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Executive Summary

The Deep Panuke gas field was discovered in b9¥&anCanadiaBner gy Cor por
Panuke PP3G99 (PP3C) well. The PP3@ell encountered sounaturalgas inthefractured and
porous limestones of the Baccaro Memiveehin theAbenaki FormationThe field was delineated

by eight additional wells, including sidetracks, that were drilled betweeni12003.

Four of the original Deep Panuke delineation wells wereampleted aproduction wells
(Panuke HO8, Panuke M79A, Margaree H#0 and Ma€oh D-14). These four production wells
were tied backvia subsea flowlinesto an offshore production platforfior processing The
processed sales ready gas was then exportaddfall inGoldboroNova Scotia vi a
pipeline Production from Deep Panuke started in August 2013 and was permanently shut down in
May 2018. The peak gas rate was 8.5 E6ni30 MMscf/d). The project operated seasonally
from 2015 to 2018 to maximize economic recovery by only producinggltiawinter months

whengas pricesvere higher

Studies of gagelds, similar to Deep Panuke, indicdtet the recovery factors of naturally
fracturedcarbonateeservois with activeaquifers are typically lowitf some casess low as 20%

of the orignal gas in placeds thefractures can act as conduits into the water leg.

In November 2006Encana, as operator of the project, submittedfinal Deep Panuke
Development Plan ApplicatioQ06DPA) to the @Gnada Nova Scotia Offshore Petroleum Board
(CNSOPB. Based orthe 2006DPA, the Deep Panukgas fieldwas expected to recovéB.6
E9m3 659 Bcf) of gas.Original Gas in PlacedGIP), recovery efficiency, aquifer drive potential,
reservoir compartmentalization fracture heterogeneity and well contpme challengeswere

identified as the main subsurface uncertainties bypieeator

at
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The CNSOPB conductedindependent geological, geophysicahd petrophysical
interpretations and studies of the Deep Panuke fldldresultsof thesdnterpretations ahstudies
were used t@reatean independent dynamic simulation model of the Deep Panuke reseoroir.
the duration of the Deep Panuke projebe simulationmodel was the primary tool used to
evaluate the operator 6s pofdthd tesodrde aid nosoccaralt e g i
economichydrocarborrecovery from the field was maximizethe CNSOPE) simulation model
was also used tevaluate a number o$ensitivities such as vertical matrix and fracture
permeability, perforation length, rate iability and drilling of additional wellsCNSOPB
regulatory oversight of the Deep Panuke project included but was not limited to the following:
daily monitoring and surveillance of production da&view of daily,monthly and annual repayt

review of Resource Management Plans (RM#?)d other resource management documents and

regularauditsof t he operatordéds production strategie

Thekeyconclusionsand lessons learned framh e CNSOPBOs Deep Pant

Management tady appeatin Chaper 9 of this report.

€es

I K €
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1. Introduction

The purpose otheC N S O P Begs Panuke Resource Managentgutly is to describe the
resource management practices atrdtegiesused by theoperatorduring the life of the Deep
PanukeOffshore Gas Development (DeepniBke) This report alsalescribesthe regulatory
oversight activities and analyses conducted by the CNSORBsurevaste of the Deep Panuke

resources did not occur by ensuring economic hydrocarbon recovery was maximized.

In 1992, LASMO Nova Scaf Limited (LASMO) and Nova Scotia Resouséventure3
Limited (NSRL) began producing light oil from the Cohasset and Panuke oil fields
(CohasséPanukeProjec). In 1996, PanCanadian Petroleuirtd (PanCanadignbecame the
operator of the Cohas#eanukeProject. While producing oil from the CohagBetnukeProject,
PanCanadiarwas also conducting exploration drilling in the aréa 1998 PanCanadian
sidetracked and deepened the lower portion oPHrukedPR3B J-99 production well to penetrate
a targetn the underlying Abenaki carbonate bank. This new explorationweslinamedPanuke
PR3C J99 (PR3C) and resulted in thediscoveryof the Deep Panuke gas fiel@his well
encounteredournaturalgas in thdracturedand porougarbonates of the Baccavtember of the
AbenakiFormation.

In 2002, PanCanadian merged with the Alberta Energy Company Ltd. to form Encana
Corporation (Encana). After tHeR-3C discovery well was drilledthe operatodrilled a number
of delineation wellsn the Deep Panuke fieldome of which were sidetrackethese wells were
drilled during1999- 2003and include the followingPanukePIl-1A/PI-1B J-99 (PI-1B), Panuke
H-08 (H-08), Panuke FO9 (F09), PanukeM-79M-79A (M-79A), MargareeF-70 (F-70), and

MarCoh D-41 (D-41). Thesewells delineateda natural gas reservowhich was estimated to
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contain 11.5 26.2 E9n3 (4077 931 Bcf)of recoverable galsased orE n ¢ a AB0QGDPRA for
theDeep Panuke @fhore Gas Development (Deep Panuke)

The Deep Panuke gas fieldlixated approxnately 250 km southeast of Halifaxd 47 km
west of Sable Island he field development concept describethiemo p e r 2006 DPA svas to
convert four of the original Deep Panuke delineation wélk98, M-79A, F70, and B41) into
production wells.The four production wells would beompleted andied backvia subsea
flowlines to a jackup type offshorgoroductionplatform (Production Field Centrer PFC) The
produced gas would be processed on the PFC and then exported via subsea pipeline tat landfall
Goldboro, Nova Scotidpcated approximately 176 knmorthwestof the PFC The producedjas
would betransportediia pipeline from Goldborto markets in Canada and the United States.

Deep Panuke produced from 2013 to 2008 projecbperatedeasondy from 2015t0 2018,
which allowed gas revenues to be optimized by only produdiming the colder maths when
natural gas prices wehggher.

ThePFC was designed for a peak gasductionrate of 8.5 E3/d (300 MMscf/d). The aw
gas produced from DeePanuke contained approximately 0.18% hydrogen sulphide (H2S);
therefore, gas sweetening equipment was installed on the RF&mninesweetening systemas
used to removéhe H2S and someof the CO2 (acid gas)The Margaree &0 (E70) acid gas
injectionwell was drilled in 2010 as part of the Deep Panuke project. The H2S and CO2 removed

during gas processing on the PW€reinjected into thde-70 acid gas injection well.
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2. Literature Review

This sctionincludes drief summaryof the most importanpapers/studiepublished bythe
academiccommunityand industryon thereservoir engineering principles and flow processes of

naturally fractured gas reservosgisnilar toDeep Panuke.

In fractured reservoirshefracture system dominatéseflow of fluids; therefore, a description
of these intecconnecting networks is essential. These systems can however rarelyned tefin
direct observation. i®duction tests would be the most reliable method of estimating the flow
characteristics and productivitietfoactured reservoirsLithology has a considerable impact on
fracture densitynd facture intensity is generally much higher in carbonate rocks than sandstones.
Reservoir characterization andoguction geology in fractured reservoredies heavilyon core
datahowever;in many casescore recovery is very poatue to the fractured nature of these

reservoirs

The physical principles that control recovery are similar for both fractured@rftactured
reservoirs. The main differencettse relative mportance of these principles. If the fractures did
not exist, many fractured reservoirs could not be produced economically. The combination of high
porosity/low permeability matrix and low porosity/high permeability fractures is the kiéeto

productivity of wells drilled in porous fractured reservoirs.

Forecasting the performance of fractured reservoirs is usually more difficult than conventional
reservoirs. Simplified model$igure2.1) aretypically used to predict fluid flow in the reservoir

as wel as matrix fracture fluid transfer @gthemanr& Mittermeir, 2014)
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Figure2.1: Simplified model offracturedreservoirs (l¢inemani Mittermeir, 2014) This figure shows how
thematrix and fracturearemodeledin the software

Simulation nodeling, as mentioned above is firemary tool in managing fractured reservoirs
and pedicting their performance. Fracturezservois are usuallydivided into blocks and each

block is associated with a set of fraciend matrix properties.

Recoveryfactoss of naturally fractured as reservoirs with aquifearetypicdly low (as low
as 20% ofhe original gas in placefractues in these reservoirs aeen asonduitsinto the water
leg. In an effort to minimize \ater productiongeltreatments, rate restrictions, and plugksare
oftenusedhoweverthese methods are not usually succesksfloratory work, demonsties that
water will continue tambibe into tight matrixrock submerged under water foronths.This
implies thatthe best operating strategy miag to produce the wells at the hést rates possible
until waterbreakthrough, followed by a stin period of perhaps sevenrgars to allow gas to+e

accumulatéPow, Kantzas, Allan & Mallmes, 1999)
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Based orPow et al abrupt water production from wells producifigm fractured carbonate
gasreservoirs is nabormallycaused by coning or channeling. Thegntion that due taiscosity
of gas typically being two orders of magnitude less than thesiigoof water, and the density of
gas being an order of magnitude lower than the density of water at reservoir conditions, extremely
high-pressurggradients are required to generate a small cone in a permeable fracture system (Pow

et d, 1999).

Aguilera, 1999, showed that recovefiactors could range from 12% to 60% in naturally
fractured reservoirs with water driveimilar to Deep Panukedepending on the strength of the

water drive.
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3. Deep PanukeAnalogue Fields

There are numerous examptdsaturally fractured gaservoirs with activaquifessin the
foothills of Alberta and northeasteBritish Columbia. Exeples include the Pincher Cregé&ld

in Alberta and the Buckg Horse, Pocketknife, Sikanand Grassy fields in British Columbia.

Gas reservoirs in the Mississippian Dededrmation in the Buckinghors®ocketknife, Grassy
and Sikanni fields of northeast British Columban be considered analogues to Deep Panuke in
terms of reservoir processedo correlation in these fields wadbserved between recovery
efficiency and production rat@he best production strategy was determit@dbeproducing the
wells as quickly as possible until water breakthrquglhowed by well shutins to allow time for

matrix imbbition and gas accumulati inthe neatwellbore region

In the BuckingHorse DebolfracturedA Pool, the aiginal gas in place was approximaté§o
E6m3 (24.3Bcf) and the final recovery wab1.2E6m3 (5.34 Bcf) resuling in a recovery factor
of only 22%. Analyzingthisfield, Pow et al concluded that matrix imbibition contidéer many
years even after the wells watdiout and productionvas suspended. They also identified that
coning ha a mnor effect on recovery and thest production strategyasto produce the wid
at the highest possible ratatil they wateed out and then shut them in for gasascumulation

(Pow et al, 1999).

The Beaver River field on the border of the Yukon and British Coluf®@®) is another
fractured carbonate reservoir analagto Deep Panuke. This field experiencesignificant loss
of reserves due to vertical per meabil ity I
field with estimated recoverable reserves of on#idn cubic feet (Tcf)of gas. The initial rates

of over5.7 E6n3/d 200 MMscf/d from six production wells were also promisifihe apid

10
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increase in water productiacaused the production rate to declin83%d3n3/d 3 MMscf/d) after
only 5 years. The rapid influx of water was not caused by watengdnit was caused by the
permeable aquifer in combination with high vertical permeability #redsmall matrix pore

volume

11
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4. History of the Deep Panuke Development

Panuke PRBC J-99 (PR-3C)wasthe discovery well for the Deep Panuke gas fielB3C was
spudded in July 1998 and reachethl depth in April 1999, in the Abenakormation.This well
was followed by a number of delineation wellslled to determine the areal extent and resource
potential of the field.The initial Deep Panuke &ebpment Plan Application (DPA) was
submitted to the CNSOPB March 2002. Thi®PA was withdrawn in 2003 to allothie operator
to conductadditional evaluations ahe project.In November 2006the operatoisubmitted a

revised Deep Panul@PA, whichreceived approval from the CNSOPB in September 2007.

4.1Initial Deep PanukeDevelopment PlanApplication (March 2002)

PanCanadian Energy Corporation (PanCanadian) submitted the original Deep Panuke DPA
March 2002.The PR3C well was the Deepanuké siscoverywell and was followed byour
delineation wellglrilled during1999- 200Q PI-1B, H-08,F-09and M-79A. Based on the available
data, PanCanadian estimated that the Deep Panuke gaofitdited 34 E9m3 (1.2 Tcf) of gas
in place éxpectedralue) and26.5 E9m3 (935 Bcf) of recoverable gad he reservoir wasstimated
to have low associated liquid volumed 8 m3 000 barrelsper day at peak gas rate bf.3

E6mM3/d (400 MMscf/d) and approximately 0.2% hydrogen sulfide.

The initial aralysis performed byanCanadiashowed thaDeep Panukewould produce
natural gas from a porous carbonate reservoir 10c&5664000 meters below the $kwr. The

gas field wadocated orthe margin of the carbonate platform in the Abenaki Formation.

The Deep Panuke gaeell was determined to be normally pressured and the hydrological
review ofthe logs andavell testdataindicated a common pressure systwith asinglefield-wide

gaswater contact. The majority of the gas was believed to be trapped in the Absegkigce

12
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with the minor gas present in the upper part of the AbenakedquenceTheremay also be
additional reserves in the lower portion of the Abenakeguencéut no wells had encountat
significant porosity developmeirt this interval The followingtable (Table 41.1) showsa list of

the Deep Panukeells drilled from 1998 to 2000.

Table 4.1.1: Wells drilled by PanCanadian from 1998 to 2000

Well ID YearSpudded Total Measured Depth (m)
PR3C 1998 4163.4

PI-1A 1999 4030

PI-1B 1999 4046.3

H-08 2000 3682

M-79 2000 4598.3

M-79A 2000 3934.7

F-09 2000 3815

Reservoir models were generategdmerging well porosity data with seismic attributes in a
mathematical procesBermeabilitywere modeled based on core ggity and permeability data.
TheArchieequation was used to model water saturatidaaCanadian created a slation model
of theDeep Panukéeld. Thissimulation model was used to investigate the main uncertaagties
understoodat the time of the initiaR002 Development Plan (i.e. pooffetake rates, recovery,

water encroachment, well numbers, well locatiand completion desigh

An integrated production model, which included reservoir, tubing and pipelsezipkons,
was used to modehe distribution of resource sizes and resarvealizations. The most likely
scenario required four additional wells to be drilled: two to replace t&Pahd P11B wellbores,

and two additional development wells.

Figure411s hows PanCanadi andéds most | i kely sal

13
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Figure 4.1.1: Sales gas production forecagineratedrom data inthe March2002Deep Panuk®PA. This
chart shows production life of 10 years with a maximum production rat&lo8 E6mM3 400 MMsci/d.

Table4.1.2summarizegprobabilisticOGIP andexpectedSalesGasin Place(SGIP) forthe

Abenaki 5

Table 4.1.2: Initial Development Plan OGIP & SGNrarch 2002 DPA)

ol P10 OGIP | P50 OGIP | P90 OGIP Eépgf;ed E?gf;ed
Eom3 (Tf) | E9m3 (Tef) | EMS(Teh | Lqoo o | covgiron
Abenaki5 | 433 (.53 | 30.9(.09 | 21.80.79 | 32.8(.16 | 26.10.92

4.2 Initial Development Plan Addendum(November 2002)

A Development Plal\ddendumfor the Deep Panukéeld was submitted to the CNSOPB in

November 2002ZEncana sbmitted this addenduasPanCanadiahadundergone a merger earlier

in 2002 and the company name had changé&shtanaThe Pllowing are the main changesthe

operatod s

submittedoy PanCanadian

14

N o v2608 A@édendum compardd the initial March 2002Deep Panuke DPA
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1 The wlumeof condensate wascreasedo 397 m3(2500 barrelgday.
1 Operatob s r evi sed tbdril $ixinewpgduptibnavellsTthveaoperatodid not
plan to reuse any of the suspend&ekep Panuke exploration and delineatwells for

production.

4.3.Final Development PlanApplication (November 2006)

The operatosubmitted the final Deep PanuR@A to the CNSOPB in November 20@8ased
on the 2006DPA, the gasfield would be producedy re-entering anccompleting four of the
exising Deep Panuke wellgs subsea welland drillingone new production wellThese wells
were planned tbe tied back to aentralProduction Field Centr@PFC)via subsea flowlineand
control umbilicals The PFGvasdesignedor a peak gas rate 8f5 E6n3/d (300 MMscfd). The
2006 DPA indicated that up to three additional subsea production méist be drilled. These
additional wells were planned to be drilled after production-sfadnd after at least one full year
of production. The 2006 DPA indicaed he Deep Panukeproject was expected to recover
betweed1l.5E9m3(407 Bcf) to 26.4 E9m3 (931 Bebf gaswith a mearn(expectedirecoverable
volumeof 18.7 E9n3 (659 Bcf). Depending orthe recoverable reservei,was estimated the

project would producéom 8to 18 years with a meagexpectedproject life of 13 years.

It was determined thalhé Deep Panukgasreservoir contaiadlow volumes of associated gas
liquids and approximately 0.18% H2Sour gas) The mean expectedvolume of produced
condensa was approximatelyl63.8 m3/d {030bbl/d) at a peak gas rate 8t5E6n3/d (300
MMscf/d). Peak production was expected to continue for a period of approximately two years.
Production was then expected to declineluht cut-off gas rateof 1.1 E6n3/d 40 MMscfd).

This cutoff gas rate is a technical limit based on the design of the processing fadilithes 2006

15
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DPA, the operatodescribed theisubsurfacedevelopmenivorkflow. This workflow be@nwith
theapplication ofwell and seismidata to crate a detailed reservoir descriptidm A Ear t h M
was created using analgsend interpretations ahe gaspoold gyeology, geophysics and
petrophysics, as well disiid and pressure studies. This mbde@s then used to estimad&sIP. A
reservoir simlationmodelwas created and used to ensure t
well testdata The operatoused this moddb predict key reservoir performance parameters and
gas recovery factswhich resulted in Recoverable Gas in Place (R@B%mdes Monte Carlo
probabilistic simulatiors were used to studykey uncertainties such as OGIBRjuifer size,

transmissibility recoveryfactors life afterplateau and RGIP.

4.3.1. Geology
TheDeep Panukesservoirconsistof porousand variably fracturelimestones and dolomits
of the Abenaki Formatiarmhe AbenakFormation is subdivided into folMlembergi.e. Artimon,
Baccaro, Misaine and Scatari€he Scataridlember at the base of tAdenakiFormationmarks
the onset of widespread, shallow marine carb®mkeposition across the Scotian Shelf and is
overlainby a succession of open marine shales of the Misaine Member. The Baccaro Member of
the Abenaki Formation isthick carbonate margin succession of limestones, dolomites and minor

clastics. The ArtimomMember caps the Abenakormation.

In the2006DPA, the Abenaki Formation along the Deep Panuke platform meuggsadivided
into seven depositionalcles(sequenced)ased on well correlationshe Baccaro Member of the
Abenaki Formation is comprised thfe dgositional sequencesferred tan the2006DPA asthe
Abenaki 2, 3, 4, 5, and 6, each bounded by a segueoundaryFigure 4.3.1.1)The Artimon
Member, referred to in tiB006DPA as the Abenaki 7, overlies this successlidre Deep Panuke
gasfield is trappedprimarily in porous dolostones and limestones within the Abenaknd!

16
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Abenaki 5sequencesThe bp seal for théeep Panukeeservoirare thenonporous limestones

of the Abenaki 6 and Fequences

Abenaki 7 |
7
Portlandian Abenaki 6
Kimmeridgian I
Abenaki 5 -
+ -
Abenaki4 | 35 &
enakl E g_ o
535
= &5 S
§ Oxfordian  Abenaki 3 S g E
i~ o ; o
= - o=
= § =
. §2 &
Abenaki 2 | & % =
1 ‘ ; -
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Toarician e e e AR B .5
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Figure4.3.11: Abenaki Formation Stratigraphic Framewd@2006 DPA).

Table4.3.1.1shows a list of the Deep Panuke wells and their tested flow rates.

Table 4.3.1.1: Deep Panuke Wells and Their Tested Flow(2268 DPA)

Well Name Well Termination Date EGmEJSV(VMRI\in;if/ d)
Panuke PRBC 1999 1.6 65)
Panuke RILA/B 2000 1.5 (62
Panuke HO8 2000 1.6 67)
Panuke FO9 2000 0.003 0.1)
Panuke M79/A 2000 1.8 63)
Margaree F70 2003 1.4 60)

The F70 production eést showed that 93% of gas production came feoh® m heavily

fractured reservoir intervaF{gure4.3.12).

17
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Figure4.3.12: F-70 Flow Test 2006 DPA. FMI log shows fractures and vudsote the facturedensityin the
perforatedntervals

In general, reservoir stratigraphy at Deep Panuke consisted of the porous and permeablg
limestones and dolomites in the Abenaki 5, low porosity and permeability limestones near the base

of Abenaki 5 known as t he dablelimgdstonessahdrdelankesina n

the Abenaki 4 Figure4.3.13).

18
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Figure4.3.13: Deep Panuke Stratigraph006 DPA. H-08 production well is drilled in the Vuggy
Limestone area and M9A, 70 and D41 production wells were drilled ithe porous dolomite
reservoir section. Th€ight Streak section is also shown in this figure in light green.

4.3.2. Reservoir Characterization
ThemainDeep Panuke reservoir regiomere named bthe operator athe High Permeability
Reef Front (HPRF) and theudgy Limestone (VL) area@~igure 4.3.2.). These regions are

describe below

1 High Permeability Reef Front (HPRF): this regionis extensively dolomitizedith ahigh
density of fracturesThe Deep Panuke production weMls79A, 70 and D41 are located
in this regionDue to the extensive fracture network, the majority of the recoverable gas in
Deep Panuke is located in the HPRF-.

1 Vuggy Limestone (VL): this region has high porosity and high permeability limestones
with a moderate density of fracturing.-68 andthe PR3C discovery wellwere drilled in

this region
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Figure4.3.21: Deep Panuke Reservoir Regio28@6 DPA. The VL and HPRF are the twoain Deep Panuke
reservoir regionand allproduction wek are located in these areas

The operatoconducteccomprehensivéogging While Drilling L WD) and wireline logging
programs inthe Deep Panuke exploration and delineation wellsis includedflow testing,
production logginghigh-resolutionimage logs conventional coretotary sidewall coresand
wireline formation pressureandfluid samples. The large vugs in the VL region and extensive
fracturing in the HPRF made the acquisitiorrofnventional and sidewathallenging. As a result,
most cores wer acquired in the lower porosifiyt i g ihténals r@sulting in undesampling of

the higher quality reservoir intervalBhesesampling limitationsaffectedthe operatay ability to
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fully characterize th®eep Panukeeservoir Figures 4.3.2.2 and 4233 show the porosity
permeability relationshipsfor dolomite and limestongock typesbased onthe available

conventional and sidewall core data

Dolomite Facies SWC vs Whole Core
(samples with fractures not included)
1.0E+04 ‘ . . . :
| | | | |
| I I I I
| I I I
1.0E403 b L. [ [ #_y=09057e¥ 1 __
| | | |
| I I I
| I I I I
1.0E+02 § ——--———--—- Pomoososooos e Foscomooooos pocososomcss Po=csoonosos
| ; i i i
| I I I I
I 1 1 1 1
1.0E+01 +---—- mm==—e e Fo——======== F==========- P=========== Fo==========
I I I I
| I I I '
x ] i i i y = 0.0209e%7
1.0E+00 " e L cmmccmccan b L ecmccaae R2=0.1621 _
] l . l :
I 1 1 1 1
| 1 1 1
| I I I I
1.0E-01 -----——- e - ! Fecssssossss Fos=sossssss bescs=ssssss
| 1 1 1 1
| 1 1 1 * 1
*e & >+ } * : : : :
1.0E-02 f--¢-e¢ -t bommmmmm - bommmmmmo- Bommmmmmmm bommmmmmm- oo
| 1 1 1 1
| I I I I
| I I I I
I 1 1 1 1
1.0E-03 ‘ . . . .
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Porosity
| + SWC = WC =—Expon. (W C) — Expon. (SWC)]

Figure4.3.22: Dolomite PorosityPermeability Cros®lot (2006 DPA. Fink points are frontonventional
core and the blue points are from sidewall core.
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Limestone Facies
(>2% porosity)
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Figure4.3.23: Limestone PorositfPermeability Cros$lot 2006 DPA.

Table4.3.2.1lists the petrophysicaproperties included in the 2006 DPA feaich Abenaki

zonepenetrated bthe Deep Panukevells.
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Table 4.3.2.1AveragePetrophysical Properti€¢2006 DPA)

Top Base Gross Net Pay Porosty Sw
Well | Interval| TVDSS | TVDSS | Thickness| Thickness . :
(fraction) | (fraction)
(m) (m) (m) (m)
ABG6 3313.1 3362 48.9 0
PR3C AB5 3362 3487.3 125.3 85.4 0.17 0.34
AB4 3487.3 3575.5 88.2 11.8 0.06 0.78
Total 3313.1 3575.5 262.4 97.2 0.16 0.36
ABG6 3317.4 3369.9 52.4 0
PL1A AB5 3369.9 3503.7 133.8 6.9 0.04 0.29
AB4 3503.7 3543.3 39.7 0
Total 3317.4 3543.3 225.9 6.9
AB6 3318.5 3368.7 50.2 0
PL1B AB5 3368.7 3493.1 124.4 38.6 0.05 0.13
AB4 3493.1 3521 27.9 10.2 0.06 0.1
Total 3318.5 3521 202.5 48.8 0.06 0.13
ABG6 3365.5 3417.2 51.7 0
M-79 AB5 3417.2 3572.8 155.7 13.5 0.04 0.58
AB4 3572.8 3658.1 85.2 0
Total 3365.5 3658.1 292.6 13.5 0.04 0.58
ABG6 3350.6 3405.4 54.8 4.3 0.04 0.43
M-79A | AB5 3405.4 3445.3 37.8 16.2 0.08 0.06
Total 3350.6 3445.3 92.5 20.6 0.07 0.1
ABG6 3349.7 3394.4 44.7 6.2 0.12 0.23
H-08 AB5 3394.4 3532.1 137.7 105.8 0.23 0.23
AB4 3532.1 3644.2 112.1 0
Total 3349.7 3644.2 294.5 112 0.22 0.23
ABG6 3326.1 3378.1 52 1 0.06 0.26
F-70 AB5 3378.1 3515 136.9 75 0.09 0.06
AB4 3515 3597 82.1 0
Total 3326.1 3597 270.9 76 0.09 0.06
AB6 3250.9 3295 44.1 0
F-09 AB5 3295 3412.4 117.3 11 0.05 0.46
AB4 3412.4 3529.8 117.4 15.8 0.04 0.72
Total 3250.9 3529.8 278.8 26.8 0.04 0.6
AB6 3308.4 3364.7 29.4 2.5 0.03 0.61
D-41 AB5 3364.7 3475.6 110.8 91.4 0.09 0.06
AB4 3475.6 3572.2 96.6 28.2 0.09 0.07
Total 3308.4 3572.2 236.8 122.1 0.09 0.07
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Pressure dta acquired by flow testing and wireline formation testing indicateat the
Abenakigas reservoiwasnormally pressurethydro-pressured)This data also showehat there
wasonly onegaspool at DeepPanuke, whiclwasunderlain by a regional aquifefhe above
pressure data was used to define thevgater contact (GWC) for the fieldcatedat -3504 m

TVD-SS(Figure4.3.2.9.

Deep Panuke Pressure Data (MDT , F70PLT and Well Tests)

Pressure (kPaa)
36200 36400 36600 36800 37000 37200 37400
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Figure4.3.24: Theelevation of the GW@vas estimated aB8504m TVD-SS (2006 DPA)

Based on th006 DPA, the vertical and horizontal extent of the aquifer and the degree of
connectivty with the Deep Panuke gas powkre not fully understood prior to the start of
production,due tothe limited number of wellsand the complex nature of the reservdine
operatoridentified aquifer size and connectivity the gas zone akey uncertainties thatould
havea significant impact oroverall recovery.The following Table4.3.2.2summarizeshe main

reservoir propertiefr the Abenaki gas pool
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Table 4.3.2.2: Reservoir Fluid Properties (2006 DPA)

Reservoir Fluid Parameters

Reservoir Datum Depth

3309 mTVDss

GWC 3504 mTVDss
Temperature at Datum 123deq.C
Gas Gravity 0.62

Condensate Gas Ratio

3.28Bbls'MM scf

Formation Volume Factor

0.004 rsm3/sms

Initial Reservoir Pressure at Datum

363 Barsa

When constructing theigeological modelsthe operatomuusedneural network analyss

combined withseismicattributes to estimatgorosityacross the fieldA training data sefor the

neural network was developed whidonsisted of petrophysical total porosity and seismic

attributes extreted from seismic traces aftell locations. Theneural network model was then

trained on seismic attributes to predactrosity across th8-D seismicvolume. This procedure

was done separateffor the VL and HPRF regionsThe operatorgeneratd a number of

deterministic estimatdsr OGIP for both HPRREnd VLregions These estimates were developed

by using different

porosity

m o. @heek of these rdoddisy

(ASmal | 0,A LAaMi gdedse)ecteddeyneeperatoto construct theireservoir simulation

models. Tal®d 4.3.2.3showsthe OGIP values fromthese simulation models.

Table 4.3.2.3: Simulation Model OG({R006 DPA)

Simulation Model HPRF OGIP VL OGIP TOTAL OGIP
E9m3 (Bcf) E9m3 (Bcf) E9m3 (Bcf)
Small 19.8 (700 2.5@87.5 22.3(787.9
Mid 26.6 038 2.9 (L0L.5 29.4(1039.5
Large 32.9 (1162 5.7 203 38.7(1369

In the simulation modelhe HPRF area was modélas a duaporosity resergir. Simulation

modelng yieldedrecovery factas in therange of 0.40 0.79 forthe HPRF regionln the 2006
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DPA, the operatoracknowledgedthat there wereadditional risks associated with fracture
heterogeneity, well completion problems and poor well perfoomaat high water cutsould
decreaseverallrecovey to aslow as 20%The operatoalso observed thaiverallDeep Panuke
gasrecoverywasmost sensitive to OGIiA the HPRErecovery factoin the HPRF an¥L aress,
and aquifer size anlansmissibility The following table showthe estimatedRGIP for the VL

and HPRF reservoir regioliable 4.3.2.1

Table 43.2.4: Deep Panuke RGHY Reservoir Regio(2006 DPA)

Reservoir P90 P50 P10 MEAN
Region E9m3 (Bcf) E9m3 (Bcf) E9m3 (Bcf) E9m3 (Bcf)
HPRF 9.8 349 16.1 669 24.0 849 16.5 684

VL 1.4 48) 2.0 (72 3.0 (L06) 2.1 (75)
Total 11.5 407 18.3 6495 264 (93] 18.7 659

The2006DPA stateghatthe number of wellsequired tceffectivelydevelop the Deep Panuke
reservoiris uncertainprimarily due to the uncertainties associated with RGIP, aquifer @k
aquifer connectivit. The operatoistated inthe 2006 DPA that they woulde-usefour of the
existingDeep Panukevells H08, M-79A, F-70, and D41 andplan todrill oneadditionalproducer.
The2006DPA indicated that there could bes@acond phase dievelopment, whickouldinclude
drilling up tothreeadditionalproduction wells This second phase of development would depend

on well and reservoir performance once production had commenced

The following chartgFigures4.3.25 and 4.3.26) showthe2006DPA probabilistic assessment

of forecastedlaily sales gaand water production rate
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Figure4.3.25: Deep Panuke Forecasted Sales Gas Rate (2006. DR&maximum predicted gas rate is

300 MMscf/d.
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Oct. 2010 Start-up, 2 Month Ramp-
|

Daily Water Rate (MBWPD)
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Figure4.3.26: Forecasted Water Production Rate (2006 DAAE maximum daily water production rate
is 40,000 bbl/d.

In the2006DPA, the operatoridentified the followingkey subsurface risks:

1 OGIPrange

1 Recovery efficiency

1 Aquifer drive potentik

1 Compartmentalization of the VL area
1 Fracture heterogeneity the HPRF

1 Well completion problems

4.3.3. Development Economics
In the2006DPA, the operatoused éscounted cash flow analysisth a number of sensitivities

Theoperatorexpected significant vebility in monthly operating costs mainly due to the impact
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of thePFCleasng cost, whichwas assumed to constitute the single largest component of operating
costs. Annual operating costs including the PFC lease cost was estimated to be $158@miNon
per year + 25%. The cost ofirilling any futurewells includingthe tie backto the PFCwas

estimatedo be $120 milliorSCDN.
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5. CNSOPBReservoir Characterization of the Deep Panuke Field

5.1. Seismic Interpretation Overview

The majority of the reoverable gas reserves in the Deep Panuke field are locatbd in t
Abenaki 5 sequencé time structure map of the Abenakissshown in map viewn Figure5.11.
Seismic Profile AocAG i nt er s e BR36 discdvery wellaamduhke @ueenslaneBBlwdl
which was drilledo evaluate a different play concept theslope of thecarbonate bank.

The trap for the Deep Panuke gas field mombination structural and stratigraphic trajpe
structural elevation increases to the north and northeast argeplto the southwest where it drops
below the GWCThe Abenaki 5 is overlain by tight upper foreslope limestones of the Abenaki 6
sequencewhich providesan effective top seal. Slope failure has created a scallopedrtzagin,
which limits thef | e &xtdr@ ® the northeast of the MarCoh4 well. The porosity in the
dolomitized and leached refbnt limestones of the Abenaki tansitions to the north and
northwestto tight backreef oolitic and mudstone facies which prowdee lateral seain the
landward direction

The Abenaki 5 seismic reflection is generally picked as a peak, but transitions to a trough
where highly porous and vuggy limestsrage encountered. The interpretation becomeszre
challenging in the seaward directibayondthe slopebreak. Figures5.12,5.13,5.14, and5.15
areseismicdip lines througtihe Deep Panuke production wells

It should be noted thalé structure maps produced by the CNSQ@RBgenerally consistent

with themaps produced hiyne operatar
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Figure5.1.1: Top Abenaki 5Time StructureMap (upper figureland seismic profilé r o m  A(lowweofiguted On
the seismigrofile, the top of the Abenaki 5 is shown in yellow and the Scatarie is shown in black.
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Figure5.1.2: Seismic dip profilehroughthe Panuke B0 and Panuk&1-79M-79A wells.
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Figure5.1.3: Seismic dip profilehroughthe Panuke 9 andPanukeH-08 wells.
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Figure5.14: Seismic dip profilehroughthe Margaree #0 well.
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Figure5.15: Seismic dip profilahroughthe MaCoh D-41 well.

5.2. Petrophysical Overview

The CNSOPBconductedan independent petrophysical analysistiod wells in the Deep
Panuke fieldutilizing all available well logs, coresand pressure dataPorosity wastypically
calculatedusingthe densityneutron crossplot methoBorosiy was calculated from the sonic log
in the intervals where the density and/or neutron dataofvasor quality or missing=ormation
water resistivity Rw) was determingby analysis of water samples obtained fromRhauke PRI
1A well. True formation resiivity (Rt) was determined from the deep resistivity measurement

and watersaturationSw) wascalculatedusing the Archie equation
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Wireline formationpressuredata was crossplotted to determine the elevation oD#nep
Panukegaswater contact (GWC)The elevationof the GWC, from wireline pressure dateas
consi st ent-downttcho tahredipfiipw@asteclrevati ons det er min
with formation flow test results. BC NS OPB 6 s GWC wa sthedGdCalcutatede n t

by the operatn

The Vuggy Limestone (VL) region of the Deep Panuke reservoir consists of cavernous vuggy

porosity with some fracture porosity. The Vi&gionhas high average porositiesthe Abenaki 5

which varyfrom 0.19(PR-3C)to 0.23(H-08). The High PermeabilitReef Front (HPRR)eservoir

region has fair average porositiesthe Abenaki Sbut a moderate to high degree of fracture
porosity. The average porosity of tAbenaki 5 in the HPRF, for theDeep Panuke production
wells (M-79A, 70 & D-41) varies from @9 - 0.10. However,formation micreimager log
combined withflow testing and production logging Y& demonstratedhere is a significant
network ofconnectedractures in the HPRF. Due to tlegtent and permeability of the HPRF
fractureporositysystemapproximately 83%f the gagproduced from the Deep Panuke field was

produced from thiseservoirregion.

Conventional and sidewall core data was used to evaluate the relationship between porosity
and permeability. It was determined that a porosity off Was approximately equivalent to a
permeability of 0.mD, whichis the typical permeability cutoff for gas reservoirhe following
cutoffs were used to calculate net pay for the Deep Panuke wells: Porodit§4, Sw<=0.70,
and Volume of Shale (Vshg=0.30.The results ot h e C N Séthysical analysis are

summarized in Tablb.2.1
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Table 5.2.1 CNSOPBDeep Panuke Reservoir Proe8ummary

Net Pay

Well Zone Top (m MD) Base (m MD) | Net Pay (m TVD) Poro§ity (fra?:\'glon)
(fraction)
Abenaki 6 3714.0 3913.3 20.1 0.05 0.53
Panuke PRBC Abenaki 5 3913.3 4050.0 75.8 0.19 0.36
Abenaki 4 4050.0 Not penetrated 8.0 0.08 0.57
Abenaki 6 3662.0 3855.5 3.8 0.05 0.55
Panuke RILA Abenaki 5 3855.5 3990.3 2.0 0.06 0.56
Abenaki 4 3990.3 Not penetrated wet N/A N/A
Abenaki 6 3662.0 3859.2 3.0 0.05 0.60
Panuke RILB Abenaki 5 3859.2 3993.0 24.5 0.07 0.33
Abenaki 4 3993.0 Not penetrated 2.0 0.08 0.44
Abenaki 6 3292.0 3424.0 8.6 0.06 0.36
Panuke H08* Abenaki 5 3424.0 3571.5 98.9 0.23 0.25
Abenaki4 3571.5 3683.5 wet N/A N/A
Abenaki 6 3250.0 3446.0 2.6 0.06 0.60
Abenaki 5 3446.0 3571.0 15 0.06 0.61
Panuke M79 Abenaki 4 3571.0 3704.5 wet N/A N/A
Abenaki 3 3704.5 4118.0 wet N/A N/A
Abenaki 2 4118.0 4330.0 wet N/A N/A
Panuke M-79A* Abenaki6 3250.0 3482.0 1.2 0.04 0.54
Abenaki 5 3482.0 Not penetrated 14.6 0.09 0.25
Abenaki 6 3222.0 3425.7 7.9 0.05 0.49
Margaree F-70* Abenaki 5 3425.7 3562.5 61.80 0.10 0.23
Abenaki 4 3562.5 Not penetrated wet N/A N/A
Abenaki 6 3246.5 3406.2 1.1 0.07 0.57
MarCoh D-41* Abenaki 5 3405.2 3523.4 79.0 0.10 0.25
Abenaki 4 3523.4 Not penetrated 22.5 0.15 0.21

*Deep Panuke production well.

5.3 Dynamic Simulation Model

TheDeep Panukeythamic reservoisimulationmodels werelevelopedy the CNSOPRISing

all available dataStructuraj geological informatiomnd reservoir properties wergerpretedrom

seisnic data,well logs, well testandwireline pressure datasdescribedabove Thisinformation
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was used to develagp series of structural (seisndepth nap9 and reservoir property mapise(
porosity, gross and net thicknemsdwater saturationfor each Deep Panukeservoir zone (i.e.
Abenaki 6, Abenaki 5, Abenaki 4 etc.). Where necessary the maps were adjusted to ensure the
honored the well data. The matrix permeabilty map was derived by applying a
porosity/permeability transform to the porosity maphese maps were the main geological,
geophysical and petrophysicalputsto t h e  C N Sr&EBroi Smulation models.The
directional surveys for eaclell were also loaded to ensure the well penetrations through each
reservoir zone weraccurateThe above maps and data wayedded to create a simulation flow

model

Fluid modelswere built fromPressure/Volume/Temperatu@\(T) dataobtained from wel
samples.Special core analysidata (e.g. relative permeabilitgapillary pressupewas also
incorporated into the models to better describe fluid flow through the resdteck.mechanics
analysis providednformation on how the rock propertiesich & porosity and permeability
respond to changes in pressure during producfoalytical aquifer modelsvereadded to the
simulation model to provide functions that model the influx of water and the resultant pressure
support to the reservoir. Informatidrom the fluid models and saturation functiomere used
together withthe observedelevation of the gas waterontact to intialize reservoir fluid
distributions.Well modelswere created from the trajectories of drilledells, whichincluded
detaisofea ¢ h  weenktriudiion €.9.tubing, perforations, completion equipmeid). The last
stage in buildinghereservoir modelvasto incorporateactualproduction datéor each well This
datawasused to calibrate the reservoir model during history niagcloncehemodelwashistory

matched to the observed data, field management strategfieassessedia predictive modeling.
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CNSOPBOs

Panuke depth structuneaps intasimulatian surfaces. Four separatepthsurfaces were generated
(Abenaki 6, Abenaki 5, Tight Streak and Abenaki 4). These surfaces weredimesrtedinto
horizons Figures5.3.1). These horizons were gridddeigure5.3.2) and wereonvertednto three

separateeservoir simulation zone34ble5.3.1 & Figure5.3.3).

I sidutapore madled building pocessbegan by convertingthe Deep

Table 5.3.1: Reservoir Simulation Zones

Zone Top Horizon Bottom Horizon
1 Abenaki 6 Abenaki 5
2 Abenaki 5 Tight Streak
3 Tight Streak Abenaki 4

The gids providea detailed3D modelof the substface in which the volumetric and dynamic
simulation calculations are performésatidsareused for dynamic simulations and their properties

are frequentlyupscalée from the geologica)] geophysical and petrophysical inptits create a

modelwith a coarseresolutionto optimize the performance of the simulation model
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Abenaki 5 Surface.grd
Elevation depth [m]
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ABENAKI 5

Figure5.3.1: Depth structure map of the top of Abenaki 5. Warmer colours show structural highs while
cooler colours indicate structural lows.
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Figure5.3.2: Simulation modeGrid assignment.

40

5000

Ge000

156000

1054000

1850000+ axis

nesm00

1846080

sast000

w1000

o0




CNSOPB Deep Panuke Resource Management Study

—-’-”/_’_,.’/'—/-’-”—‘Z>183

Reservoir Zones

Figure5.3.3: Threedistinct reservoirzoneswere defined in the simulation model.
The final simulation model consisted of 1,019,520 geltscThe rumber ofgrid cellsand cell

dimensionsvereselected tmptimize simulation run time whileairtainingreasonablaccuracy

As a highly fractured reservgiDeep Panuke had to be simulated atual permeability
reservoir. In this method, eaghd cell isassigned separateatix andfracturereservoir properties

(Figures 534 & 5.3.5).
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Figure5.34: This figure shows how fracture and matrix is visually represented in the simulation model.
Matrix is shown with squares and fractures are shown as channaksctiog the matrix blocks.

Separate properties
assigned to matrix &

. fracture.

HEEEEEEEREEEDPE

Figure5.35: Matrices are shown with squares and fractures are shown as channels conneatiaixhe
blocks Separate properties such as porosities, permeability and saturations were assigned to matrix and
fracture.
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The Abenaki 6 and Abenaki Zoneswere assumed to havern porosityin the model This
assumption meanfor modeling purposethese zonewere assumed to contain hgdrocarbos.
For the Abenaki 5, reservoir properties such as poyoaitd né to grassweredeterminedrom

reservoirproperty maps

The followingFigures 5.3.6 and5.3.7 showinitial porosity and net tgross ratios assigned to
thegrid cells. The assigned Abenaki 5 porositiesigel fromzeroto 22.5% and the assigned net
to gross ratie ranged fromzeroto 0.97.Figures 5.3.8 and5.3.9 show the distribution of these

properties in the initial wealibrated simulation model.

AB 5 PORO
Porosity [m3/m3]
0.2200
0.2000
0.1800
0.1600
0.1400
0.1200
-0.1000
0.0800
~0.0600
0.0400
-0.0200

ABENAKI 5 Assigned Porosities

Figure 5.3.6: This figure shows porosities assignedgrid cells that belongetb Abenaki 5as the main
simulation layerWarmer colouréndicatehigher porosities.
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AB § NTG
Net/Gross

0.9000
0.8000
0.7000
0.6000
0.5000
0.4000
-0.3000
0.2000
- 0.1000
0.0000
-0.1000
~-0.2000
—-0.3000

ABENAKI 5 Assigned Net to Gross Ratios

Figure5.3.7: This figure shows net to gross ratios assignegria cells that belonged tAbenaki 5as the
mainsimulation layerWarmer colours igicate highenet to gross intervals
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Figure5.3.8: Abenaki 5porosity distribution used in the simulation model.
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Figure5.3.9: Net to gross ratidistributions used in the simulation model.
Porosity distibution shows that mostssigned cell porosities are below 12%. The net to gross
ratio distribution shows that teeratios are assigdemore evenlyand aregenerallybelow 0.75.

Wells and perforations were also added to the mashiown inFigure5.3.10.

Figure5.3.10: The four gas production wells shown in the Abenaki 5 layer. Well perforations are also shown
in green in the figure.
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The main reservoizone(Abenaki 5) was divided into two separate regidnsiestone (VL)
and High Perm Reef Front (HPRHigure5.3.11). The VL region consisted of 24.3%tbketotal
number of Abenaki 5 grid cellnd the remaining 75.7% gfid cellswere assignetb the HPRF
region. HO8 was the only production well in the Yégion The otler thregoroductionwells were

drilled in the HPRF regiorivL to HPRF boundary was modeled as a fanlevaluatehe degree

of connectivitybetweerthe tworeservoirregions.

Figure 5.3.11: The two distinct reservoir zones, Vuggy Limestone (VL) andRtigh Reef Front (HPRF), are shown
in the figure. The FD8 production well located in the VL area and the other three production wells are located in the
HPRF area (M79A, 70 and D41).

It is important to note tha¥l-79A isnearlyhorizontalin the Aben&i 5 well while the other
threeproduction wells areertical. As mentioned irthe previous sections, on@ay expectgas

recoveryfrom a horizontal well to be higher tharertical wells since the perforated zoisan
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contact withmore fractures. As will & discussed in future sectiongell performancendicated
that this was not the case since these fractures also delivered more water to the well. The horizonta
orientation of M79A did however increasethe rate of water drain ba@nd pressureecovery

duringshut in periods.

Porosity/permeability relationship for each reservoir region (VL and HRRE@etermined
from conventional and sidewall careThese relationships were applied gorosity maps to
generate permeabpifor each reservoir regnh and zoneThe fdlowing Figure5.3.12 showsthe
generateghermeabilitymaps in X and Y directions (PERMX & PERMYAs can be seen in the
map initial permeabilityin the VL regionis considerably higher than the HPRIEe to higher
matrix porosities inHis region Initial permeabilites in the Y direction werassumeaqualto X
direction PERMX). Initial permealities in Z direction (PERMZ) were assumedequal to

PERMX/10(horizontal permeability divided by 10)
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PERMX
Permeability X [mD]

1000.0000
100.0000
10.0000
1.0000
0.1000

—0.0100

Initial Permeability in
X & Y Directions

Figure5.3.12: The dove figure shows the initial permeability assigimethe X (horizontal)directionin the Abenaki
5 layer. The amepermeability valuesverealso assigned in the (¥ertical) direction.

In addition to the simulation modeling described earlier atysiseof theH-08 well testdata
was also conductei improve reservoir characterization in tiie area TheCN S O P B-08s
well testresults and interpretatiomppear belowPressure anflow rate data were plotted atfie

main buildup period was analgd Figure5.3.13).
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Figure5.313: Analysis ofH-08 pressure build up data.

After enteringfluid properties, differentnodels were tested to finldebest typeurve matches.
Type curves are useduvell testanalysis as a ntieod for quantifying well and reservoir parameters
such as permeability, skin and wellbore storage by comparing the pressure change and itg
derivative of the acquired data to reservoir model prebuilt curve famllies best typeurve
matcheskigure5.3.14 & 5.3.15) resulted froma composite radial model withcanstant pressure
outer boundary that consisted of four zonEgyre 5.3.16). The constant pressure boundary
confirms the existence of an aquifettla outer boundary'he innermost zone (3% radius) has
a very high average permealyilifl640 mD). This high permeabilitgonfirms the existence of

fractures and vugs. Permeability decreasgsificantly in the secondhird and fourthzones. The
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outermost region has a very laverage permeabilitgf 4 mD. These findings werbonaired

when assigningermeabilitiego simulaton grids in the FD8 area

Radial
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Figure5.3.14: The above figure showsedtradial match generated using a compasitelel for the HO8 build up
period.
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Figure 5.3.15; H-08 type curvematchwas used to estimate reservoir properties fordifferent layers using a
compositemodel.
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Figure5.3.16: H-08 Composite ModelThe four regions and their associated radiuses and pefityeatd shown in
the figure.The best type curve match was obtained using this 4 layer composite ioidaiodel resulted in an
OGIP of approximately 3.7 E9m3 (130 Bdfr H-08.

Special core analysis data sucltagillary pressure and relative permiéigbwere used to
create 12 separate saturation regiontie simulation model. These saturation regamsshown

in Figure5.3.17.
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Saturation Regions

Figure5.3.17: Saturation regions were assigned baseparosityranges. Each of these saturaticegions were then
assigned a unique capillary pressure and relative permeability curves using special core analysis.

Capillary pressure and relagivpermeability curves wenesed to generatan initial water

saturation modedsshown inFigure5.3.18.

53




CNSOPB Deep Panuke Resource Management Study

Water saturation (SWAT) - fracture / Water saturation (SWAT) - matrix
Water saturation

~1.00000
0.90000
0.80000
0.70000
0.60000
0.50000
0.40000
-0.30000
0.20000
0.10000

Initial Water Saturations

Figure5.3.18: Abenaki 5Initial Water Saturation Map
The following pressure magFigure5.3.19) resulted fromthe model initializationdescribed
above Initial pressure was in the range of 320 to 388 41 to 5627 p3iwith a mean initial

reservoir pressure of around 356 b@&H63 psi)
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Figure5.3.19: Abenaki 5initial reservoir pressure mapote pressure is consistent in each layer across the reservoir.
The size and strgth of the aquiferwasdetermined to be a significhuncertainty and majo
risk to gas recovery from Deep PanuKbese were considered lesy variables inthe simulation

modeling and sensitivity analysis.

5.4 Flow Simulation

The rext step inbuilding the simulation modetas defining annitial projectdevelopment
strategy The initial development plastrategy in the 2006 DPAassumed gas production rages
shown inTable5.4.1 from the wels. The maximum water rate each well could producefore
the well had to bshutin, was set t8974.7m3 (25,000 bbl/d and nmimum gas rate from each
well was assumed to e42 E6n3/d (15 MMscf/d. These theoreticalonstraintsvere used by
the operatom their depletion plan model$he CNSOPB conducted various sensitivity anatys

around these constraints.
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Table 5.4.1: Initial Development Plan Gas R&&306 DPA)

Well Gas Production Rate
E6m3/d (MMscf/d)
D-41 2.0 (70)
F-70 1.4 60)
H-08 1.8 65)
M-79A 2.5 @0)

The followingcharts show the results thie un-calibratel initial simulation runs for each well.
Gas rate\Waterto Gasratio (WGR), cumulative gas pduction andwell pressures wenglotted

for thefour Deep Panukeroductionwells.

Tas Producion Varame, [e
24E-5 28E+§ A8E+

Symbol legend
Gas production rate Water-gas ratio Gas production cumulative Pressure

Figure5.4.1: D-41initial simulationresults The red line shows gas production rate. Pink line shows cumulative gas
production. WGR is shown in blue and wellhead pressure is shown in gray.

D-41 well performance chalfFigure5.4.1) indicatesthat a production rate o EG3/d (70
MMscf/d) could be sustained until Q1 201%he gas rate would start declining in Q1 2019 and

reachtheminimum well gas rate dd.42 E6n3/d (15 MMscf/d) in Q3 2024.
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Figure5.4.2: F-70 initial simulation results The red line shows gas production rate. Pink line shows cumulative gas

production. WGR is shown in blue and wellhead pressure is shown in gray.

F-70 well performance chaffFigure5.4.2) shovs thatthe production rate oflL.4 E6n3/d G0

MMscf/d) could be sustained until Q2 20T8he cas production rate started decliningQ2 2018

and reacheda minimum rate o0f0.42 E6n3/d (15 MMscf/d in Q2 2022 The well was

automaticallyshutdown in the simulatorwhen the minimum gas rate was reachiue WGR

trend demonstratethat water production from the wellould start in early 2014 and reaahate

of approximately87.4 m3 (650 bb)/d in Q2 2022Gas pressure buHdp is also seen after the well

is shutin due to lower thar0.42 E6n3/d (15 MMscfd) gas rate. This pressure bui@ is

associated with gas-saturation of the neawvellbore region. This gas 1gaturationsuggests

continuoudeed of gas from the matrix to fractures even after the well isishAtso considering

the WGR trend, wagr loading isnot an issue for this well based on this initial-cadibrated

simulation model.
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Figure5.4.3: M-79A initial simulationresults The red line shows gas production rate. Pink line shows ctivaula
gas production. \BRis shown in blue and wellhead pressure is shown in gray.

M-79A well performance chaffFigure5.4.3) indicatesthat a production rate o2.5 E6n3/d
(90 MMscf/d) couldbe austained until Q2014.The @s rate would start denlhg and reach the
minimum well rate 00.4 E6n3/d (15 MMscf/d) in Q2 2019. VGR trend demonstratabat water
production from the weNvould start in early 2014 and reaatwater flowrate of approximately
100 bbl/d in Q2019.Gas pressure buHdp is alscseen after the well is shirt due to lower than
0.4 E6M3/d (15 MMscfld) gas rate. This pressure builg is associated with gas-saturation of
the near wellbore region. This gassauration showa continuous feed of gas from the matrix to
fractureseven after the well is shin. Also considering th&VGR trend, water loading is never an

issue for this well based on this initial-aalibrated simulation model.
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Figure5.4.4: H-08 initial simulationreaults. Thered line shows gas production rate. Pink line shows cumulative gas
production. WGR is shown in blue and wellhead pressure is shown in gray.

H-08 well performancehart (Figure5.4.4) indicateghata production rate 0.8 E6n3/d (65
MMscf/d) could be sustained until Q2026 (final simulatiorrun date).The s rate would not
start declining until the simulation run reaches its final date and theraovasiter production

from the well during the simulatiomn period.

Figure4.4.5 shows a comparison of cumulative gas productiom thefour productionvells
totheerd of 2025. As can be seen in tfigure, based on the initial simulation rufd;08 produce
significantly more gas than thereeHPRF wells(D-41, M-79A & F-70). Thisis mainly related
to the higher permeability and porosity bétVL area in the initial moddh the HPRF area, based

on the initial simulation runD-41 produce the most gas followed by -#0 and M79A. Thisis
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mainly due to 41 being higher irstructue as well ashow porosity and permeabilitgre

distributed in the neawellbore region.

4BE+S

Gas Production Volume, [sm3]
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Symbol legend

D-41 F-70 H-08 M-79A

e

Figure5.4.5: Cumulativegasproductionfrom the four production wells tond of 2025 H-08 produces the mogas

andM-79A produces the least amount of gas based on the initial simulation model.

The following tablg(Table 5.4.2) showsumulative gas production from each well to the end

of 2025 resulhg from the initial simulation runThese volumes are consistevitht h e

2006 DFA recoverable gasstimates

oper at

Table 5.4.2Un-calibratedsimulationmo d e untulativecgas production md of 2025

well Cunulative Gas Production tBec. 225
E9m3 (Bcf)
D-41 5.7 201)
F-70 3.5 (122
H-08 8.1 287)
M-79A 2.4 (85)
Total 2.0 695
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A comparison oMWGR trendsfrom the initial modekun for the four production wells is
shown inFigure5.4.6. Based on theesultsof these urcalibrated initial simulation model$-
79A wasthe first well thatvasexpectedo startproducing water followed by-iFO and D41 H-

08 wasnot expected tgroduce any wateauntil the end of 2025. Based on this initial simulation
model results, none of tHeeep Panukevells wereexpected tdhaveissues withwater loading.
The higlest water ratevas from F70 and wagapproximately79.5m3 G00bbl)/d, whichwaswell

below the technical wat@roductioncapacity of thendividual wells of 3974.7m3 (25,000 bb)/d.
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Figure5.4.6: Well WGR profiles for the four production wells are shown. It can be observed that based on the initial
simulation model, M79A was the first well to produce water followed by & and D41. H08 did not produce any
water by the end of 2025. Water production Wwaghest for F70.
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5.5. History Matching

Production fromthe Deep Panukéield started in August 2013 arehdedin May 2018
Actual production datavasused to calibrateral history match theimulationmodel. Reservoir
characterization was periodicatdjusted to improvhkistorymatchng. It is important to note that
thefinal calibratedeservoir characterization and simulation model resstmmarized beloyare
based ora large number of simulation rungxtensivehistory matcing and reservoiproperty
refinementsin this report, the history matching process amdulationresultsare divided into
two separate timéramespre and post watg@roduction.This simulation model was regularly used
to analyzehevarious depletion scenarigsoposed ¥ the operatoto ensure economic recovery
from the reservoir was maximized\ description ofthe major reservoir characterization

modifications for each wels described below.

The accuracy of history matches and the ability of the resesivoidationmodel to accurately
predict recovery decreased after water production started from the wells. Figure 6.2.2 shows field
level history matches from the start of production in August 2013 to May 2015. As can be seen in
the figure, the history matches were @@ble up tahe beginning of water productioit is
unrealistic to expect a reservoir model to fully characterize complexity and heterogeneity of the
reservoir and, for this reason, other methods including the use of extrapolations of observed data
and etablished performance trends (decline analysis) were incorporated in forecasting

performance.
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5.5.1. PanukeH-08

Water production fronH-08 started in June 2014. As shown kigure 5.4.6 early water
production fromthis well was notexpectedin either the operatoro r t he CilNt&lOPBO

simulation models.

Figure5.5.1.1showsH-0 8 praductivity sinceNovember 2014vhen the well waseturned to
production after beinghutin from July 2Q 2014 due tosignificant water breakthrough can be
obseved thatthe productivity of thewell declined quickly after water production startedO8
regained productivity after eachutin period mainly becauseof water draining backnto the
reservoirduring each was shurt. The last Joroductioncycles inlate2015 ancearly 2016 show
that the wellcould only producéor a fewhours to a few days. During these weak cycles, the well
produced atvery low ratesand productivity declined very quicklgue to excessive water

production Production from the wll was shutin afterit becamewvater loaded
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Figure5.5.11: H-08 well productivity. It can be seen that productivity decreased dramatically after water production
started. The increase in productivity is migiassociated with acipbbs and pressuréuild-ups after each shtin
period.Well productivity was significantly lower during the final production cgcle

Unexpectedarly water productiofrom H-08 requiredmany revisions toeservoir and aquifer
chalcterizatios in the VL areaBased on the unalibrated initial simulation runshis well was
expected to recovehe largestamount ofgascompared tdhe otherproductionwells. Reservoir
propertiessuch as porosity and permeability both matrix andractures in the F08 areahad to
be adjustedio improvehistory matcing. As shownm Figure5.5.1.4, pressure an?/GR matches
were reasonabladicatingthat the revisedeservoirdescription in the modéd likely closer tahe
actual reservoir condans. The Pllowing arethe main revisions to the 8 8 & reseavoir

characterization

1 Abenaki 5 matrix porosityas reduced

1 Abenaki Smatrix permeabity was reduced in all directiorfX, Y and Z).
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1 Thebest method fountb match water production dain the life of the well was to create
a localized high transmissibilityfault that goes through the low porosity/permeability
interval (Tight Streak) between base of Abenaki 5 and 4. This fau#ts created by
assigning high matrix and fracture permeiéibs to local cells in the vicinity of HO8
perforationgFigures 5.5.2).

1 In the final model, in order to get a match, Aleenaki 5 fracture permeabilitiémd to be
an order of magnitude highdranmatrix permeabilities.

1 The VLregionaquifer propgies such as permeability, porosity and sizeeveeljusted to

allow better historynatchng of initial water production timing and intensity.
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Figure5.5.12: This figure show$ow the model was adjusted to createcalized high tansmissibility fauli{yellow
cells)in theTight Streakto bettermatch water production from the well.
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H-08 was shut in from July 21, 201tb December 3, 2014fter water production was
observed. The WGHnhcreased aggressivesfter productionfrom H08 resumedn December
2014. Although the revised simulation model predicted very high WGRs after prodiesgtart
from the well, the WGRrendcould not be matched precis€Rigure5.5.1.3). This mismatch is
mainly due to the complexity of the mia-fracture system and the heterogeneity of the reservoir
andthe limited ability of the simulation modieg software toaccuratelymodel a complex dual
porosity (matrix & fracturespeservoir

Another strategy thahe operatoevaluated to incese gas recovery from the well was foam
injection. The foam was expected to decrease the density of the standing water column to a degree
that gas flow fronthe wellcould begin lifting water out of the well (foaassisted lift). The foam
was injected andvell wasre-started on January 26, 20IBhe well was able to ratart however
gas productiorstarted todedine rapidly. Despitepositive preliminary resultfrom the foam
assistedift, due to complications with thieé F Cpiosluced water system, foamenjion was shut
in and well began to slughe well water loaded an@vas shutin on Janwary 31, 2016. After
months of laboraty tests and engineering analysé was determined that complications caused
by foam injectionwere extensive an@ould not be esolved in a reasonable time and the cost of
themodifications required to the water system would be much higher than the incremental revenue

that would be realized from foam injection.
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Figure5.5.13: Panuke HO8 history matchThe gessure an#VGR matches were reasonable before water
production from the well started. Match quality was lower dfterstart ofvaterproduction

5.5.2. MarCoh D-41

D-41 was the last Deep Panuke production well to begin producing Waddr.did not stet

producing wateuntil October 2016. Thiselatively late water productios mainlyrelatedto the

well beingstructurallyhigherthan the other welland as a result h#lse greatest vertical standoff

from the field wide gasvater contact. In additiothe Tight Streakact asan effective barrier to

verticalwater encroachmein this part of the field An acid treatment was perfoed in January

2018, after the well was shuh due toexcessivavater productionin an effortto restartproduction

andincreaseproductivity. Figure5.5.2.1 showsthe productivity of the well fronthebeginnng of

gas productiorio end of production is June 201¥his figure shows thahe productivity of the

well was on a natural declirmsthe nearwellbore area was draed. It is also evident that the well

reganed some productivity afterachshutin.
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Figure5.5.21: D-41 well productivity. It can be seen that well productivity naturally declined with producti@. It
also shows the well regained productivity after long shsit

To observe changes in well productivity, laflow Performance RelationshipPR) analysis
was performed &br one year of productioifhis method is used to assess well performdnyce
plotting well production rate against the flowing bottomhole press$tgelre5.5.2.2 shows the
initial and after oneyear (October 2014) IPR curves. This comparison shows that productivity
declinedduring the first yeabut not significantly. The Absote Open Flow (AOF) decreased
from close tdb.7 E6Nn3/d (200 MMscf/d to around4.5 E6n3/d (160 MMscf/d. AOF o a well is
the rate at whickvell would produce against zesand facdack pressurdt is used as a measure
of gas well performance becauseqgitantifies the ability of a reservoir to deliver gas to the
wellbore. Deliverability tests make it possible to predict flowesaagainst any particular

backpressue, including AOF when the bagkessure is zero.
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Initial IPR
Oct 2014IPR

Figure5.5.22: IPR analysis shows that the wells production capacity was decreased after a year of production.
Material balance analysis is an interpretation method used to determine originahfipidse

(OFIP) based on production asigtic pressure data. The general material balanaieqtelates

theoriginal gasand water in the reservoir to production volumes and current pressuligéats

Materid balance equations assume tapBe behavior ad given datum depthndthe resevoir is

12)

considered to have the same pressure and fluid properties at any location in the reservoir. Ga
material balance is a simplified version of the general material balance equdten plotted on

a graph of p/{pressure/gas deviation factmgrsuscumulative production, the equation can be
analyzed as a linear relationship. For gas reservoirs connected to aquifers, the aquifer provides
pressure support to the gas reservoir as it is depleted. In this case, the pressure decrease in the gas
reservoiris balanced by water encroaching into the reservoir. As this happens, the pore volume of

gas is decreasing and average reservoir pressure is maintained. Often this reservoir will show a flat
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