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Injection, flow, monitoring
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© THE UNIVERSITY of EDINBURGH CO2 storage micro-pores, to basin

Inﬂuencigg the world since 1583 100 km T -

< A - 100 km

sloping caprock

regional 2 km l mobile CO2

groundwater
flow

Size scale dissolved CO2

distance 1010

Nanometre to
hundreds km

’

Szulczewski et al PNAS 2012
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P THE UNIVERSITY of EDINBURGH Natu ral analogue: tOp Seél

food
o Inﬂuencing the world since 1583 u d rOC k B ra e & I\/l i | |e r U
. . ] m
9/28b—17’ 16/8b-A2 + 9/28b-17
i\ O EiSW A NE
& T Sourost Sauios2Sauiesd |-
Shet e e 20%: - 46%- 34% - — - — — - — — — — —_ - - -
4/ Islan o 7‘/'—/'7"':,’/—:; TT - ST - - =
Anomalous zone [-F 20 N o
7, //////// o7 ///// e //////:\; _____________ _T_"
kney ; “Reservoir topdrstmimmel sl ©o 7 0 S T [~

ands | =1 &Y. . o

Key: 46% COs %

W 0
Mudlrockdsbea(l30 Sandstone reservoir 80% CO,»%
unaitered by CO» Relative proportion
7 —_— . and isotope ratio
5 0 10 km owe of carbon source
'0\ | | Anomalous zone Oil water contact in the model

RPN { CO2 dissolved in oil & gas cap 60 M yr J

Lu et al 2008 Geolo . . .
ttne. /ol ora/10.1130/G25412A 1 Chemical diffusion caprock 5 metres max

Stuart.Haszeldine@ed.ac.uk Permanent storage for Net Zero, UKCCSRC 6July2021

20


https://doi.org/10.1130/G25412A.1

THE UNIVERSITYof EDINBURGH N\ @tura | ana | ogues: Itg |y HJ&SCECNTé

Inﬂuencing the world since 1583

Thrust faults »._ Moho depth contours

Normal faults (5 km Intervals)

Syncline axis @  Volcanoes (Q)

Y i . Natural CO, seep / seeps
“ Anticlineaxis O @ (not showing wells or

Normal fault scarps  fumaroles)

Diffuse: Expulsion of dry gas by diffusion 9,)
Vent: Pressurised expulsion of dry gas

Bubbling Water: Pools of degassing water
Spring: Spring with high dissolved CO, content
Fumarole: High temperature volcanic emissions
Well: Man-made well with high dissolved-CO, content

X Tyrrhenian
SW

Apenninic Chain Foredeep P’f;

Risk of death CO2 fault seep on land 1/yr in 30 Million

Roberts et al 2011 PNAS.
(nuclear 1 /yr in 1 Million) , 2021 https://doi.org/10.1073/pnas.1018590108,
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THE UNIVERSITY of EDINBURGH Fingerprinting CO2 OwnerShip
Influencing the world since 1583 . .
Disproof of leakage accusation

I g | 1| SR 813Cp,c, *He/*He, *He/?°Ne, 2°Ne, 3°Ar, ©°Ar and Kr. In soil and spring water
Weyburn 1
Main ima:i.. '. Manitoba 1 .2 ’ 0
location 1
askatchewan o Estevan |
N O e N Y ® @ Injected CO, .
Montana | USA [ ] . g Produced CO. § Ml:[ngune:;t;;/eenair
: ] 2 - and €O, with 6C = -24%»
< PO 1.0 5*% h‘* @® Groundwater Wells
209, 880.1% K ASW 0-45% Ex. Air 15°C
Jcanada ~ 08 - | ) Jr ASW 0-45% Ex. Air 25°C = g
¢ ond \ £
Beulah Bismarck E 40% ' '\0_5% ;g; i
- A (8]
% 0.6 - 60%1' \. 1% ) \ .
T ‘ =P . -20 Data regression
% | X Mixing with y=07x-243
& 044 80%4 '\ produced CO,
| .. 5% 25 oy o
" 20% ¢
02 - Mixing with .. S0h80% 0 e
injected CO, 0 5 10 15 2
https://doi.org/10.1016/3.jggc. 2017.05.015 G0, (volknne ')
0-0 T T T
Romanak et al 2014 Int J GHG Res
1 2 3 4
10 10 10 10 10 https://doi.org/10.1016/].ijggc.2014.08.008

“He (pcmskg")

5 miles from injection well. Soil gas Noble gas *He (left) and | Gilfillan et al 2017 Int J GHG Res

13C - show mixing with air, ie natural not injected https://doi.org/10.1016/.ijgec.2017.05.015
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Secure storage of CO2 in rock
CO, fills microscopic pores in sandstone
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Residual \
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—-=— Saline water

Isolated
CO,

Slice cut

" through

rock

Yellow =
sand grain

Pale blue =
geological
salt water

White =
CO2

Dark blue =
C02
dissolved in
salt water

Red = new
crystals
from CO2
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Upscaling
flow from

pore to core, r =10m
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Simulate site scale
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Accumulation in water of
deep, stably stratitied lake

Stuart.Haszeldine@ed.ac.uk

Leakage pathways: monitoring

—

COzplume ___~
—*"—';'-ff’ e T :

T s
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). e universiTy EDINBURG - Se@ismic reflection monitoring: Sleipner

Inﬂuencing the world since 1583
1999 / . . \
Seismic reflection

detection at Sleipner
100 tonnes CO2 from
20M, ie 0.0005%

CO, injection in the Utsira formation

Thickness maps of the .
most extensive layer Or 50 trees in a forest

of 10 million trees
999_ 1996 \ /

e Bright seismic reflections
2001 perspective view of CO, accumulations Torp & Gale 2004. Energy indicate thin layers of CO.
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THE UNIVERSITY of EDINBURGH B ore h O | e cement @ UKCCS

Inﬂuencing the world since 1583 i b

Normal Portland cement may reacts with CO,, this may
enable leaks along borehole annulus.
Current and old boreholes may need to be re-cemented

Well casing

Well plug

2 R, Cement + casing 19 yr
.-':-1':-1':-}::-':'1' .'-n'q-':'.:'.:.»h. S ..I..-::-':'ii'.{.:'i H
4;3.;-3.33.;-:-_;-3_.;-3 S W il Teapot Dome Wyoming
¢ .l:ll:l'flfl.:l .
@{._-'.-;.- T i b, Scherer 2004 Princeton

Al,O;-rich Calcium aluminate phosphate (CaP)

i cement made mainly from recycled fly ash

cement

FLEXCEM, Thermalock

Scherer (2004) Princeton

EverCRETE Schlumberger 2009 Alkali silica gel

Stuart.Haszeldine@ed.ac.uk Permanent storage for Net Zero, UKCCSRC 6July2021 28



* THE UNIVERSITYngDINBURGH
Inﬂuencing the world since 1583

Pressure, Storage
Efficiency Factor

Pressure — moves rapidly through
basin, for tens km

Structure Trap CO?2 fills 100% of
porespace ie 20-30% of the rock
volume

(minus the residual saturation of 20%
of the fluid)

Deep Saline Aquifer, CO2 fills 2% of the
porespace, ie 2% of 30% -
displacement and dissolution

Stuart.Haszeldine@ed.ac.uk
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* THE UNIVERSITY of EDINBURGH GOldeneye field and Captain sandstone: seismic
S Influencing the world since 1583

lt 1 e taoon 00000 —
e Two sitesA and B | - \ ¥
in same sandstone. :ﬁ- g X | / “ [
45km apart 1} ’ N—/f/ D= —nY,
e Will pressure [l _ | Haliput H?'St mi //—"‘- \S/«n
interf(.ere and Ué ‘ S "'N\‘l.. [ sterr} Spec 30 Y__
combine ? | Dy T | T m = -
S R S A -
I 2001 Blake Aok 78 . z
" S e [
) ! ! ! ! ; ’ .n'j,! y + stm0m
_/Hjibut Trough AO Tl | 7 , -
| ';Lo km ‘— 1 2001 Goldeneye -
| 1994 Greater Ettrick Y. PSDM -
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= Regional 3 - -
- I : ! 1 g """ 1 | _Su% + f
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© THE UNIVERSITY of EDINBURGH Regional pressure management of storage

Influencing the world since 1583

Site A /

5 -

-

-—

WWw.sccs.org.uk/expertise/reports/co2multistore-joint-industry-project

* 360 Mt CO2 does not physically connect, but the pressure waves do.
2 x 6 Mt/yr x 30 yr, pressure moves down and sideways

Open underburden boundary, increases storage by 20% in 30yr life

Understanding connections ensures Site B is not damaged by Site A

Regulators and Developers need to share information more than h/c

[ Storage tonnage is a pathway. Wait for pressure dissipation, inject even more CO2 ... J

Permanent storage for Net Zero, UKCCSRC 6July2021
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Baseline Injection Closure
Atmosphere LightSource Laser CO2 Monitoring
Eddy Covariance Flux Monitoring ?
Biosphere CO2 Natural Tracer Monitoring
CO2 Flux and Soil Gas
<—— Remote Sensing (Brine & NDVI)
Shell Groundwater Wells: Continuous EC, pH
Hydrosphere Discrete Chemical and Isotopic Analysis on water and gas
Private Landowner Groundwater Wells (discrete chemistry and Isotopes on water and gas)
Geosphere ?  Time-Lopse Walkaway VSP Surveys
Time-Lapse 3D Surface Seismic
InSAR
Deep
Monitori ng Downhole Pressure & Temperature (DHPT) above Storage Complex (CKLK Fm)
Wells Downhole Microseismic Monitoring
Injection Rate Metering, RST Logging, Temperature logging o
Iniecﬁon DHPT, Well Head PT, Distributed Temperature and Acoustic Sensing, 1%
Well Annulus Pressure Monitoring, Wellhead CO2 Sensor, Mechanical Well Integrity Testing, i
ells Operational Integrity Assurance $
‘ L
CBL, USIT i.
2010 2015 2020 2025 2030 2035 2040 2045 2050 2

Time (years)

Subsurface remote monitor: pressure, microseismic

m
o abbdided

Conformance monitoring

Schematic: CO, Plumes and Area of
Elevated Pressure

b \.'
- LV

Surface: injection rate, groundwater, soil gas

Stuart.Haszeldine@ed.ac.uk Permanent storage for Net Zero, UKCCSRC 6July2021

Acquisition  installation

Baseline VSP MSMArray  Shargvof  gaginning of
Wigger
- COZ injection

Jan15 Feb 15 Marts ApriS Moyls JuntS Julls Augls Sep1S Oct1s NoviS DectS Jan16 Feb16 Marl6 Api16 Moyl

Date

Monitor VSP
Acquisition

https://www.searchanddiscovery.com/do
cuments/2017/80577rock/ndx_rock.pdf

Surface noise

Regional Events
T (not Quest related)

Locatable Events
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Speec

Dissolution rate (fraction CO,/yr)

Stuart.Hz

THE UNIVERSITYngDINBURGH
Inﬂuencing the world since 1583

0.0010
—— Bonneville et al 2013
0.0008 H Pruess & Nordbotten 2011
CO2 dissolved 200-1,000 yr
0.0006 .
Leslie et al
Petroleum GeoScience 2021
0.0004 i Sato et al 2011
~
0.0002 H
K Kempka et al 2014 Sathaye et al 2014
(‘old” Bravo Dome, first 5 kyr)
0.0000 : 5 X ; —
1000 2000 3000 4000 5000
Time (yr)

Immediate trapping by capillary isolation
Most CO2 dissolved 200-1,000 yr

98% of injected CO2 retained
for 10,000 years with 50% probability
(Alcalde at al 2018 Nature Communications)

No. of injection
wells

Abandoned well status

- No. of abandoned wells Alcalde et al 2018

Nature Comms

Leakage o —— m“d-;.t — Natural
2 ime-dependant leakage analogue
inputs Industry leakage rates (industry data & leak fgtes
i data numerical models)
— | i il
\ How much will leak to the surface? 2] |
1 ‘
1 ...from [2a] ‘ |
injection wells V. 4
|...from legacy ...along natural |
Leakage wellbores? [2b]] features? [2c]|
model S

|

|

/
”

//‘

How much will be immobilised in the subsurface? [1]

Immobilisation /
model /

...from residual trapping [1a] |

4 45
Immobilisation| ~ Field-scale  Laboratory-
residual scale residual

inputs | saturation tests saturation tests

Net Zero, UKCCSRC 6July2021

. trapping

...from chemical trapping:
solubility , mineral
trapping [1b])5

ﬁ&

Reactive
geochemical
transport simulation

33



* THE UNIYERSITYQfEDINBURGH F | OW a SS u ra n Ce r\ HE'§SS§

Inﬂuencmg the world since 1583

Offshore Gas

Gas installation co2?
?
coz: Dense Dense
CO2 Cco2? co2?
ca ptu re —
Onshore
pipe

Compressor
/COZ delivery from capture

to reservoir interconnected

Dense
c0o2?

system. Depleted gasfield Saline aquifer
Pressure and temperature LOW pressure HIGH pressure
changes complex. Joule Thomson hydrate Salt dehydration crystal
UK contaminants quality

MEG or heater
Turn up / Turn down (10 MW) or Water washing

K Hydrate or Halite ? / slow flow
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Inﬂuencing the world since 1583

Pace of CO2 storage development
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6D neuwvesivyeoneuran - Rate of storage development

Inﬂuencing the world since 1583

IEA projections in ETP

(a) 800 (b)® / .
+ Predicted future CO, 2050 storage: | + CO,storage ; models impose
7001 ..o’ slorage MeMpa | ./ required to limit / carbon price of $ 100
o | c ] 2  wamingto2°C !
~app.| (B2s2don projcton ! | 9] (EAEnergy Technlogy . D E B e Eek:
g historical and planned (1996 ' 0 Perspectives 2DS) |
g o - 2025) CO, storage data) i 2 . IEA Net zero
< ! g 37 l projections (2021)
3400_ ' 0 I. impose assumption /
0 ',' %’_ | mandate — no price is
D 300+ ; @ 2] [ too high
0 ! O 1
©200- 2030 storage';" 8 i .I PrOJ;cStti?iérom UK CCS rate 5x too
00 127 Mipa & 7 /! slow, requires 30-
£ 4 I' Historic & 50Mt/yr 2030
0 0 - e Dlanned
] | l | | ‘ ; ' ' !
1970 1990 2010 2030 2050 1970 1990 2010 2030 2050 Global CCS rate 100x
Year Haszeldine et al 2018 L too slow- Net Zero
Phil Trans Royal Society 2150, not 2050
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EU greenhouse gas emissions (Mt CO,e)

THE UNIVERSITY of EDINBURGH Scallng up EU CO2 storage 2000 2050

Inﬂuencmg the world since 1583

6000

5000

4000

3000

2000

1000

Stuart.Haszeldine@ed.ac.uk

-20% [1990-2017: -46 Mt CO,e/yr]  [2017-2030: -81 Mt CO,e/yr] -40%

EU policy targets ai

2020 GHG target: -20%

d goals

EU greenhouse gas

emissions reduction
trends + projections
Source: EEA3

.
il
..........

ey
-----
------
O .
.

Cavanagh and

Haszeldine 2021

ey
e

2030 GHG target: -40%

-80% [2030-2050: -114 Mt CO,e/yr]
% [2030-2050: -157 Mt CO,e/yr]

goal: -80%

Cavanagh Wilkinson Haszeldine GHGT-15 2020

00

g 5§ & & 3
N N N N ~

(S) Y S 9 ~

g & g 9

v v v v

A}
o,

—

70 Gt CO2 UK storage resource
exists. Converting to EU

commercial reserve means injecting
50 borehole/yr from 2025

Permanent storage for Net Zero, UKCCSRC 6suiyzuzt
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Inﬂuencing the world since 1583

100 + High emissions leading 3{3‘2N msd ?_OS: Efficiency,
to dangerous warming Renewables
Country pledges (NDCs) CCS, H2
~Haseline  for 2030 exceed the Sswitch fuel
.........O warming limit of the
o Paris Agreement Store CO2
Decreasing emissions 1 4 )
o | compatible with a well Net Zefg Carbon
below 2°C warming limit ) B 300 REMOVAL
—50 Data: CDIAC/GCP/IPCC/Fuss et al 201 4/40981] etal 2016 wwwcarbonbneforg \Air Capture/

1980 ZOOO 2020 204O 2060 2080 2 'lOO
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Inﬂuencing the world since 1583

Oil and

Mandate to

clean-up CO2 gas

imported

Govern-
ment

makes
rules

Consum-
ers pay

for
products

Certificate of
CO?2 storage

Capture
CO2

stored

industry
sells CO2

Require extractors and importers of fossil fuels to
dispose of an annual percentage, initially small
but increasing to 100% by the time of Net Zero,
of the CO, generated by the products they sell.
Includes Scope 1, 2 AND 3 emissions
Analogy to existing WEEE directive (Waste Electrical)

. www.carbontakeback.org

Carbon price ($2005)

10% 5

) mueuniversiyoensuraH - M@rket: CarbonTakeBackObligation

CarbonTakeBackObligation
Jenkins, Mitchell-Larson, Ives, Haszeldine, Allen
Nature Climate 2021 (Submit)

DACCS
price
range

2020 2030 2040 2050 2060 2070

[ Quick, simple, controllable, low-cost, reliable to 2050 ]

torage for Net Zero, UKCCSRC 6July2021
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Summary

1) CO2 storage operates routinely with excellent performance
2) 98% CO?2 retained for 10,000 years

3) Technigues and technologies adapted from hydrocarbons
4) Costs must stay low

5) Immense demand — though beyond 2100

6) Mandate not market — provides reliable delivery to 2050 and beyond

Stuart.Haszeldine@ed.ac.uk Permanent storage for Net Zero, UKCCSRC 6July2021
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THE UNIVERSITY of EDINBURGH  [€@land: Direct CO2 injection, mineral storage

Inﬂuencing the world since 1583

e © A X

Carb Fix COST

CO2 already
separated

No transport
Secure store
Potential

capacity
immense

Y
Single business "f:.": How to Scal.e'UP? £20-30
L How to validate
. storage ? tonne CO2

AN y

Stuart.Haszeldine@ed.ac.uk '.‘.',
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* THE UNIVERSITY of EDINBURGH Carbon stora ge by mine FE@M

Inﬂuencing the world since 1583 SREsa CENTRE
100

structural &
stratigraphic

— trapping
S~ residual CO,
5 trapping
3 mineral
5 trapping
§ solubility
trapping
= mineral S
o trapping E r h
1 10 100 1,000 10,000 1 10 100 1,000 10.000
time since injection stops (years) time since injection stops (years)
wollastonite Casio; +CO; > Gacto,
olivine Mg,SiO, + 2CO, — 2MgCO; + SiO,
pyroxenes CaMgsSi, O, + 2CO, — CaMg(CO,), + 2Si0,
serpentine polytypes Mg;Si,O.(OH), + 3CO, — 3MgCO,; + 2Si0, + 2H,0
brucite Mg(OH), + CO, — MgCO; + H,O
Rapid reactions, enhanced secure storage
Needs large tonnages of cation rich silicate rock
Stuart.Haszeldine@ed.ac.uk
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. - THE UNIVERSITY of EDINBURGH CTBO @HJ&SCECM§
Carbon Take Back Obligation

1) IPCC pathways to 1.5 or 2.0C warming can still be met, but market pricing (IEA scenarios) means £1,000 -
5,000 /ton CO2 globally

Inﬂuencing the world since 1583

2) The upper cost limit for CTBO is set by DACCS price (including profit)

3) For a quick start to enforce startup of carbon storage (yellow curve), keep the present UK-ETS carbon price
well above £40/ton, and /or a targeted carbon price support of $110

4) To ensure carbon storage arrives at the 2050 destination, an obligation is placed on fossil fuel extractors or
providers to store an ever increasing percentage of their annual Scope 1, 2, 3 emissions - starting at 1%, and
rising to 120% in 2050. Similar principle to WEEE Directive in Europe

5) That has the effect of creating a carbon storage market - which enables oil company and offshore skills to
be provided with new work, storing carbon dioxide for the UK, and Europe, beneath the North Sea. This can
be a Just Transition

Nature Climate Change (Submitted) June 2021
Reliable, rapid and permanent CO, disposal through a Carbon Takeback Obligation
Stuart Jenkins!**, Eli Mitchell-Larson[?), Matthew C. Ives!®], Stuart Haszeldine!® & Myles Allen
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