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The development and advancement of a new field



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

Basic research lays the foundation to hypothesize about OAE as a climate solution

Early testing of the OAE hypothesis by a few brave researchers

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

P R E S E N T A T I O N    O V E R V I E W

Summarize topics that have been investigated.

Three phases of research:
01

02

03



Basic Science Paved the Way for OAE 

B A S I C  R E S E A R C H

Olivine

Mineralogy
01

Chemical oceanography 
& carbonate chemistry

02

Rixen, 2023

Kump et al., 2000

Climate system science
03



Ocean Alkalinity Enhancement is Proposed as a 
Climate Solution. 1st Publication on OAE in 1995

T H E   F I E L D   B E G I N S



OAE publications per year
99 publications by the end of 2019

OAE Research Proceeds Slowly for 25 Years
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Annual Count of New Authors Joining the Field
292 total authors by the end of 2019

OAE Research Proceeds Slowly for 25 Years
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1995

OAE Research 
Proceeds Slowly 
for 25 Years



2005

OAE Research 
Proceeds Slowly 
for 25 Years



2015

OAE Research 
Proceeds Slowly 
for 25 Years



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

B A S I C  R E S E A R C H

2013

Funders have doubts about OAE and give out 
few grants.

German Priority Program 
on Climate Engineering

2013 - 2020, €9M
Limited OAE research



Early Testing of the OAE Hypothesis (1995-2019)
E A R L Y  T E S T I N G

Chemical equations 
derived & compiled

01

OAE tech ideas02

Small scale experiments 
to prove the chemistry

03

Earth system modeling to 
explore CO2 removal potential

04
Khesghi, 1995

Renforth & Henderson, 2017

Rau, 2011

608 Gt 
atmospheric CO2

removal over 80 
years

Keller et al., 2014



Early Testing of the OAE Hypothesis (1995-2019)
E A R L Y  T E S T I N G

Indirect (?) contributions via 
ocean acidification research & 
mitigation approaches

A few biological impact studies01

One field experiment02

Shellfish hatcheries do OAE, 
but not for CDR

03

Oysters spawning at a hatchery

Albright et al., 2016



Carbon Dioxide Removal Gets More Attention
R A P I D  E X P A N S I O N

2013

German Priority 
Program on Climate 
Engineering

2013 - 2020, €9M
Limited OAE research

2019

IPCC Special Report: 
Global Warming of 1.5 ℃

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



More Research on OAE is Funded
R A P I D  E X P A N S I O N

2013

German Priority 
Program on Climate 
Engineering

2013 - 2020, €9M
Limited OAE research

2019

IPCC Special Report: 
Global Warming of 1.5 ℃

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

2020

EU OceanNETs 
project

2020 - 2025, €7.2M
~60% focused on OAE



R A P I D  E X P A N S I O N

2013

German Priority 
Program on Climate 
Engineering

2013 - 2020, €9M
Limited OAE research

2019

IPCC Special Report: 
Global Warming of 1.5 ℃

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

2020

EU OceanNETs 
project

2020 - 2025, €7.2M
~60% focused on OAE

NASEM mCDR report

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

Chinese ONCE 
program

2021 - pres., $347M
Some focus on OAE

German CDRmare 
RETAKE project

2021 - pres., €7.5M
100% focused on OAE

2021

More Research on OAE is Funded
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2013
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2020

EU OceanNETs 
project

2020 - 2025, €7.2M
~60% focused on OAE

NASEM mCDR report

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

Chinese ONCE 
program

2021 - pres., $347M
Some focus on OAE

German CDRmare 
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EU RESCUE 
project

2022 - pres., €8M
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Carbon to Sea 
Initiative

2022 - pres., $60+M
100% focused on OAE

2021

2022

More Research on OAE is Funded



R A P I D  E X P A N S I O N

2013

German Priority 
Program on Climate 
Engineering

2013 - 2020, €9M
Limited OAE research

2019

IPCC Special Report: 
Global Warming of 1.5 ℃

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

2020

EU OceanNETs 
project

2020 - 2025, €7.2M
~60% focused on OAE

NASEM mCDR report

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

Chinese ONCE 
program

2021 - pres., $347M
Some focus on OAE

USA’s NOAA NOPP 
mCDR program

2023 - pres., $24.3M
~70% focused on OAE

German CDRmare 
RETAKE project

2021 - pres., €7.5M
100% focused on OAE

EU RESCUE 
project

2022 - pres., €8M
~30% focused on OAE

Carbon to Sea 
Initiative

2022 - pres., $60+M
100% focused on OAE

2021

2022

2023

More Research on OAE is Funded



OAE publications per year
323 in total

Recent Rapid Growth of OAE Research
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Annual Count of New Authors Joining the Field
1041 total authors by the end of 2024

Recent Rapid Growth of OAE Research
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2015

OAE Research 
is Done in More 
Locations



2025

OAE Research 
is Done in More 
Locations



Oysters spawning at a hatchery

Environmental Impacts

Technology
& Cost

113 studies mention 
MRV - few offer 
methodologies for 
quantification

Focus on OAE Research (1995- Present)

Efficiency

Social

Communications

Technology & Cost

Environmental Impacts



Oysters spawning at a hatchery

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

Field

Lab

Mesocosm

Model



Oysters spawning at a hatchery

*ecotoxicology studies may 
be missed when searching 
academic literature

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



Key Feedstocks, OAE Research (1995-
Present)

Sodium (bi)carbonate



Oysters spawning at a hatchery

Approaches Used to Study Key Feedstocks 
(1995- Present)

N
um

be
r o

f S
tu

di
es

10

20

30

0

Olivi
ne

Sod
ium

(bi
)ca

rbo
na

te

Sod
ium

hy
dro

xid
e

Lim
es

ton
e

Calc
ium

hy
dro

xid
e
Bruc

ite Lim
e

Slag
Othe

r

Othe
r

sili
ca

tes MgO



Foundational basic science

Early testing of the OAE hypothesis

Recent rapid expansion of the field

S U M M A R Y  A N D  C O N C L U S I O N 

Three phases of OAE research:
01

02

03

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

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

Focus of OAE research, 1995 - 2024

OAE publications per year




