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Today you will see how a new field, ocean alkalinity
enhancement (OAE), was 1nitiated and has developed.

Three phases of research:
01 Basic research lays the foundation to hypothesize about OAE as a climate solution
02  Early testing of the OAE hypothesis by a few brave researchers

03 Rapid expansion of the field as the need for CDR becomes clear and the high potential
of OAE holds up to initial scrutiny

Summarize topics that have been investigated.
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Basic Science Paved the Way for OAE
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Ocean Alkalinity Enhancement 1s Proposed as a
Climate Solution. 1st Publication on OAE in 1995

Energy Vol. 20, No. 9, pp. 915-922, 1995
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SEQUESTERING ATMOSPHERIC CARBON DIOXIDE BY
INCREASING OCEAN ALKALINITY
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OAE Research Proceeds Slowly for 25 Years

80

OAE publications per year
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_§ 60 99 publications by the end of 2019
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OAE Research Proceeds Slowly for 25 Years
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o Annual Count of New Authors Joining the Field
3 292 total authors by the end of 2019
» 200
o
c
=
©
=
o
C
> 100
(O]
o]
=
>
=z

0 1995 2000 2005 2010 2015

Year



Canada

United States

Greenland

Belarus
Poland{

¢ Uh Ukraine
—“Romania
[1ltaly
?

o= Tirkiye

(Greece

France

Spain'

Tunisia = = i
[Morocco y, Irag

Algeria Libya Egypt
Saudi Arabia
Mauritania

Mal] 3} Niger Voo

iSenegal
( Nigeria Ethiopia
1)
[ 'Kenya

ﬁ'anzania

Angola 5 ] l
Zambia
~~Mozambique]
Namibia
Paraguay

South Africa

(Chile
f

Argentina

Kazakhstan
I

Kyrgyzstan

llurkmenistan

Ian Afghanistan /|

\Pakistan

India

Russia

Nepal

)
Bangladesh !
géds o

Cambodial

Malaysial

[NewsZealand




Greenland

Russia

Canada
Belarus . - ‘
Poland

) Ukraine
France 7 Kazakhstan

—Romania e
- (2 [1litaly < 4 -
Spain , X: Kyrgyzstan

United States Greece  Turkiye % lurkmenistan

Tunisia

- J
[Morocco \ ; Irag™  Iran Afghanistan [{ s ".

Algeria \Pakistan Nepal

e Bangladesh : '
Saudi Arabia™_ % angladesh !

2 Oom: d i

India
,_ s
Mali Niger 5
Senegal~— Chad Yemen
= Sudan b
| P
/

f : . L Cambodial s
( Nigeria /Y \

Mauritania

Ethiopia
% Malaysia

[ 'Kenya
\'anzania : 0
) - '

Angola y {
Zambia

~Mozambique] E
Namibia \ . N
Paraguay

South Africa

Argentina

[NewsZealand




Greenland

Russia

Canada

Belarus . - ‘
® @ Poland

) Ukraine
France 7 Kazakhstan

- Romania e
- o [1litaly < 4 - o
Spain , X: Kyrgyzstan

Greece  Tlrkiye lurkmenistan

Tuni - - ‘
[Morocco urf'SIE y Irag™  Iran Afghanistan s ".
alasria Libya Egypt : \Pakistan Nepal

A _Qsaudi Arabia - Bangladesh p

India
Mali | Niger ! o
Senegal~— Chad Yemen
N R
/

Mauritania

Sudan

s 2 . L Gambodial nes
( Nigeria ST, \

Ethiopia
% Malaysia

[ 'Kenya

\'anzania : .
) -

Angola y {
Zambia
~Mozambique] g
Namibia \ . N
Paraguay

Chile =
J South Africa

Argentina

[NewsZealand




BASIC RESEARCH QCarbontoSea

Little Public Funding for OAE for Over 25 Years
(1995-2019)

German Priority Program

on Climate Engineering ctintl

ENGINEERING
2013 - 2020, €9M

Limited OAE research

]

2013

Funders have doubts about OAE and give out
few grants.
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Early Testing of the OAE Hypothesis (1995-2019)

O Chemical equations

derived & compiled

02 OAE tech ideas

03" Small scale experiments
to prove the chemistry

0% Earth system modeling to
explore CO, removal potential

ically Produced Mi I
AG, AG,

Table 1. Carbon Sequestration Reactions for a Range of Naturally Occurring and

r
Equation Number ~ Mineral  AG¢ (kJ/mole)® Reaction (k)/mole)®  (kJ/mole ©)*  gCO,/g(mineral)
Naturally Occurring Minerals
1 Magnesite —10295 225 225 052
MgCO; + CO, + H,0—-Mg** + 2HCO;
2 Calcite —11285 228 228 0.44
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Early Testing of the OAE Hypothesis (1995-2019)

Contents lists ilable at Sci’ i Direct

Marine Pollution Bulletin

ELSEVIER journal homepage: www.elsevier.com/locate/marpolbul

Indirect (?) contributions via
OCC a.n aCidiﬁcation reS earCh & Biological impacts of enhanced alkalinity in Carcinus maenas
mitigation approaches a One Tres sl d sudya , Helen S Findlay

01 4 few biological impact studies

02 One field experiment

V3 Shellfish hatcheries do OAE, Abright et a, 2016
but not for CDR

3 : A
Oysters spawning at a hatchery
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Carbon Dioxide Removal Gets More Attention

German Priority
Program on Climate
Engineering

2013 -2020, €9M
Limited OAE research

2019

2013 Glgbgl Warming of 1.$°C
IPCC Special Report:
Global Warming of 1.5 °C

high confidence that Carbon
Dioxide Removal (CDR) is
necessary to limit warming
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More Research on OAE i1s Funded

German Priority

Program on Climate =~ EU OceanNETs
Engineering project ‘ OCEAN
‘ NETs

2013 -2020, €9M 2020 - 2025, €7.2M
Limited OAE research ~60% focused on OAE

2019

2013 2020

IPCC Special Report:
Global Warming of 1.5 °C
high confidence that Carbon

Dioxide Removal (CDR) is
necessary to limit warming
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More Research on OAE i1s Funded

German Priority
Program on Climate

Engineering project

2013 -2020, €9M
Limited OAE research

2019

2013 2020

IPCC Special Report:
Global Warming of 1.5 °C

high confidence that Carbon
Dioxide Removal (CDR) is
necessary to limit warming

EU OceanNETSs

German CDRmare
RETAKE project

2021 - pres., €7.5M

100% focused on OAE
2020 - 2025, €7.2M [

~60% focused on OAE

2021

NASEM mCDR report

highlighted OAE R&D was
significantly underfunded
relative to its promise to the
CDR portfolio

D

RETAKE
Chinese ONCE
Ocean Negative Carbon Emissions
program S~ e ~—
2021 - pres., $347M OVNVCVE

Some focus on OAE
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More Research on OAE 1s Funded

German Priority Gel‘man CDRmare s
Program on Climate =~ EU OceanNETs RETAKE project EU RESCUE Carbon to Sea
Engineering project 2021 - pres,, €7.5M project Initiative
100% f d on OAE
2013 -2020, €9M 2020 - 2025, €7.2M eeg>eaon 2022 - pres., €8M 2022 - pres., $60+M
Limited OAE research ~60% focused on OAE [ ~30% focused on OAE 100% focused on OAE
\X= Carbon to Sea
2019 2021 Initiative
2013 2020 2022
IPCC Special Report: NASEM mCDR report Chinese ONCE
= o

Global Warming of 1.5 °C highlighted OAE R&D was program

high confidence that Carbon S|?n|.f|cant!y underfundedh 2021 - pres., $347M

Dioxide Removal (CDR) is 2 Bl o IS e 1o i Some focus on OAE

CDR portfolio

necessary to limit warming
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Initiative
More Research on OAE 1s Funded

German Priority German CDRmare
Program on Climate =~ EU OceanNETs RETAKE project EU RESCUE Carbon to Sea
Engineering project 2021 - pres,, €7.5M project Initiative
100% f d on OAE

2013 -2020, €9M 2020 - 2025, €7.2M ocgsedon 2022 - pres., €8M 2022 - pres., $60+M
Limited OAE research ~60% focused on OAE [ ~30% focused on OAE 100% focused on OAE

2019 2021 2023

2013 2020 2022
IPCC Special Report: NASEM mCDR report Chinese ONCE ﬁ
Global \I/)\/armin pof 1.5°C g rogram USA’s NOAA NOPP
& ’ highlighted OAE R&D was prog mCDR program
high confidence that Carbon S|gn|.f|cant!y underfunded 2021 - pres., $347M
Dioxide Removal (CDR) is relative o its promise to the Some focus on OAE 2023 - pres., $24.3M

necessary to limit warming CDR portfolio ~70% focused on OAE



Recent Rapid Growth of OAE Research

80

OAE publications per year
323 in total
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Recent Rapid Growth of OAE Research
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Focus on OAE Research (1995- Present) \S (hontoSea

Social
9.3%

Communications

32

Efficiency

47.50}0

Technology & Cost

21.4%

113 studies mention
MRYV - few offer
methodologies for

quantification

Environmental Impacts o9

17.1%




Approaches used to Study Efficiency and S Garbonosea
Biological Impacts (1995-Present)

Field
Model
30.9% 54

Lab

Mesocosm 25

14.3%




Type of Biological Impact Study by & Grbontosea
Organism Group (1995-Present)

Model Field [l Mesocosm Lab
40
31

30 Yecotoxicology studies may
g be missed when searching
B 20 academic literature
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Key Feedstocks, OAE Research (1995- S Gatonosea
Present)

Other

4.3%

Slag

3.5%

Magnesium Oxide
2.0%

Brucite

6.3%

Sodium Hydroxide

9.0%

Olivine
22.7%

Other Silicates
3.9%

Sodium (bi)carbonate
11.7%

Limestone
18.0%

Lime

6.3%

Calcium Hydroxide
11.3%




Approaches Used to Study Key Feedstocks NS Gubongosea
(1995- Present)
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SUMMARY AND CONCLUSION

Three phases of OAE research:

01 Foundational basic science
02 Early testing of the OAE hypothesis

03 Recent rapid expansion of the field

Clear understanding of what,
how, and where research has
been conducted

Number of recently funded
projects indicates that many
studies will soon be published

X Carbon to Sea
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OAE publications per year

Focus of OAE research, 1995 - 2024
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