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The third chapteof the thesis Sting Study for CAES in Canada: @eomechanics Perspective, is a part of

0 KS NB LRrdkhAsseSmanEofithe Potential of Compressed Air Energy Storage in Salt Caverns across
I Yy RF£Z 6KAOKy Nalural Réshtces Cand@@mRCanimnd authored by Fraser Lord, Jai
Duhan, Mina Lee, Logan Miller, Dipanjan Basu, Maurice Dusseault, and Arjun Tharumafiagity. of the

content in the thirdchapter is researched and written by Jai Duhan, whe vesponsible for handling the
geomechanics research areaf the NRCan reporilThe nongeomechanical research areas written by other
authors are briefly summarizethe reader is encouraged to read the full reptot a detailed discussion on
non-geomechanical research areddso, aditionalgeomechanicalesearchconductedoy Jai Duharbut not

part of the NRCan reporis also addd in this chapter; ew sectiongnclude a discussion on seceodder

geomechanical parameters adlecision tree.



Compressed Air Energy Storage in Salt CavefasDuharg 2018

. {¢cw!/ ¢

As agreed in the Paris Agreemie Canada is committed to combat climate change through reducing
greenhouse ga$GHG emissions and keeping the temperature rise well below 2° C abovngustrial

levels. One of the ways to achieve this goal is through replacing high GHG emittimgiglesiurces with
renewables energy, such as wind and solar energy. However, dueitinteemittent nature, wind and solar

must be paired with energy storage to be a reliable source of electricity. Compressed air energy storage
(CAES) in salt caverizsa welldemonstrated and effective grigcale energy storage technology that can
support largescale integration of renewable$histhesisaddresse®n three major aspects ainplementing

CAES in Canady geomechanical design workflow, II) CAES sitingalt caverns across Canada: a

geomechanics perspective, and Ill) potential of deep brine disposal in southwestern Ontario.

Part | of the thesis discusses the geomechanical design workflow for CAES in salt caverns. The workflow
includes tasks and desiglecisions that are executed froay ! 9 {  LINER-f@aSilidlity Qetiod tANBd of
operation period. The major sections of the workflow include geology, data collection and mechanical earth
model, constitutive model: creep, geomechanical issues and palesign decisions, and monitoring. The

goal of this section is to identify and investigate highel geological engineering tasks that should be

considered when designing a salt cavern for CAES.

Part Il of the thesis entails a comprehensive study orsttirg of CAES plants in salt caverns across Canada.
The obijective of the study was to develop an evaluation methodology and use it to determine suitable sites
for CAES based on geology, renewable energy potential, energy demand, and existing infrastkiati:r

criteria analysis was utilized as a tool to compare and evaluate sites. Six criteria are used in the evaluation
framework: 1) depth to salt strata, 2) salt strata thickness, 3) renewable energy potential, 4) energy demand,
5) proximity to existinghatural gas infrastructure, and 6) proximity to existing electrical infrastructure. The
study will be useful to the government in developing energy policies, drafting regulations, and utilized by the

industry in deciding the location for fromind engineeing and design (FEED) studies.

Part Il of the thesis comprises of a study on the potential of deep brine disposal in southwestern Ontario.
The aim of the study was to develop an evaluation methodology and investigate suitable sites for brine
disposal m southwestern Ontario based on geological, geomechanical, and petrophysical parameters. A
multi-criteria analysis evaluation system was developed based on relevant digpoaaietersand applied

to sites throughout southwestern Ontario. Criteria usedha study include permeability, porosity, depth,
thickness, disposal formation lithology, and caprock lithology. The study will benefit industrial and academic
readers to understand the parameters required for deep brine disposalappdeciate the availahty of

suitable locations for disposal in southwestern Ontario.
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Introduction

1) LYUNRRdAzOUA 2Y

The thesis is funded by Natural Sciences and Engineering Research Council of Canada (NSERC) and Naturz
Resources Canada (NRCan) with the main objective of minimizing the knowledge gagementing
compressed air energy storage (CAES) technology in Canada. Then#joeeesearch areas presented in

the thesis are 1) geomechanical design workflow, 2) C&#®) in salt caverns across Canada: the

geomechanics perspective, and 3) potentibtieep brine disposal in southwestern Ontario.

11a2 GAGF GA2Y

The worldhas realized the impact of greenhouse gas (GHG) emissions on climate change, wélifett teaks

natural and human sysms across the globé-jgurel). By Octber 2016, 159 countries agreed to the Paris
Agreement that thrives to combat climate change through reducing GHG emissions and keeping the
temperature rise well below 2° C above gvey RdzA G NA I £ f S@Stad /Iyl Rl Qa 02Y
aligns withi KS ! y A (| SR fobdoribatidg/civdate thiange/through reducing greenhouse gas (GHG)
emissions. Canada has committed to developing adamon economy andeduceGHG emissions to 30%

below 2005 levels by 2030. One of the ways to achieve thisgbglreplacing high GHG emitting electricity
generation sources with cleaelectricity 3 Sy SNI (A 2y & 2 dzNCeBuliydStrategyyepoR I Qa  a
highlights that electrification oénd-use applications that utilize fossil fuel (e.g., vehicles, heating system

etc.) is crucial in mitigation of GHG emissi@Bavironment and Climate Change Canada, 20d6)vever,

this will also mean that electricity demand will more than double by 2050, and this demand must be met by

clean electricity. Examples of cleelectricity generation sources are wind, solar, hydro, and nuclear power.
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The pravinces with the largesimpacton Canadian economAlberta and Ontario, have creatgdians to
YSSG /FylFrRIFQa DI D SYxAaaArzy GFNBSG oe
to massiveend to coatbasedsupply from 25 % of total electricity generation capacity in 2003 to-iteal
generationin 2014, Ontario is thérst jurisdiction in North Americto fully eliminate coabased electricity
generation plantsThe province has replaced coal with renewable sources such as wind and solar. Currently,
Ontario hasa generationcapacity of 36,000 MW, out of which 11 ¥O&3 MW) is wind and 1 % (380 MW)

Aa az2ftl N» | 002 NRA yTarm ErergyhPjar, DiN&i@ i©@anning ta exterid 2h¢ generation
capacity from wind, solar and biofuels to 10,300 MW by 2021; most of which will come from wind and solar
(Ministry of Energy, 2013)Alberta is also following thimotsteps of Ontario to be codiee by 2030. As of

2016, Alberta hasa total installed generation capacity of 16,261 MW, out of which coal and wind make up
39 % (6,267 MW) and 9 % (1,491 MVWeéspectivelyofthe total generation capacityAlberta has planned to

be coalfree by 2030 and replace twihirds of the existing coal generation capacity wigémewable energy;

at least, 5000MW ofrenewable energy witbe added by 203QAlberta Government, 2097

The hrgescale integration of wind and solar energy will require energy storage technology. Wind and solar

are intermittent in nature;windmills will only generate electricity when the windiswingand solar sources

Hnon® hydl NR
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will generate electricity whethe sun isshining. Therefore, in order to be a reliable source of electricity, wind
and solar sources will need to be paired with energy storage technologies. Energy storage techriblogy wi
store electricity durindow demand periods and put it back on the grid idgrhigh demand periods. fact,

it can even be said that thiargescale integration of wind and solarla&rgely dependenbn the ability to

store energy.

One of the weldemonstrated anceffective energy storage technology is compressed air energgagt®o

(CAES) in salt caverns. Even though other storage technologies exist, CAES and pumped hydro storage (PHS
are the only two technologies capable of storing grid scale (> 50 M\&fyielsy. Depbyment of PHS requires

1) a large hydraulic headifference between upper resenir and lower reservoir, and 2argevolumes of

water. Due tothese two requirements, PHS iddasible incertainlocations such as southwestern Ontario.

CAES alsoas few advantages over PHS in terms of high energy densitall arface footprint, lowrisk
construction, and nalevastatingfailure that could affect human life. In comparison to flywheels, super

capacitors, and batteries, CAES is much inexpensive ($/kWh) and Hasytrststorage capacity.

Apart from assisting witlvind and solar integration, CAES can also provide benefits through arbitrage, load
levelling, peak shaving, and curtailment reduction. Inthe report Yt SFaKAy 3 GKS @I f dzS
study of fuelfree, compressed air energy storage for the Otarit 2  SNJ { @ aiGSY§¢ X I YR
discussed that fudiree CAE8anprovide Ontario with a value of $7.2 billiower 20 years through 8 months

per yearof wind integration anl 4 months perearof load levelling/combustion turbine (Cdljsplacement.

Wind integration and load levelling/CT displacement would provide values of $ 4.7 billion and $ 2.5 billion,

respectively.

1.2.  O1ANRBdzy R 2y GKS /1 9{ ¢SOKy2f 23

The general goal of CAES is to store energy generated at one time, generally during low demahndmerio

use itlater, usually during high demand period. Similar to PHS, CAES is a mechanical form of energy storage;
however, instead of pumping water froashigher elevation to lower elevation, CAES technology utittees

elastic potential of air to star it as compressed air. The main components of CAES technolodlyeare
compressor, thermal energy storage (only applicable for Adiabatic CAES), compressed air storage vessel,
turbine, and generatorKigure2). The concept behind eonventional CAES is to 1) use surplus power to
compress ambient air, 2) extrabieat during compression andose it in thermal energy storage (only
applicable for Adiabatic CAES), 3) store compressed air in the storage vessel, 4) releasehaatl thee

stored compressed air in the heat exchanger before being directed into théniigenerator to produce

high-cost electricity, and 5) release electricity back to the grid.
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Figure2: Components of CAES facilityApex CAES027).
Two types of CAES technologiexist: Conventional (fuefired) CAES and Adiabatic (fiede) CAES.

Compression of ambient air to high storage pressure genesiteagheat that is either wasted away using

cooler or stored in thermal energy stora¢EES). During the expansion stage, it is required tehpet the
compressed air before entering the turbigenerator for electricity generation. The main difference
between the two CAES technologies is the process ehpating the compressed air indlexpansion stage.

In conventional CAES, heat extracted during the compression stage is wasted away in the atmosphere and
natural gas is used to fieeat the compressed air in the expansion stage. Whereas, in adiabatic CAES, heat
extracted during the compmsion stage is stored as thermal enesjgrage (TES) and later usidre-heat
compressed air in the expansion stage. Reusing the heat increases the efficiency of CAES up to 70% as
compared to the 4660 % efficiency of conventional CAES. In addition,batlia CAES has zero carbon

emission because it does not use natural gas in the expansion stage.

Various aboveground and underground storage options exist to store compressed air at high pressure.
Examples of aboveground optionseasurface steel vesselshdemwater balloons, anda network of hollow
steel pipes. Underground ojoins include salt cavernbard rok mines, and aquifers. For gisdale energy

storage, there is no doubt that underground storage options are much more advantageous than the
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abovegound storage optionsThe capital cost of aboveground storageaknost double than that of
underground storagef-uthermore, the surface footprint of underground options is much lower than that of

aboveground options.

Within the underground storag options, salt caverns arteasible forgrid-scalestorage due to suitable
storage properties of rock salt such as impermeability, high strength, and ease of creation. The impermeable
nature of rock salt matrix prevents compressed air from leaking and affesfficgency.The hghstrength of

rock salt enables pressurizing and cycling compressed air at desirable rates without cavern collapse.
Generating salt caverns through solution mining is a proven technique as it has been extensively utilized in
the past tocreate storage caverns for fossil fuels. Where rock salt is not present, aquifers can be utilized as
a storage reservoir; however, a disadvantage in using aquifers is the slow flow rate that occurgluie to
presenceof water in the pore space. This limithe efficiency of the CAES syst@naquifersas compared to

salt caverns.

Two gridscale CAES facilities exist in the present day: Huntorf Plant in Germany, and Mclntosh Plant in
Alabama, United States. Huntorf plangmmesionedA Y M (T y X sXikt CAES planpahdNdasapeak
generatingcapacityof 290 MW for 3 hours. The facility utilizes two underground salt caverns with volumes

of 140,000 miand 170,000 rf) resulting in the total volume of 310,00 nThe caverns are typically operated
between 4.3 MPa to 7.0 MPa and have a maximum extraction rate of 1.5 MPa/hr (Crotoginp2€04).

The Mcintosh plant wasommissionedn 1991 and has a peak generaticapacityof 110 MW for 26 hours.

The facility utilizes a single 460 m deep cavern withvolume of 560,670 M, the cavern has maximum

height and diameter of 230 m and 72 mespectively PowerSouth Energy Cooperative, 2D1Bhe facility

typically operates between 4.5 MPato 7.6 MPa. Apart from thesedsegle CAES plants, a few CAES @@mje

are either operating at small scale or are in development stage. Some of these prof@étsizR SY | @ RNE 3
0.7 MW undes  GSNJ /! 9{ LINR2SO0G Ay ¢2NRYy{#2T hyllNR2T | @&
hyGFNR2T ! LISE . SGKST 99y SINER&E /08y MYNIES yo/nbta aaS 1/ 2t 2y
/1 9{ LINR2SO0 Ay b2NIKSNY LNBfFIYyRT YR w29 t2gSND4&

1.3wS &SI NDK ¢2LIAOCa Ay GKS ¢KSaaAa

The research is divided into thremajor studies: geomechanics desigorkflow (chapter 2), CAERingin

salt caverns across Canada: titesomechanics perspective (chapter 3), and potential of deep brine disposal

in southwestern Ontario (chapter 4). Even though these studies can be read independently, they complement
and buid on each other. Two of these studies, CAHES8gin salt caverns across Canada alekp brine
disposal potential in southwestern Ontario, are funded and published as open reports by Natural Resources
Canada (NRCan). A detailed introduction on thesectoisi presented at the start of eachapter, and a very

brief introduction is presented below.
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undertaken before the start of the project to dugroperations. Someajor sections in the workflow include
geology, data collection and mechanical earth model, constitutive model: creep, geomechanical issues and
cavern design decisions, and monitorifidne goal of this section is to identify and investeghighlevel

geological engineering tasks that should be considered when designing a salt cavern for CAES.

¢ KS &S00 A sitifigiresylt cavérns didross Canada: & 2 YSOKIF yA Oa LISNRLISOGA O
published by NRCan with a goal to undenstéhe suitable areas for implementing CAES in Canadandime

objective of the study was to develop an evaluation methodology and use it to determine suitable sites for
CAES based on geologgnewable energy potentiaknergy demandand existingnfragructure. Multi-

criteria analysis was utilized as a tool to compare and evaluate sites. The study will be useful to the
government in developing energy policies, drafting regulations, and utilized by the industry in deciding the

location for frontend engneering and design (FEED) studies.

One of themajor limitations of implementing CAES in salt caverns is the issue of brine disposal. A large
quantity of brine, approximately-8 n of brine perl md of salt, is genertad during solution mining. The

brine must be properly disposed to avoid environmental issues. The last chapter, potential of deep brine
disposal in southwestern Ontario, was funded and published by NRCan to investigate the suitability of deep
brine disposal in southwestern Ontario. Thein objective of the study was to develop an evaluation
methodology that would evaluate and compare sites based on geological, geomechanical, and petrophysical
parameters Multi-criteria analysis was adopted aslacisionmakingmethodology, which uses scoriagd
weighting scheme to evaluate sites. The study will beriefitistrialand academic readsito appreciate

those parameters required for deep brine disposal and educate on the suitable locations for disposal in

southwestern Ontario.
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The undergroundtorageportion of the CAES facility is a complex component that involves multiple research
fields such as geology and geomechamosomprehensive understanding of tgeology and geomechanics
principles is vital cause they have major impact on sitisging and designing CAES facility; for example,
energy output (MWh) of the CAES facility is limited by cavern air storage pressures and storage size, which
are dependent on depth and thickness of salt str&tdhis part, a gomechanical design workflow created

to understand the geology and geomechaniasksthat must be executedrom a CAES proje®t pre
feasibility period to end of operation period. The main sections in the geomechanical design worlflow ar
geology, data collection and mechanical earth modehstitutive model: creepgeomechanical issues and
cavern design deésions, and monitoringFigure3 displays the geomechanical design workflow of a CAES

project, and a detailed description afie maintasks is provided in the subsequent sections.
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It is essential to interpret and understatiok structural geology and stratigphyof the targeted areas if salt
caverns are to be utilized for storing compressed air. The first step before planning for data collection and
cavern stability analysis is to confirm the presence and type of salt deposit. Various types of salt deposits
exist and have varying impact on cavern stability. In addition;saninterbeds are also encountered within

salt deposits and influence cavern stability depending on lithology and location.

2.1.1 Types of Salt Deposits

Thesource of rock salt is seawater, whicontains high sodium and chlorine content. Marine transgression
and regression results in deposition of salt in an almost enclosed basin; the enclosed basin allows seawater
to enter the basin but prevents it from escaping back to the sea. Evaporatidrc@minuous supply of

seawater into the basin create an optimal environment for salt depos{fi@nmralog Technologies Inc., 2001)

Salt deposits can be divided into three types: bedded, domal and tectonic salts. Salts are always primarily
deposited as bddedsalts,but can be converted into domal and tectonic salts under pressure or tectonism.
Salt caverns for storage can be solution mined in any of the salt deposits; however, the deposits have

similarities and differences that influence cavern stabaiygl dissolutioning.

Figure4 displayssalt caverns in bedded and domal salt depod#tsdded salts are the primary rock salt
deposit from which domal and tectonic salts emerge. Bedded salts are deposited a#iylaterdinuous

layers with norsalt interbeds such as shale, anhydrite and carbonates. Bedded salts can be further divided
into thin salts witha thickness of a few meters and thick salts watthickness of 100s of meters. Examples

of bedded salts inclugithe Devoniarsalt strata in the Western Canadian Sedimentary Basirtfan&ilurian

salt strata inthe Michigan Basin.

a) g

Figure4: Salt caverns in a) bedded and b) domal salt deposits.

Domal salts are formed when high subsurfaemperatures and pressures caudeep-seated salts taise

through buoyancy As compared to bedded salts, domal salts are limited in lateral extent but are generally
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much thicker. Domal salts are relatively homogeneous than bedded salts. Examples ofdiisnaiclude

salt domes of the USA Gulf Coast and the North Sea.

As the name suggests, tectonic salts are modified due to tectonic activity that generates thick and folded
salts. Structure of tectonic salts is complex and heterogeneous. It is possidteounter highfrequency
and thick norsalt interbeds that are folded within the salt structure. An exampléeofonicsalt is the salt

strata in the Maritimes Basin, whiakas exposed to continental collision events.

Due to being relatively homogenas and devoid of nosalt interbeds, it is relatively easy to solution mine
in salt domes as compared to bedded and tectonic salts. Tectonic salts could pose the most problems during

solution mining due to thick and dipping naalt interbeds.

If deposited at adequate depthcaverns insalt domes and thickedded salts have higher stability as
compared tocaverns irthin-bedded salts and tectonic salts. It is possible to accommodate a thick salt roof
anda height to diameterd/D) ratio of 1 in salt domeand thickbedded salts; this significanttgduces roof
stability issues as compared to tHiedded salts that can only accommodate caverns with thin salt roof and
H/D ratio of less than 1. Cavern stability issues are the highest in tectonic salts auegex salt structure

that includesfolded salt strata with layers of nesalt interbeds.

2.1.2Non-Salt Interbeds

Bedded salt deposits could contain thin rsailt interbeds within salbedsand thick norsalt interbeds
separating salt beds. The thickness &mdjuency of norsalt interbedsmay differ within a basin. Common
non-salt interbeds includeanhydrite, dolomite and shale. Similar to halite (NaCl), anhydrite ($a&®0
dolomite (CaMg(C£y) are evaporitic rocks that are formed from precipitation of aras in sea water. Skl
is a clastic rock that is formed through lithification @@y particles that areleposited in a calm water

environment.

Obtaininggeamechanical properties of interbeds a basin is not trivial. Terralog Technologies (2001)
has summarized some of tigeamechanical properties of nesalt interbeds encountereth the Michigan

Basin Tablel displays mechanical properties of the nsalt interbeds.

Table 1: General geamechanical properties of salt and norsalt interbeds (Adapted from Terralog
Technologies In¢2001).

Lithology | E(GPa)| ¢ UCS (MPa)| To(MPa)
Salt 30 04 |25 2.5
Anhydrite | 100 0.35| 100 10
Dolomite | 40-100 | 0.25 | 20-80 2-10
Shale 50 0.25 ] 50 2-5

A pure anhydrite is stiff amstrongrock with extremely low porosity. In bedded form, anhydrite beds are stiff

and strongdue tothe absence of joints; joints are filled with precipitated minerals as anhydrite undergoes

10
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fluid assisted diffusional creep (FADC). High stiffness and absejaiatiofg make anhydrite an excellent

roof rock withstrongability to support the overburden laband minimize deformation in the cavern. Unlike
anhydrite and salt, dolomite might contain joints that are salt filled. If jointing is substantial, then lab tests
are meaningless as they only represéms intact rockstrength; i.e., strength of the roakaterial between
discontinuities(Terralog Technologies Inc., 2003)milar to anhydrite and halite, dolomite is low in porosity
due to pressure solution and precipitation over tinktighstiffness of dolomite makes it a good roof rock as
long as it is nbhighly jointed. Shale is hard to characterize as it is laminated, jointed, and displang
anisotropy; for example, stiffness valuestlie horizontal direction argyreaterthan the vertical direction.

Shale can be problematic as roof rock due tangdaminated, which results in higher chances of sloughing.
However the presence of dolomite increases the stiffness and makes shale beds more competent and

resistant to sloughing.

22t NP OSRdzZNE FT2NJ DI 0 KSNAY 3 w
aSOKI YA QI2tRSKI NIIKKNR dz3 K / 2 NB
¢Sada

Tablelin the previous sectiorisplayedhe generalgeamechanical properties afalt and norsaltrocks that

< N
(@

canbe usedfor preliminary stability assessment. For a dietdand sitespecificgeomechanicahnalysisan

engineer would need ta@onstruct amechanical earth model (MEMYr a specific site. Typically, MES!
developed through core testing, well logging, and seismictes&.i S (K G oSt f emed3I I Ay 3
4 602NBK2fS f233Ay3éo

MEM is a numerical representation of rock mechanical data and earth stressesn&jwmecomponents
represented in MEM are structural features, stratigraphy, elastic properties, rock strength parareatdrs

in-situ stressesKigureb). Depending on the application, MEM can be developed in 1D, 2D or 3D.

Five major components of MEM

[ | | [ |
Structural Features i ) Elastic Properties In-Situ Stresses
. Stratigraphy/Lithology I L Rock Strength el Lo o
(e-g-: faults, joints etc.) : (e.g-: Young’s Modulus, Parameters (e.g.: 01, 0z, O3)
(e-g.: type of rock; thickness Poisson’s ratio, shear . -
and frequency of salt beds; modulus etc.) (e.g.: compressive
types of interbeds; porosity strength. tensile strength,
etc.) friction angle etc.)

Figure5: Rock mechanical and earth stress data represented in the mechanical earth model

Data in MEM islatained from a combination of core testing, well logging and seismic testing. Core tests can
0S K2dAK{G 2F | a GKS &Y praides foék datazhbobt BimdraméthevdllboieK S a 9

11
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Welllogging can be considerex$ thea 3 f dzS ¢ 0 &tidsts gl eisi2 ddda; well logging proaesu
provide rock data about 1.5 from the wellbore. Seismic tests cover a large area of the wellboredwding
information of about 60 nof rock data(Looff, 2001)

To get the best picture of the geologgdirock parameters, an engineer should perform all the three testing
procedues. In realitythe amount of core testing and well logging is restricted due to high costs. Under these
circumstances, the MEMelies heavily on seismic testdowever,the seisnic tests do not always provide

& NP dzy R { NHz( Ktest data cafl IieSntedprétadanmany @ifferent waygLooff, 2001)Therefore,
seismicdata must be integrated and calibrated with core data and well log data to pravifei G4 S NJ & 3 NP ¢

0 NXzEigUEeb). o

"Ground Truth" ~——~—====-= '{ increasing assumptions I' --------- )
——————— {increasing model dependence I— —-_———>
------- -->

[core |WeIILogs sl Yoo - o
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\ ~ /7’
L Core/Log J \
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Figure6: DS 2 LIK@ aAOFf RIGF Ydzad o6S AyiS3aNIGSR gAGK O2NJ
ONHzGKE O0[22FFZ HAAMOD
The following three sections list theandardcore tests, well loggion teds, and seismic tests that cdre

performed for developing rdiable mechanical earth model.

2.2.1Core Tests

Laboratory testing of cores is an essential part of any geomechanics model as it gives an engineer the best
OKI yOS 27F dzy RS N& ruthéyaisa, yoie test KeSultstaik MPBedmjfdfenii to calibrate el

logging tests. However, when interpreting geology and rock parameters, an engineer should use the core test
results with care due tthe smallsize of core compared tihe rock formation, anisotropy in the material,

the presenceof joints/fractures, and wide distribution of materi@Hoek, 1977)Some of thestandardcore

tests that can be performed are:

12
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1 Pointload test: It is an index test that is used to provide estimate of the uraxial compressive
strength of the core specimen. It does not work in very soft rocks and should be carefully used in
anisotropic rocks such as shale. In shales, loading should be applied either parallel or perpendicular
to the bedding planéHoek, 1977)

9 Direct shear test This test is performed to find shear strength parameters of the rock or
discontinuity. The MohrCoulomb strength parametergphesion (€ and friction angle YQ @re
determined from this test.

f  Uniaxial compression test§histestdd SNXY Ay Sa GKS aLISOAXBaEQAdnSI0E O
modulus, Poisson ratio, andhiaxial compressive strength (UCS).

9 Triaxial compression testin this test,the load is appliedaxiallyand a confining pressure is also
applied. The test measur&&dzy” Ir@dulus, Poisson ratio, anthiaxial compressive strength (UCS).

1 Creep test These tests are only done by a few companies as it regsjresiaizedequipment. This

test determines the timedependent behaviour of salt

2.2.2Well Logging

A well loggingsystem wouldinclude a logging unit such as a truck with computerized system for data
recording and processing, a logging cable for transmitting information frorwéieboreto the logging unit,

a logging tool such as a probe that would contain sensodspmocessing circuitry for data recording and
transmissionWilliams, 2013)A logging system can acquire multiple logs at a time; it is easier to interpret

the geology and rock parameters by analyzing multiple logs as thesoedatedin nature.

Vaiiouswelllogging tests exisand different logging test plans must be developed depending on the required
geological information. A fewasiclogging tests that could be performed in the salt strata of the Michigan

Basin are described below:

I Gammaray: It records the natural gamma radiation emitted by the rocks around the borehole
(Williams, 2013) The recorded natural radioactivity data helps in deterimg the lithology and
correlatinggeologic units from other logs. In the salt strata, it gamticulaly help identify salt (low
gamma radiation) from shales (high gamma radiation). Also, this test can be used to integrate core
data with log data by correlating the gammay log test results with natural gamma measured from
the core(Looff, 2001)

1 Resistvity or electric log This test records the resistance of a formation to electric current and
resistivity is entirely dependent on the amount of water present in the formation. It would help in
determining water-bearing zones and permeability of the formah. In the salt strata of

southwestern Ontario, the resistivity logs could be used in identifyiregtop of caprock and

13



Part I- Geomechanical Design Workflow

carbonates. There are two types of resistivity tests: induction latetolog Laterolog should be
utilizedin salt strata as induaih method does not work in salt

1 Borehole compensated sonic (acoustic) lothis logging procedure involves transmitting acoustic
waves and measuring interval transit time. Transit time is dependent on porosity, density and elastic
properties of the formatin. The transit time and velocity data obtained from this logging procedure
are used to calibrate seismic salt proximity survei®off, 2001) In the salt strata of the
southwestern Ontario, this procedure will determine the porosity of dolomite capieks.

91 Density The procedure involvestdgh-energy gammaay source that interacts with natural gamma
rays from the formation. The resulting gamma ray counts are depetateelectron density and give
bulk formation densityWelllog density data areeeded to calibrate gravity and seisndata.

1 Dipole sonic logThis isa more complexersion of the sonic log explained above. In this log, interval
transit times are measured for compressional, shear, and Stonely acoustic waves. This procedure
determinesR A 8342y Qa NI GA 23X LISN)Y SI 06 A(Lobffj 2001)Dyt&fro Mis O (i dzNJ

log arecritical for calibrating the seismic data.

These were thévasicwell logs that must be performedf an engineer needs more geologic information,
there are nany other logging techniques such as mietk mineralogy log, compensated neutron,

combination neutrordensity,dipmeter and magnetic resonance

2.2.3Seismic Tests

Seismic testing is agssentialpart of the geologic mdel as it can test a large ar@ad doesnot require
drilling of wells In simple terms, seismic testifgvolve generating sound waves at the surface, which are
transmitted through the subsurface and reflectby the subsurface formatios The reflectedsound waves
are captured by the geophonesd analysed for subsurface datéowever, seismic data can be interpreted
in many different ways and must be calibrated with well log datsoff (2001) reemmends thatwell log
data, especiallgonic (acoustic velocity) and density dedge needed at minimum for calibration Seismic

test data are derived aime, and must be converted to depth using sonic and density data.

2.3/ NBSLJ

Creep is timadependent deformation under constant deviatoric stress. When loads are removed, only parts
of strains are receered and therefore, creejs primarily categorizeds plastic deformation. All rocks show
creep behaviour due to load change; but in most of the rocks, creep behaviour can be neglected as most
rocks experience creep at temperature and stress not encoent@t engineering design scglBusseault

and Fordham, 19930n the other hand, creep in salt rock can occur at temperature and stress encountered

14
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at engineering scale. This section will discuss some ofntipertant aspects of creep behavioucreep

deformation mechanisms, creep stages, rheologisatlels, and physical creep laws

2.3.1Creep Deformation Mechanisms

Creep is caused bgpecificmechanisms: dislocation glide, climb, and crel§s; diffusive mastransfer
mechanism such as pressure solution; atable microcrack generation ardaling. When laboratory data
are extrapolated to analytical equations, it is assumed tbattain mechanisms are dominating the creep
process(Dusseault and Fordham, 1993Jherefore, understanding of creep mechanismssiseatial for

extrapolating laboratory results and performing numerical analysis in salt.

9 Dislocations arerystallographiaefectswithin a crystabktructure, and these defects generate highly
localized bond forces. Dislocations would propagate when tledbforces are exceeded.
Dislocations can propagate through glide, climb, or cabigsuntil the array of atoms reach desired
packing, graifboundary, or another dlocation where healing occuf®usseault and Fordham,
1993)

9 Diffusivemasstransfer meclanism in salt includes pressure solution or fluid assisted diffusional
creep (FADC). In this process, atoms dissolvedin highstressregions and defect sites. As the
solubility increases duringigh stresgeriods, concentration gradients afemedand the ionsmove
from regions of high concentration (solubility site) and precipitate in the regions of low concentration
(pore space). lon movement takes place in grain boundary thin water films. It should be noted that
solubility rate is inversely propadnal to grain size and diffusiomte is sensitive to temperature
(Dusseault and Fordham, 1993)

1 Stable microcracking occurs after a certain stress limit is reached. It involves crack generation along
grain boundaries and therefore, results in dilatidviicrocracking is stable because the cracks are
healed from FADC. Healing is an important characteristic of salt that results itemoeimating
steadystate creep and preventing tertiary creep or rupture to take place in salt cayBusseault

and Fordham1993)

2.3.2Creep Stages

Classical creep in rocks has four stages: instantaneous elastic strain, primary (transient) creep, secondary
(steadystate) creep, and tertiary creep. However, creep in salt cavern only undergoes the first three stages

and does not tsplay tertiary creepKigure7). These stages are briefly described below.

f Instantaneous elastic strainThis strain has magnit®d 2 ¥ np k9 YR Aa AYLRAS

the stress is applied. The strain is fully recoverable as the load is removed.
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f Primary (transient creep)During primary creep, the stramte is deceleratingt® k K<i0). InFigure
7, it can be noticed that initially the slope is large and then declines with time. Unlike metals, only a
part of the primary creep is recoverable when loads are removed. Full primary creep recovery is
possible only in metals because théy not have porosity, are insoluble, and have different bond
structure. Note that primary creep is recovered gradually with time and this is known as creep
recovery.

1 Secondary (steadgtate) creep At this stage, the straimate is constant and the strairse non
recoverable. IFigure?, it can be noticed that the slope during steastate creep is constank(k K {
' 02y & i Ry 0). Stedthptate creep can continue for an indefinite period of time until the
storage cavern is fully closed and has reached isotropic stress state. The constant strain rate is
maintained by balancing of wothkardening processes with recovery processes.

§ Tertiary creep In thisstage,the strainrate is accelerating towards ruptuf@? k K>i0). This stage
occurs in metals and some hard rocks but not in salt caverns. The reason for no tertiargtegeep
in salt caverns is FADC, whimtsures a balance between recovery and woakdening(Terralog

Technologies Inc., 2001)

(Note that ", E, and trefertoy 2 N I f & ( NdddulasBtrajn eatahdi@e respectively
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Figure7: Creep stages in salt and metal. Tertiary stage does not exist in salt creep due to FADC (Terralog
Technologies Inc., 2001)

16



Part I- Geomeclanical Design Workflow

2.3.3Rheological Models

Rheological models explain macroscopic stsssin behaviour by using a combination of idealized
elements. These elements include spring, dashpot, slider, and rupture element. Elements can be used in
series, parallel or various combinatis to describeleformation behaviourfFigure8 displays basic rheological
elements with their stresstrain and strairtime plots. The elastic element represents elastic straining of the
material when load is apigld; strain is completely recovered when load is removed. The dashpot element is

a creep strain element that strains over time and strains are not recovered when loads are removed. The
slider element represents plastic strains and requires the appliedsltaexceed at least the yield stress.
Once the yield stress is exceeded, the material strains irrecoverably. The rupture element represents loss of

strength in a material due to excessive load or st{@insseault and Fordham, 1993)
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Figure8: Basic rheological elements with stresgrain and straintime plots: a) spring, b) dashpot, c) slider,
d) rupture (Dusseault and Fordham, 1993).

The components of creep behaviour in salt can be described using Maxwell modekMGagrinmodel, and
Burgers mode(Dusseault and Fordham, 1993he Maxwell model describes steagtate creep by using
linear viscoelastic rheological model; this model puts a spring element and pal&tbment in seriesHigure

9). The Kelvi®voight model describes the transient phase of the creep using a spring element and a dashpot

element ina parallel canfiguration Figurel0). The Burgers model represents instantaneous, di@amt, and
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secondary creep by combining Maxwell model and Kéhaight model. This is the most complete model

that puts spring and dashpot elementsderies as well as parall@ligurell).
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Figure9: Maxwell model describes steadstate creep using spring element and dashpot element in series
(Dusseault and Fordham 1993).
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FigurelO: KelvinVoight model describes transient creep stage using spring element arghpat element
in parallel (Dusseault and Fordham 1993).
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Figurell: Burgers model describes instantaneous, transient, and secondary creep by combining Maxwell
model and KelviAvoight model (Terralog Technologies Inc., 2001).

As denonstrated by the three salt creep models mentioned above, rheological models help in understanding
creep in salt cavern by decomposing creep behaviour into recoverable viscoelastic and permanent
viscoelastic models using spring and viscous elements. Howewological models must be used with
empirical or physical models as they do not provide direct predictions and must be califibateskault and
Fordham, 1993)Also, they do not consider temperature, intrinsic structure of salt, moisture content, and

shear and normal stresses

2.3.4Physical Creep Law

Norton Creep Law could beagsto predict steadystate strainrate. It is the most commonly used creep law

and can incorporate multiple creep mechanisms. Norton Creep Law for a single mechanism is expressed as

Evy =4 o [Equationi]
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Where:

\edl = steady-state strain rate

K1ZAs = deviatoric stress

T = temperature

A _ material-dependent parameter (includes texture, moisture content mineralogy, an
impurity content)

n = parameter based on different mechanisms or creep regime

Ao = normalizing stress at which a particular mechanism is iniated

R = universal gas constant

Q = activation energy of a given mechanism

24DS2YSOKIFYyAOlItf 58aAir3ay [/ 2y&ARSNY GA:
Due to its impermeable nature and strength characteristics, salt cavities have been utilized extensively for
storage and disposal purpose.\Mever, salt cavities are also exposed to some geomechanical stability issues
that must be considered to avoicenomic and environmental setbacksteraturecontains a few references

where salt cavern projects were either disrupted or abandoned due tercastability issues. Major cavern

stability issues includeavern closureroof collapseinterbed slip, and tensile fracturing.

2.4.1 Cavern Closure

Cavern closure israajorissue in saltavernsand many examples exist whettee volumeof the saltcavern

gra araIYyATFAOLIyldte NBRAdZOSR I FUSNI I FSo &SIFENB 2F 21
behind cavern closure; the twoajor creep @rameters that affect creepre pressure and temperature.

To generate maximum electricity, cavern ogkars would wish to extradhe maximumamount ofair out of

the cavern; however, this situation might expose the cavern to extremely low ainessthat can increase

the strainrate. As shown ifEquationl, creepincreases with higher deviatoric stredswering the cavern
pressure increases the deviatostress and increases creepherefore, the minimum cavern pressure must

be carefully selected. Generally, the minimum cavern pressure should not be less than 25 % of theit¢ithostat
pressure. For exapbe, in a 650m deepcavern in a tectonically unaffected basin, the lithostatic pressure
would be~ 15.6 MPaand therefore the minimum operating pressure would-b8.9 MPa. Since lithostatic
pressure increases with depth, the required minimum operatingspure would increase with depth too.

Figurel2 demonstrates an artistic example of cavern closurkéddedsaltdeposit.
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Overburden

Salt Strata
Min. Pressure: > 25% of Lithostatic Pressure
Max. Pressure: < 80 % of Fracture Pressure

Underburden

Figurel2: Cavern closure ibeddedsalt deposit. Minimum pressre and temperature affect closure rate.

In addition to low pressure, high temperatures alsoulesn an increase in creepAllen et al. (1982)
recommended that cavity wall temperature should not exceed 80° C. Temperatures tend to increase with
depth, anda geothermal gradient map of a particular area might be used to estithateemperatureof the

targeted salt strata.

Many examples exist proving that deeper caverns are susceptible to cavern closure. An exampédl-of a
known salt cavern closure is theminence salt dome in Mississippi. The Eminence salt dome was solution
mined between 1725 m and 2000 m with the purpose of storing gas. Bet@etrber1970and April 1972,

the pressurein the salt cavern was cycled between 6 MPa and 28 MPa with theaj®ogtessure being 40

MPa (Bereset al.,2012). The sonar survey in April 1972 showed that the cavern closed by 40 % and most of
the closure was in the lower part of the cavéFigurel3). The closure is due tow operatingpressureand

high temperatures encountered at that depth.
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Figurel3: Cavern closure in Eminence salt doif&erata and Cundey, 1979).

20



Part I- Geomechanical Design Workflow

2.4.2 Roof Collapse

Roof collapse is possible due to one or combinabtbrthe followng reasons: low height/diameter (H/D)
ratio, low minimum cavern air pressuiagadequateroof shape, thin saltoof, andthin andincompetent non

salt roof(Figurel4).

Overburden

Thin Salt Roof

Salt Strata

Low H/D Ratio
Flat Roof Shape

Low Air Pressure

Floor Thickness « - >
Cavern Diameter

Underburden

Figurel4: Reasos for roof collapse: low H/D ratio, low cavern air pressure, flat roof shape, thin salt roof,
and thin and incompetent norsalt roof.

Low height to diameter ratioSalt caverns can be solution mined in various sizes depending on the volume
requirement aml salt bed thikness. Large H/tio is desired, but it is only possible in thick salt beds or small
storage projects. In many basins, such as the Michigan Basin in Ontario, H/Dovatio is required to
accommodatdargesalt caverns capable of suppogj gridscale energy storage. Roof stability issues arise
when a cavern has loW/D ratio. Due tolargeroof span, high tensile forces develop in the roof, which can
result inroof collapse. Brunand Dusseault (200Zhowthat displacementn roof increasswhen H/D ratio
islowered from 1/1 to 1/4 and 1/2Zheng et al. (2018gport that a minimum H/D ratio of 1/2s required

for cavern stabilityTypically, caverns withdiameterof 60 m or less do not cause many roof stability issues;

however, daily pessure cycling in CAES might paségherriskto roof stability.

Low minimum cavern air pressurd:ow air pressure in the cavern can cause roof failure by reducing the
supporting stresses in the roof and hence creating high tensile stress in theAroekampleof the impact

of minimum pessure orthe roof of the cavern can be demonstrated throughroof collapseventin Kie|
GermanyThe gas storage cavern wasated atl305 mdepth, andthe pressure was reduced from 15.6 MPa
to almost zero in a spaof five monthgBerest et al., 2012Pue to loss of supporting stress, the roof of the

cavern broke. This resulted in cavern volume reduction from 36,000 80,200 mi (Figurel5).
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Figurel5: Roof collapse ini€l, Germany(Evans and Wes2008).

Inadequate Roof shapeShape of the roof can affect roof stability. Flat shaped roofs must be avoided as they
are prone to spalling; whereas, arched roofs provide maximum roof stability hadids be carefully

generated during solution mining.

Thin salt roof:A certain thickness of salt roof is required between the cavern anasatirroof rock. Due to
creep properties and loatdearing ability saltroof can offset the deformation impact oron-salt roof layer.
A cylindrical cavern with heightof 60 m and diameter of 60 m will be more stable with 30 rsadfroof as
compared to 5 m salt roof. Zheng et @016)mentionthat a salt roof thickness of at least 1/4of the cavern
diameter isrequired for stability purpose. In salt domes, it is possible to achieve very thick salsobloat

the cyclic loading in the cavern will not have any impact on thesanroof rock.

Incompetent and thin norsalt roof: In most bedded salt depositit,is not possible to have a very thick salt
roof that will eliminate deformation impact on the nesalt roof. In these cases, it is essential to have a
competent (high stiffness and minimum jointing) ar@hsonablethick nonsalt roof layer. Nossalt rods
containing anhydrite and carbonates have hgfiffness,and areideal ascompetent roof rock. For the
competent roof layer, a thickness of 19®f the cavern diameter will provide sufficient stability. However,
roofs containing mudstones and shaleg @onsidered to be weak and might result in higher frequency of

roof damage.
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2.4.3Interbed Slip

Salt caverns in bedded salt deposits are subjected to geomechanical issues caused by siiprbes
discussed in sectioh.1.2 commonly occurring interbeds are anhydrite, shale, dolomite, and limestone. The
lithology, thickness, and frequency of interbeds will vary with basins. Unlike bedded salt deposits, domal salts

are relatively homogenous and do nmbse inerbedslip risk.

Interbed slip is the result of differential deformation between realt interbeds and salt. Since nealt
interbeds do not creep, salt and nealtinterbedsreact differently tofar-field loading anl a stress difference
is generatedDuring lowpressure periodn the cavernthe stress difference between nesalt interbeds and
salt increases, and results stip. Also,thicknessof interbed affects the magnitude of interbed slip; Bruno
and Dusseault (2002) showed through numerical satiohs that increasing the thickness of interbed

increases the probability of slip.

In terms of consequencethe locationof interbed determines the type of damage the slip will ca(iSgure

16). The worst scen is if the interbed slip occurs near the roof of the cavern; in this case, roof stability
issues caariseand the casing can be damabas shown ifrigurel?7. However, interbed slip in cavecenter

or bottom might not be as harmful as slip near the roimiterbeds willfall to the bottom of the cavern and
potentially reduce cavern volume through swelling. In this cHse storagecapacity of the cavern will be

reduced.

Overburden

| rostronk |||

Possible Casing

D
i e ?{ amage

T —

Salt Strata

Interbeds: Anhydrite, Shale, |
Limestone or Dolomite ...}

Reduced Cavern
Volume

Underburden

Figurel6: Cosequences of interbed slip: casing damage and reduction in volume.
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Figurel?: Casing damage due to interbed slip (Bruno and Dusseault, 2002).

2.4.4Tensile Fracture

Injecting compressed air at high pressure is desired so that mocamibe stored at a given time. However,

high cavern pressures can lead to cavern stability issues such as tensile fractures in cavern walls and roof.
Tensilefractures can even extend up to nesalt roof rock if the salt roof is thin and cavern pressweeeds

the fracture pressure of the nasalt roof. In this scenaridhe efficiencyof the CAES plant will decrease as
compressed air will leak ouf the cavern. As a general rul@aximum operating pressure should not exceed
75-80 % of the fracture presse of the nonsalt roof rock and salt strata. For a 650 deep cavern in a
tectonically unaffected basin, the fracture stress would-de.6MPaand therefore the maximum operating

pressure would be- 12.5MPa.

2.4.5Multiple Cavern Spacing

Multiple caverngmight be required in a largscale CAES facility due to operational reasons and limited salt
strata thickness reasons. First, a cavern might be required to undergo maintenance several times during the
lifetime of the facility. During the maintenance perjatie cavern will not be able to store compresssd

and the CAES facility will be halted. A second cavern can allow the CAES facility to keep providing service to
the grid. Also, Crotoginet al. (2001)note that the second cavern can help with tiseart up process the

start upprocess for the plant compressor requires a minimum cavern air pressure of 1.3\Mieh can be
provided by the second caverm addition to operational reasons, multigaverrs might be desired due to

limited salt strata thickess and large storage requirement. For example, two caverns might be required to

accommodate a 100 MW CAES facility in 40 m thick salt strata.

It isimportant to ensure the distance between caverns is enough to avoid cavern stability issues. The salt

rock mass between caverns is calfgltar, and the distance between caverns is the pillar width. During CAES
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cyclic loading, induced stresses on the cavern boundaries are transferred to the pillars. Pillar width should be
enough to avoidarge deformationsor failure of the pillar. Typically, pillar width of 4 times the cavern
diameter should provide stability. Zheng et al. (206&ommendpillar width of 2 to 3 times the cavern
diameter. Bruno (2005) also demonstrates through numerical simulation thiatr piidth of 3 times the

cavern diameter significantly reduces displacement at the cavern wall as compared to thin pillar width.

Overburden

Underburden

Figurel8: Multiple cavernsystemdisplaying a) cavern with unacceptable pillar width and b) caveavith
sufficient pillar width.

2.4.6 Other kssues: Pressure Cycling and Temperature Fluctuation

Cyclic loading is experienced in both underground gas storage (UGS) and compressed air storage in salt
caverns. It is expected that the effect of cyclic loading awem stability is more severe in CAES as the
frequency of the loading cycles is high. In UGS, gas is cycled seasonally or at the most a few times in a year.
However, compressed air might be cycled on a daily basis in CAES. Therefore, cyclic loadirg must b

accounted for during geomechanical numerical simulation when designing a CAES cavern.

Until now, due toa limited numberof CAES plants in the world, the influence of cyclic loading is not fully
understood or researched in detail. Nevertheless, a feseaechers have tried performing laboratory tests

and numerical modelling to get an insightoghfrequency0e& Of AO t 2F RAy 3 Ay /[ 1 9{ ® ¢
f2FRAY3 STFFSOGa 2y GKS ONBSLI YR RAfI (A2izethatT yI Q
compared to static loading, cyclic loading does not havargeeffect on thecreepif the applied stress is

under the dilational regime.

An example of cyclic CAES loading is the Huntorf CAES facility in Germany, which is subjected toingclic load
and has not created any stability issues so far. The profiles of the two caverns in Huntorf were sonar surveyed
in 1984 and 2001. The caverns were operated at air pressure between 4.3 MPa to 7 MBanakimum

pressuredrop rate of 1.5 MPa per houFEigurel9illustrates the before and after cavern progi®r both the
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caverns. It was observed that almost no difference existed between the conditions in 1984 and 2001
(Crotogino et al. 2001). However, it can debated that the deformation was small because the operating
pressures were conservative affie differencebetween the maximum and minimum pressure was small.
During regular operation, the difference betwetlre maximumand minimum pressure was only MPa. It

is still uncertain if cavern stability issues will arise when the difference bettimanaximumand minimum
pressure idarge In a 1000 ndeepcavern, itis possible to have a maximum and minimum pressure of 18
MPa and 6 MPa, respectively. Nunoatisimulations will be needed to confirm if frequently cycling between

18 MPa and 6 MPa is an issue.

20m  Om_  20m 600m 20m  Om _ 20m

650m (

!l
/1 700m

N 750m 1

Figurel9: Sonar survey results ithe Huntorf Caverns demonstrate that no significant deformation was
observed from pressureycling(Crotogino et al., 2001).

It is understood that air temperature inside the cavern is different from the rock temperature during injection

and withdrawal periods. During injection and storage perides\peratureinside the cavern is higher than

the surrounding rock mass. Duringithdrawal period, temperature inside the cavern is lower than the
surrounding rock mass. It is also predicted that temperature cycling affects the strength parameters of salt
rock as thermal stresses develop duetémnperature difference between compressed air and rock mass.
However, at the present stage, the mechanisms of temperature cycling and effects of temperature cycling
on the strength parameters are not fully understood and are a topic of research.

¢CKS I NIARE $azNB ¢ SYRISLINEBAadz2NE O NAIFGA2y A oA {ushairy O2Y
et al. (2012), concludethat 1) heat transfer between air and rock plays a significant role in managing

temperature fluctuations, 2) wavy cavern walls created durimlgt®dn mining improves heat transfer, 3) in
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each temperature cycle, heat is transferred and stored in the cavern wall, 4) temperature fluctuation stops

within a short distance from the cavern wall but temperature penetrates deeper into the wall witheisere

in temperature cycles, 5) injected air temperature affects the peak temperature values reached during

injection, and 6) duration of injection and extraction should be maximized to reduce temperature. Another
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that uniaxial compressive strength, triaxial compressive strength, tensile strength, and octahedral shear

strength decrease with increase in temperature.

2.4.7 List of Criteria Considered in @mechanics Design

A list of criteriamportanti 2 3S2 YSOKI yAOa RS&aA3IYy A& RSOSt 2LIS
impact on cavern stability. Etrcriteria are listed iTable2.
Table2: List of criteria consideredn CAES salt cavern design
First Order Second Order
Salt Strata Information Salt Depth Temperature
Salt Thickness Permeability
Salt Purity Porosity
Elastic Parameters:
Stress State T 91 61 ¢c60 -1 AOI

1 Poissod O 2A0EI

Strength Parameters:
1 Unconfined
Strength (UCS)
1 Tensile Strength
l

Compressive

Internal  Friction  Angle
(N/A)
Creep Parameters
Non-Salt Roof/lLoad Bearing | Non-Salt Roof Rock Permeability (mD)
Rock Information Lithology
Structural Features
(eg. Faults, fractures) Porosity (%)
joints)
Strength Parameters:
i 'LI'J;:nSsiIe Strength Elastic Pa}rarpgters; . e s
T 9101 CoO -1 AOI

Internal Friction
Angle

1
9 Cohesion
1

T 0T EOCOI 180 2A0

Interbed Information

Interbed Lithology

Depth of Interbeds

Thicknessof Interbeds

Number of Interbeds

Location of Interbeds

Frequency of Interbeds

Permeability Porosity
Elastic Parameters:
T 91 61 ¢c60 -1 AOI
01T EQOI 18680 2A0EI

27

{

ey V2



Part I- Geomechanical Design Workflow

Strength Parameters:
1 UCS Tensile Strength
1 Cohesion
1 Internal Friction Angle

Maximum Operating
Pressure

Minimum Operating
Pressure
De-Pressurisation Rate
Pressure Cycling Period

Operating Pressures in Cavern

Cavern Dimension Cave_rn Size Number of Caverns
Requirement (m?)

Cavern Shape
9 Diameter Cavern Roof Thickness

I Height

Cavern Spacing
Casing Size

25a 2y AU02NAY 3

Monitoring is an essential component of any solution mined cavern project and must be addressed in the
geomechanical model. In faeghonitoring is a mandatory requirement by government regulations and is also
needed for insurance purposes. From the technical point of view, monitoring can prioyiaetant data

that can increase productivity, avoid cavern and well failure, calibratengebanical laws and models, and
increase safety. In the case of salt caverns, the three major monitoring areasdo®lsubsidence

monitoring, micreseismic monitoring, and sonar surveying.

2.5.1 Subsidence Monitoring

When an opening is created in the formsaflt cavern, stress equilibriumdssturbedand creep mechanisms
start acting around the salt cavern. Movement in the cavern due to creep or roof collapse can be transferred
to the ground surface and foramwideshallow subsidence bowl. Subsidence magigtand cone of influence
can be studied and modelled mathematically. Typically, creep does not cause high magnitude ground

subsidence but roof collapse might result in higher ground subsidence values.

In CAES operations, lovavern pressure during extraon periods can accelerate creep and caueef
collapse. Additionally, caverns with larger roof span are more prone to surface subsidence due to the
reasoning thatlargerroofs have low strength value and unlike the smaller roofs, overburden is not@able
bridge across the larger roof openifgge, 1979)Therefore, subsidence monitoring is essential in bedded
salt caverns. Ground subsidence can be monitored in various ways: levelling monuments (spirit levelling),
Global Positioning System (GPS) sunggyimerferometric Synthetic Aperture Radar (InSAR), extensometers,
and tiltmeters(U.S. Geological Survey, 2016)
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In most cavern leaching projects, levelling monuments are used for displacement monitoring on the surface.
Levelling is the oldest method dmelatively inexpensive when compared to GPS surveying. It involves placing
monuments in the zone of influence (extends beyond the cavern boundaries) and measuring displacement
from a known reference point that is not affected by subsidefi¢ss. Geologat Survey, 2016) evelling is
accurate and highlgffectivewhen the zone of influence is small (less than 10 km). It is recommended to set
up enough monuments or measurements so that a detailed mathematical analysis can be performed for

cavern closure.

GPS surveying is more expensive tleaelling but it can accurately cover a larger area and determine three
dimensional position. The GPS system involves placing flat metal discs (geodetic monuments) in the ground
or on the structures in the geodetic mitoring network. Geodetic monuments are connected to the GPS

satellites that monitor any movement of the flat metal discs.

INSAR is alsan effectivetechnology for meauring ground subsidence as it can cover large areas while
providing millions of dat@oints and is coseffective as compared to levelling and GPS survegGiadjqway

and Hoffmann, 2007 InSARnvolves a satellite that would record the tweaay travel time of radar signals
signal is limited byhe groundcover, atmospheric effects, and lande particle. It does not produdegh
gualitydata in densely forested areas as the signals are poorly refl¢Steskcand Brandt, 2007)Therefore,

to choose an appropriate monitoring technigue, engineers have to account for the extent of the cone of

influence, ground cover, and other performance or cost factors.

7

Figure20: INSAR satellite pasoned at 800 Km altitude (U.S. Geological Sury2016).
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2.5.2 Microseismic Monitoring

During the event of cavern collapse wrajor damage around the cavern, there might be warning signs
months or days before the event occurs. Warning signs include genermaitismall fractures, slippage in
existing fractures, or any abnormal seismic activity. Fortunately, microseismic monitoring can detect sudden
bursts of mechanical strain energy and figure out the location and intensity of the seismic events. The
microseismt data does not just increase safety but also providportant inputs for the geomechanical

earth model(Hosseini et al.2015) Microseismic monitoring involves inserting microseismic sensors in the
wellbore, around the wellbore, and near cavern bound&wgaitime data from the sensors is transmitted to

the ground office Figure21). Important parameters that are obtained or interpreted from the microseismic

data are location, magnitude, event nature, and sligclion.

Microseismic monitoring detects large bursts of mechanical stain energy generatedshippin bedding
planes, lithological contrasts, pexisting joints and fractures, and brittle damages near cavern boundary.
Note that microseismic monitoring not effective for steadystate creep monitoring as it cannot detect
extremely smallstrain rates generated by steadyate creep. In fact, microseismic monitoring is more

valuable in bedded salt caverns as compared to domal salt caverns.

Figure 21: Microseismic monitoring: seismic event location in section (top) and plan views (bottom)
(Hosseini et al.2015).
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2.5.3Sonar Survey

Sonar survey measures the profile of the cavern and displays volumetric results-dgintensional (2D),
isometric, and threedimensional (3D) plots. Typically, sonar surveys are performed during or immediately
after cavern leaching process to get the initial cavern volume. Also, sonar surveys are performed periodically
(for example, every 10 years) to estite changein cavern volume and cavern profile due to creep, roof

sloughing, or other damages.

The results of sonar survey are used to predict creep closure rates and calibrate finite element modelling.
Cavern profiles generated from sonar survey can fgtedny abnormalities in the cavern such as ledge
hanging or any insoluble material that can cause casing damage in the (Gigsley1998) In fact, it can

be said that sonar surveyingdsgoodcavern management tool that enhances safety, increases confidence

in solution mining models, and providesportantinputs to the geomechaical model.

Sonar survey involves poibi-point measuring of the cavern boundaries using sonar downhole survey head
that can go up/down and also has tilt functionaliBigure22). Ultrasonic transducers emit sod waves that

hit a certain point in the cavern boundary and then record the time from the reflected sound wave to get the
distance to the poinfSOCON2016) Sonar survey has beeiffectivein surveying profiles of vertical caverns

in salt domes or cylindrical caverns in bedded salt whkeeradiusof the cavern does not exceed 300 m
(DawsonGrove 1969) However, in the case of long horizontal galleries whité length of 1000m,the
effectivenes2 ¥ a2y NJ adzNBBSe adAtf NBYLl AYa lidations daSNesiekn2 y ®

Canada Koted that the effective radius of sonar is a maximum of 300m (10(D&yvsorGrove 1969)

Figure22: Sonar srveying insaltcavern (DawsorGrove 1969).
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Canada hasstablishedplans to develop a lowarbon economy by reducing greenhouse gas (GHG)
emissions, which are recognized glopaib be themain factor behind climate change. The two major
Canadian economies, Ontario and Alberta, have planned to invest significantly in renewable energy sources.
Ontario is the first jurisdiction in North America to t@alree, i.e., free of its dpendency on coajenerated
electricity. Furthermore,Ontario has planned to extend its renewable generation such as wind, solar and
bioenergy to 10,300 MW by 2021. Alberta has also planned to befregaby 2030 and replace 2f3of its

coal generation wih renewables. Reduction of GHGs through clean energy will put Canada on par with its

commitment in the Paris Agreement.

Amajorchallenge witHargeintegration of renewables is the demand for energy storage. Renewable energy
such as wind and solar aretenmittent in nature and electricity generation iargelydependent on wind

speed and sunlight. Deployment of energy storage will compensate for the intermittent nature by allowing
storage of electricity during low demand periods and releasing it baitletgrid during lgh demand periods.

As of now, ompressed air energy storage (CAES) and pumped hydro storage (PHS) are the only two storage
technologies capable of storing largeale (>100 MW) eneyg Due to hydraulibiead constraintsPHS is
infeasiblein certainlocations. CAES also have few advantages over PHS in terms of high energy density, small

surface footprintJow-risk construction, and nalevastatingailure that could affect human life.

To increase the understanding of where CAES can bernmeplked, CanmetEnergy, a division of Natural
Resources Canada (NRCan), funded the University of Waterloo to conducbadiénssiting study for CAES

Ay albtid OFr@SNya ONRaa /IFylFIRFE® 1'a LISNI/IFyYyYSiioySNI
developing energy policies, drafting regulations, and utilized by the industry in deciding the location for front

end engineering and design (FEED) studies. The study will form the foundation for future studies related to

various topics in CAES such asngechanicsfacility siting, economicsetc.
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The objective of the study was to determine suitable sites for CAES based on geahegyable energy
potential, energy demandand existingnfrastructure. Multi-criteria analysis (MCA) was utilized as an
evablation tool, and involved developing scoring arssigninga weightfactorto each criterionscoring and
weighting of criteria were assigned by consulting with academic and industrial expertss.for various
criteria used in the study was representeddanodified in ArcG1$. £ | NJ Térhsétsofnare was utilized
to integrate MCA methodology and ArcGIS ddthe final evaluation framewor&stablishedallows for a

spatially continuous andustomisable assessment of CAES potential.

Criteria used in thestudy are divided into three categories: geology/geomechanics, energy potential, and
existing infrastructure. A total of six criteria are used in the evaluation framework: 1) salt strata thickness, 2)
depth to salt strata, 3) renewable energy potentidl,ehergy demand, 5) proximity to existing natural gas
infrastructure, and 6) proximity to existing electrical infrastructure. Although not included in the evaluation
framework, additional geomechanical criteria suchirggrbed thickness andoof rock thikness are also
discussed in this chapter. These criteria are considered to be of sexded and therefore not included in

the first-order CAES siting study.

A majorassumption in the studig that the CAES facility is considered to be a constant volyraeation, in
which cavern volume staysonstant and cavern air pressure is cycled during injection and extraction.
Another option, although not considered in this studyg t®nstant pressureperation in which a brine pond

is required at thesurfaceand the cavern is operated under constant hydrostatic pressure. Since the study is
aiming forgrid-scalestorage, the size of the facility is assumed to be 100 MW with 1200 MWh of storage;

this size othe facility requires a cavern witthe volumeof approxmately 165,000 rh

Thischapter will tend to focusn the geology and geomechanics area of the siting study. Subjects that are
discussed in detail include geology of Ontario, Western Canada, and Maritimes; geomechanics criteria such
as depth, thicknessnterbed thickness, andoof thickness; and evaluation results. Othasn-geological
criteriaand MCA methodology amdso described briefly in this chapter. However,dadetailedexplanation

on non-geologicalcriteria categoriessuch asnergy potentid and existing infrastructure, the readés

NB ¥ SNNB R (i Firstioided aspeBshiniNdi the patential of compressed air energy storage in salt
caverns across Canaday Fraser et al.2017). The sequence of topics in this chapter is as follawsiti-

criteria analysisgeological setting of salt in Canada,nsmeratiors for CAESsite selection detailed

geology/geomechanicdecision tree, and results.
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Investigation of suitable CAES sites requires a methodology that wakednto considerations theriteria
discussed in sectior3.4, and evaluate and compare the chosen sites. Murteria analysis (MCA)

methodology offers a robust and flexible evaluation platform that wouldimidecisionmaking. The MCA
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methodology utilized in this study is similarttee methodologyl R2 LJ0 SR Ay (i BriSe Dispogali Sy i A
AY {2 hyillNR2¢ inthapieRe = | 4 RSAZONROGSR

Many MCA approaches existthe literature that can be used to copare alternatives. MCA approaches can

be divided into norcompensatory and compensatory approaches. In-nompensatory approachriade-off

is not allowed between criteria; whereake compensatoryapproach allows tradeff and most of the real

world applcations utilize compensatory approach. This study utilzesmpensatory approachveighted

linear combination (WLC). WLC is ideal for higly asit uses scoring and weighting evaluation system

which is arequirement due toa large humberof alternatives. In addition, WLC é&asierto implement and

understand. This will allow other grousefficiently utilize and modify the inputs if required

In the WLC model, normalized scovg &nd weight\{;) are assigned to each criterion. The scores andhtgi

are developed through discussion with industrial and academic experts and information gathered from the
literature. A scoring function with scores between 0100 is assigned to each criteriowhich will allow
comparison of data within a criterionA weighting factor between 0 to 1 is assigned to each criterion; the
total sum of weight for all the criteria is 1. Weighting factor would allow comparison between multiple criteria
used in the MCAThe total score for a site @btained by multiplying th normalized criterion score jj\by

the assigned criterion weightingv{) for each criterion and then summing the produmter all criteria

(Equation 2.

i+ =

where $a) is the total score fasite a, wis theweightingfactor for the 1" criterion, and \(a) is the criterion
score for the'f criterion for site a.

z 0 [Equation 2]
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Canada has prominent salt formations in three major sedimentary basins: the Western Canadian
Sedimentary Basin which underlies much the prairies, the Michigan &in which underlies part of

southwestern Ontario,and the Maritimes Basiwhich underliesthe Maritime provinces of Nova Scotia,

Prince Edward Island and New Brunswick and parts of eastern Queieocations and approximagstent

of thesemajor saltbasinsare shownin Figure23.

Figure 23: Locatiors of major salt basins in Canada (Adapted frohttp://www.saltinstitute.org/salt -
101/production-industry/ accessed 29/05/201)
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3.3.1Michigan Basin

Salt beds in Ontario are padf the eastern flank of the Michigan basin. The basin has a-boaped
geometry with its depositionatentrenear Saginaw Bay in Michigan. The salt beds are thickest oettise

of the basin and thin out in all directions away from tentre (Johnson & Gonzales, 1978)jnceOntariois
situatedonthe eastern flank of the Michigan Basin, the salt beds there are relatively thin and shallow because
the dip of the salt bedstowards thecentreof the basin. Salt strata in Ontati@longto Salina Group of the
Silurian PeriodFigure24 shows ageneralisedstratigraphic section of southwestern Ontario. Because of the
dip of salt beds in the southwestern direction, the salt beat® found at various depths throughout
southwesternOntario,and the thickness varies from place to plaBaltbeds are the thickest on the western

front of southwestern Ontario and thin out eastwards until they fade out near Lofidewitt, 1962)
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Figure24: General salt stratigraphy section of southwestern Ontario (Hewitt, 1962).
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Saltis containedn units F, D, B, and ARigure25 disphys the lithological description of these units in the
Salina Group. Unit F is the shallowest unit with starting depths ranging from 275 m to 450 m. It contains
sequences of salt beds separated by beds of shale, anhydrite and limestonddthassedor underground

mining in the Windsor area. Unit D is the thinnest salt unit witheximumthickness of 12 m. No mining has
been donen this unit. Unit B is the thickest salt unit with thin dolomite layers. The thickness can exceed 90
m at some places inr@ario. It hasbeen usedor solution mining around Goderich and Windsor, and cavern
storage in Sarnia and Windsor. Unit A2 isdeepestsalt unit with starting depths ranging from 500 to 700

m and has a maximum thickness of 43 m. jitressent withinthe SarniaGoderich salt region but is absent in

the Windsor region. It has been used for underground mining at Goderich and cavern storage at Sarnia
(Carter, 2009)For CAES purposes, only units B and A2 are considered as they nmegtithem thickness
criteria andare also locatedt an ideal depth for cavern development. Isopach and depth maps of the salt

unitsare givenn Appendix A.

Formation Unit Description

Upper Salina Top of Salina Formation.

Fine crystalline brown dolomite, shaly dolomite, some anhydrite, red shale.

SALT, in thick beds separated by beds of shale, shaly dolomite, grey and buff
and brown crystalline dolomite; anhydrite nearly always present.

gapper Thin shaly unit, argillaceous grey and buff dolomite.
It

Beds

SALT, nearly pure; thin partings of buff dolomite.

Dolomitic grey shale.

WIOo|I@| M0

SALT, thick salt beds with thin dolomite layers. (Main upper salt unit.)

Lower Salina A2 Fine to medium brown to brownish grey dolomite;
Fme rey to dark-grey dolomite, some dark bituminous shale;
(Lower salt) up to 140 feet thick; where salt is absent the base of A2
marked by anhydrite.

Al Fine- to medium-grained, buff to brown dolomite;

Fine fo dense, brown-grey and dark-grey dolomite with dark-grey bituminous
shale;

Anhydrite at base.

Figure25: Lithological description of the Salina Group unitdewitt, 1962).
Units B and A2 can accommodddege storage caverns in the Sarnia and Goderich region. In Sarnia region,

Unit B is approximately 90 m thick and 610 m deep; while unit A2 is 40 m thick and 750 m deep.

The geological data for Ontarwas obtainedrom the Ontario Oil, Gas and Salt Resources (OGSR) Library.

The data included GIS files for thickness and depth data of salt units B and A2.

3.3.2Western Canadian Sedimentary Basin

Salt strata in Alberta are thicker and located ddeper depths as comparedto salt strata in Ontario.
Accordingly Albertais favourably endowedith thick salt strata that can accommodate gsdale storage in
a single salt cavern. Thick salt depoaits regionally distributedvithin the Devonian Elk Point Group in the

Western Canadaeflimentary Basin. The fogalt-bearinggroups within the Devonian Elk Point Group are
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(from oldest to the youngest): the Lower Lotsberg salts, the Upper Lotsberg salts, the Cold Lake Formation,
and the Prairie Evaporite Formatidrigure26 illustrates the location of these salt units. Isopach and depth

maps of the salt units are shovim Appendix A.

- DISTRIBUTION AND THICKNESS OF
-7 SALT WITHIN THE DEVONIAN ELK POINT
\ GROUP IN THE WESTERN CANADA

\ SEDIMENTARY BASIN

EXTENT OF SALT-BEARING UNITS

EARTH SCIENCES PORT 2000-02
March 31 0

NEUB | AGS

.......
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Figure26: Extent of salt beds in western Canada (Grobe, 2000).

The Lower and Upper Lotsty salts are present in easéntral Alberta and extend into Saskatchewisiajor
landmarks that overlie the Lotsberg salts are Edmontdoydminster Cold Lake, and Athabasca River
flowing south of Fort McMurray. Because of multiple phases of solutiehradeposition, the Lower and
Upper Lotsberg salt have very high purity. The depth to the Lower Lotsberg salts ranges from greater than
2100 m in the west to 1050 m in the east. Theximumthickness of the Lower Lotsberg sal60 m at its
depocenter. Th depth to the Upper Lotsberg salts ranges from greater than 2100 m in the west to 750 m in
the east. Thenaximumthickness of the Upper Lotsberg sal150 m at its depocenter. The Lower and Upper

Lotsberg salts are separated by a 28 to 67 m thick rateshterval(Grobe, 200Q)

The Cold Lake Formatiomigsent in two locations: (1) easentral Alberta and westentral Saskatchewan,
and (2) northern Alberta and northeastern British Columbia. In-eestral Alberta and westentral
Saskatchewan, the maximum thickness of the Cold Lake Formatiomisafd the depth to the salt ranges
from 1600m inthe southwest to 550 m in the east. In northern Alberta and northeastern British Columbia,
the maximum thickness of the Cold Lake Formation reaches &ad the depth to the salt ranges from 2400

m in the weg in northeastern British Columbia to 700 m in the east at the Wood Buffalo National Park

boundary.
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The Prairie Evaporite Formation varies in purity as it has been subjected to fresh meteoric water that
dissolved and carried away the s#iteaswhere thesalt content in the Prairie Evaporite Formatiogisater
than 40%extendfrom eastern Alberta to southern Saskatchewan and southeastern Manitoba. In the areas
with greaterthan 40% salt content, the depth to the Prairie Evaporite Formation ranges f@fhm2in
northeastern Alberta to 230éh in central Alberta. The thickness of the Prairie Evaporite Formatiages

from 300m in northeasternAlberta to 25 m in southern Alber{&robe, 200Q)

The geological data for western Canada was obtained from the Alberta Geological Survey (AGS). The data

obtained induded the GIS files for thickness and depth data regarding the four salt units.

3.3.3Maritimes Basin

Salt strata in Nova Scotia (NS) and New Brunswick (NB) belong to the two Upper Paleozoic groups: 1) the
Horton Group and 2) the Windsor Group. The Horton Gewgporites belong to the late Tournasian to early
Visean age and were deposited as local playa lake deposits. The Horton Group is deposited invad least
locations in NB and one location in wie, 1988) The Windsor Group evaporites belong to thely#o

middle Visean age and acenformablyto unconformably underlain by the Horton Group rocks. The Windsor
Group is widely distributed in the Maritimd®asin and comprisesf more than 50 % evaporites including

halite fock salt), anhydrite, gypsum ara small quantity of potash (Boehner, 1986). Webb (2009) reports

that the Windsor Group contains thick clean salt deposits that offer potential sites for storage of liquid

hydrocarbon products.

The strata in the Maritimes Basin have been tectonicallyified due to continental collision events that
terminated with the formation of the Appalachian Mountai@riginally salt was deposited as thick bedded

salt layers that precipitated from seawater. However, the continental collision events turned thiehadlt

layers into isolated domes, anticlines, and pilldBsehner, 1986)Accurate interpretation of salt deposits

is complicatedin the Maritimes Basin because of the complexity of the salt structures that developed from
the tectonic activity and théack of subsurface data. The present interpretation of salt depositsmzte

with the aid of exploratory drilling, gravity surveys, and the location of salt springs. As a result of the complex
geology, the maps of geolagcriteria for the Maritime$8ash were scoredmanually,and no geologic metric

maps of depth or thickness were included in Appendix A for the east coast. The dominance of salt domes on
the eastern seaboardneans that the geologic criteria maps are spotty and irregular instead of forming

continuous colour contour maps.

In the Horton group, the salt deposits can be found in two locations in NB antbcaigonin NS, shown in
Figure27. A hole drilled in the Cornhill area encountered a 108 m thadtkdeposit at a depth of 786 m. In
the WeldonGautreau area of NB, lershaped deposits containing salt, glauberite, anhydrite, and shale occur

with a thickness of 488 m at a depth of 368 m. In NS, the Horton Group salt occurs in the Wallace Station
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areain the Cumberland subasin. The Horton Group salt deposits in this area were encountered at 4538 m
depth below sea level and are bedded salt deposits since they are relatively flat lying. The thickness and areal

extent of these deposits are unknowHowie, 1988)
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Figure27: Distribution of the Horton Group salt in the Atlantic Canada (Howi©38).

New Brunswick is a major Canadian producepathsh and the mines there are operated by the Potash
Corporation of Saskatchewan: New Brunswick Division. Along with potash, these mines also produce salt
from the Windsor Group. Currently, the NB gowaent is evaluating the potash/salt resources available to
develop a strategic plan for using them, potentially for salt cavern storage. Nova Scotia has mined a large
guantity of salt from three mines: the Malagash, Pugwash, and Nappan mines. All ofrtimeseare located

in the Cumberland area which contaihgsck salt domes. These salt domes are considered potentially suitable

for salt cavern storage.

The Windsor Group contains large salt deposita atitabledepth and thickness for cavern developnen
The Windsor Groupvaporites weralepositedover a wide area when the Windsor Sea flooded the Magdalen
Basin and adjacent areas in the early to middle ViseanFagee 28 illustrates and numbers areas underai
by the Windsor Group salt depositBable3 summarises depth, thickness, and salt complexity information

available for the deposits numbered 1 through 18-igue 28. Nae that the depth and thickness values
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provided are approximate and were obtained from gravity or drilling data reported in the sources. Due to

the complexity of salt structures in NB and NS, depth and thickness will vary within the reported area.
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Figure 28 Distribution of the Windsor Group salt in the Atlantic Canada (Howie, 1988).

Table3: Summary of the Windsor Group salt deposits (After Howie, 1988 and Webb, 2009).

Approximate Approximate
Label | Area ngth (m) Tﬁigkness (m) Comments
Bouguer gravity map shows
1 Cody area, NB N/A N/A gravity lows that might be related
to salt deposits.
The salt is divided into three
2 Salt Springs area, NB | 606 60, 75, 150 members: Upper Halite, Middle
Halite and Basé&Halite.
Potash Corporation of
Saskatchewan (New Brunswick
3 Plumweseep 184 890 Division) owns the Penobsquis
Penobsquis area, NB mine, which has produced more
than 13 000 000 t of salt from the
PenobsquisPlumweseep deposit.
: Boreholes, surface seismic, an
Lower Millstream- .
4 . 950 68 other geophysical surveys
Apohaqu area, NB ) :
confirmed the presenceof halite.
5 Riverside-Shepody 640 N/A Gravity surveys predict a thick
Bay area, NB domal salt deposit in this area.
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The structure has not been
confirmed by drilling.
6 Dorchester area, NB | 350 1116 S.alt Is pure and accumulated aa
diapir structure.
Camberland sub-basin contains
7 Cumberland sub | 415 (Nappan| 1400 (Nappan| three mines in NS: Malagash min¢
basin, NS deposit) deposit) (abandoned), Pugwash mingand
Nappan mine.
Minas subbasin is divided into
450 300 two categories: 1) Windsor
8 Minas subbasin, NS | (Stewiacke (Stewiacke Kennetcook (deformed salt) and
area) area) 2) ShubenacadieStewiacke area
(thick bedded salt).
Geophysical surveys and drilling
confirm the presenceof salt in the
9 Antigonish sub-basin, | 408 210 following areas: Ohio, Jame
NS (James River) | (James River) | River, Antigonish, Southside
Antigonish Harbour, and Pomquet
Forks.
10 Mabou subbasin, 425 1275 Salt is interb_edded with shale,
Cape Breton Island, NS gypsum, and limestone.
Salt is interbedded  with
11 Kingsville area, Cape 500 NA anhydrite, limestone, and
Breton Island, NS siltstone. The salt structure is a
diapiric anticline.
12 Mcintyre Lake area, 057 381 Salt mass varies in purity and dipg
Cape Breton IslandNS steeply between 20 to 70°.
13 ggg?'targzpeHaerrZ%r 508 245 Salt interclasted with anhydrite
and siltstone.
Island, NS
Cleveland area, Cap Salt interbedded with mudstone
14 Breton Island, NS 732 146 and shale breccia.
Gravity surveys indicate zones of
15 Seaview area, Cap N/A N/A low gravity in the Seaview area
Breton Island, NS However, the presence of salt is
not confirmed yet.
St. Peters area, Cap Sal with various amounts of shale
16 Breton Island, NS 376 550 and anhydrite.
17 Xfﬁ?ﬂ%v.vggﬁgedaue, 550 400 Salt contains deposits of potash
and is interbedded with anhydrite
Cape Breton Island, NS
Kempt Head area Salt interbedded with anhydrite,
18 1 N/A 400 sandstone, carbonates, and twg
Cape Breton Island, NS
zones of potash.
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Criteria considered for CAES site selecti@re obtained througtprofessional judgement andiscussion

with academic and industrial experts. This sectiistusses the importance of the selected criteria and the

thought process behindhe scoring systenCriteriaconsidered for CAES site selectava divided into three

major categories:
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A) Geology/Geomechanics
1) Depth to salt strata
2) Salt strata thickness
B) Energy Potential
3) Renewable energy potential
a. Wind energy potential
b. Solar energy potential
4) Electrical @ergy demand
C) Existing Infrastructure
5) Proximity to existinghatural gas infrastructure

6) Proximity to existing electrical infrastructure.

Although not irluded in the evaluation framework, additional geomechanical criteria such as interbed

thickness and roof rock thicknessalso discussed in this section

3.4.1Depth

Criterion scoring for salt cavern depth is primarily dependent on geomechanical stabildg snd functional
integration with turboY I OKA Y SNE NBIljdZANBYSydao {Ff i depedtindy 3 Q a i
the minimum and maximum air pressure imposed on the caverthis study an operating pressure range

of 4 to 8 MPa is assumedihis pressure range is similar to those used in the current CAES caverns at Huntorf
and Mclntosh which operate at pressures between approximately 4.6 and 7.§Bdieaet al., 2016)These

facilities have demonstrated the stability of this relativelgnservativeoperating range for caverns within

the optimal depth range. Furthermore, an operating range e ¥Pa satisfies the pressure needs of

commercially available CAES expander equipment.

At shalower depths, high cavern pressures can fracture the caprock or the walls of the cakiegin turn,

will cause air to escape from the cavern. As a rule of thumb, the maximum cavern pressurebghionlted

to 80% of the fracture pressure or geostagteess. Note that this is jusin approximateeference point and

a detailed geomechanics analysis should be performed to check thisplimitto salt cavern operation
(Bruno, 2005) If a cavern is shallow enough that the maximum allowadgerating pressure is below
approximately 8 MPa, then the range of operating pressures begisiriok, and therefore less energy
storage is achieved per unit volume. This mechanical limitation governs the scoring system for the depth

criterion for value shallower than optimal depth.

Thedeeperrange of the deptlcriterion is controlledby the minimum air pressure in the cavern. Low air
pressure can increase the credyy increasing the deviatoric stress b 3). Steadystate creeps definedas

time-dependent deformation under constant deviatoric stress. Salt can experience significant creep
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deformationon the engineering timescale,and itmust, therefore,be carefully considereth the designof
the underground storage cavity. A commonly used stesidy 1S ONBSLI) t1F ¢ Aas b2NI

mentioned insection2.34; the equation is restated below:

aa- L .
byy = 3 m e - [Equation]]
where:

\edl = steady-state strain rate

A1z As = deviatoric stress

T = temperature

A _ material-dependent parameter (includes texture, moisture corgnt mineralogy, and
impurity content)

n = parameter based on different mechanisms or creep regime

Ko = normalizing stress at which a particular mechanism is initiated

R = universal gas constant

Q = activation energy of a given mechanism

From the abovequation it canbe observedhat creepincreases exponentially with higher deviatoric stress;

at a similar cavern pressure, the deviatoric stresgréaterin deeper caverns as compared to shallower
caverns. The equation sl demonstrates that creemcreases with temperature. In the subsurface, the
temperature of rocks increases with depth with an average geothermal gradient of 25 °C/km. Therefore,
creep is anajorconcern in deeper caverns because of high rock temperaturdaagddeviatoric stress.d¥
example, a cavern in the Eminence Salt Dome in Mississippi, built between depths of 1725 m and 2000 m,
experienced #0% loss of volume between Octold&70 and April 1972. The bottom of the domes raised

by 36 m; whereas, the top of the dome had rened intact.Bérest & Brouard (2003uggested that the loss

Ay @2ftdzyYS FTNRY (GKS OF SNy Qa 02GG2Y lakgdovedurdmishéss. 0 &8 K
To avoid excessive volume loss to cretie minimum pressure should be at least 25% of the lithostatic
pressure(Bruno, 2005)Volume loss to creep is undesirable because it decreases the available storage for

compressed air

To summarise, the cavern depth and operating pressurea ammplexalance between storage longevity,
associated cavern risksjechanicalequipment needs, and cost. These consideratiares reflectedin the
following salt depth scoring system. A caveuilt within a depth range of 450 to 800 m is given a score of
100 as it meets the equipment needs of a pressure range from MBa& Caverns built at depths shallower

than 350 m are given low scores because they may not be able to contain pressume8 MFPawithout
fracturing and therefore would restrict the operating pressure range. Conversely, caverns deeper than 800
m are given a lower score as the minimum pressureMPémay induce significant straiates, which result

in excessive cavern clo® during its operating life. Deeper caverns can higerminimum and maximum
pressures so that just as much if not more air can be stored in the same volume, but higher pressures also
mean more energy must be consumed to compress the air. This increasegy investment will not result

in an equal increase in energy output because the mechanical equipment is restricted in how high of inlet
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pressure it can take in. Therefore, generally speaking, the higher the cavern operating pressuye=stire
the energy loss associated with air pressure throttling. Given this ideal range of operating pressures and the
lithostatic conditions for which these pressures work in, a global scoring sysismdevelopedor salt cavern
depth whichis shownin Figure29. Using this scoring systerdepth scoring maps were generatéat salt

units and are listed in Appendix B.
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Figure29: Criterionscoringfor depth to the salt strata.

It is important to notethat this scoring systemvas developedor a constant volume operated cavern.
Constant pressure salt cavern operatiisnconsiderednore challenging to implement because it usually
requires a surface brine pond which adds to construction costs and mak@®remental permitting and
public acceptancehallenging An alternative depth criterion for a pressure compensated cavern is expected
to favour deeper salt formations because cavern pressure is directly proportional to ddpsiis because

the cavern pessure musbe in balancewith the weight of the column of liquid used to maintain a steady
cavern pressure. This liquid is usudline,so the cavern pressure is limited to the density of saturated brine,

approximately 12 MPa/km, multiplied by the dégpof the cavern.

3.4.2 Thickness of Salt

The thickness of salt strata is mmportant criterion while selecting a suitable site for CAES. Salt strata should
be thick enough to accommodate gisgale storage caverns with individual volumes of at least 150,600 m

In addition to supporting large volumes, a thicker salt strata will aid in increasing cavern stability and integrity
by providing a larger buffer of rock salt between the cavern ceiling and overlyingatboaprocks. The
thickness of salt formations &major consideration in bedded salt deposits but not as much in salt domes
because the domes are typica#ixtensivein the vertical direction. In fact, salt domes tend to be hundreds

of meters thick as a minimum; whereas, bedded salt strata are relatiéh, from centimetres to a few

hundred meters, and may or may not be thick enough to hdasgestorage caverns within.
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The thickness of salt strata and the volume requirement will determine the shape of salt caverns. Achieving
the large cavern volunsenecessary for CAES operations can be done in three ways related to cavern shape
and the number of caverns. Solutionined salt cavities in salt domes use the most common approach of a
single vertical cylindrical cavern. Alternatively, multiple cylindrezverns can also be used (Huntorf is
connected to two) Finally, long horizontal galleries are ideal for thinner bedded salt formations, but the
techniques needed to mine them are not well developed. The proposed salt cavern shapes and configurations
areillustrated inFigure30. In cylindrical caverns, the diameter of the cavern is limited by roof stability issues.
Caverns with larger diameters than height are susceptible to roof failure if the pressure insidavibrn is

not able to support the roof. As a reference, for deep caverns, it is advised to keep the height/diameter ratio
equal to or greater than one. For shallower caverns, the height/diameter ratio may be reduced; however,
the geomechanicahnalysiss advised to assess the lotaym stability of the roof. Single cylindrical caverns

can be built if salt strata are thick enough to accommodate the required volume; these are economically
advantageous as only one well has to be drilled. Note that driieits for CAES a significant cost because

large diameter wells have to be drilled to meet the air mass flow rates required for the expanders. If the salt
strata are not thick enough for a single cylindrical cavern, then multiple cylindrical caverbs tarilt to
accommodate the required volume; however, this is an expensive option as multiple wells will be needed to
connect underground storage to surface facilities. A potential alternative for storage in marginally thin
bedded salt is to create long hirontal galleries. These atennelshapedcaverns with a horizontal length

of hundreds of meters and a diameter of a few meters. Either a single long horizontal cavautipie long
horizontal caverns can be built depending on the required voluls@reviously discussed, for thmurpose

of scoring, this studgissumes a CAES plant with a size of 100i8bnsiderednd that a storage volume of
165,000 mis required. In other words, to receivesaoreg the salt beds should be thick enough to provide

space for a total cavity volume of at least 165,000within a reasonable number of caverns.

Shape and Size of Salt Caverns

Cylindrical Long Horizontal Galleries

Single Multiple 0 )
Cylindrical Cylindrical

e

m 8 @
8 @

Figure30: Salt cavern configuration alternatives for achieving large volumes.
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Salt beds with a@hicknessof fewer than 20 m are not stable for cavern development because of stability
and potential air loss issues. Between 20 to 9@mintermediatescoreis assigneas these salt strata might
requiremultiple caverns to satisfy the required air volume. Salt strata withicgknessof more than 90 m are
given high scores as they are more likely to be able to use a single large ¢agerae31 shows the global
scoring system used to evaluate the salt formation thickness critetising this saring system thickness

scoring maps were generated for salt units and are listed in Appendix B.
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Figure31: Criterion scoring for salt strata thickness.

3.4.3Interbed Thickness

Even though not included in the firetder assessmentstly, interbed thickness must be accounted for when
siting an underground salt cavern for CAES. It is not practically possiblgude interbedthickness for a
countrywidestudy. However, once the sites are narrowed down, a detailed geomechanics iatiestigust

contain interbedthickness as one of the parameters.

Non-salt interbeds such as anhydrite, dolomite and shale are commonly found in bedded salt deposits.
Investigating interbed thicknessimportant for solution mining and cavern stabilityupose. Thickness of
interbeds determines the totddrinablesalt volume. Thin nosalt interbeds typically fall off under their own
weight during solution mining. However, thickerbeds tendi 2 NXB R duth&bled IKISG a@2 f dzy S ¢
do not fall and lence divide the cavern into multiple parts. Hamil{d®71) suggests a maximum acceptable
non-salt interbed thickness of 3 m (10 ft) for solution mining purpose. Duedoctionin supporting streses,
interbeds incaverrs with large radiusre more likey to collapse as compared to interbeds in caganitha

small radius In addition, lithology of interbeds playan importantrole in determining the maximum
allowable thickness; low stiffness interbeds such as mudstone are more likely to collapse asecbtopa

high stiffness interbeds such as anhydrite.
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Apart from solution mining issue, interbed thickness impacts cavern stability. Salt arséltionerbeds have
different deformation mechanisms, such as salt creeps andsattrocks do not creep ovéine engineering
time scale. During extraction period, differential deformation between salt andsadininterbed could lead
to interface slip, which can cause casing damage. Bruno and Dus@8@3tshow that increasing thickness

of non-salt interbed icreases the probability of interface slip in the cavern.

3.4.4 Salt and NorSalt Roof Rock

Consideration of salt and nesalt roof thickness is a vitphrt in detailed salt cavern siting study. As is the
case with interbed thickness, roof thickness coultib®included in the firsbrder study due taountrywide
study area. Howeveran insighton it is given below, which can be utilized during detailed CAES siting

investigation for specific sites.

Roof rock playan importantrole in cavern stability as #cts as a loatbearing structure. A competent roof
rock bears the weight of the overburden and distributes it away from the salt cavern. In addition to stabilizing

the cavern, an impermeable roof rock would also trap the injected air and prevent upwgrdtion.

Roof rock consists of two types: salt roof and sait roof. Salt roof can be defined as the salt strata situated
betweenthe top of the cavern and the nesalt overburdenThe ron-saltroof is the first norsalt layer above
the salt strata. Ingeneral, caverns in salt domes and thiidded deposits tend to have thick salt roof,
sometimes more than hundreds of meters thick; in these cabessaltroof is enough to bear the load and
minimize deformation in the cavern. However, caverns in leedshlt deposits typically do not haaghick
salt roof. In these circumstances, thin salt roof andsatt roof have to act together to bear tlowerburden

load and minimize deformation in the cavern.

In the cases wherthe non-saltroof is required tdoear the overburden load, such as in bedded salt deposits,
the nonsalt layer should contain the adequate roof rock characteristics: high elastic modulus, large thickness,
no major faults/joints, and very low permeabilitfsoodexamples of competent nesgalt roofs are anhydrite

and carbonates, which have high stiffness. For the competent roof layer, a thicknes&aff 1f# cavern

diameter will provide sufficient stability.

3.4.5Renewable Energy Potential

One of the goals of CAES is to integrate renewabhérgy, such as wind and solar, into the electrical grid.
Although research on integration and connection of renewable energy is not in the scope of this study, an
attempt is made to consider the energy potential of wind and solar sources. Siting a CAESnh&ar
renewable energy power plant is economically feasible to reduce the costs associated with transmitting
energy. This study utilizes available energy potential maps to generate gdoriwind and solar potential.

Appendix Aists thewind and s¢ar energy potential map®r Western Canada, Ontario, and Maritimes
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The rerewable energy potential criteriors dependent on both the wind and solar potentials, available in
terms of energy density and measured in W/ofithe turbine blade swept area ahin terms of annuahean

daily global insolation and measured in M3/day of panel area, respectively. The renewable energy
potential score for a given site is a combination of 1) 50% average available resource and 2) 50% best available
resource Equation 3). A potential siteis evaluatedfor this criterion based on the averagmtential of
renewableswithin a 10 km radius. The scoring systems for wind and solar energy potential argeisjpla
Figure32andFigure 33, respectivelyUsing this scoring systemwind and solar energy potentistoring maps

were generatedand are listed in Appendix B.

im0t <g- v Emgd 2o gl g VY 8 2O M

[Equation 3
Where: ws = wind energy potential score
SS = solar energy potential score
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Figure32: Criterion scoring for wind energy potential.
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Figure 33: Criterion scoring for solar energy potential.
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3.4.6 Electrical Energy Demand

It is economically desirable to build a CAES facility near energy consurcptiters which will allow
reducing costs associated with transmitting €drenergy. In this studyelectrical energy demand is
calculated througmultiplyingpopulation of the district with average energy consumption per capita for the
respective province; the electricity demand score for a site is determined by summing thgy eleenand
within a 10 km radiusHquation4). Note that energy demand within electoral districts is assumedeto
equally distributedacross the areadppendix A lists thelectricalenergy demand maps for Western Canada,

Ontario, and Maritimes.

re> wThTao+ ™ —irpia 4 [Equation 4

where: n = number of districtpartially or completelyithin a 10 km radius of the site
A ' I NBI 27F RAKNNBGO th¥dit®@ GAGKAY | wmn
A I G241t FMBF 2F RAAUNROG W
P ' L2 Lz F dAiey 2F RAAGNAROG W
EDapita = energy demand per capita for the province in question

Figure34 displaysscoring for electrical energy demand; theoring is a linear function resulting in high or

low scores for a site depending on energy demand in the 10 km rddi&irsg this scoring systeralectrical
energy demandcoring maps were generated and are listed in AppendioR that the average emgyuse

per capita includes all energy consumed in the province, including residential, industrial, and commercial

sectors.
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Figure34: Criterion scoring for electrical energy demand.
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3.4.7 Existing Infrastructure

Due tohighcost of hiilding new electrical and natural gas transmission lines, it is econondesiisableto
build a CAES facility closer to existing transmission netwiendix A lists thelectrical and natural gas

transmission line map®r Western Canada, Ontario, @Maritimes.

The scoring functions for the transmission infrastructure are influenced by other similar studies in the US and
Iran(McGrall et al., 2013Batkin et al.2014) Figure35displaysscoring for proximity to electrical and natural
gas transmission infrastructure. The scoring function is linear amésuredon a scale of distance (km).
Using this saing system, electrical and natural gas transmission line scoring maps were generated and are

listed in Appendix B.
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Figure35: Criteriascoring for electrical and natural gas transmission infrastructure.
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The dedsion tree presented ifrigure36 represents geology and geomechanics parameters that should be
considered during detailed CAES siting study. This is not a phd fifst-order study as ifis impractical to

obtain some of the data for Canadéde study. However, the decision tree providas insighton what

parameters should be considered in a detailed study.
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Figure36: Decision tree geology and geomechanics.
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The MCA results for CAES site suitability are displayed and divided into three categories based on the geologic
basins: Ontario (Michigan Basin), Western Canada (Western Canada Sedimentary Basin), and Maritime
Provinces (Maritimes BaginThe results displayed contain criteria with the following weights: 0.2 for salt
depth, 0.2 for salt thickness, 0.15 for renewable energy potential, 0.15 for proximity to electrical transmission
lines, 0.15 for proximity to natural gas transmission ljraesd 0.15 for electricity demand. It can be observed

that geology has high weighting and might strongly influence the total score. Criteria scoring megsifo

geologic basin are shown Appendix B.

51



PART HCAES Siting in Canada: the Geomechanics Perspective

3.6.10Ontario

MCA results for CAES potential in Ontanie displayed inFigure37. A few cities in Ontario offegood
potential for building a CAES facility. These areas have reasonably thick salt deposits at optimal depth. On
the other hand, due to unavailability oflsatrata, amajor part of Ontario is not suitable for CAES. Since salt
strata are limited to southwestern Ontario, the final CAES potential result map of Ontario only displays

southwestern Ontario.
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Figure37: MCA results for CAEpotential in Ontario.

Salt strata in SW Ontario are thin as compared to strata in Western Canada and Maritime Provinces; however,
depth to salt is not an issue in SW Ontario. The only two salt units that can accommodate salt caverns are

unit B and unit & of the Silurian PeriodDue tolargerthickness, Unit B is preferred over unit A2 throughout
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Ontario. For example, in Sarnia, Unit B is 90 m thick and 610 m deep; whereas, unit A2 is 40 m thick and 750

m deep.

The city that shows the highest CAES pa#dns Sarnia. It has the thickest salt in Ontanwdgh 90 m thick

Unit B salt strata deposited a depth of 610 mSarnia also sces high in energy demand criteriofhe
renewable potential, electrical transmission line, and natural gas transmissiersdiors for Sarnia are
similar to other major cities in SW Ontario. It can be safely said that optimal geology differentiates Sarnia
from other sites irSW Ontario and make it the bdstationto implement CAERB Ontario. Other cities that

show decenpotentialare Goderich, Windsor and Chatham; as compared to Sarnia, these cities score less in

salt thickness criterion.

3.6.2Western Canada

MCA results for Wester@anada are displayed Figure38. The map displaya long northwestsoutheast

band that has good potential for CAES in Alberta and Saskatchewan. The position of the lrghty is
influenced by the presence of optimal salt strata in that area. Even though multiple salt strata exist in the
Western Canada Sedentary Basin, the Prairie Evaporite Formation has the highest influenite position

of the band due to its presence in Saskatchewan and lack of presence of other salt formation in
Saskatchewan. Apart from the Prairie Evaporite Formation, Cold Lak®timn and Lotsberg Formations

also show great geologic potential in Alberta.

Middle to northeasternAlberta has the highest CAES potential, and this is attributed tehilok salt units

present in these areas. Examples of the cities that show higmpatere Cold Lake, Bonnyville, and Lac la
Biche. Eastern Alberta also scores high in electrical and natural gas transmission infrastructure. The CAES
potential band goes througtihe middle of Saskatchewaand the Prairie Evaporite Formation is the ordit s

strata deposited in middle Saskatchewan regions. Areas that show high CAES potential include Yorkton,
Saskatoon, and North Battleford. These areas have optimal geology, high energy dgamatichnsmission
infrastructure, and high renewable potentidlloydminster also shows good CAES potential with high scores

in geology, transmission infrastructure and renewable potential.
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Figure38: MCA results for CAES potential in Western Canada.
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3.6.3Maritime Provinces

MCA results for NevBrunswick and Nov&cotia are displayed iRigure39. Salt geology in the Maritimes
Basin izomplexdue to tectonic activity that turned bedded salts into domes, anticlines, and pillows. This
means that salt isapresented in patches as compared to continuous representation in Western Canada and
Ontario. As displayed ifigure39, significantCAES potentiadxistsin Nova Scotia and New Brunswick in

locations that contairsalt strata. Fortunatelysaltis present near major urbacenters
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Figure39: MCA results for CAES potential in Maritimes.

In New Brunswiclsignificant CAES potential existsoutheast New Brunswick and areas west of Moncton

These areas have thick salt beds located at optimal depth and decent renewable energy potential. The areas
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are close to major urbacenterssuch as Moncton and Amherst, which have high energy demand and good
transmission infrastructure. Regions that shdwgh CAES potential in Nova Scotia are Amherst, Port
Hawkesbury, Antigonish, artide areabetween Truro and Dartmouth. All of these regions hatrengwind
potential and score 100 in depth and thickness criteria. Areas with high energy demand inclumaridu
Dartmouth; even though these citiese not underlain by thick salt stratthe cities are well connected with

the thick saltstrataareas through transmission infrastructure.
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In the past, salt caverns in southwestern Ontario and elsewhere in North America have been used for
disposingoil field wases, storing liquid and gaseous hydrocarbon products, and producing salt for
commercialuse Now, with the demand for energy storageowing rapidly salt cavernare proposed tde
usedas a storage medium in compressed air energy storage (CAES). Apapuimped hydro, CAES is the
only technology that can provide gritale energy storage. For this to occur, implementation of CAES in
southwestern Ontario would require solution minilgggesalt caverns to be used atoragevessels. This, in

turn, would generate large volumes of brine that must disposed ofafely.

Historically, the three most common waysdgsposebrine were discharge to surface waters, disposal into
surface ponds, and deepell disposal. However, because of environmental issues sstsoil and
groundwater contamination, discharge to surface waterd disposal into surface ponds atescouraged or
prohibited by regulations. Deep well disposal has fewer environmental issues as compared topbites,

but requires a suitable aquiféhat can be shown to provide containment and is also subject to the regulatory
process, supervised by the Petroleum Operations Section of the Ontario Ministry of Natural Resources and

Forestry.

Though deep brine disposal has been used by industriesniariO, there is a lack of a comprehensive
investigation of site suitability for deep brine disposal. Btiglyaims to investigate suitable sites for brine
disposal in southwestern Ontario based on geological, geomechanical, and petrophysical parafeters.
multi-criteria analysis evaluation system is developed based on relevant digavaatetersand applied to

sites throughout southwestern Ontario.

The chapter starts with discussing the geological, geomechanical, and petrophysical parameters that
influencedisposalin the subsurface. Then, gection4.4, the studygoes on to briefly discuss southwestern
hydlFrNR2Qad 3ASYSNIft t+FtS212A0 3S2t238 YR (G(KS rNBf SQ

disposal. Sdibns 4.5, 4.6, and 4.7 present the multicriteria analysis framework, the decision tree, and
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criteria scaing and weighting, respectively. The last section discussesli8pgosal potentialresults in

southwestern Ontario.
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sites in southwestern Ontar based on a broad set of geological, geomechanical and petrophysical
parameters. Theiral results of this study, whickhow suitable brine disposal sites, will help in locating
suitable areas to implement CAES. It is economically and environmentairpreto solution mine salt
caverns, as required for CAES, near the disposal site. Transporting bairgeedistance through pipelines,

trucks, or any other method will be expensive and can also result in spills.

{ Ay OS (K=2ARSHNE | aadrReedidation Rust follow once the list of suitable disposal sites

is harrowed down to a few sites. The detailed investigation must consider at least the following subjects:
permeability, porosity, thickness, depth, areal extent, and formation sues of the disposal formation;
impermeability, strength, thickness, and continuity of the confining rock mass; proximity to faults and
tectonic history of the area; proximity to valuable resources such as potable water, oil and gas, and mineral

deposits;and presence of unplugged or inadequately plugged wells in the vicinity of the disposal site.

42CSFAA0AEAGE /2yaARSNIGA2YV A

This section will discuss the geological, geomechanical and petrophysical parameters that affect brine
disposal into the subsurfaceBefore discussing the parameters, it is essentialbtizfly review the
hydrogeologigrinciples thaigoverninjection and movement dhjected fluidsn the disposal formation. For
representation purposedrigure40displays an ideal brine disposal-sgt. An ideal disposal sep represents

brine movement in the form of an expanding cylindethe formationthat is isotropic, homogeneous, has
uniform thickness, and contains no leakage pathways to other formatidtowever, in reality, disposal
formations typically display anisotropy and heterogeneity, such as different horizontal and vertical
permeability; also, brinalisposedin real disposal formations hashagh chance of encountering leakage

pathways such geints, faults, and unplugged wells.
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Conﬁnmg Rock Mass\

Figure40: Ideal brine disposal setp.

Injection pressure is of utmost importance in any brine disposal project. Low injection pressures are preferred

to avoid highpower surface egipment that would increase the cost of the project. In addition to cost, high
injection pressures are discouraged as they can lead to potential caprock stability issues. The required
injection pressure can be explained by the fundamental Law of Daroghwhplains the factors that control

fluid movementthrough porous media. Equation’5a | T2 N 2F 51 NDeéQa [l g3 |y
LINS&adz2NB RAFTFSNBYGAFE o0ktov GKFEG A& NBIAANBR G2 C
assumes that the formation is isotropic, homogeneous and uraform thickness.Equation 6givesthe

formulato calculate injection pressure JRjivenformation fluid pressure (B, pressureof fluid column (B,

fricion lossintubing ® = F YR LINB&a&ddzNE NBIdZANBR G2 YFAYyOGFAYy NJ
should be noted that peneability and thickness are the most influential parameters for injection pressure
(McLean1968).

3’/” 8 B [Equation §

where Q is flow rate, W is fluid viscosity, Reffectiveradius of formation at static pressure, Rwésliusof
Sttt 1 Ad LISNNYSFIoAfAGET K A& F2NX¥IFGA2Y (GKAOlySaa

P=Pc¢P+Rb Kkt [Equdion 6]

4.2.1 Permeability

Permeability is defined ake ability of rock formation to transmit fluid. It is the most important parameter
in deep brine disposal as the main goal of disposal project is to store and transmit the fluid through the

formation. Injection pressure is also largely dependent on peily; low permeability would require high
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injection pressure that can make the project expensive and even impractical. The unit for permeability is the
darcy, one darcy is equal to the value of permeability that permits one cubic centimeter of flidunit
viscosity to flow through a length of one centimeter and a cigesstional area of one squagEntimeterin

one second under a pressure differential of one atmosphere. Formationgesitheabilitygreater than 100

mD are preferred for large volumes brine disposal, i.e., they are considered as aquifers.

LG A& NBfFGAGSte O2y@SyASyid G2 206Gl Ay I NRO|1Qa LXk
large porosity meansarge permeability; however, this is not always the case. Permegphiiepends on
interconnected pore space, pore throat radius, and fracture network density. Two examples in which the
formation might have higlporosity but less permeability are (1) when the pores ammentedand fluid is

not able to flow through the porg and (2) when the formation consists of figeined rock that has small

pore sizes through which the flow is limited. It should be noted that hydraulic fracturing is a proven technique
to enhance permeability. It is possible to havghpermeability ina low porosity formation if the formation
consists of a network of natural or induced fractures; an exampfeatured limestone(Nadeem and
Dusseault, 2007)

4.2.2Porosity
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porosity. Primary porosity refers to void space formed during deposition of the sediments. Secondary
porosity refers to void spacformed after deposition througlyeochemicalor tectonic process. In fact,
porosity is categorized further into two categories: total porosity and effective porosity. Total porosity refers
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importance since only the interconnected void space will transmit and store the brine.

High effective porogy is desired for an economical disposal operation. As a reference, porosity values

greaterthan 15 % are desired for large brine disposal operations.

4.2.3Depth

The minimum and maximum constraints for the depth depend on environmental issues and driditag co
respectively. The disposal formation should maintain a certain distance from the formations containing
freshwater, in Ontario, freshwater typically occurs at shallow depths. Also, at shallower depths, the confining
rock mass is at bow stresscondition and would fracture under high injection pressufdis carresultin

major environmental issuesuch as polluting the shallow potable water formatiofddcLean, 1968)

Therefore, in southwestern Ontario, a minimum depth conisifraf 120 m is advisedAtthis depth,caprock
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is strongenough to withstand the injection pressures that will be needed, and the disposal formation is far
away from the groundwater formations. That being said, depth to the groundwaterveapand the

minimum depth constraint neexitobe doublecheckedbefore finalizing a potential site.

The maximum depth constraing controlledby the cost of drilling and operational machinery. Drilling is
expensive and deeper disposal formations can significantly increase the capital cost mbjbct. Also,
deeper formations have higher formation pressures and therefore require higher injection pressure to
maintain the flow. Higher injection pressure would require hmglwered surface equipment and this would
increase the operation cost of ¢hproject. In fact, in deeper formations, it is possible to have formation

pressures so high that the disg®peration in not feasible.

4.2.4Thickness

The thicknes®f the disposal formation is an important parameter due to its impact on transmissivity an

injection pressure, as well as storage volumes available.

Transmissivity is defined as the rate at which water is transmitted through a unit width of an aquifer under a
hydraulic gradient of unity. Eqtion 7 displays the formula for transmissivity;ig equal to the hydraulic
conductivity of an aquifer times the thickness of an aquifer. The units for transmissivity/aiayror L/day/ft
(gal/day/ft). For disposal purpose, higher transmissivity is desired soldhg¢ amounts of brine can be

disposed Equation 7shows that formations with large thickness will have larger transmissive potential.
T=Kb [Equation7]
where T is transmissivity, K is hydraulic conductivity, and b is thickness

The formation thickness is one of tlseucialparametersthat controls injection pressure. Given that other
disposal formation conditions are the same, thinner formations require higher injection pressure and vice
versa to achieve the same injection rates. Higher injection pressure would d@niomical, as it would

require highpower surface equipment.

The thicknessf the disposal formation also controls the spread of the injected fluid. In a comparison of two
homogeneoudormations with similar effective permeability, brine would spreadHar ina thinformation

as compared t@ thickformation (McLean, 1968)it is desirable t@ontainbrine near the well so that it does

not pollute valuable resources or pose other environmental issues. Confinement of the brine will also assist
in developng an effective monitoring system that cha placedn the vicinity of the well. Another challenge

in injecting brine into a thin aquifer is the acceptance of fluid. Typically, only a few metarsadfom the

well acceptslarge amountof fluids. All he abovenoted points make itobviousthat thicker disposal

formations are preferred.
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4.2 5 Areal Extent

A disposal formation with a large areal extenpieferredto accommodate large volumes of brine and avoid
pressure buileup during longterm injection. Hist, givenadequatepermeability and thickness, the amount
of brine stored is directly related to the areal extent of the formation. The amount of brine storage increases

with increasing areal extent or reservoir volume.

In addition formations with larg areal extent are necessary to avoid pressure buficduring longterm
injection. Injected brine pushes ambmpresseshe formation fluids while moving radially away from the
well. Since the formation fluids are only slightly compressible, pressurdshul quickly in an aquifer with

small areal extent (McLeah968).

In a confined aquifer, it is possible that formation pressures are so high that the disposal opé&atimtn
feasible Also, over the time, with more injection, formation pressure caachecritical pressure values at

which reservoir stability issues can arise. Two possible stability issues are caprock breach and well damage
due to high pressure. Therefore, McLgd968 suggests that a formation with large areal extent is needed

to distribute the pressure.

4.2.6 Confining Rock Mass

All disposal formations require a caprock that confines the injected fluid into the disposal formation;
confinement is necessary to avoid polluting formations containing groundwater, oil and gas, and other
minerals The main requirements of an adequate caprock are impermeability to reservoir fluid, strength,
thickness, and continuity. Caprock should be impermeableuafiaulted, so that the brine does not escape

the disposal formation. A confining rock mass shouédshifficiently strong so that the high formation
pressures due to lonterm injection do not fracture the caprock. In fact, if the caprock has high stiffness,
then the fractures will be limited to the disposal formation. Also, the caprock should be tidatoatinuous;

a thick caprock provides additional protection in shallow disposal projects where the distance between the

groundwater formation and the disposal formation is only a few meters.

Preferred and proven caprock include shale dadsecarbonates (Rudgd1972). Having said that, even other
rocks that are dense can act adarrier to the injected fluid; for example, sandstones that are heavily

cemented can become impermeable to brine and act as an adequate seal.

Shalesare commonly found as confing rocks for hydrocarbon reservoirs. Theyfane-grainedsedimentary
rocks formed byconsolidation of clay minerals into thin impermeable layers bonded together by
cementation, friction, and adhesion to thin layers of water. The impermeable naturefrdatured shale is

due tovery small pore throat sizesd ductilebehaviour
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Apart fromshales densecarbonates can form an effective seal. The effectiveness is due to fine grains and
small pore throat sizes that can impede flow. R{tii72 explains hat nonductile rocks, such as carbonates,

are similar to a glass jar that can prevent flow, but is brittle and can fracture under high pressure.

4.2.7 Formation Pressure

For successful lorgrm disposal, ifs requiredthat the formation pressurde below cetain limits which
depend on other factors such as permeability and volume of the resemdajh formation pressure would
increase the operational cost by requiring higher injection pressireddition high injection pressures
needed to achieve desigates could cause environmental problems by damaging the caprock and possibly

polluting other formations.

Over time, fluid injection may result in increased formation pressure. Therefore, to avoid reaching a high
formation pressure, initial formation pssure should be low. Low formation pressure also suggests that the
formation has adequate porosity and permeability. However, very low formation pressure could also mean

that the disposal formation is not confined and a leakage pathway exists througlapinecs.

4.2.8 Proximity to Formations with Valuable Resources

According to government regulations, injection of brine should not affect any formation containing valuable
resources; valuable resources can include potable water, oil and gas, and other minersitsigpcLean,
1968) A safe distance muse maintainedrom these resources, and multiple confining layers should exist

between the disposal formation and the valuable resource formation.

Since ground water typically exists at shallower depth, partiati@ntion needs tde paidwhen disposing
brine at depths of less than 180 m. Disposal at greater depth does not nonpasky a threatto potable

water sources. However, oil and gas deposits and mineral deposits can exist at greater depth.

4.2 .9 Proximity to Faults

If a fault is presenthroughthe caprock and the reservoir, it can cause major environmental issues. The brine
can escape through the fault under the influence of pressure and pollute other formasimdarly,areas
containingcaprock with highracture densityshould be avoidedsfractures in the caprock can allow brine

to escape the disposal reserv@iigire 41).

It is also desiredhat the disposal sitde located in a tectonically stable ardaargeearthquake advity can
pose a threat to reservoir stability through generation of fractures or faults. Seismic activity can also open

existingfaults or fractures. Fortunately, southwestern Ontario is seismically stable.
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gas. Unfortunately, many of these wells were left unplugged or inadequately plugged. The records of the

McLean(1968) estimates that more than 10,000 wells were left unplugged or inadequately plugged. Most of
During injectionprine can escape under the infénce of pressure through the unplugged wells and pollute
other formations Figure 41). In the past, environmental incidents occurred in Ontario where industrial waste
unplugged wells mudte determinedbefore brine injection. McLeaf1968 suggests that, at least, an area

During the last decades of thé@". century, many exploratory and production wells were drilled for oil and
location of these wells have bedwst and this creates an environmental a®rn during subsurface disposal.
escaped the disposal formation through unpledgvells (Raven et al1990). Therefore, the location of

covering the radius of 2.5 km around the well shdoddsurveyedor unplugged wells.

these wells are located in the Devonian and the Silurian strata.

4.2.10Unplugged Wells
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formation pressure from surface disposal can damage the plugging and pose environmental issues.
64

It should alsdoe notedthat some wells were inadequately plugged and will needbéopluggedoproperly.

Even the wells thatvere pluggedproperly were plgged to withstand normal reservoir pressure. High
Therefore, all the plugging within the vicinity of the well mhetcheckedor stability against high imposed

Figure 41: Unplugged/Inadequately plugged wells can cause environmental issues

formation pressures.
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Deep well disposal operation is regulated under the Oil, Gas and Salt Resources Act, R.S.0. 1990. The
regulations are enforced by the Ministry of Natural Resources and Forestry. This section describes the

disposalregulationsand recommendations relevant to the brine degad study.

One of thepotential strata for brine disposal is the Lucas Formation in the Detroit River Group. It contains

Wi 2ald OANDdzZ I GA2yQ T 2ySa (KI atobige& fonbiihé dispdSallMdbveveri £ A G
the Detroit River Group is located at shallow depths in most parts of southwestern Ontario and this may pose

a potential environmental risk to freshwater sources. The regulation, uriR€.O. 1990, Reg. 341, s. /(2)

states that no disposal should take place in the Detroit River Group within 8 km of the St. Clair River. Also,
under R.R.0O. 1990, Reg. 341, s. /{tltates that no liquid industrial waste should be discharged into the
Detroit River Group. These dispbgegulations for the Detroit River Group were in response to several
fSF1+F3S AyOARSyi(Ga GKIFIG 200dz2NNBR Ay GKS {FNYyAIF NB3
surface,and brine was found at greater distances from the injection {iRdlven et a).1990). The leakage
occurred due to flow through abandoned and improperly plugged wells that were drilled earlier in'the 20

century in the search for oil and gas.

In addition to the regulations mentioned above, the Oil, Gas and Salt ResoWAct also makes
recommendations on proper practices for deep disposal. Some of the recommendations relevant to this

study are:

1 If possible, fluid should be injected by gravity feed with no applied pressure. However, if gravity feed
is not feasible, lowst practical injection pressure should be applied. The applied injection pressure
must not exceed 75% of the fracture gradient.

1 The operator should isolate and protect formations containing potable water, oil and gas, and
mineral deposits.

1 The operator Bould ensure that fluid migration does not take place between permeable formations,
and the fluid is contained within the disposal formation.

9 Formation pressure at the midpoint of the disposal zone should not exceed 75% of the formation

fracture pressure.

For more information on the regulations and recommendations, the reader is encouraged to visit the website
2T GKS hyidl NA2 D2 0 DNIGYSydiSall RédourcasSof Qidtafo, PFa¥intial dperating
{dFyRIFINR&aDE
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Sedimentary ocks in southwestern Ontario belong to the Paleosyi and overlie the Precambrian rocks
of the southern margin of the Canadian Shidttjure42 shows a generalized bedrock geological map of
southwestern Ontag; it is noticedthat younger rocks outcrop in the southwesterly direction from the

Canadian Shield margin to the southwestern Ontario margin.

BEDROCK GEOLOGY
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Figure42: Generalized Paleozoic bedrock geology of southern Ontario (Armstrong antbC2010)

Sedimentary strata in southwestern Ontario consist of two major sedimentary basins: the Michigan Basin
and the Appalachian BasiRkigure43). A northeastsouthwest direction trending structurallyigh feature,

the Algonquin Arch, separates these two basins throughout southwestern Ontario. The Findlay Arch, the
tectonic equivalent of the Algonquin Arch in the United States, runs in the northward direction from Ohio.
The Algonquin and Findlay Arahe searatedthrougha structural lowfeature known as the Chatham Sag

(Armstrong and Carte010).

Lake Michigan

|:| Paleozoic sedimentary rocks of southern Ontario : Precambrian basement
[ Paleozoic sedimentary rocks outside the area of investigation [/ Appalachian Orogen
=~ Contours of Precambrian basement, mASL —"  Axes of regional arches

Figure43: Michigan Basin and Appalachian Basin in southwestern OntéABECOM Canada Ltd. and Itasca
Corsulting Canada, Inc., 2011)
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The Michigan Basin hadawl-shapedgeometry with its depositional center near Saginaw Bay in Michigan.
At the centerof the basin, sediment thickness approaches 4,800 m. The sedimentary strata in southwestern
Ontario consis of the eastern flank of the Michigan Basin. Therefore, sediment thickness is far less in
southwesternOntario, with maximum sediment thickness reaching 1400 m. The Appalachian Basin is a
foreland basin thatvas formeddue to collisional tectonic events ¢he eastern edge of North America.
Sedimentary strata in southwestern Ontario consist of tiwethern edge of the Appalachian Basin. The
maximum thickness in the center of the Appalachian basin, not in Ontario, is 7,0@enmeasthe maximum
thicknessof the Appalachian Basin in Ontario is approximately 1400 m. Since the Algonquin Arch separates
these two basins, the beds dip away from the arch towards the center of these basins. A dip of 3 to 6 m/km
is recordedn the southwest direction along the Algguin Arch, and 5.5 to 8.5 m/km in the west direction

and southward direction towards the center of the Michigan Basin and the Appalachian Basin, respectively

(AECOM Canada Ltd. and Itasca Consulting Canada Inc., 2011)

Disposal formations in southwesin Ontarioare locatedin strata of the Paleozoic era during which the
Michigan Basin and the Appalachian Basere formed Paleozoic rocks are mainly made from marine
sediments asouthwestern Ontario was intermittently covered by basentered inlandseasduring the
Paleozoic era. Due to thisolationof the Michigan Basin, rocks in the basin tend tochebonate richand
also contain evaporite beds. However, due to supplyof clastic sediments from the highlands, rocks in the

Appalachian Basin tertd be siliciclastic in nature (Armstrong and Carg€10).

The general stratigraphy of southwestern Ontaisoshownin Figure44. The figureis dividedinto three
columns based on stratigraphy from northwestt® dzi KSI a0Y hy dl NA2 Q& da@eNdi A 2y
aAOKAILY . FAAYOSZ I NRdyR GKS 'f32ylidiy ! NDK: VYR

Appalachian Basin).

The disposal potential in southwestern Ontario is limited as comparéuetareas in the United States that

share the Michigan and the Appalachian Basiiish & A Y RSSR RdzS G2 &a2dzikKgSadSN
flanks of the Michigan and AppalachiBasinsthe sedimentary strata in southwestern Ontario are thin and
limited in areal extent as compared to the thick and extensive strata ingfghbouringareas. Nevertheless,

the sedimentary strata in southwestern Ontario contain a few formations that possess adequate brine
disposal potential. The two rock strata that cakée large quantities of brine are the Lucas Formation and

the Cambrian age strata. Locally, other formations such as the Guelph, Bois Blanc, and Bass Islands
Formations have limited potential as wéllicLean, 1968)The Lucas Formation contains karsticwertks,

and habeen extensively utilized for brine disposal. The CamlstiGataare mostly comprised of sandstone

and contains adequate porosity and permeability for large quantityrivle disposalThe Guelph érmation

holds vast deposits of hydrocaneand is also utilized faratural gas storaget is recommended that brine

should not be disposed iareas containindhydrocarbors and potential natural gas storage reservoirs.
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However,if allowed by the regulationghe Guelph Formation can be utilizéar brine disposain depleted
oil and gas reservoirs. The Bois Blanc and Bass Islands Formations hal®wakstdwater recoveriesn
limited areas and these aras mightoffer limited brine disposakapacity A thorough discussion of the

disposal potentl inthe above noted formations presented in sectiof.9.3

Standard Eastern Michigan Basin ’ Western Appalachian Basin
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Figure 44: Paleozoic stratigraphy of southwestern OntarilA\ECOM Canada Ltd. and Itasca Consulting
Canada Inc., 2011)

4.4.1 Cambrian Age Strata

The Cambrian strata unconformably rest on the crystalline rocks of the Precambrian basement. The Cambrian

strata cover limited areas in southwestern Ontario because of the presence of the AlgonquiRiguoce45

68



PART IHPotential of Deep Brine Disposal in Southwestern Ontario

shows the isopach map of the Cambrian strata, along with the black dotted line that displays the depositional
edge of the Cambrian rocks. It is thought that the Cambrian strata once covered the whole of southwestern
Ontario. In theCanbrian period, sediments were deposited during the marine transgression over the
42dziKgSAGSNY hydlNA2Qa t NBOFIYONRIY oFaSySest GKI i
depositional uplift of the Algonquin Arch led to erosion of the Cambrian sedimeatgpresent day
configuration. Relative to the Algonquin Arch, the Cambrian Strata thickens and dips westwards towards the
Michigan Basin and southwards towards the Appalachian basin. The Cambrianastrateconformably

overlain by Ordovician rocks; thg D2 y F2 N¥A (& A& (y2é6y +a G(KS aYy2E dz
2010).

Rocks in the Cambrian strata are dominated by sandstone, and the three major rock types include, in
ascending lithologic order, quartzose sandstones, interbedded sandstonedostahes, and dolostones
(Armstrong and Carte010). The nomenclature of Cambrian strata is different in the Michigan Basin and
the Appalachian Basin. The longitude of 81° W separates the nomenclature in southwestern Ontario, with
west of 81° W belongmto the Michigan Basin and east of 81° W belonging to Appalachian Basin. Cambrian
strata west of 81° W are known as, in ascending order, the Mount Simon, Eau Claire, and Trempealeau
Formations. The Cambrian strata east of 81° W lamewn as thePostdam Theresa, and Little Falls
Formations Figure 44). In this study it is consideredthat these formations are correlative and the
nomenclature of the Cambrian strata from the Michigan Basin is used to describe thieglltharacteristics

of the formations. In fact, in the next few paragraphs it will be clear that the formations in the Cambrian

strata show similar characteristics, and the Cambrian strata will be treated as a single unit.

The Mount Simon Formation is @holdest Cambrian strata encountered in southwestern Ontario. It is
deposited only in certain counties: Essex, Lambton, Elgin, Norfolk, Huron, and Bruce Counties. In Essex
County, it can be as much as 30thick, and in Elgin County, it can reatthicknessof over 15 m. The
Formation consists of white to liglgrey quartzose sandstone; typically, the basal sandstone isseeiéd

and coarseggrained. Among all the Cambrian strata, the Mount Simon Formation contains the highest

porosity and is the most pernadle (McLean, 1968)

The Eau Claire Formation overlies the Mount Simon Formation. It has the largest areal extent in southwestern
Ontario and covers parts of the following counties: Norfolk, Essex, Brant, Elgin, Kent, and Lambton Counties.
It reachesthicknessof more than 60 m in Lambton and Essex Counties. The formation consists of fine to
medium-grainedquartzose sandstone with interbeds of fheeystalline dolostone andhalydolostone. Due

to the presenceof carbonates and shale, the porosity and peahbitity values in the Eau Claire Formation

are lower than values in the Mount Simon Format{MtLean, 1968)

The Trempealeau Formation overlies the Eau Clair Formation. ltahesry limited areal extent in

southwestern Ontario and covers parts of théldaving counties: Elgin, Kent, Lambton, and Essex Counties.
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It can attainthicknessof up to 45 m in the Michigan Bastountiesand up to 30 m in the Appalachian Basin
counties. The formation consists of buff, fine to medium crystalline dolostone. Conhgaréhe other

Cambrian formations, this Formation contains the lowest porosity and is the least permeable.

Due to relatively similar characteristics of the three Cambrian formations mentioned abaweljfficult to
differentiate between them. Therefa, geologists tend to treat the Cambrian strata as a single unit. The
petroleum industry has been treating the Cambrian strata as a singteand so do most of thevell log
interpretations for correlation analysis. The isopach and depth maps of the IGanalge stratare displayed

in Figure45 and Figure46, respectvely. Sectiord.82y a5 G O2f t SOGA 2 Minsthg R A Y (

method used to create the isopach and depth maps.

The Cambrian Age Strata: Isopach Map
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Figure45: Isopach map of the Cambrian age strata (Map Author: University of Waterloo; Data Provider:
Ontario Oil, Gas and Salt Resources Library)

70



PART IHPotential of Deep Brine Disposal in Southwestern Ontario

The Cambrian Age Strata: Dept Mp
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Figure46: Depth map of the Cambrian age strata (Map Author: University of Waterloo; Data Provider:
Ontario Oil, Gas and Salt Resources Library)

Average porosity values in the Cambrian strata can range from 5 to 15%; however, values as high as 20%
have been recorded in sandy facies. Permeability values in the strata average around 50 mD, although streaks
of 250 mD are also recordécLean, 1968)

The limit for potable water is around 5,000 p.p.m. of tatesolvedsolids,and no disposal shoutdke place

near potable watesources. It is shown that the range of total dissolved solids in the waters of the Cambrian
strata is 200,000 to more than 400,000 parts per million (p.p.m.). However, the Cambrian strata closer to the
surface might have sigicantly lower total dissolved solid values, and exceptionally (locally and when

shallow) might be suitable as a potable water resource.

4.4.2 Lucas Formation (Detroit River Group)

The Detroit River Group is from the Middle Devonian Period iancbmprisedof three formations: the
Sylvania, Amherstburg, and Lucas Formations. Of these three formations, only the Lucas Formation is suitable
for large volumes of brine disposal. In fact, in the past, the Lucas Formation was extensively utilized for deep
disposal ofpetrochemical wastewaters. But due to environmental accidents in the late 1960s, new
regulations prohibited disposal of industrial waste in the Lucas Formation within 8 km of the St. Clair River.

The regulations still permit disposal of brine in the Luéaisnation, as long as the disposal site is 8 km away
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from the St. Clair River and the disposal operation does not pose contamination threat to formations

containingfreshwater, oil and gas, and mineral deposits.

The Lucas Formation conformably overlies kmherstburgormationand it is unconformably overlain by

the Dundee Formation. It is comprised mainly of limestones and dolostones; however, anhydrite beds and
local sandy limestones are also encountered (Armstrong and C2a0#0). Typically, anhydetbeds thicken
towards the center of the basin. In some areas of southwestern Ontario, especially towards the basin center,
anhydrite beds have been dissolved and have created karstic features. These locations have very high
permeability and have beentethR | & af 280G OANDdzZ I GA2yé [T 2ySao

Similar to other formations of the Michigan Basin, the Lucas Formation is thickest in the center of the basin.
It attains a maximum thickness of 96 m in Sarnia and thins out southeastwardly towards Lake Erie (Armstrong
andCarter, 2010). The isopach and depth maps of the Lucas Formation are displdigdned 7 andFigure

48, respectively.

The Lucas Formation: Isopach Map
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Figure47: Isopach mapof the Lucas Formation (Map Author: University of Waterloo; Data Provider:
Ontario Oil, Gas and Salt Resources Library)
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The Lucas Formation: Depth Map
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Figure48: Depth map of the Lucas Formation (Map Author: University of Waterloo; Data Provider: Ontario
Oil, Gas and Salt Resources Library)

Permeability and porosity values are relatively high in Lambton and Kent Counties. Thick salt beds are present
in the Salina Formation under these counties, and the differential dissolution of the salt beds created

fractures in the Lucas Formation; hence, an improvenigiseenn porosity and permeability values.

In Lambton County, the Lucas Formation has porosities ranging from 8 to 20% and permeability values
ranging from 10 mD to 50 mD; streaks of over 200 mD aremksent locally due to karstic featui@écLean,

1968) Note that core data arkmited for the Lucas Formation and very rareauntiesother than Lambton.

4.4.2.1Karstic Aquifers; Lucas Formation

Karstification refers to the dissolution of soluble rocksch as carbonates and evaporites, from exposure to
undersaturated water. Dissolution enhances the permeability of the soluble reservoir through enlargement
of joints and fractures, and subsequentigrmation of conduits and/or caves. Karstification nortyaoccurs

in shallow formations due tthe presenceof freshwater; karstic features found in deeper formations are
known agaleokarstand were formed during or soon after deposition. Permeability in paleokarst formations
is largelyreduced due to compdion from the overburden and infilling by mineral deposition of sulphates

and carbonates as at the Bruce Deep Geological Repository (Intera Engineeria@1L1ty.

Flow in karstic aquifers occurs due to three processes: matrix flow, fracture flow, additsgcave flow

(Hurley et al.2008). Matrix flow occurs through small pore spaces that are part of the primary porosity of
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the rock. Flow througthe matrixis very slow, with flow rates of less than 1 m per day. Carbonate rock mass
contains fractures & part of the secondary porosity, and these fractures are enhanced due to dissolution.
Flowrate is high in fractures, with rates that can reach more than tens of meters per day. Dissolution in

carbonates and evaporites can also create conduits and cawese the flow rates argotentially quite

rapid. Flow rates of more than 100 m per day are possible in conduits (Worthir2@aa).

In southwestern Ontario, karstic features/systems are present inrthar-surfaceformations containing
carbonates. Théarstic formations in southern Ontario belong to the carbonate and evaporitic rocks from
the Ordovician, Silurian, and Devonian ages. For brine disposal purposes, only the carbonate formation of
the Devonian age is considered. The Lucas Formation, corgdimiestone and dolomite beds interbedded
with anhydriticbeds, is reported to be karstic. Hurley et al. (20@§)ortsthat drill cores from boreholes in

the Lucas Formatiomave consistently indicatedhe presenceof karst. After deposition of the Lucas
Formation, continental uplift drained the sea that had covered Ontario for millions of years, and this resulted
in an unconformity between the Lucas Formation and the Dundee Formation. Hurley28G8) suggested

that the uplift and subaerial exposuoeuld have created faults, fractures, and solution channels in the Lucas
Formation. Figure 49 displays the areas underlain by known and inferred karst. A substantial area of
southwestern Ontario is categorized udigé G0 KS Wdzy 1 y26y Q OF 4S3I2NR® 9GSy
not be mapped due to thick overburden, the ddtiresand geologic history show that the Lucas Formation

is potentially karstic in most of southwestern Ontario, especially in Lambton andJ¢enties.
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Figure49: Areasunderlainby karst in Ontario (Brunton and Dodg2008)
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Due to a large number of parameters involved in the rating of the brine disposal sites, a formal evaluation
system musbe developed to aid in decisienaking. Multicriteria analysis (MCA) isd@cisionmakingtool

that evaluates alternatives based on multiple criteria based on decision rules. Theithraee major
componentsof the MCA: value scaling (criteria scoring}ecia weighting, and decision ru{®alczewski and
Rinner, 2015)A major benefit of MCA is that it can include both quantitative and qualitative criteria, as long

as thequalitativecriteria can be scored on a continuous scale.

MCA involves two majomethods: multipleattribute decision analysis (MADA) and multiplgjective
decision analysis (MODAJigure50). The difference between MADA and MODA is the number of objectives;
MADA is used when only omdjective is defined, such as in site selection studies; MODA is utilized when
multiple objectives are defined, such as in allocating land for housing, agriculture orrintldevelopment.

In this study MADA is used as there is only one objective: evaluataamkiareas in southwestern Ontario

for the potential of deep brine disposal.

MADA is further divided into neoompensatory and compensatory approaches based dradfe-off is
allowed between criteria or not (Greene et,&011).The noacompensatoryapproach is used when trade

offs between criteria are not allowed; it is easier to implement and contains binary decisions such as 1 if
passed or O if failed. However, most of the rearld scenarios require some extent of trad& and
compensatory approdes fit these situations the best. Even though there are many compensatory

approaches, only one will baéstussed and used in this studige weighted linear combination (WLC).

| Multi-Criteria Decision Analysis |

MODA MADA
Multi-Objective Decision Multi-Attribute
Analysis Decision Analysis
The problem encompasses an infinite The problem encompasses a
number of alternatives. finite number of alternatives
\ | MAVT
A value function is de-
| COMPROMISE | | GOAL | fined for each criterion,
and an aggregation
operator computes the
score for each alterna- OUTRANKING
tive (total ordering). Degree of dominance,
lattice of the alternatives
PROMETHEE L 11
ELECTREL IS
(selection problems)
ELECTRE TRI
(sorting problems)
ELECTREIL IIL, IV
(ranking problems)
SAW , AHP, geometric Without preference GAIA
averaging, OWA, aggrega- information

tion operators by the decision maker
(MaxiMin,Maxi-
Max, ete.)

INTERACTIVE
Interaction (dialogs) between system and decision
maker, sub-optimal compromise solutions

Figure50: MCA carbe classifiednto two major methods depending on the number of objectives: MODA
and MADA (Giove edl., 2009)
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WLC is a simple but effective technique to rate potential disposal sites. It works by multiplying the normalized
criterion score (¥ by the assigned criterion weighting:) for each criterion and then summing the product

over allcriteria; the result is a total score for each sitegyation §.

1+ B

where S(a) is the total score for each site ajsvthe weightingfactor for the ' criterion, and ya) is the
criterion score for tle i" criterion for eachsite a.

z 0.5 [Equation §

Normalized criteria scores wile assignedtb each criterion. Criteria scoring is a mathematical representation
2 ¥ S Eud$eM&ntortxhe criteria. An example of criteria scoring is showRigure51. The shape of the
function in the criteria scoring graph is determined by thenogis of experts. In this studgcores between

0 to 100 will be assigned; 0 will mean the least suitable and 100 being the most suitable.

Criterion Scoring for " criterion

100
90
80
70
60
50
40
30
20
10

Criterion Score (v)

0 1 2 3 4 5 6 7 8
Criterion range

Figure51: Example of criterion scoring; horizontal axis is critericangeand vertical axis is criterion score

Each criterion will be assigned a weighting factor. This will allow a comparison between multiple criteria used
in the disposal study. The weighting factors will lassignedbased onopinion of experts. In this studya

weight factor between 0 and 1 is given to each criterion; the sum of the weights for all criteria will equal to
1. Higher weights will represent more importanaad vice versa. In a case of n criteria, a set@fhting

factor and the sum of weighting factoase definedas:

W= (W, Wo, WX X2 wWgzandawg =1 [Equation 9

465S5S0AaA2Y C¢NBS

The aim of the dcision tree used in this studg to provide an assessment of whether the site should be
considered for further investigatiorrigure52 displays the decision tree for brine disposal in southwestern
Ontario. It incorporates thgarameters listedn section4.2 and returns the following two decisions: 1)

ddzZAGFofS YR HO dzyadzaAdl of So -32AY OISLILINGSI QRSO AR 22 1A
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level of suitability of a particular paré®ni SNX» C2NJ aAdSa dGKFd LI aa GKS RSO
category, a detailed evaluation is carried out using the MCA developed in the previous section. The next
sections will show the application of the MCA on sites in southwestern ©ntashould be noted that due

to limited data availability, only the following parameters are considered for pass/fail decision: permeability,
L2NRaAlGeY RSLIK:E yR GKAOlySaa 2F GKS R2RHERSAHEC
assessmentsito whether the site should be considered for detailed evaluation. In future studies, if data are

available, other parameters demonstrated in the decision tree should be also be considered.
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Figure52: Decision tree for brinalisposal in southwestern Ontario
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A major step for evaluating and comparing the potential disposal sites is generating standardized scores for
important criteria and providing aveightingfactor for each criterion. The scoraad weights are developed
through discussion with experts, information gathered from the literature, and performance of previous

disposal wells. Due to the time involved, a formal expert elicitation and analysis are not part of this study.

It should benoted that the MCA methodology created in this study can be applied to other areas in the world.
The parameters used in the MCA to assess brine disposal potential are of primary importance and will need
to be considered in all disposal potential studie®wdver, the weight and scoring for criteria can be

adjusted.

The criteria used in the MCA are selected from the various feasibility parameters that wetssdid
previously in sectiod.2. Because of limitd data availability and the large extent of the study area, only the
most relevant parameters were chosen for scoring and weighting process: permeability, porosity, depth,
thickness, disposal formation lithology, and caprock lithology. The criteria extlndheevaluationsystem

should provide a first order estimate of the brine disposal potential in southwestern Ontario.

In future studies, if detailed investigation is warranted &imited number ofsites, it is recommended to
incorporate other criteia in the MCA as well: areal extent and formation pressure of the disposal formation;
strength, thickness, and continuity of the confining rock mass; proximity to faults and tectonic history of the
area; proximity to valuable resources such as potableewatil and gas, and mineral deposits; and presence

of unplugged or inadequately plugged wells in the vicinity of the disposal site. Of course, the detailed
investigation should be conducted when disposal sites are narrowed down to a few suitable siééiedDe
investigation will require access to sufficient well logs to create geological subsurface models, lab testing
equipment for identifying strength parameters, and field testing technology for identifying unplugged wells

in the vicinity of the disposaite.

The following sections will discuss scoring and weighting for criteria in the MCA system. The aréteria

scoredout of 100 and weights are out of 1 as the total sum of weights for the criteria is 1.

4.7.1Scoring and Weighting: Permeability

Permedility is given the highest weight of 0.25 as the overall goal of the project is to transmit brine through
the formation. Table4 shows the permeability scoring approach dridure53 displays the scoring on the
graph. Permeability values of more than 161D are preferredfor large volume of brine storage. In
southwestern Ontario, permeability values for the potential disposal sites average aroun®;3tbwever,

near the Smia region, the Lucas Formation contains karstic features that haweh larger permeability.

Since the location of karst is not mapped yet, the sites that show a potential for karst are given an additional
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weight of 0.10. Thiadditionalweight will allav the potential karstic sites to be rated higher when comparing

to non-karstic sites from the same formation or other formation.

Table4: Criterion scoring for permeability

Permeability ( mD) | Score
<10 0
10750 0-20
50 - 100 20-40
100 7 500 40 - 60
500 z 1000 60 - 80
1000 - 2000 80 - 100
>2000 100
Criterion Scoring: Permeability (mD)
100 2000 100 2500 1’00
90
80
70
o 60
8 50
n
40
30 —@— Permeability
20 50, 20
10
0 10,0
0 250 500 750 1000 1250 1500 1750 2000 2250 2500

Permeability (mD)
Figure53: Graph displaying scoring for permeability

4.7.2 Scoring and Weighting: Porosity

Porosity is assigned a weighting factor of 0.20 and isrgrortant characteristic as it signifies the storage
capacity of a formation. Porosity values of 15 % or greater are preferred for large disposal operations. In
southwestern Ontario, porosities up to 20 % are encountered in the Lucas Formation and theéabam

strata. Table5 shows the scoring for porosity arfidgure54 displays the scoring on the graph.

Table5: Criterion scoring for porosity

Porosity (%) Score
<5 0

5710 0z40
10z 15 40760
15720 602780
20z 30 807100
> 30 100
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Criterion Scoring: Porosity (%)

100 30,100
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Figure54: Graph displaying scoring for porosity

4.7.3 Scoring and Weighting: Thickness

The thicknesef the formation is the third most importargarameter as the injection pressure and storage
capacity are directly related to thicknessidigivena weighting of 0.15Table6 shows the thickness scoring
approach andrigure55displays the scoring on the grapfhicknessf greater than 15 m is given a high score
as a disposal formation with 15 m tificknessand a large areal extent can store adequatevolume of
brine. Potential disposal formations in southweste®ntario are thick and receive a high score in this

category. As a reference, the Lucas Formation can be up totdék in the Sarnia region.

Table6: Criterion scoring for thickness

Thickness (m) Score
<5 0

5710 0z25
10z 15 25750
15720 50275
20725 7527100
> 25 100
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Criterion Scoring: Thickness (m)

100
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50
40
30
20
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30, 100
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—@— Thickness

Thickness (m)

Figure55: Graph displaying scoring for thickness

4.7.4 Scoring and Weighting: Depth

Depth to the disposal formation is given a weight of 0.15. The shallower ligefpdl is an important number

as some environmental issues are related to shallow formations. At shallow depths, injection pressures must
be kept in check as the caprock can be breached if the formation stresses are low and the injection pressures
high (exeeding the fracture pressure of the strata). Also, freshwater is encountered at stdgloths,and

it must be protected. Therefore, disposal strata at depths of less than 120 m are given a score of 0. In fact,
disposal at less than 180 m should be perfed with extreme caution and should be carried out with a
strong monitoringprogram Table7 shows the scoring for depth arfeigure56 displays the scoring on the
graph. Fomations deeper than 300 m are given a high score as they can support relatively high injection
pressures and do not typicallyose a threatto freshwatersources. The deeper limit of depth is not as
importantas the shallower limit; one issue related teetdeepelimit is that drilling costs are high for deeper
caverns. In southwestern Ontario, the shallower liofilepth is an issuelhe Lucas Formation in the Sarnia

region is located ashallowdepth, and injection in those areas must performedwith caution.

Table7: Criterion scoring for depth

Depth (m) Score
<120 0

120- 150 0z20
150-180 20z40
180 - 300 40780
300 - 400 8027100
400z 800 100
80071300 100z 80
1300 7 1800 80760
1800 7 2300 602740
> 3300 0
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Criterion Scoring: Depth (m)
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Figure56: Graph displaying scoring for depth

4.7.5 Scoring and Weighting: Disposal Formation Lithology

Disposal formation lithology is assigned a weight of 0ak@@ it gives an initial measure of the disposal
potential in the formation. The ideal formation should consist of sandstone, limestone or dolomite.
Compared to the other rocks (e.g., shales, mudstoets), these rocks tend to have larger permeability and
porosity valuesTable8 displays the scoring chart for the disposal formation lithology. Formations containing
medium to coarse grained sandstone and carbonates are given high scores; whereas formations containing

shaleinterbeds aregiven a relatively low score.

Table8: Criterion scoring for disposal formation lithology.

Disposal Formati on Lithology Score
Medium to coarsegrained sandstone; porous carbonates (shelf setting) | 100
Fine to medium-grained sandstone; carbonates: limestone and dolomitg 80

Sandstone with shale interbeds 60
Carbonates with shale interbeds 40
Fractured shale 20
Shale; dense crystalline limestone; igneous or metamorphic rocks 0

4.7.6 Scoring and Weighting: Caprock lithology

Caprock lithology is an important criterion as the capracts as a barrier to the formation fluid and stops
the fluid from escaping the disposal formation. It is assigned a weighting factor of 0.15. An ideal caprock is

impermeable, strong, thick, and laterally extensive. In this study, the caprock litholapleited as a
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criterion as it provides a qualitative idea of the strength and permeability characteristics of the caprock. In
future studies, where a detailed investigation is required, the thickness and lateral extent of the caprock
should also be consided. Typically, the caprock in southwestern Ontario, for the Lucas Formation and the

Cambrian strata, are laterally extensive and meet the minimum thickness requirement of 8 m.

Table9 displays the scoring chaxtifthe caprock lithology. Shale addnserocks are given the highest score
due to their ability to trap fluid in the formation. Even fiugeained rocks can provide an acceptable seal since

the pore radius is small, and that limits flow through the pores.

Table9: Criterion scoring for caprock lithology

Caprock Lithology Score
Shale 100
Dense crystalline carbonates; shale and carbonate interbeds 80
Dense carbonates with shale interbeds 60
Dense sandstone or siltstone 20
Fractured rock mass 0

4851 G [/ 2ttt SO0A2Y YR LYGSNLINBGLF GA
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4.8.1 Depth and Isopach Data

Depth and isopach maps for the Lucas Formation and the Cambrian age strata were generated from the data
2001 AYSR TNRY Gasadd ShltyRédodes2(QGSR)Nirdryzdeia repository of the OGSR

library holds records of thousands of wells drilled in Ontario. The depth maps were generated from the
GRSLINK (2 GKS F2NXIGA2Yy G2LX RFEGE FYR FLIWLX &Ay3 GK
generatedby subtraD G Ay 3 GKS GRSLIGK G2 GKS FT2NXIGA2Yy (G2L¥E RE
dataand applying the tkging function in the ArcMap.

4.8.2 Porosity and Permeability Data

Petrophysical properites, i.e.pposity and permeabilityare ranked high in tersof factors that influence a
aAiSQa OoONRYS RAaLRAalFf LRGSYGAlrft ® t avblBogsitiraughfke 41 O
neutron logs and density logs; these logs are readily available from the Ib@&®R However, permeability

data arescarce due to lack of core logging and well testing.

From experience in the oil and gas sector, it has been demonstrated that for a given formation a relationship
usually exists between porosity and permeabilltielson(1994) argues thatin mog sedimentary rocks, it

Oy 0SS &4FAR O(KIFG GKS f23FNRGKY 2F LISNX¥YSIoAf.AlGE o
relationship can be expresséy (i KS SljdzZt 6A2yY 23 1 I Y. b 0d ¢KS A
depending on degpsitional and diagenetic factors. These factors include grain size, grain sorting, surface area,

pore dimension, and cementation.
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Figure 57 displays common processes and factors that affect the porpstyneabilty relationship.
Compaction due to overburden stress reduces porosity and permeability after initial deposition.
Alternatively, dissolution increases porosity and permeability of a reservoir. Dissolution of the carbonate
reservoir in the Lucas Formatiomadresulted in karstic features with high porosity and permeability. Larger
grain size increases permeability even though porosity is decreased; whereas finer grain size decreases
permeability even though porosity is increased. Finally, cementation orepoesof clay decreases the

porosity and permeability of the reservoir.

v
1000 +
<
O
C. =
h 0‘9’“ 8\7
S &
= 2 Q
-g 100+
P '9;)/.
Z %
'_g ¢
= S
£ 10+ 2
[ <
Q *
-
&
Tl
4
| ! |
03 | | 1
0 1 20 30
Porosity (%)

Figure57: Factors thataffect porosity-permeability relationships (Adapted from Nelsgii994)

The empirical equations and porosigrmeability relation gaphs are created using one or more of the
following factors: grain size, pore radius, surface area, and water saturation (INEXSap). If this information

is not available, then thporosity-permeabilityrelationship from a similar formation can be wéd to obtain

an estimateof permeability. Inthis study wherever core logs are not available, the permeability values are

estimated from porositypermeability graphs of other formations with similar properties.

For sites in the Cambrian strata, whereedogs are not available, the permeability values are estimated
from the porositypermeability relationship of sandstones from the Jurassic Dogger Beta sandBignee(

58). The lithology and the diagenetic hisgoof this formationis similar to the Cambrian strata. In fact, the
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relationship obtained from a core log for the Cambrian strata in Lambton Cakiigiyré59).
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Figure 58. Porositypermeability relationship used for the Cambrian stratbased on the relationship
published byFucbtbauer(1967)
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Figure 59: Porositypermeability relationship of a core from Lambton Countgdurce OGSRibrary
database)

The Lucas Formation is mainly comprised of limestones and dolostones, and the ppeosigability
relationship can be estimated froFigure60. Nelson(1994) suggests that not much informatida available

for porosity-permeability relationship in carbonate rocks. However, given particle size and porosity, a
reasonable estimate of permeability can be made from the porgsitymeability relationship published by
Lucia(1983 (Figure60). In reality, estimating permdsdlity in the Lucas Formation i®t a trivial task as the
formation is dominated by karst. As discussed before in the section on karst, the location of karst is not
entirely mappedyet, andaf F NHS LI NI 2F a2dz2iKgSaGSNYy hydlNR2 Tt
karst map published by Ontario Geological Suiregure49). Additional weighting is assigned to sites that

have potential for karst. Wen comparing sites for detailed investigatiohgtdisposal companies will need

to perform a sitespecific investigation to obtaimportantinformation on permeability.
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Figure 60: Porositypermeability relationship used fo the Lucas Formatiorbased onthe relationship
published by Lucia (1983)

4.8.3 Other Data: Petroleum Pool®isposal Formatiorithology and Caprock
lithology
The OGSRbrary was consulted to obtain maps of the petroleum pools. Disposal formation litholody a

caprock lithologywere obtained from &ook by Armstrong and Carter (2010), the subsurface Paleozoic

stratigraphy of southern Ontario, and well logs from the O@ES&ry.

49wSadz iua YR 5Aa0Odzaairzy
The MCA evaluation system was applied to various stiealy chosen sites in southwestern Ontario.
Appendix Cshows the MCA evaluation tables for the sites in the Lucas and the Cambrian Formations.

Appendix Bshows examples afell cards that were used in the MCA evaluation system; only a few well cards
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are pesented in the appendix as it is not practical to include all the well cards used in the study. The sites
evaluated in the MCA system have gone through the initial suitability test and passecctBi®déree shown

in section4.6.

An attempt was made to select and evaluate at least one site per township. Howeverelihegs are spread
unequally due to dargeconcentration of wells in the potential oil and gas areas, and lack of drilling in the
other areasTo counter this situationinterpolation is used around the sites with sufficient data. The disposal
potential results are presented by formation. Therefore, two result maps are generated: 1) Cambrian strata

disposal potential resultHijgure61) and 2) Lucas Formation disposal potential restdfufe 63).
The evaluation results were divided into 4 categories:

1 Sig Suitable, Level 1: This category was assigned to siteadh@&ved a score of more than 65 in
the MCA evaluation system. Typically, to be a part of this category, sites have to display relatively
high permeability and porosity values.

1 S2¢ Suitable, Level 2: This category was assigned to sites that scored betveamd 65 in the MCA
evaluation systemsSitesin this category tend to have lower permeability and porosity values as
compared to theS1category.

1 Pc¢ Potentially Suitable: This category is assigned to sites that lack porosity and permeability data,
but otherwise, show potential for disposal based on depth, thickness, disposal formation lithology,
and caprock lithology.

1 X Unsuitable: This category is assigned to sites that do not meet the minimum criteria for one or
more of the following parameters: pth, thickness, permeability, porosity, disposal formation

lithology, and caprock lithology.

4.9.1 Cambrian Age Strata

During the late 1960s, industrial waste and brine from a few disposal wells escaped to the surface in the
Sarnia region. All of these wellsere located in the Lucas Formation. This prompiteglstry to look into

alternative disposal options, suds,utilizing the Cambrian age strata (Kent, Brown and Benil@§6).

One of the majoadvantage®f the Cambrian strata over the Lucas Formatiatsigelatively greater depth.

The majorityof the areas in the Lucas Formation receivegbar score in the depth criterion as the Lucas
Formation is less than 120 m in most of southwestern Ontario. However, the depth of the Cambrian strata is
greater thaa 500 m in most of southwestern Ontario and does not pose groundwater or surface water

contamination issues.

The general disadvantages of the Cambrian strata over the Lucas Formation are limited thickness, high

formation pressure, and low permeability.ldrge part of southwestern Ontario is not suitable for disposal
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into the Cambrian strata due to the thickness of the strata being less than 5 m. It is also reported that the
Cambrian strata is over pressurized, which might leadlatge operational costs.Furthermore, the
permeability values in the Cambrian strata are relatively less than the Lucas Formatidoesshidt contain

karstic networks.

Figure61 displays the areas that fall under the four disposal gatées: suitable level 1, suitable; level 2,

potentially suitable, and unsuitable.

Brine Disposal Potential: The Cambrian Age Strata
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Figure61: Brine disposal potential resultthe Cambrian age strata (Map Author: University of Waterloo;
Data Provider: Ontario Oil, Gas arghlt Resources Library)

The Cambrian age areas with high disposal potential, suitédlel 1, are concentrated in Essex County.
Table10 shows the evaluation table for one of the sites in Essex Co®illysin Essex County ctain
relatively high permeability, greater than 100 mD, as compared to the average permeability of about 50 mD
for the rest of southwestern Ontario. Esssuntyalso scores high in the depth criterion with depths ranging
close to the 1000 rmark; at thisdepth, the disposal site will be far away from freshwater sources, and still
shallow enough that the drilling and operational costs arepaoticularlyhigh. The county also scorperfect

in the thickness criterion with the formation thicknessich large than25 m.
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Table10: MCA evaluation table for the Cambrian strata in Essex County

County Essex
Township Colchester South
Formation Cambrian age strata
Parameter Value | Score (v) | Weight (w) | Si = v*w
Criteria:
Depth (m) 883 97 0.15 14.55
Thickness (m) 75 100 0.15 15
Permeability (mD) | 100 40 0.25 10
Porosity (%) 18 72.5 0.2 14.5
Reservoir Lithology Coarse to medium grained quartzo
sandstone 80 0.1 8
Dolomitic shale of Shadow Lake, and fi
Caprock Lithology | grainedlimestone of the Gull River Formatio| 60 0.15 9
Karst Potential No If yes, add 10 to totg
score 0
Total Score (S) 71

Areaswith mediocre disposal potential, suitabtdevel 2, consist of Elgin County, Norfolk County, Haldimand
County, Brant County,nal parts of Lambton County, Essérunty Kent County, Middlesex County, and
Oxford County. Sites in this category typicatigre lowelin permeability and porosity criteria. The township

of Sarnia, a potential CAES facility, falls under this catedatyle11 shows the evaluation table for the
Cambrian strata in the Township of Sarnia. The site in Sarnia scores 58 out of 100, and the low score is
attributed to low permeability and porosity values in the Sarnigi@a; permeability of 30 mD and porosity

2F wMp 22 FNB NBO2NRSR F2NJ 0KAA aAAG8H(9 0 Sdz taePdGt (H
shown in Appendic.

Table11l: MCA evaluation table for the Cambrian st in the Township of Sarnia (Lambton County)

County Lambton
Township Sarnia
Formation Cambrian age strata

Parameter Value | Score (v) | Weight (w) | Si = v*w
Criteria:
Depth (m) 1430 75 0.15 11.25
Thickness (m) 38 100 0.15 15
Permeability (mD) | 30 12 0.25 3
Porosity (%) 15 60 0.2 12
Reservoir Lithology Coarse to medium grained quartzo

sandstone 80 0.1 8

Dolomitic shale of Shadow Lake, and fi
Caprock Lithology| grained limestone of the Gull River Formatiq 60 0.15 9
Karst Potential No If yes, ad 10 to total

score 0

Total Score (S) 58

Some areas of the Cambrian strata lack porosity and permeability data, but still show a potential for disposal

based on depth, thickness, disposal formation lithology and caprock lithology; these areas are &&rmed
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include parts of Lambton County, Kent County, Middlesex County, and Oxford County. These areas are not

suitable for disposal because they do not meet the minimum thickness criteria. As displayed in the isopach

map of the Cambrian strat&igure45), the strata is less than 5 m in all of these areas. Areas that contain oil

and gas fields are also not suitable for brine disposejure62 displays proven petroleu fields in the

Cambrian strata.

Petroleum Pools in the Cambrian Age Strata
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Figure62: Petroleum pools in the Cambrian strata (Map Author: University of Waterloo; Data Provider:
Ontario Oil, Gas and Salt Resources Library)

4.9.2 Lucas Formation

Until now,the Lucas Formatiohas been extensively utilized for brine dispo§admpanies prefer disposal

into the Lucas Formation due to its karstic nature; areas Wwattsticy’ S G ¢ 2 NJ &

2N wE2ai

provide high permeability values and storage space for large volumdsirad. Even though the karst

networks have not been mapped yet, previous drilling and disposal operations have shoaectiveence

of karst in the Lucas Formation.

A major limitation of disposal into the Lucas Formation is its shallow depth. In faetge part of

southwestern Ontario is not suitable for disposdab the Lucas Formation, as it does not meet the minimum
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depth requirement. Disposal at shallow depth comes with various environmental issues due to lower caprock

strength at shallow depth anahigherrisk of caprock breach.

Fgure 63 displays the areas in the Lucas Formation that fall under the four disposal categories: suitable

level 1, suitable; level 2, potentially suitable, and unsuitable.

Brine Disposal Potential: The Lucas Formation
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FHgure 63: Brine disposal potential resukthe Lucas Formation (Map Author: University of Waterloo; Data
Provider: Ontario Oil, Gas and Salt Resources Library)

The majorityof Lambton County and the northwest corner of Kent Céunt¥ I f £ Ay icZ SWKEE WA
category. Since Sarnia has the thickest salt beds and is a potential site for CAES facilities, evaluation results
from a site in Sarnia are discussed. Through the past disposal operations in the Sarnia region, it was
discovered that the formation is karstic and displays high permeabiiitigle12 shows the MCA evaluation

system for a site in the Sarnia Township; $ite scores 73 out of 100. The site has relatively high periitigab

of 100 mD as compared to the average range of 10 to 50 mD in Lambton County. An additional 10 points are
added to the total score due to thereabeing potentially karstic. In addition to permeability, the site scores

high in all other criteria, exqe depth. As is the case with most of teéesin the Lucas Formation, the site

in Sarnia scores low in depth, with tdepth of 137 m. At shallow depth, such as in this case, the operator

would need to be very cautious with the injection pressures s¢ tha caprock integrity is not breached.
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Also, an appropriate monitoring system nilre established with frequenhonitoring of freshwater sources

and the changing reservoir conditions, such as formation pressure.

Tablel2: MCA ewaluation table for the Lucas Formation in the Sarnia Township

County Lambton
Township Sarnia
Formation Lucas

Parameter Value ‘ Score (V) ‘ Weight (w) ‘ Si = v*w
Criteria:
Depth (m) 137 12 0.15 1.8
Thickness (m) 95 100 0.15 15
Permeability (mD) | 100 40 0.25 10
Porosity (%) 20 80 0.2 16

Reservoir Lithology
Limestone and Dolomite (Potential

Karstic) 80 0.1 8
Caprock Lithology | Shale and Limestone interbeds 80 0.15 12
Karst Potential Yes If yes, add 10 to total scor| 10
Total Score (S) 73

Areas withlevel 2 suitability include parts of Lambton, Kent, Middlesex, and Elgin Counties. Areas in this
category score less than 65 on the evaluation system, and the low score is due to depth, permeability, and
porosity criteriaTablel3a K2 g & (G KS S@FfdzZ GA2y GFofS F2NJ tlevdAdS A
HQ Ol 1S3A2NE P ¢ KS10G dnd the Idiv@eieIs attrilbuted t@ thishallogydepth and low
permeability; the depth to the Lucas Fornmatiat this site is 13@n and a permeability value of 25 mD is
recorded for this siteAppendix G K2 ¢ & S@I fdzFr A2y (Fo6fSa T2N SAKSNI G

category.

A few areas in parts of Kent, Elgin, and Middlesex Counties lacktg@ondipermeability data, but still show
disposal potential based on depth, thicknedisposal formatiorithology, and caprock lithology. These areas
0St2y3 (2 (GKS WLRGSYyGAltte addzAldlofSQ OF(iS3I2NE®
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Tablel3: MCA evaluatioriable for the Lucas Formation in Kent County

County Kent
Township Zone
Formation Lucas

Parameter Value | Score (v) | Weight w) | Si=vw
Criteria:
Depth (m) 130 7 0.15 1.05
Thickness (m) 40 100 0.15 15
Permeability (mD) | 25 10 0.25 2.5
Porosity (%) 17 67.5 0.2 13.5
Reservoir Lithology

Limestone and Dolomite 80 0.1 8
Caprock Lithology | Shale and Limestone interbeq 80 0.15 12
Karst Potential Yes If yes, add 10 to total scor| 10
Total Score (S) 62

A large part of southwestern Ontario, shownHfigure 63, is notsuitablefor brine disposal into the Lucas
Formation.The areas in this category do not meet the minimum depth crit&igure48 displays the depth

map ofthe Lucas Formation and it can be seen that the Formation is shallower than 120 m in the following
areas: Essex County, Norfolk County, Oxford County, Brant County, Haldimand County, Wentworth County,
Lincoln County, Welland County, and parts of Kent §oulgin County, and Middlesex Couryeas that

contain oil and gas fields are also not suitable for brine dispd$a hydrocarbon pool map of the Lucas

Formation is not available at this time.

4.9.3 Other Potential Disposal Formations

As discussed in thereceding paragraphs, the Cambrian age strata and the Lucas Formation contain large
areas that have the begpotential for brine disposal. Apart from the Cambrian strata and the Lucas
Formation, some other formations might have limited disposal poteridlal. ean(1968 suggests that these

formations include the Guelph Formation, Bass Isldfasnation,and Bois Blanc Formation.

The Guelph Formation is comprised of platform and reefal dolostones and limestones (Armstrong and Carter
2010). The reefs exhibwell developed vuggyorosity and hold hydrocarbon deposits in southwestern
Ontario. In factthis formationis famous for having historically produced large quantities of oil and gas. In
limited areas, where oil and gas deposits are not encountered Gbelph Formation can offer suitable
characteristics for brine disposal. In fact, if allowed by the regulations set by the Ministry of Natural Resources

and Forestrybrine can bedisposedn depleted oil and gas reefs of the Guelph Formation.
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The Bass lands Formation is comprised of very fine to fine crystalline dolostones. Armstrong and Carter
(2010 note that no oil and gas has been encountered in the Bass Islands Formation. Core samples display
little to no porosity; however, a few meters in the uppeart of the formation have regionally formed a
sulfurouswater aquifer due tsandfilled joints, open fractures, and karstic features thagre formedduring
regionalexposure and weathering (Armstrong and Car810). These regions might have bringpbsal
potential. A detailed investigation is needed to confirm the location and potential of these aquifers to store

suitable quantities of brine.

The Bois Blanc Formation consists of fine to medium grained cherty limestone and dolostone. Core logs
dispay little to no porosity. However, in the lower part of the Bois Blanc strata, the formation contains the
Springvale Member, which is comprised of quartzitic sandstonarandr sandy carbonates. The Springvale
Member can locally readhicknessof 30 m i the sinkholes formed by dissolution of Salina Group salt beds
(Armstrong and Carter2010). McLean(1968 mentions that water recoveries were recorded in the
Springvale Member and some areas might be suitable for brine disposal. These claims muskée wiitac
detailedinvestigation to see if large quantities of brine can be accommodated in the Springvale Member of

the Bois Blanc Formation.

410/ 2y Ot dzaA2ya YR wSO2YYSYRIUAZ2Y A
A study of brine disposal potential in southwestern Ontario was warranted dygdected use of salt
caverns for compressed air energy storage (CAES) and current utilization of salt caverns for storing liquid and
gaseous hydrocarbon products. The main purpose of this study was to evaluate the potential of brine disposal
in souhwestkern Ontario; i.e. the study aimed toidentify sites that are suitable, potentiallyuitable,and

unsuitable.

Multi-criteria analysis (MCA) was utilized to develop an evaluation system to compare various strategically
chosen sites throughout southweste@intario. The process included assigning weights and scoring to criteria
that would affect brine disposal site selection. The criteria included permeability, porosity, depth, thickness,
disposal formation lithology, caprock lithology, and karst potentiaitefa weighting and scoring were

generated from academic and industrial expert opinions.

The study mainly focused on two rock strata: the Lucas Formation and the Cambrian age strata. These strata
showsuitabledisposal characteristics that are requirkd large quantities of brine disposal. In fact, the Lucas
Formation has been extensively used for disposal purpose in the past. Due to environmental issues in the
Lucas Formation in thearly 1960sthe Cambrian strata was looked as alternative dispasaidition. Apart

from the Lucas Formation and Cambrian strata, other formations that show limited brine disposal potential

are the Guelph Formation, Bass Island Formation, and Bois Blanc Formation.
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The MCA evaluation system was applied to varstuestegically chosen sites isouthwestern Ontario. The
results were divided into 4 categories: suitalijelevel 1, suitableg level 2, potentially suitable, and
unsuitable. Due to uneven distribution of geologic wells, manual interpolation was used to displRyCA

results.

Companies have preferred disposebrine in the Lucas Formation due to tpeesenceof karstic features.

Karst features generally are associated with high permeability and make the Lucas Formation suitable for
disposal of large quantitiesf brine. Howeverthe shallow depth of the formation is a cause of concern due

to environmental issues that can arise from caprock or wellbore breach and contamination of freshwater
formations. The MCA results showed that thest suitable areas for diggal into the Lucas Formation are
Lambton County and the northwest corner of Kent County. The sites that show mediocre potential consist of
parts of Lambton, Kent, Middlesex, and Elgin Counties. Due tehthbowdepth of the formation, a large
partofsalzi Kg SAGSNY hydFNAR2 Aad dzyadzAidGlofS F2NIONAYS RA:

category do not meet the minimum depth requirement of 120 m.

The Cambrian aggtrata can prove to be an attractiaternative to disposal into the Luc&srmation. The
Cambrian strata is located deeper than 500 m in most of southwestern Ontario and does not pose depth
related environmental issues that are encountered in the Lucas Formation. However, as compared to the
Lucas Formation, the Cambrian stratve relatively low permeability, high formation pressure, and limited
thickness.The most suitable area for disposal in the Cambrian strata is Essex County. A major part of
southwestern Ontario shows mediocre potential for disposal into Cambrian sthasaatea consists of Elgin
County, Norfolk County, Haldimand County, Brant County, and parts of Lambton County, Essex County, Kent
County, Middlesex County, and Oxford County. Due to limited thickness of the Cambrian strata, a large part
of southwestern Otario does not meet the minimum thickness criteria of 5 m, @&ttierefore not suitable

for disposal.

The Guelph Formation, which is mainly platform and reefal carbonategariticular, can offer decent
disposal potential where oil and gas deposits aot present. This Formation is recognized fwoducing

large quantities of oil and gas, which makes it unsuitable for disposal in much of southwestern Ontario. The
Bass Islands Formation and Bois Blanc Formation steoy limited disposal potential. The&s Islands
Formation, comprised of very fine to fine crystalline dolostones, contains little to no porosity. However, water
recoveries have been recorded from a sulfurewager aquifer in the upper part of the Formation. The Bois
Blanc Formation, compes of fine to medium grained cherty limestone and dolostone, displays little to no
porosity. However, water recoveries have been recorded in the lower part of the formation due to the
presenceof the Springvale Member that is comprised of quartzitic samstandminor sandy carbonates.

These claims must be checked wietailed investigations to see if large quantities of brine can be
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accommodated in the Bass Island Formation and Bois Blanc Formation areas where water recovery has been

recorded.

A robustmonitoring program is required for successful operation of any disposal operation.desttion

of major issueswill prevent environmental and operationaetbacks and thereby also protect the
investment in the disposal facility asset. A few monitgrpprocedures are recommended here. However,
note that this is not a comprehensive list and the monitoring program might differ between disposal projects.
Since southwestern Ontiar contains many unplugged amaadequately plugged wellshese wells in a 3.

km radiusof the disposal welinust be locatedhrough pressure testingnd plugged properlyAlso, diring
injection, records should be maintained for injection rates and annulus pressure. This will give an idea aout
well plugging, formation plugging, siag leak, or fluid escaping the disposal formation through caprock,
faults or unplugged wells. Additionally, Rud®72) suggests that observation wells can be placed internally
in the disposal formation to checkfflateral confinement anautside the dsposal formation to check for
vertical migration of fluid. An observation well in the overlying permeable formatitirbe requiredif the

disposal formation is near to thfeeshwateraquifers, such as disposal aptions in the Lucas Formation.
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Ontario B Salt Isopach Map
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Ontario Wind Energy Potential Map
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Ontario Solar Energy Potential Map
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Ontario Total Energy Demand Map
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Ontario Proximity to Electric Transmission Lines Map
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Ontario Proximity to Natural Gas Pipelines Map
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Western Canada Cold Lake Salt Depth Map
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Western Canada Cold Lake Salt Isopach Map
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Western Canada Upper Lotsberg Salt Depth Map
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Western Canada Upper Lotsberg Salt Isopach Map
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Western Canada Lower Lotsberg Salt Depth Map

Legend

Lower Lotsberg Depth (m) [ | 16001-1700 (@ Cities
B 10251000 [ ] 1.700.1-1.800 Waterbodies
B 1.1001-1.200 [ | te00i1-1000 | Base Map
B 1200.1-1.200 [ 1.900.1-2.000

I 1.300.1- 1.400 I 20001 -2.100

[ 1.:400.1 - 1,500 B 21001-2200

[ ]15001-1.600

Wesiemn Canada Lower Lotsberg Depth Map
Map Author: University of Waterloo
July 12, 2017
Map Projection: UTKM 11M (MAD 83)
B Seale: 1:10,500,000
Data Providers: Alberta Geological Survey

0 70140 280 420 560
O e Kilometers

118



Appendix A: Criteria Data Maps for Ontario, Western Canada, antiivies (CAES Siting Study)

Western Canada Lower Lotsberg Salt Isopach Map
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Western Canada Prairie Evaporite Salt Depth Map
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