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Science Ncﬁg‘ and News.

COAL CONSUMPTION AFFECT-
ING CLIMATE.

The furnaces of the world are now
burning about 2,000,000,000 tons of
coal a year. When this is burned,
uniting with oxygen, it adds about
- 17,000,000,000 tons of carbon dioxide
| %o the atmosphere yearly. This tends

| to make the air a more effective blan-

ket for the carth and to raise its
mperature. The cffect may be con-
able in a few centuries. Ha#ldi

s excess CO2 new news?

382 On the Heat in the Sun’s Rays.

~

ART, XXXL—Circumstances affecting the Heal of the Sun’s Rays,
by EUNICE FooOTE.

(Read before the American Association, August 28d, 1856.)

My investigations have had for their object to determine the
different circumstances that affect the thermal action of the rays
of light that proceed from the sun,

Removal of CO2 from air to control climate : Invented
1938 in Edinburgh. Guy S Callendar 1938 The artificial
production of carbon dioxide and its influence on temperature
Q. J. R. Meteorol. Soc. 64 223-40
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FEBRUARY 2024

7C

CO2 disadvantage
February 2024

2023 —record year — exceed 1.5C
February 2024 record February

Projected 2024 record warming
Due to lack of sulphur aerosols from shipping

7
0 DuncanWX

- . - 0 i > 4 5 6 7
. Haszeldine Re—Stormg SOURCE: https://climate.copemicusAeu/cIimate-reanéf : - B i DATA: ERAS - CLIMATOLOGY 1981-2010
Stuart.Haszeldine@ed.ac.uk 12 _




N1V
& E"’% Influencing CO2 advantage Increase 2.5% /yr (3ppm)
NgA)- theworla - Path to Net Zero —need CCS and NET  pecrease 10% /yr for 1.5C
“oree sinee 1583 Possible — but how likely? Decrease 4.5%/yr for 2C.
Global Carbon Dioxide Emisssions Negative past 2050 forever
A Switch
CO, q energy UK needs > 30 Mt/yr by 2030,
. )\ sources 120MtCO2 /yr stored by 2050
30 Effici AND
icient > 50Mt/yr CO2 GGR
energy use
20
Cumulative CO, Capture and
(1870-2018)
10 2300 GtCO, store CO2
Net-zero: 2060, 795GtCO, ( GGR to balance \
O oW DACCS residual CO2
2022 2030 VZScot NZ China emissions with air
) 2045 NZ UK 2060 -
10 and ocean removals
2050 & /
1980 2000 2020 2040 2060 2080 2100

Stuart
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Industry: chemicals, plastics, cement, paper,
glass, fertilizer

Fuel: Methane CH, to H, Hydrogen
Electricity: from gas or coal

Electricity, heat or fuel

All Carbon : use,
capture, storage

CCS + heat+ H2;+ DACCS + BECCS

v
Biomass absorbs CO,

Biomass ———»

Fossil ‘

Rock pores

High carbon fossil fuel
Coal + gas + oil

Haszeldine Re-Storing carbon, HKUST Shenzen 10Jan2024
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€O, i CCs, BECCS, DACCS, |
: waste P
 gases GGR - all depend on
permanent geological
storage
COzE from
air :
; L b
. . OW carbon
Direct air capture eneray
5 i oy W ENE=
R
I
CO, stored

: permanently 1-4
i km below surface

1-4km




> Influencing
yaaly- the world
%,B\f*@ since 1583

Geological containment
makes CO2 storage permanent

NOT a waste — avoids tax
Duration more than 10,000 years

Haszeldine Re-Storing carbon, Heriot-Watt ECO-AI
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mmencing  (Ge0logical containment CO2 4

~ the world

CO2 storage is very deep at 1-
4km, and remote from people. Oil
industry boreholes can be used to
inject into "saline aquifer”

Injection pipe

diagram not to scale

. / 7 Cap rock
reservoir (left), or a depleted gas - N e oo
or oilfield (right) ( “{)
€O, pl
., 0ld oil or gas ) V4 e
in eservel reservoir . ZRGA v . _
‘ et (og Aodson \ “ Sand grains

Sy .. ‘
' ] |
.80 a %0 (.\
CO2 is liquified by pressure, and injected into microscopic u
pores between sand grains. That CO2 (red) displaces the SCES
ambient salty water (blue), and is physically retained by an
overlying cap rock (grey)
U szeldine Re-Storing carbon, Heriot-Watt ECO-Al 12March2024 7
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© British Geological Survey

Porous reservoir : Physical trap, dissolves in porewater, residual saturation droplets. minerals
Haszeldine Re-Storing carbon, Heriot-Watt ECO-AI
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Map UK CO2 storage sites offshore 1)

Miller field, North Sea Natural CO2 content | Edinburgh city and permeability streetmap

N o
@ Gas Power Stations \ Riorifiem s } N -
@ Coal Power Stations North Sea 9/28b-17l
O Saline aquifer (confined) *T ?
QO Saline aquifer (open) | 27
O Depleted hydrocarbon fields ors Shetland k
SizeMT 4 Islands B s
10
o 100 Central cwy
O 1000 North S¢ & ? kngy
¥ % slanas
3/-’__\_\
Ny "}\
Scotlan; \
/ Q , 50Km
2°W 0°

Lu, Wilkinson, Haszeldine et al
2009 Geology 37; 35-38.

5.0 0 10km
0 50100 200 300 km \ A
N W SN

Typical small CO2 storage site was Miller oilfield (BP project DF1 2005) injecting 1.3 Mt CO2/yr for 20 years. Similar
size to Edinburgh city. Spacing of boreholes 500m requires interpolation of reservoir

Haszeldine Re-Storing carbon, Heriot-Watt ECO-AI
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Regulation: Monitoring Geological storage CO2 ()

SCCs

A 100 km R
AR A 100 km
sloping caprock
regional 2 km [ mobile CO2 PHIRREAP
groundwater
flow —_—
. /l:r

/

residual CO2

Szulczewski et al
2012 PNAS

-8

el

10*2 size scale, very small to very large

dissolved CO2

Good prediction needed from small, to mid, to large for prediction
Science: Laboratory measurement and process. Theory maths, Field calibration

Stuart.Haszeldine@ed.ac.uk Haszeldine Re-Storing carbon, Heriot-Watt ECO-AI 12March2024 10



Fast cycle nature & slow cycle geology Q)

Cheap capture, short storage Higher cost capture, long storage

* Both hedgerows and the cliffs of Dover are
examples of natural carbon sinks
* However, they are vastly different in terms of

permanence
Small farm landscape Normandy = England 1920, « Does it make sense to value them equivalently in
good capture, unreliable storage terms of their services as a carbon sink?

Haszeldine Re-Storing carbon, Heriot-Watt ECO-AI
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N7 ,\ Influencing
N'EM ~ the world

Stuart.Haszeldine@ed.ac.uk

MONITORING
Hazards and risks

real or over regulated ?

Haszeldine Re-Storing carbon, Heriot-Watt ECO-AI
12March2024
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Theoretical hazards geological storage )
very low probability, self sealing O

I ems oo e
- e "o oS h
-
Oil/gas/brine CO- '

2 a in topogmphxc Abandoned ~ 3'::‘."0“' sroundwmaier
production well injection well dcpm’sslon well 9"'3‘15
: : > e from well Accumulatzon
Accumulation in CO- S agh S - —— in hascmcnt
water of deep, stably a3i i f - “ d
siratified lake l ‘c;'; :: : ] D 'g"
Wetlands c
. <14
;ﬁ:
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RN CO u\ lov» pertncabnhty.. """"""
: e:\vin:nmcnl NN Dl_tT'._xuon

Many risks of unplanned migration can be imagined, Legacy wells are most real. Monitoring gives early warning

Haszeldine Re-Storing carbon, Heriot-Watt ECO-AI
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~ the world

. mmencing S|@ipner commercial CO2 storage since )
-
° since 1583 1996 SCCS

Gas from
Sleipner Wes!

GEOLOGICAL

PERMANENT storage is J

Slepner East
Producthon and Injection Wells

. & ;"4
Since 1996 CO2 produced from
the Sleipner field, has been
separated offshore, and

1MtCO2/yr injected safely

Stuart.Haszeldine@ed.ac.uk Haszeldine Re-Storing carbon, Heriot-Watt ECO-Al 12March2024 14



muwencinz S|@jpner - location & seismic 7\
e s reflection resolution ees

®
g

eated seismic

-
<
f

Since 1996 CO2
produced from
the Sleipner field,
has been

separated

offshore, and

1MtCO2/yr Seismic reflection surveys have been acquired for the Sleipner field condensate production — these
injected safely accidently include the Sleipner storage site. Repeat differences detection is excellent - 150 tonnes CO2.

Lateral migration 1m/day. Buoyant CO2 fills uppermost reservoir topography. Also measure PRESSURE
Haszeldine Re-Storing carbon, Heriot-Watt ECO-AI
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Pressure extends much further than CO2 @
— decreases ability of 2"d store to inject s

Available Space /UsedAvailable Space Used Space

/Spill point

Overlap and interference

van der Meer 2008
(TC 19309

Pressure  Affected  Spa Pressure Affected Space

Unaffected Space Unaffected Space

Haszeldine Re-Storing carbon, Heriot-Watt ECO-AI

Stuart.Haszeldine@ed.ac.uk 12March2024 1



NSTA AND LLOYD'S REGISTER SNS
REGIONAL GEOLOGICAL MAPS

Thickness Triassic
Value

High : 2477

. Low : 0

NSTA Carbon Storage Licences

Renewable Energy Zone Limit

and UK Continental Shelf

UKHO Territorial Waters Limits

Stuart.Haszeldine@ed.ac.uk

Haszelaine Ke->toring caroon,
12March2024

UK Bunter W
sandstone
licenses join
together —
pressure
overlap

How will licensing adjust storage
capacity? First developer can use all
the wide “pressure space” and
second developer, overlapping will
inherit much less than maximum
capacity

17
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Alberta provincial government
CANS 745M. And Federal Govt
CANS 120M funding. Successful
storage operation on land since
2015. 1.1 Mt CO2/yr to 2040, using
3 injection boreholes

V- ceisss north Alberta, 2015

Pressure increase
extends much
further than physical

N CO2 )

Operating at lower cost and
higher capture performance and
reliability than originally
designed.

Monitor : pressure, temperature,
groundwater chemistry

Now unlocked confidence to
encourage tens CCS project
proposals in Alberta

o 100 ' 0 mil
after Bachu et al. (2000)

200 miles 49°N

Schematic: CO, Plumes and Area of

) Elevated Pressure

"BCS —
Wells

WWW.S
earch
and
discov
ery

e lUim:3

Stuart.Haszeldine@ed.ac.uk
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20 km (17mi) RERIICOCUITE
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130" 155m
No Cut

Borehole leakage —

Missing cement

cement seal o o

casing

20" 325m

No Cut
Bathurst
sland Grp

Exploration
borehole not
well cemented

13-3/8"1227m
TOC 527m

for No Cut
Potential abandonment
pathways :

9.5/8" 3417m
for Bonaparte JOC 2800m
borehole Basin NW Hot
leakage Australia.

Permiam <
Alberta !&33300m
Basin No Cut
West
_ Canada
Bachu & Celia 2009

| Monograph Series 183

. . . Depths in m MO from 8
Haszeldine Re-Storing carbon, Heriot-Watt ECO-AI
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> Influencing
4

~ the world
° since 1583

» Storage Site = local setting to inject

and retain CO2

e Storage Complex = regional setting

includes

* Primary Storage Unit - this is where CO,

is injected

e Secondary Storage Units — overlying
porous sands to catch leakage

e Caprock - prevents CO, from leakage
and can consist of one or multiple layers

« Storage Complex is overlain by the [~

Overburden which buffers
potentially leaking CO,

Stuart.Haszeldine@ed.ac.uk

Legal storage complex (Europe)

Offshore fadlities

Maonitorng suneys

/
«

\
4
cS

. - #
“/’" eakage pathway Marine environment
rd
Overburden
Storage complex
-
-‘-‘—\—._._-_‘_-
Injection
well Migration
pathway Caprock
Secondary
storage units
Spill point level
100m 1 \
1000m

Haszeldine Re-Storing carpon, Heriot-vwatt tLU-Al
12March2024
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Mefite, SW Italy 2000yr
natural CO2 seep, local
dispersion

Industrial 24 inch pipe rupture, 200 barrels CO2,

Tyrrhenian Sea , SW . .
; Yazoo Miss 2020. Dispersed to air in tens minutes

Italy natural
volcanic CO2 seep,
local dispersion
within hours —
similar to North Sea
models

CO2 health effects are toxic if >3% air to
decrease takeup of oxygen,

. and fatal asphyxiation only if CO2 >50%
= s because air is diluted oxygen supply

) i Re-Storing carbon, Heriot-Watt ECO-AI
Stuart.Haszeldine@ed.ac.uk 12March2024 21
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yaaly- the world
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Pace of developing storage sites

Haszeldine Re-Storing carbon, Heriot-Watt ECO-AI
12March2024
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S

420

400

€0, mole fraction (ppm)

320

. Influencing Keeling curve measured since 1956
~ the world

Y Gince 1583 Is carbon abatement winning?

Atmospheric CO, at Mauna Loa Observatory

380
360

340

Scripps Institution of Oceanography
NOAA Global Monitoring Laboratory
Global meetings

CoP, UNFCCC, IPCC

Have had no detectable effect

World will pass 1.5C warming
within next 2-5 years

Hansen — cleanup of diesel
shipping sulphur aerosols will
drive RAPID warming

SCRITB Ry e 15
UC San Diego v :
1960 1970 1980 1990 2000 2010 2020

Haszeldine Re-Storing carbon, Heri MEX@xECO-AI
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Multi-year UK pathway D

Entering the Government Track process sccs

e Track 1 timelines
Commissioning of the Acorn
CO, Transport and Storage System For Track 2 add 2 vyears

Initial Final
% Investment
Decision

Commercial UK licensing 9 years

T=§ construction = St
peration Date Denmark licensing 1.5 years

Peterhead Port CO,
facilities commissioned

5.5Mt of CO,
Bo stored per year

7Mt of CO,
stored per year

Commissioning volumes
of CO,; captured

(@ & A diverse set of CO, ‘o | Additional CO,

~ B= ka | sources operational — M sources operational
THEscoTTisH eXpects to
CLUSTER cumulatively store... 2030--- 2050--- al‘ld beyond

Significant expansion of

p - @ @ Scottish Cluster to 2050
and beyond...

B -25.5Mtof cO, by 2030.
~500Mt of CO, by 2050.

https://storeg_ga.earth/hubfs/Imported=Blog__Media/1-cluster-bid-timeline—002-1.j g

Stuart.maszelainmewedyd.ac.uk 24
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CO, storage construction rates, much too slow

A 90
80
70 168%
e 202067%
— 60
©
49- 136%
E 50 018
- 35 120% GCCSI 2023
g CO2 Mt/yr stored
+ 40 2 w 150w = 300 =
o~
O
O 30 . . .
Historical geological storage
(both EOR and dedicated CCS)
20 == Haszeldine et al., (2018)
Zahasky & Krevor (2020)
10 .
Dedicated storage to 2020
------ Dedicated storage (2020 — 2035)
O 1 1 1 1

Stuart.Haszeldine@ed.ac.uk 19March2024
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Continuous increase in
storage rates set to continue
until 2030 — all subsidised

Lack of planned projects =
high degree of uncertainty
after 2030-35

Essential that more projects
are proposed and developed
rapidly due to the lengthy

lead times, and rapid rate of

1970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 gIObal heatlng

25



Carbon Take Back Obligation Q)

Carbon accounting without Life Cycle Analysis
is possible through the Carbon Takeback Obligation

B
o &

1 ton EXTRACTED = 1 ton SEQUESTERED
\ Carbon Takeback Obligation 22/

[ CO2 capture & storage is operating, safe, resilient, permanent, and low cost J

Haszeldine Re-Storing carbon, Heriot-Watt ECO-AI
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Mandated storage CTBO could accelerate pace

Jenkins et al Joule 2021
https://doi.org/10.1016/j.joule.2021.10.012

Proposed CTBO: enforces storage
by supplier

" Carbon TakeBack Obligation — N

requires all suppliers of fossil or bio
carbon to demonstrate permanent

\_ storage of same tonnage )

" Extended Producer Responsibility\
compliance market,
Carbon Storage Unit is profitable

\_Social license to develop oil & gas )

Carbon TakeBack Obligation is an enduring policy option for rapid deep decarbonisation
www.sustainable-markets.org

Haszeldine Re-Storing carbon, Heriot-Watt ECO-AI
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Summary
Get on with it * Monitoring, remediation - develop solutions not problems

¢ Wide and deep expertise exists in subsurface CO2 injection. Storage licenses are being issued in UK, Europe, USA, Canada
¢ Geological storage needed for CCS, BioEnergy CCS, Direct Air Capture CCS and Greenhouse Gas Recovery

¢ Storage of CO2 deep underground, in city-sized sites. CO2 retained by i) impermeable cap rock ii) dissolving in water iii) isolated
mini-bubbles after migration, mineral growth

¢ Low cost conformance monitoring needed after closure. Pressure effects temporarily extend much further than CO2

¢ Geological storage is permanent, Nature storage is not

{ CO2 capture & storage is operating, safe, resilient, permanent, and low cost J

Stuart.Haszeldine@ed.ac.uk Haszeldine Re-Storing carbon, Heriot-Watt ECO-Al 12March2024 28
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