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Objective:

Integrated pre-feasibility study to characterize an
oceanbasalt reservoir for safe and permanent storage of
50 MMT of CO,in the Cascadia Basin,

offshore Washington State and British Columbia
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CarbonSAFE Project Goals
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Goal 1: Technical assessment of offshore basalt reservoirs for safe
and permanent CO, storage (e.g.,reservoir characterization, CO, sourcing,
transport, and monitoring at offshore site)

Goal 2: Non-technical assessment of offshore CO, storage site
(e.g., regulatory framework, stakeholder engagement, risk assessment,

financial needs and long-termliability)
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Goal 1: Technical assessment of offshore basalt reservoirs for safe
and permanent CO,storage (e.g.,reservoir characterization, ,
,and monitoring at offshore site)

Goal 2: Non-technical assessment of offshore CO, storage site
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Carbon Capture and Storage (CCS)

Schematic diagram of possible CCS systems
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Global CO, Capture .

By the numbers .

Global CCS Institute:

* 37 million tonnes of CO, per
year captured from 21 large-
scale projects

» Plansfor additional 30 million
tonnes of CO, peryear
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Global emissions 32 billion
tonnes peryear

International Energy Agency
estimates that4 billion tonnes
of CO, needsto be
sequesteredannually by 2040
in orderto meetthe Paris
agreementlimit,and 11.2
billion tonnes of CO, peryear
by 2060

ra
[}

Russia

; SR

y SN e A
Germiny _,%“"""’) l\ Kazakhstan A\?/ "=
France: £ 3 , v \’
AP Ha,ykzy/‘; = \‘— —
\ ‘é/ Japan
) uth Kores

Turkey ™

China

L M Mghm istan |
2 \ ¥ ;
=/ ¥ 5N g+ 5
” { Algeria | |ipya Egypl Z\P kisten \
4 I S —
Mexico > L saudiar abm Syt
. Tl T Thailand
& ~ \Mal T Niger J "V
- | = cn d
N # X /”T“NF erias Ao / 2
" Venezuela 9 Elh opia~ \
Colombia WL e Z it
prrA e e 17 AR I
Ta> Indonesia Papua New
. Brazil P uinea
e nngolaJQ’J

hy'® -
South Africa

Bolivia

4 Nami mé’\ ] Madihascar

i Béuwana’ e
Chile ? o

VR,

Argentina

.......

Map data 2018 Terms of USEN

WORLD-LEADING DISCOVERIES AT A CRITICAL TIME

0CEAN
NETWORKS
CANADA




CCS in Canada

By the numbers y I\Rngcs:(t) ‘f’c; I(EéngaRr;ced oil
« Alberta Carbon TrunkLine: 2 * Some as fertilizer
million tonnes per year (Mtpa) * Some for geological storage

of CO, (upto 14.6 Mtpa)

* Quest Canada (Shell): 1 Mtpa
of CO,

» Great Plains Synfuels Plant
and Weyburn-Midale 3 Mtpa
of CO,

* Boundary Dam Carbon
Capture and Storage 1 Mtpa
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CCS in Canada O/cqrbon

Engineering
Air Capture
. . )

« For Utilization (CCU) O
« Carbon Engineering facility in e g

Squamish,BC
. _ TH At heric Ai

Plan to capture 1-2 milliontonnes of_ -

CO, per year
e Turnintoliquid fuel : ,
+ Similarto Climeworks (Zurich, AT :

Switzerland) which is for fertilization
« Costscurrently US$500-600 pertonne
of CO,; upscaling can ring down costs
to US$ 100-200 (compared to US$50
per tonne of CO, from power plants)

Carbonate Solution
CONTAINS CAPTURED CO: SENT TO
REGENERATION FOR COz PURIFICATION

BREF i e sanne e
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CCS in Rock ’4
. 1 ) i Q
Sleipner (Norway) by Stratoil N Sta[O |I

* Sequestrationin North Sea sandstone

* 1 milliontonnes of CO, annually, 17
million tonnes since 1996

* Long-term monitoring in place

* Will take over millennia forthe CO, to
react with rock to mineralize and be

permanently locked ]
Sleipner A |

Carbon Dioxide |

€0, injection well

Sleipner East Field
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CO, storage security and
permanence in basalt

prevailing view in 2005

COyinjected into waterreservoirs
below the surface may be stored
through structural, residual
solubility and mineral trapping

current view in 2016

In situ mineralizationvia
COo-fluid-basaltreactions
occurs quickly (a few years)

—

Snaebjérmsdéttret al., IUGGC, 2017
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Geothermal gases
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Qﬁ%ﬁ.f) CO, storage security and

permanence in basalt

CarbFIX by the numbers
Phase 1 (2007-2017):

250 tonnes CO, from 2012

25 tonnes of water per tonne

of CO,
95% solidified in 2 years

CarbFIX2: (2017-)

Air capture
50tonnesof CO,
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Wallula, WA Basalt Pilot Project

chalcedony

Visual lightimagery

Injected 1000 tons CO (liquid)
into permeable, layered basalt
flow tops

After 2 years, isotopic analysis of
sidewall cores chemically
distinguishes post-injection
ankerite nodules from ambient
carbonate

Progressive enrichment in Fe & Mn
over time indicates mineralization
of host basalt, not re-precipitated
calcite

FIVROITETA,

Somc ooy | TR
McGrail et al., ES&TL, 2016
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Upscaling questions:
in situ mineral carbonation in basalt

Do other adequate basalt reservoir sites exist?

What are anticipated in situ reaction rates? Will scCOQO,
injection rapidly precipitate carbonates, other minerals?

What is best injection strategy for CO, with seawater
for large volumes? Tooptimize mineralization?

What large potential industrial sources of CO, could be
delivered to the site?

What are best monitoring and volume assessment
methods?
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CO,storage in the Cascadia Basin

COyinjected below
sediments may be stored
through physical,
solubility, and mineral
trapping mechanisms —

CarbFIX and Wallula
projects show
mineralization occurs
quickly (afew years)
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(after Goldberg et al., 2008)
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Existing physical data in Cascadia Basin

2010 2011 2013

S = sediment
VC = volcanic crust

bids Hole 10268
#7727 Local mixing s

Lateral transport S o
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%, Hole 1301A

A9k

(Neira et al, 2013)

Hole U1301A | : -.Several exis'ting well completions and
Hole U1301B 7 . s instrumentation at |ODP sites along

A, A bl buried basement ridge

-Multi-year tracer experiments through
basalt ocean crust indicate focused
northward fluid flow

- — -Extensive core and measurement data in
transport public archives

-Active cabled network (NEPTUNE) for
observation and monitoring
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Potential CO, sources near Cascadia area

140°W 130°W 120°W 110°W

ALBERTA

Ocean Networks Canad
NEPTUNE Observatory

Cascadia
Basin
(-2660 m)

PACIFIC
OCEAN

Data Sources: DEM: Smith and Sandwell; Infrastructure: Ocean Networks Canada;
€02 Quantities: United States Environmental Protection Agency (2015), Environment and Climate¥
Change Canada (2016), British Columbia Government (2015), Global CCS Institute (2016).

(from proposal)
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CarbonSAFE Cascadia Case Scenarios

20 Miles

=
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. PowerPlant
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€O, Transportation Options

21 miles

25 miles

*CentraliaPower Plant wil transiton fom coal o NG
inthenext 10years The capacity willberecuced and
foture CO, emissions are assumed to be 1 MUT/yr..
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’ * . .
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Piping Y .
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Dyno Nobel
(Ammonia -
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(Pulp and paper -
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*
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"

28

Injection Site

€0, Source

Shipping

Pipeline

Rail

Major Port

Onshore

Pumping
Station

Case #2 —Power Plants plus Mix

Sources:
* Power Plants: 2.5 Mtpa
* Centralia Power Plant, 1 Mtpa
¢ Port Westward Power Plant,
1.1 Mtpa
* Other:0.52 Mtpa

Transport:
* Rail, Ship and/orPipeline
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CarbonSAFE Cascadia Case Scenarios

Case #3 —North Washington Coastal
Mix

Alcoa Intalco Works
(Aluminium -

Sources:

e Shell Puget Sound Refinery, 1.9
Mtpa

* Alcoalntalco Work Aluminium
Plant, 0.4 Mtpa

Transport:
m::.':l'r';‘ff;snﬁﬂ?fyr,  Ship and/or Pipeline 380 miles to

Cascadia Basin

0o 5 10 20 Miles £ urces: Esri, Hmam{‘zfme usas Intefmap, INCREMENT P, NRCan, Esi
o m’(M“‘"Aapan’METI Esni China (Hong sii (Thailand), Mapmylndia,
- e ol 4 NGCC. ©OpenStreeiMap ?%ﬂnbu\cvg ‘and mef GIs U\éngmum
€O, Transportation Options o
330 Miles 50 Miles o Injection Site
== mmee s e e -\ g A
VA * [y ’ . €O, Source
Piping 1-" Piping * -

o — Shipping
Injection Sit Shell Puget Sound AlcoaIntalco Works - —
Injection Site Refinery (1.9MMT/yr)  (Aluminium Smelter - ipeline

0.42 MMT/yr)
- .
350 Miles 30 Miles
Major Port
e Onshore
Pumping
Shipping Shlppmg -+ Station
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CarbonSAFE Ca

scadia Case Scenarios

Case #4 —Largest BC fossil fuel
CO2 Emitters

Sources:
* Main Sources: 1.551 MMT/yr ¥
* RichmondCement Plant,
0.797 MMT/yr
* DeltaPlant, 0.754
MMT/yr

Transport:

* Ship or Offshore Pipeline: 300
miles from Richmond and Delta
Plants to Cascadia Basin ONC
Node

0CEAN
NETWORKS

WORLD-LEADING DISCOVERIES AT A CRITICAL TIME CANADA



Case Scenarios

o x, Tl » _ ¢/718 Case #5 —Carbon-negative
V V" | 2T W scenario: Largest BC CO,

Embb:‘;::"'ﬁ FEE il I O W : ‘ Emittersincl. Biomass, plus
e S Al bl { Air Capture
8 R 1 "wv
* : - AN Fqul g Sources:
% e : oo ; : .
s Te L ” ; @l - Main Sources: 2.9MMT/yr v
“Wepmanisiand ; SN " N ¥ g * Crofton Division, 1.6
4 Hornby Island Halfmson By % Gambier R SONSH £ MMT/ yr
Lasqueti Island \g Sociter Island ¢ D AR .
~Sechel L]
bR cieek WA Harma<.: Pacific
~— Stait of Georgia L Operations, 1.3
3 5 MMT/yr

* Maybe add: 2.2 MMT/yr \J
* Howe Sound Pulpand
Paper Mill, 1.5

MMT/yr
* Powell River Division,
: : che o ; 0.7 MMT/yr
Gapuse /y ’ X . * Carbon Engineering,
Ll gy A . | 1-2 MMT/yr, CO2 Air
Transport: ] Capture

* Pipeline for main sources:

* Land (new route along Highway): 80 miles to Port Renfrew

* Offshore: 160 miles from Port Renfrew to Cascadia Basin ONC Node
*  Ship from Harmac via Croftonto Cascadia Basin ONC Node: 290 miles
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Phase | accomplishments to date

Developed contact list and approached potential industry-
sourced CO;, streams in the region

Began laboratory analysis and injection modeling studies to
optimize mineralization in basalt

Compiled inventory of existing petrophysical, hydrological,
and regional data in vicinity of the offshore reservoir

Reviewed framework for offshore storage regulations in US
and Canada and engaged regulators (April 2018 Workshop)

Constructed risk registry for project-related risks and
related NRAP modeling

Compiled list for common and other potential
environmental monitoring parameters
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Natural Seismicity: Juan
de Fuca tectonic plate

Cascadia node

/!

Pilot site

<0
Magnitude

0 >6

150 km
Data sources: IRIS Interactive Eathquake Browser; USGS Eathquake Cataog Natural Resources Canada
Earthquake Database; Ocean Netwaks Canada Cascada Basin
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Lessons Learned to date

Large potential sources of anthropogenic COsexist in the
region

Existing regulations appear to restrict offshore CO,disposal
across national boundaries (e.g.,Canada to U.S.)

Compiled hydrological dataindicate basalt injectivity is
high but likely anisotropic

Laboratory studies of CO,—basalt—water mixtures indicate
large variability in reaction rates

Real-time injection monitoring is feasible using NEPTUNE
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Phase | plans

Extend laboratory analysis for reactivity rates in ocean basalt

Refine injection and reservoir modeling to optimize mineralization
Establish industrial source for CO, stream(s) and transport options
Define regulatory permitting process(es) and public outreach plan

Maintain risk registry and develop risk mitigation plan
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Phase II-1V plans

Next Phase Il proposal submitted in
February 2018, on Storage Complex Vot et
Feasibility (for 2 years) &

« Lab and Field Studies (incl.
2D/3D seismics over target area)
and modelling, regulatory
engagement and public outreach

Phase lll: Site Characterization
needed to meet storage permit
requirements, and address rights of
way (2 years) Grizzly Bare

USAEEZ

Phase IV: Permitting and
Construction (3.5 years) 3D.Grid

2D Lines

OR

20 miles
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THANK YOU!

Ocean Networks Canada is funded by the Canada Foundation for Innovation, Government
of Canada, University of Victoria, Government of British Columbia, CANARIE, and IBM Canada.

, @ocean_networks 'f OceanNetworksCanada visit: oceannetworks.ca

3 University
j of Victoria
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