, there have been some unfavourable experiences in other projects using a semi-submersible as a
gas production platform. Therefore, this concept was eliminated for technical reasons.

Bottom-Founded Structures

Two types of permanent bottom-founded structures were investigated: gravity-based and jacket
structures. The gravity-based concept was deemed to be technically acceptable; however, it was rejected
due to higher commercial risk imposed by limited suppliers in the world market.

Jacket-type structures piled into the sea floor are the most common solution world-wide for the
environmental conditions experienced at the Project site. This concept is currently in use in Nova Scotia
by SOEP. The concept has the advantage of offering the lowest cost, technically acceptable solution
with acceptable commercial risk. However, the disadvantage is that fixed structures have little to no
residual value at the end of a project as they are unlikely to be reused on another project. Since this
option does not fit with EnCana’s financing objectives for the projected life of the Deep Panuke Project,
it was rejected based on commercial considerations.

Mobile Structures

Two types of mobile structures were investigated; a jack-deck structure and a jack-up type structure.
Each of these configurations can be used to construct a MOPU. The MOPU concept provides a facility
that is designed to self-install, produce oil or gas at a given location and then demobilize for reuse at
another location. This concept is in use world-wide for fields that have marginal reserves or are
expected to have a short production life. Also, contractors may offer these types of structures on a lease
basis; therefore, the capital cost can be amortized over more than one project.

Both the jack-deck and the jack-up concept are quite similar, each employing a three-legged structure
supporting a production topsides. The MOPU is brought to the field centre where it self elevates by
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jacking up on location. Risers for production fluids and export pipeline are connected to the structure
for conveying produced fluids on and off the structure. At the end of the field life, the risers are
disconnected from the flowlines and pipeline, legs are retracted and the platform jacked down for
removal from the field. The structure can potentially be relocated and reused at another field.

The main difference between the jack-deck and the jack-up structure is in the design of the deck. The
jack-deck is a custom engineered lattice-type structure designed to house the specific production
equipment needed for the specific application. Because it is a lattice-type structure, it cannot float and
therefore is brought to and removed from location on a barge. The jack-up type structure incorporates a
floating hull so it does not require a barge for transportation. The jack-up carries a purpose-built
topsides to provide the necessary production equipment. The jack-up hull design concept is used
extensively for mobile offshore drilling rigs.

The jack-deck concept was investigated and deemed to be technically feasible. However, it had some
distinct disadvantages when compared to the jack-up concept. First, this concept requires a custom
design where the topsides are fully integrated into the supporting leg structure. Further, the legs and
foundations are custom engineered for the specific application. Thus, at the end of the Project life, the
chance of reuse for this type of structure at another location is greatly reduced, thus affecting the
residual value of the MOPU. The majority of the cost must be amortized over one project. Also, this
structure type must be transported on an installation barge. The on-site installation using a barge
scheme is much more weather-dependent than using a floating hull type installation and requires a
calmer sea state. This could impact the project by adding cost and time for schedule impacts due to
unfavorable weather. The cost of the jack-deck is also more expensive than other solutions and leasing
options were not available. As a result of the economic disadvantages compared to the jack-up solution,
this option was rejected.

Two approaches for executing the jack-up concept were investigated: 1) build a new jack up-hull to a
‘harsh environment’ drill rig specification to accommodate a new purpose-built topsides or 2)
refit/modify an existing harsh environment MODU to accommodate a new purpose built topsides.

The jack-up structure was selected as the best option for the Project; the final concept of a new build or
re-fitted jack-up structure will be confirmed during the MOPU bid competition.
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4.11.3.2 Topsides Type

The type of topsides for the revised Deep Panuke Project has not yet been confirmed. It will be largely
dependent on the hull design of the jack-up structure. This design will be conducted by the MOPU
contractor, selected through a competitive bid process, who will engineer all elements of the MOPU,
including the topsides.

4.11.3.3 Total Number of Platforms

Offshore installations are generally designed to be built as the largest components possible to maximize
construction, hookup and commissioning activities onshore, which greatly reduces cost. Multiple
structures are used when the size of the structure exceeds lifting capabilities for heavy lift vessels or
there are other specific requirements that dictate the use of multiple platforms. As per the Project design
basis for the approved 2002 CSR, the preferred development alternative for number of platforms was
three separate platforms for wellheads, processing, and living quarters/utilities based on concept
deliverability criteria, reduced drilling and installation flexibility, as well as safety.

For the revised Project, the size of the topsides required for the revised 8.5 x 10° m’/d [300 MMscfd]
production capacity is well within the weight and size limitations for placement on one jack-up type
structure. However, EnCana had specific concerns regarding personnel safety offshore because of the
presence of H,S in the fluids stream. A twin-platform arrangement employing a production platform
and separate bridge-linked accommodations and control room platform was investigated, but was found
to increase capital cost significantly.

A single platform solution was investigated on a single jack-up type structure. Target levels of safety
were identified that are consistent for offshore installations within the industry. All types of hazards for
the installation were identified, including fire, explosion, ship collision, helicopter crashes, and sour gas
leaks. The work concluded that the Project facilities could be safely placed on one platform offshore,
provided additional special measures are put in place to protect workers against the effects of a potential
sour gas leak. The special measures include a combination of infrastructure, such as portable breathing
air apparatus, and work procedures for personnel offshore. Thus, the Project has selected a single-
platform solution to support the topsides facilities.
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Table 4.8 Centre Substructure Type Alternatives

. . - Cost/Lease Commercial Risk Technically and Concept .
Alternative Technical Suitability Economically Feasible | Deliverability Safety Environmental Impact
New build |Existing proven designs are available for Capital cost slightly Low yes best no specific low/negligible similar to
jack up the Deep Panuke site conditions higher than jackets concerns other alternatives
Lease available
Refit existing |Existing harsh environment drill rigs exist, | Capital cost higher |High cost & schedule overruns to yes poor existing rig may | low/negligible similar to
jackup although none presently identified as than new build be expected require significant other alternatives
available. jackup upgrades to meet
regulations
Lease not available
Jackdeck  [Relatively new concept, no proven Capital cost higher | Medium (new design could lead yes risk involved no specific low/negligible similar to
experience in these environmental than new build jack | to overruns, potentially single concerns other alternatives
conditions up source supplier)
Technically acceptable , with risk
Jacket Proven for Deep Panuke site conditions Lease option not Low Technically feasible
available Not economically
feasible
Steel Semi- |[Technical concerns related to riser design | Slightly higher than Greater than jacket no
Submersible |and mooring, adjacent to other platforms jacket option
Hull and riser design
Lack of experience in shallow/harsh
conditions
Only 