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Preface 

 
Over the past several hundred years, society’s expanding consumption of fossil fuels and 

extensive alteration of the terrestrial biosphere has led to a dramatic rise in atmospheric levels of carbon 
dioxide (CO2) and other greenhouse gases. The resulting global climate change is one of the most 
pressing issues facing society today. Slowing human CO2 emissions is particularly challenging because 
fossil fuel use is embedded widely in our modern energy system and economy. Thus, a broad net is being 
cast searching for a portfolio of solutions to decarbonize the economy and perhaps even actively remove 
and safely sequester CO2 away from the atmosphere. 

More than a half century ago, Revelle and Suess1 wrote a pioneering study on the ocean’s role in 
removing from the atmosphere excess CO2 due to human emissions. Their paper was published at a time 
when there was quite limited scientific information on the ocean carbon system. It was published just 
months before the start of the iconic atmosphere CO2 time series by David Keeling in 1957 at Mauna Loa, 
Hawai’i that provides one of the most robust constraints on the fate of human CO2 emissions. Based on 
decades of subsequent ocean science and carbon cycle research, modern estimates clearly indicate that 
natural ocean processes act to remove from the atmosphere about a quarter of human CO2 emissions from 
fossil fuel consumption and deforestation. Thus, the ocean already provides an invaluable service slowing 
the atmospheric growth of CO2 and associated climate change, though at the cost of rising levels of ocean 
acidification.  

The predominant long-term fate of excess CO2 from human emissions is to end up in the ocean 
over centuries to millennia. This raises the question of whether society could (and should) attempt to 
accelerate ocean processes that remove and store CO2 away from the atmosphere. Numerous approaches 
for deliberate ocean carbon dioxide removal (CDR), ranging across biological and geochemical methods 
to more industrial techniques, have been proposed by scientists, engineers, and technologists. As 
described in the body of this report, there remain crucial unresolved questions regarding many aspects of 
ocean CDR, and this report provides an overview of our current state of understanding and a possible 
research path forward to resolve these major knowledge gaps. This is a report on a research agenda to 
better inform future societal decisions on ocean CDR; the Committee is not advocating either for or 
against possible future ocean CDR deployments, and the Committee recognizes that ocean CDR would, at 
best, complement the role of climate mitigation approaches including decarbonization. 

This report builds heavily on previous National Academies of Sciences, Engineering, and 
Medicine studies, in particular the rationale and framing for research on carbon dioxide removal provided 
from the 2015 report on Climate Intervention: Carbon Dioxide Removal and Reliable Sequestration. The 
ocean CDR report here also adds to the more terrestrial focus of the 2019 report on Negative Emissions 
Technologies and Reliable Sequestration: A Research Agenda. 

The report benefited greatly from many insightful presentations given by external speakers and 
the participants at the Committee’s public meetings and workshop. Because of COVID-19, the 
Committee’s work was completed under the unusual conditions of virtual-only meetings, a challenge 
compounded by a relatively short time span for the report. I want to extend a special thanks to the 
Committee members and National Academies staff for their dedication, energy, and thoughtful discussion 
and contributions over the past year. 
 

Scott Doney 
Chair, Committee on a Research Strategy for 
Ocean Carbon Dioxide Removal and 
Sequestration 
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Summary 

 
As of 2021, atmospheric carbon dioxide (CO2) levels have reached historically unprecedented 

levels, higher than at any time in the past 800,000 years.  The increase is incontrovertibly due to 
anthropogenic CO2 emissions from activities such as fossil fuel burning, agriculture, and historical land-
use change. The current level of human emissions greatly exceeds the ability of nature to remove CO2—
simply reducing the levels of human emissions may not be enough to stabilize the climate. Carbon 
dioxide removal (CDR), sometimes referred to as negative emissions technologies, may prove valuable, 
in conjunction with reduced emissions to meet the global goal of limiting warming to well below 2° C, 
comparable to preindustrial levels, as established by the Paris Agreement.1 

The 2015 National Academies report, Climate Intervention: Carbon Dioxide Removal and 
Reliable Sequestration, concluded that, to contribute to climate change mitigation, CDR approaches 
would need to be scaled up massively and that it is critical to begin research now to increase the viability 
and affordability of existing or new approaches to CDR.  In response, the National Academies released a 
report in 2019 to provide a research agenda for advancing CDR and, specifically, for assessing the 
benefits, risks, and sustainable scale potential for a variety of land- and coastal-based CDR approaches.  
The study found that, to meet climate goals, some form of CDR will likely be needed to remove roughly 
10 Gt CO2/yr by mid-century and 20 Gt CO2/yr by the end of the century. To help meet that goal, four 
land-based CDR approaches are ready for large-scale deployment:  afforestation/reforestation, changes in 
forest management, uptake and storage by agricultural soils, and bioenergy with carbon capture and 
storage, based on the potential to remove carbon at costs below $100/t CO2.  The 2019 report did not 
examine the more global ocean-based approaches but did recognize the potential for ocean-based CDR 
and the need for a research strategy to explore these options. 

To address this gap in understanding and the need for further exploration into CDR options that 
could feasibly contribute to a larger climate mitigation strategy, with sponsorship from the ClimateWorks 
Foundation, the National Academies convened the Committee on a Research Strategy for Ocean-Based 
Carbon Dioxide Removal and Sequestration.  Specifically, this committee was assembled to develop a 
research agenda to assess the benefits, risks, and potential for responsible scale-up of a range of six 
specific ecosystem-based and technological ocean-based CDR approaches, as defined by the sponsor.  
The resulting research agenda is meant to provide an improved and unbiased knowledge base for the 
public, stakeholders, and policy makers to make informed decisions on the next steps for ocean CDR, not 
to lock in or advocate for any particular approach. The committee’s Statement of Task is presented in Box 
S.1.  The committee’s deliberations and report writing was informed by review of scientific and social 
science literature and by a series of public workshops and presentations, drawing expertise from the 
academic, governmental, and nongovernmental communities. 
 

THE OCEAN AS A STRATEGY 
 

The ocean covers 70 percent of Earth’s surface; it includes much of the global capacity for natural 
carbon sequestration, and it may be possible to enhance that capacity through implementation of ocean-
based CDR approaches.  The ocean holds great potential for uptake and longer-term sequestration of 
anthropogenic CO2 for several reasons: (1) the ocean acts as a large natural reservoir for CO2, holding 
roughly 50 times as much inorganic carbon as the preindustrial atmosphere; (2) the ocean already 
removes a substantial fraction of the excess atmospheric CO2 resulting from human emissions; and (3) 
there are a number of physical, geochemical, and biological processes that are known to influence air–sea 
CO2 gas exchange and ocean carbon storage. 

                                            
1 See https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement. 
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BOX S.1: STATEMENT OF TASK 
 

With the goal of reducing atmospheric carbon dioxide, an ad hoc committee will conduct a study 
exclusively focused on carbon dioxide removal (CDR) and sequestration conducted in coastal and open ocean 
waters to: 

A. Identify the most urgent unanswered scientific and technical questions, as well as questions surrounding 
governance, needed to: (i) assess the benefits, risks, and potential scale for carbon dioxide removal and 
sequestration approaches; and (ii) increase the viability of responsible carbon dioxide removal and 
sequestration; 

B. Define the essential components of a research and development program and specific steps that would 
be required to answer these questions; 

C. Estimate the costs and potential environmental impacts of such a research and development program to 
the extent possible in the timeframe of the study. 

D. Recommend ways to implement such a research and development program that could be used by public 
or private organizations. 

 
The carbon dioxide removal approaches to be examined include: 

• Iron, nitrogen, or phosphorus fertilization 
• Artificial upwelling and downwelling 
• Seaweed cultivation 
• Recovery of ocean and coastal ecosystems, including large marine organisms 
• Ocean alkalinity enhancement 
• Electrochemical approaches. 

 
By acting to remove CO2 from the atmosphere and upper ocean and then store the excess carbon 

either in marine or geological reservoirs for some period of time, ocean CDR approaches could 
complement CO2 emission reductions and contribute to the portfolio of climate response strategies needed 
to limit climate change and surface ocean acidification over coming decades and centuries. While rapid 
and extensive decarbonization and emissions abatement of other greenhouse gases in the U.S. and global 
economies are the primary action required to meet international climate goals, ocean-based and other 
CDR approaches could help balance difficult-to-mitigate human CO2 emissions and contribute to mid-
century to late-century net-zero CO2 emission targets.  

It is critical that ocean CDR approaches be assessed against the consequences of no action and as 
one component of a broad and integrated climate mitigation strategy. Without substantial decarbonization, 
emissions abatement, and potential options such as CDR, atmospheric CO2 growth will continue unabated 
with associated rising impacts from climate change and ocean acidification, putting marine ecosystems at 
risk. 
 

TECHNOLOGIES CONSIDERED 
 

As directed by the Statement of Task (Box S.1), the committee examined six groups of ocean-
based CDR approaches, depicted in Figure S.1: 
 

• Nutrient fertilization (Chapter 3): Addition of micronutrients (e.g., iron) and/or 
macronutrients (e.g., phosphorus or nitrogen) to the surface ocean may in some settings 
increase photosynthesis by marine phytoplankton and can thus enhance uptake of CO2 and 
transfer of organic carbon to the deep sea where it can be sequestered for timescales of a 
century or longer.  As such, nutrient fertilization essentially locally enhances the natural 
ocean biological carbon pump using energy from the sun, and in the case of iron, relatively 
small amounts are needed. 
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• Artificial upwelling and downwelling (Chapter 4): Artificial upwelling is a process whereby 
water from depths that are generally cooler and more nutrient and carbon dioxide rich than 
surface waters is pumped into the surface ocean. Artificial upwelling has been suggested as a 
means to generate increased localized primary production and ultimately export production 
and net CO2 removal.  Artificial downwelling is the downward transport of surface water; this 
activity has been suggested as a mechanism to counteract eutrophication and hypoxia in 
coastal regions by increasing ventilation below the pycnocline and as a means to carry carbon 
into the deep ocean. 

• Seaweed cultivation (Chapter 5): The process of producing macrophyte organic carbon 
biomass via photosynthesis and transporting that carbon into a carbon reservoir removes CO2 
from the upper ocean.  Large-scale farming of macrophytes (seaweed) can act as a CDR 
approach by transporting organic carbon to the deep sea or into sediments. 

• Recovery of ocean and coastal ecosystems (Chapter 6):  Carbon dioxide removal and 
sequestration through protection and restoration of coastal ecosystems, such as kelp forests 
and free-floating Sargassum, and the recovery of fishes, whales, and other animals in the 
oceans. 

• Ocean alkalinity enhancement (Chapter 7): Chemical alteration of seawater chemistry via 
addition of alkalinity through various mechanisms including enhanced mineral weathering 
and electrochemical or thermal reactions releasing alkalinity to the ocean, with the ultimate 
aim of removing CO2 from the atmosphere. 

• Electrochemical approaches (Chapter 8): Removal of CO2 or enhancement of the storage 
capacity of CO2 in seawater (e.g., in the form of ions, or mineral carbonates) by enhancing its 
acidity, or alkalinity, respectively. These approaches exploit the pH-dependent solubility of 
CO2 by passage of an electric current through water, which by inducing water splitting 
(“electrolysis”), changes its pH in a confined reaction environment. As one example, ocean 
alkalinity enhancement may be accomplished by electrochemical approaches. 

 
The assessment of these six ocean-based approaches is a representative sampling of ocean-based 

CDR and is not intended to be an exhaustive list.  The application of the recommendations developed 
within the report can be extended to ocean CDR approaches broadly. 
 

CDR POTENTIAL 
 

To assess the potential of each of the six ocean CDR approaches as a viable path forward in a 
larger climate mitigation strategy, the committee used a variety of information sources including a review 
of the scientific literature, and a series of public meetings held in the virtual setting with presentations by 
over 65 experts from academic, governmental, and non-governmental communities (see Appendix B for a 
list of experts invited to speak to the committee) to understand stakeholder interest, and to explore the 
current state of knowledge, potential, and limitations of ocean-CDR approaches.   

Each of the ocean-based CDR approaches was evaluated against a common set of criteria, where 
feasible, developed by the committee based on specific elements included in the Statement of Task and 
from a review of previous planning and synthesis documents on CO2 removal. The criteria investigated 
include: knowledge base, efficacy, durability, scale, monitoring and verification, viability and barriers, 
and governance and social dimensions. 

The approaches were evaluated and given a ranking of low, medium, or high, along with a level 
of certainty, where appropriate.  The committee’s evaluation is summarized in Table S.1.  Across all 
approaches, knowledge gaps remain in determining carbon sequestration efficacy, scaling, and durability, 
as well as environmental and social impacts and costs.  
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FIGURE S.1 Ocean-based CDR approaches explored in this report. 
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TABLE S.1 Summary Ocean CDR Scale-Up Potential  

 
Ocean Nutrient 
Fertilization 

Artificial 
Upwelling/Downwelling Seaweed Cultivation Ecosystem Recovery 

Ocean Alkalinity 
Enhancement 

Electrochemical 
Processes 

Knowledge base 
What is known about 
the system (low, 
mostly theoretical, few 
in situ experiments; 
medium, lab and some 
fieldwork, few CDR 
publications; high, 
multiple in situ studies, 
growing body of 
literature) 

Medium–High 
Considerable experience 
relative to any other ocean 
carbon dioxide removal 
(CDR) approach with 
strong science on 
phytoplankton growth in 
response to iron, less 
experience on fate of 
carbon and unintended 
consequences.  Natural 
Fe-rich analogs provide 
valuable insight on larger 
temporal and spatial 
scales. 

Low–Medium  
Various technologies 
have been demonstrated 
for artificial upwelling 
(AU), although primarily 
in coastal regimes for 
short duration. 
Uncertainty is high and 
confidence is low for 
CDR efficacy due to 
upwelling of CO2, which 
may counteract any 
stimulation of the 
biological carbon pump 
(BCP). 

Medium–High 
Science of 
macrophyte biology 
and ecology is 
mature; many 
mariculture facilities 
are in place globally. 
Less is known about 
the fate of 
macrophyte organic 
carbon and methods 
for transport to deep 
ocean or sediments. 

Low–Medium 
There is abundant 
evidence that marine 
ecosystems can uptake 
large amounts of carbon 
and that anthropogenic 
impacts are widespread, 
but quantifying the 
collective impact of 
these changes and the 
CDR benefits of 
reversing them is 
complex and difficult. 

Low–Medium 
Seawater CO2 system 
and alkalinity 
thermodynamics are 
well understood. Need 
for empirical data on 
alkalinity 
enhancement; 
currently, knowledge 
is based on modeling 
work. Uncertainty is 
high for CDR efficacy 
and possible impacts. 

Low–Medium 
Processes are based on 
well-understood 
chemistry with a long 
history of commercial 
deployment, but is yet 
to be adapted for CO2 
removal by ocean 
alkalinity enhancement 
(OAE) beyond 
benchtop scale.  

Efficacy 
What is the confidence 
level that this approach 
will remove 
atmospheric CO2 and 
lead to net increase in 
ocean carbon storage 
(low, medium, high)  

Medium–High 
Confidence 
BCP known to work and 
productivity enhancement 
evident.  Natural systems 
have higher rates of 
carbon sequestration in 
response to iron but low 
efficiencies seen thus far 
would limit effectiveness 
for CDR.  

Low Confidence 
Upwelling of deep water 
also brings a source of 
CO2 that can be 
exchanged with the 
atmosphere. Modeling 
studies generally predict 
that large-scale AU 
would not be effective 
for CDR. 

Medium Confidence 
The growth and 
sequestration of 
seaweed crops 
should lead to net 
CDR.  Uncertainties 
about how much 
existing net primary 
production (NPP) 
and carbon export 
downstream would 
be reduced due to 
large-scale farming. 

Low–Medium 
Confidence  
Given the diversity of 
approaches and 
ecosystems, CDR 
efficacy is likely to vary 
considerably. Kelp 
forest restoration, 
marine protected areas, 
fisheries management, 
and restoring marine 
vertebrate carbon are 
promising tools.  

High Confidence 
Need to conduct field 
deployments to assess 
CDR, alterations of 
ocean chemistry 
(carbon but also 
metals), how organic 
matter can impact 
aggregation, etc.  

High Confidence 
Monitoring within an 
enclosed engineered 
system, CO2 stored 
either as increased 
alkalinity, solid 
carbonate, or aqueous 
CO2 species.  
Additionality possible 
with the utilization of 
by-products to reduce 
carbon intensity. 

Durability 
Will it remove CO2 
durably away from 
surface ocean and 
atmosphere (low, <10 
years; medium, >10 
years and <100 years; 
high, >100 years) and 
what is the confidence 
(low, medium, high)  

Medium 
10–100 years 
Depends highly on 
location and BCP 
efficiencies, with some 
fraction of carbon flux 
recycled faster or at 
shallower ocean depths; 
however, some carbon 
will reach the deep ocean 
with >100-year horizons 
for return of excess CO2 to 
surface ocean. 

Low–Medium  
<10–100 years 
As with ocean iron 
fertilization (OIF), 
dependent on the 
efficiency of the BCP to 
transport carbon to deep 
ocean. 

Medium–High 
>10–100 years 
Dependent on 
whether the 
sequestered biomass 
is conveyed to 
appropriate sites 
(e.g., deep ocean 
with slow return time 
of waters to surface 
ocean). 

Medium 
10–100 years 
The durability of 
ecosystem recovery 
ranges from biomass in 
macroalgae to deep-sea 
whale falls expected to 
last >100 years. 

Medium–High 
>100 years 
Processes for removing 
added alkalinity from 
seawater generally 
quite slow; durability 
not dependent simply 
on return time of 
waters with excess 
CO2 to ocean surface. 

Medium–High 
 >100 years Dynamics 
similar to OAE. 
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TABLE S.1 Continued  

 
Ocean Nutrient 
Fertilization 

Artificial 
Upwelling/Downwelling Seaweed Cultivation Ecosystem Recovery 

Ocean Alkalinity 
Enhancement 

Electrochemical 
Processes 

Scalability 
Potential scalability at 
some future date with 
global-scale 
implementation (low, 
<0.1 Gt CO2/yr; 
medium, >0.1 Gt 
CO2/yr and <1.0 Gt 
CO2/yr; high, >1.0 Gt 
CO2/yr), and what is 
the confidence level 
(low, medium, high)  

Medium–High 
Potential C removal >0.1–
1.0 Gt CO2/yr. 
(medium confidence) 
Large areas of ocean have 
high-nutrient, low 
chlorophyll conditions 
suitable to sequester >1 Gt 
CO2/yr.  Co-limitation of 
macronutrients and 
ecological impacts at large 
scales are likely. Low 
nutrient, low chlorophyll 
areas have not been 
explored to increase areas 
of possible deployment. 
(Medium confidence 
based on 13 field 
experiments). 

Medium 
Potential C removal >0.1 
Gt CO2/yr and <1.0 Gt 
CO2/yr. 
(low confidence) 
Could be coupled with 
aquaculture efforts. 
Would require pilot 
trials to test materials 
durability for open ocean 
and assess CDR 
potential. Current model 
predictions would 
require deployment of 
tens of millions to 
hundreds of millions of 
pumps to enhance 
carbon sequestration. 
(Low confidence that 
this large-scale 
deployment would lead 
to permanent and 
durable CDR). 

Medium 
Potential C removal 
>0.1 Gt CO2/yr and 
<1.0 Gt CO2/yr. 
(medium confidence) 
Farms need to be 
many million 
hectares, which 
creates many logistic 
and cost issues. 
Uncertainties about 
nutrient availability 
and durability of 
sequestration, 
seasonality will limit 
sites, etc. 

Low–Medium 
Potential C removal 
<0.1–1.0 Gt CO2/yr. 
(low–medium 
confidence) 
Given the widespread 
degradation of much of 
the coastal ocean, there 
are plenty of 
opportunities to restore 
ecosystems and depleted 
species. However, 
ecosystems and trophic 
interactions are complex 
and changing and 
research will be 
necessary to explore 
upper limits. 

Medium–High 
Potential C removal 
>0.1–1.0 Gt CO2/yr. 
(medium confidence) 
Potential for 
sequestering >1 Gt 
CO2/yr if applied 
globally. High 
uncertainty coming 
from potential 
aggregation and export 
to depth of added 
minerals and 
unintended chemical 
impacts of alkalinity 
addition. 

Medium–High 
Potential C removal 
>0.1–1.0 Gt CO2/yr.  
(medium confidence) 
Energy and water 
requirements may limit 
scale. For climate 
relevancy, the scale 
will be double to an 
order of magnitude 
greater than the current 
chlor-alkali industry. 

Environmental risk 
Intended and 
unintended undesirable 
consequences at scale 
(unknown, low, 
medium, high) and 
what is the confidence 
level (low, medium, 
high) 

Medium 
(low to medium 
confidence) 
Intended environmental 
impacts increase NPP and 
carbon sequestration due 
to changes in surface 
ocean biology.  If 
effective, there are deep-
ocean impacts and concern 
for undesirable 
geochemical and 
ecological consequences.  
Impacts at scale uncertain. 

Medium–High  
(low confidence) 
Similar impacts to OIF 
but upwelling also 
affects the ocean’s 
density field and sea-
surface temperature and 
brings likely ecological 
shifts due to bringing 
colder, inorganic carbon 
and nutrient-rich waters 
to surface. 

Medium–High  
(low confidence) 
Environmental 
impacts are 
potentially 
detrimental 
especially on local 
scales where 
seaweeds are farmed 
(i.e., nutrient removal 
due to farming will 
reduce NPP, carbon 
export, and trophic 
transfers) and in the 
deep ocean where the 
biomass is 
sequestered (leading 
to increases in 
acidification, 

Low 
(medium–high 
confidence) 
Environmental impacts 
would be generally 
viewed as positive. 
Restoration efforts are 
intended to provide 
measurable benefits to 
biodiversity across a 
diversity of marine 
ecosystems and taxa. 

Medium 
(low confidence) 
Possible toxic effect of 
nickel and other 
leachates of olivine on 
biota, bio-optical 
impacts, removal of 
particles by grazers, 
unknown responses to 
increased alkalinity on 
functional diversity 
and community 
composition. Effects 
also from expanded 
mining activities (on 
land) on local 
pollution, CO2 
emissions. 

Medium–High  
(low confidence) 
Impact on the ocean is 
possibly constrained to 
the point of effluent 
discharge. Poorly-
known possible 
ecosystem impacts 
similar to alkalinity 
enhancement.  Excess 
acid (or gases, 
particularly chlorine) 
will need to be treated 
and safely disposed. 
Provision of sufficient 
electrical power will 
likely have remote 
impacts. 
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hypoxia, 
eutrophication, and 
organic carbon 
inputs). The scale 
and nature of these 
impacts are highly 
uncertain. 

Social considerations 
Encompass use 
conflicts, governance-
readiness, 
opportunities for 
livelihoods, etc. 

Potential conflicts with 
other uses of high seas and 
protections;  
downstream effects from 
displaced nutrients will 
need to be considered; 
legal uncertainties;  
potential for public 
acceptability and 
governance challenges 
(i.e., perception of 
“dumping”). 

Potential conflicts with 
other uses (shipping, 
marine protected areas, 
fishing, recreation); 
potential for public 
acceptability and 
governance challenges 
(i.e., perception of 
dumping). 

Possibility for jobs 
and livelihoods in 
seaweed cultivation; 
potential conflicts 
with other marine 
uses. Downstream 
effects from 
displaced nutrients 
will need to be 
considered.  

Trade-offs in marine 
uses to enhance 
ecosystem protection 
and recovery. Social and 
governance challenges 
may be less significant 
than with other 
approaches. 

Expansion of mining 
production, with public 
health and economic 
implications; general 
public’s potential for 
public acceptability 
and governance 
challenges (e.g., if 
perceived as 
“dumping”). 

Similar to OAE and to 
any industrial site. 
Substantial electrical 
power demand may 
generate social 
impacts. 

Co-benefits 
How significant are 
the co-benefits as 
compared to the main 
goal of CDR and how 
confident is that 
assessment 

Medium 
(low confidence) 
Enhanced fisheries 
possible but not shown 
and difficult to attribute.  
Seawater dimethyl sulfide 
increase seen in some field 
studies that could enhance 
climate cooling impacts. 
Surface ocean decrease in 
ocean acidity possible.  

Medium–High 
(low confidence) 
May be used as a tool in 
coordination with 
localized enhancement 
of aquaculture and 
fisheries. 

Medium–High 
(medium confidence) 
Placing cultivation 
facilities near fish or 
shellfish aquaculture 
facilities could help 
alleviate 
environmental 
damages from these 
activities. Bio-fuels 
also possible. 

High 
(medium–high 
confidence) 
Enhanced biodiversity 
conservation and the 
restoration of many 
ecological functions and 
ecosystem services 
damaged by human 
activities. Existence, 
spiritual, and other non-
use values. Potential to 
enhance marine 
stewardship and tourism. 

Medium 
(low confidence) 
Mitigation of ocean 
acidification; positive 
impact on fisheries. 

Medium–High 
(medium confidence) 
Mitigation of ocean 
acidification; 
production of H2, Cl2, 
silica. 

Cost of scale-up 
Estimated costs in 
dollars per metric ton 
CO2 for future 
deployment at scale; 
does not include all of 
monitoring and 
verification costs 
needed for smaller 
deployments during 
R&D phases Low, 

Low 
<$50/t CO2 

(low–medium confidence) 
Deployment of <$25/t 
CO2 sequestered for 
deployment at scale are 
possible, but need to be 
demonstrated at scale 

Medium–High.  
>$100–$150/t CO2 

(low confidence) 
Development of a robust 
monitoring program is 
the likely largest cost 
and would be of similar 
magnitude as OIF. 

Medium 
~$100/t CO2  
(medium confidence) 
Costs should be less 
than $100/t CO2. No 
direct energy used to 
fix CO2. 

Low 
<$50/t CO2 
(medium confidence) 
Varies but direct costs 
would largely be for 
management and 
opportunity costs for 
restricting uses of 
marine species and the 
environment. No direct 
energy used. 

Medium–High 
>$100–$150/t CO2 
(low–medium 
confidence) 
Cost estimates range 
between tens of dollars 
and $160/tCO2. 
Need for expansion of 
mining, transportation, 
and ocean transport 
fleet. 

High 
>$150/t CO2 

(medium confidence) 
Gross current estimates 
$150–$2,500/t CO2 
removed. With further 
R&D, it may be 
possible to reduce this 
to <$100/t CO2. 

 (Continued) 
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TABLE S.1 Continued  

 
Ocean Nutrient 
Fertilization 

Artificial 
Upwelling/Downwelling Seaweed Cultivation Ecosystem Recovery 

Ocean Alkalinity 
Enhancement 

Electrochemical 
Processes 

<$50/t CO2; medium, 
~$100/t CO2; high, 
>>$150/t CO2 and 
confidence in estimate 
(low, medium, high) 

 Materials costs for pump 
assembly could be 
moderate for large-scale 
persistent deployments. 
Estimates for a 
kilometer-scale 
deployment are in the 
tens of million dollars.  

    

Cost and challenges 
of carbon accounting 
Relative cost and 
scientific challenge 
associated with 
transparent and 
quantifiable carbon 
tracking (low, 
medium, high) 

Medium 
Challenges tracking 
additional local carbon 
sequestration and impacts 
on carbon fluxes outside 
of boundaries of CDR 
application (additionality). 

High 
Local and additionality 
monitoring needed for 
carbon accounting 
similar to OIF. 

Low–Medium 
The amount of 
harvested and 
sequestered carbon 
will be known. 
However, an 
accounting of the 
carbon cycle impacts 
of the displaced 
nutrients will be 
required 
(additionality).   

High 
Monitoring net effect on 
carbon sequestration is 
challenging. 

Low–Medium 
Accounting more 
difficult for addition of 
minerals and non-
equilibrated addition of 
alkalinity, than 
equilibrated addition. 

Low–Medium 

Cost of 
environmental 
monitoring 
Need to track impacts 
beyond carbon cycle 
on marine ecosystems 
(low, medium, high) 

Medium (medium–high confidence) 
All CDR will require monitoring for intended and unintended consequences both locally and downstream of CDR site, and these monitoring costs may be 

substantial fraction of overall costs during R&D and demonstration-scale field projects.  This cost of monitoring for ecosystem recovery may be lower. 

Additional resources 
needed 
Relative low, medium, 
high to primary costs 
of scale-up 

Low–Medium 
Cost of material: iron is 
low and energy is sunlight.  

Medium–High 
Materials, deployment, 
and potential recovery 
costs. 

Medium 
Farms will require 
large amounts of 
ocean (many million 
hectares) to achieve 
CDR at scale. 

Low 
Most recovery efforts 
will likely require few 
materials and little 
energy, though 
enforcement could be an 
issue. Active restoration 
of kelp and other 
ecosystems would 
require more resources.  

Medium–High 
Adaptation and likely 
expansion of existing 
fleet for deployment; 
infrastructure for 
storage at ports. 
Infrastructure support 
for expansion of 
mineral extraction, 
processing, 
transportation, and 
deployment. 

Medium–High 
High energy 
requirements (1–2.5 
MWh/t CO2 removed) 
and build-out of 
industrial CDR. 
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Common Challenges of Ocean CDR 
 
Knowledge:  The knowledge base is inadequate, based in many cases only on laboratory-scale 
experiments, conceptual theory and/or numerical models and needs to be expanded to better understand 
risks and benefits to responsibly scale up any of the ocean-based CDR approaches. 
 
Governance:  Social and regulatory acceptability is likely to be a barrier to many ocean CDR approaches, 
particularly ones requiring industrial infrastructure.  There will be both project-specific and approach-
specific social, political, and regulatory discussions, as well as contestation around the role of CDR 
broadly.  Field-scale trials are likely to be a site of wider societal debate around decarbonization and 
climate response strategies. 
 
Unknown environmental and social impacts: All ocean-based CDR approaches will modify the marine 
environment in some way, with both intended and unintended impacts. However, the knowledge base is 
weak on the unintended impacts and the consequences of both intended and unintended CDR impacts on 
marine ecosystems and coastal human communities. 
 
Monitoring and verification:  Monitoring and verification activities are essential to quantify the efficacy 
and the durability of carbon storage of ocean-based CDR approaches and to identify environmental and 
social impacts. Potential synergies may exist with other ocean and environmental or climate observing 
systems. Substantial challenges remain, however, particularly for observing impacts on marine organisms 
and the resulting implications for marine ecosystems as well as documenting regional- to global-scale 
impacts on ocean carbon storage. 
 
Cost: Accurate estimation of the cost of a CO2 removal approach at low technological readiness is 
challenging, and costs presented come with considerable uncertainty. It is typical for early-stage 
assessments to underestimate costs, and for that reason some recommend the inclusion of capital cost 
contingencies over 100 percent (effectively doubling the calculated capital cost). Cost discovery will be 
an important feature of a research strategy that aims to investigate approaches through increasing 
technology readiness.  
 

RESEARCH RECOMMENDATIONS 
 

Expanded research including field research is needed to assess ocean-based CDR techniques’ 
potential efficacy in removing and sequestering excess carbon away from the atmosphere and the 
permanence or durability of the sequestered carbon on timescales relevant to societal policy decisions. 
Research is also needed to identify and quantify environmental impacts, risks, benefits, and co-benefits as 
well as other factors governing possible decisions on deployment such as technological readiness, 
development timelines, energy and resource needs, economic costs, and potential social, policy, legal, and 
regulatory considerations.  Additionally, research on ocean CDR would greatly benefit from targeted 
studies on the interactions and trade-offs between ocean CDR, terrestrial CDR, greenhouse gas abatement 
and mitigation, and climate adaptation, including the potential of mitigation deterrence. 

The specific research needed to advance understanding of ocean CDR is listed in Tables S.2 and 
S.3, including associated time-frame and cost estimates.  Table S.2 summarizes the foundational research 
identified in Chapters 2 and 9 as research priorities common across ocean CDR approaches including 
potential social, policy, legal, and regulatory considerations.  The research included in Table S.2 is meant 
to inform the framework for any future ocean-based CDR effort. Table S.3 then summarizes research 
needed to better understand the feasibility of that particular approach, with bolded text indicating priority. 
Additional details on the research activities listed in Table S.2 and S.3 can be found in the corresponding 
chapters. 
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Early research findings might indicate a low viability for particular approaches. The research 
agenda below is to be adaptive, meaning that decisions on future investments in research activities will 
need to take into account new findings on the efficacy and durability of a technique, whether the social 
and environmental impacts outweigh benefits or face social and governance challenges.  Generally 
speaking, showstoppers can be anticipated for some approaches from factors both internal and external to 
the research.  Internal showstoppers include findings that indicate that the viability is so low as to not 
warrant further research investments.  There may also be external showstoppers to the research, such as 
lack of social license or governance challenges that preclude further investigation.  A conceptual diagram 
depicting how the research program could start and evolve is shown in Figure S.2. 
 

 
FIGURE S.2 Conceptual timeline of ocean-based CDR research based on Tables S.2 and S.3.  Stops 
included on the diagram represent possible internal and external showstoppers or barriers to a particular 
approach. 
 
TABLE S.2 Foundational Research Priorities Common to All Ocean-Based CDR 

 
Estimated 
Budget  Duration (years) Total Cost 

Model international governance framework for ocean CDR research $2M–3M/yr 2–4 $4M–$12M 
Application of domestic laws to ocean CDR research $1M/yr 1–2  $1M–$2M 

Assessment of need for domestic legal framework specific to ocean CDR $1M/yr 2–4 $2M–$4M 
Development of domestic legal framework specific to ocean CDR  
Mixed-methods, multisited research to understand community priorities 
and assessment of benefits and risks for ocean CDR as a strategy 

$5M/yr  4 $20M 

Interactions and trade-offs between ocean CDR, terrestrial CDR, 
adaptation, and mitigation, including the potential of mitigation deterrence 

$2M/yr  4 $8M 

http://www.nap.edu/26278


A Research Strategy for Ocean-based Carbon Dioxide Removal and Sequestration

Copyright National Academy of Sciences. All rights reserved.

Summary 

Prepublication Copy  11 

Cross-sectoral research analyzing food system, energy, sustainable 
development goals, and other systems in their interaction with ocean CDR 
approaches 

$1M/yr 4 $4M 

Capacity-building research fellowship for diverse early-career scholars in 
ocean CDR 

$1.5M/yr 2 $3M 

Transparent, publicly accessible system for monitoring impacts from 
projects 

$0.25M/yr 4 $1M 

Research on how user communities (companies buying and selling CDR, 
nongovernmental organizations, practitioners, policy makers) view and 
use monitoring data, including certification 

$0.5M/yr 4 $2M 

Analysis of policy mechanisms and innovation pathways, including the 
economics of scale-up 

$1–2M/yr 2 $2M–$4M 

Development of standardized environmental monitoring and carbon 
accounting methods for ocean CDR  

$0.2M/yr 3 $0.6M 

Development of a coordinated research infrastructure to promote 
transparent research 

$2M/yr 3–4 $6M–$8M 

Development of a publicly accessible data management strategy for ocean 
CDR research 

$2–3M/yr 2 $4M–$6M  

Development of a coordinated plan for science communication and public 
engagement of ocean CDR research in the context of decarbonization and 
climate response 

$5M/yr 10 $50M 

Development of a common code of conduct for ocean CDR research $1M/yr 2 $2M 
Total Estimated Research Budget 
(Assumes all 6 CDR approaches moving ahead) 

$29M/yr 2–10  $125M 

 
TABLE S.3 Research Needed to Advance Understanding of Each Ocean CDR Approach (Bold type 
identifies priorities for taking the next step to advance understanding of each particular approach; more 
details on each research need provided in individual chapters)   

 
Estimated 
Budget  

Duration 
(years) Total Budget  

Ocean Fertilization  

Carbon sequestration delivery and bioavailability $5M/yr 5 $25M 

Tracking carbon sequestration $3M/yr 5 $15M 

In-field experiments, >100 t Fe and >1,000 km2 initial patch size 
followed over annual cycles 

$25M/yr 10 $250M 
 

Monitoring carbon and ecological shifts $10M/yr 10 $100M 

Experimental planning and extrapolation to global scales $5M/yr 10 $50M 

Total Estimated Research Budget  $48M/yr 5–10  $440M 

Estimated Budget of Research Priorities $33M/yr 5–10  $290M 

Artificial Upwelling and Downwelling  

Technological readiness: Limited and controlled open-ocean trials 
to determine durability and operability of artificial upwelling 
technologies (~100 pumps tested in various conditions) 

$5M/yr 5 $25M 
 

(Continued) 
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TABLE S.3 Continued 

Feasibility Studies $1M/yr 1 $1M 

Tracking carbon sequestration $3M/yr 5 $15M 

Modeling of carbon sequestration based on achievable upwelling 
velocities and known stoichiometry of deep-water sources. Parallel 
mesocosm and laboratory experiments to assess potential biological 
responses to deep water of varying sources.  

$5M/yr 5 $25M 

Planning and implementation of demonstration-scale in situ 
experimentation (>1 year, >1,000 km) in region-sited-based input from 
modeling and preliminary experiments. 

$25M/yr 10 $250M 

Monitoring carbon and ecological shifts $10M/yr 10 $100M  

Experimental planning and extrapolation to global scales 
(early for planning and later for impact assessments) 

$5M/yr 10 $50M 

Total Estimated Research Budget $54/yr 5–10 $466M 

Estimated Budget of Research Priorities $5M/yr 5–10  $25M 

Seaweed Cultivation  

Technologies for efficient large-scale farming  and harvesting of 
seaweed biomass 

$15M/yr 10 $150M 

Engineering studies focused on the conveying of harvested biomass 
to durable oceanic reservoir with minimal losses of carbon  

$2M/yr 10 $20M 

Assessment of long-term fates of seaweed biomass and by-products $5M/yr 5 $25M 

Implementation and deployment of a demonstration-scale  seaweed 
cultivation and sequestration system 

$10M/yr 10  $100M 

Validation and monitoring of the CDR performance of a demonstration-
scale seaweed cultivation and sequestration system 

$5M/yr 10  $50M 

Evaluation of environmental impacts of  large-scale seaweed 
farming and sequestration 

$4M/yr 10  $40M 
 

Total Estimated Research Budget $41M/yr 5–10 $385M 

Estimated Budget of Research Priorities $26M/yr 5 $235M 

Ecosystem Recovery 

Restoration ecology and carbon $8M/yr 5 $40M 

Marine protected areas: Do ecosystem-level protection and 
restoration scale for marine CDR? 

$8M/yr 10  $80M 

Macroalgae: Carbon measurements, global range, and levers of 
protection 

$5M/yr 10  $50M 

Benthic communities: disturbance and restoration $5M/yr 5  $25M 

Marine animals and CO2 removal $5M/yr 10  $50M 
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Animal nutrient-cycling  $5M/yr 5  $25M 

Commercial fisheries and marine carbon $5M/yr 5  $25M 

Total Estimated Research Budget $41M/yr 5–10  $295M 

Estimated Budget of Research Priorities $26M/yr 5–10  $220M 

Ocean Alkalinity Enhancement  

Research and development to explore and improve the technical 
feasibility/and readiness level of ocean alkalinity enhancement 
approaches (including the development of pilot-scale facilities) 

$10M/yr 5 $50M 

Laboratory and mesocosm experiments to explore impacts on 
physiology and functionality of organisms/communities 

$10M/yr 5 $50M 

Field experiments $15M/yr 5–10 $75M–$150M 

Research into the development of appropriate monitoring and 
accounting schemes, covering CDR potential and possible side effects. 

$10 5–10 $50M–$100M 

Total Estimated Research Budget $45M/yr 5–10  $180M–$350M 

Estimated Budget of Research Priorities $25M/yr 5–10  $125–$200M 

Electrochemical Processes  

Demonstration projects including CDR verification and 
environmental monitoring 

$30M/yr 5 $150M 

Development and assessment of novel and improved electrode and 
membrane materials 

$10M/yr 5 $50M 

Assessment of environmental impact and acid management strategies $7.5M/yr 10 $75M 

Coupling whole rock dissolution to electrochemical reactors and 
systems 

$7.5M/yr 10 $75M 

Development of hybrid approaches $7.5M/yr 10 $75M 

Resource mapping and pathway assessment $10M/yr 5 $50M 

Total Estimated Research Budget $72.5M/yr 5–10  $475M 

Estimated Budget of Research Priorities $55M/yr 5–10  $350M 

 
The research needs, Tables S.2 and S.3, are presented within the context of adhering to 

Recommendations 1, 2, and 3 (below).  Those research needs shown in bold in Table S.3 are identified as 
priorities for taking the next steps to advance understanding of that particular approach while the elements 
in Table S.2 lay the framework for ocean CDR broadly.  Recommendation 1 includes elements that 
should be included in any ocean CDR research program.  Recommendation 2 prescribes components 
common to implementation of any ocean CDR research program, and Recommendation 3 defines 
priorities for any ocean CDR research program.  Recommendations 1, 2, and 3 are broadly applicable to 
any ocean-based CDR approach; they are not limited to the six approaches explored in this report. 
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Recommendation 1:  Ocean CDR Research Program Goals:  To inform future societal decisions on a 
broad climate response mitigation portfolio, a research program for ocean CDR should be implemented, 
in parallel across multiple approaches, to address current knowledge gaps. The research program should 
not advocate for or lock in future ocean CDR deployments but rather provide an improved and unbiased 
knowledge base for the public, stakeholders, and policy makers.  Funding for this research could come 
from both the public and private sectors, and collaboration between the two is encouraged. The integrated 
research program should include the following elements: 
 

1. Assessment of whether the approach removes atmospheric CO2, in net, and the durability of 
the CO2 removal, as a primary goal. 

2. Assessment of intended and unintended environmental impacts beyond CO2 removal. 
3. Assessment of social and livelihood impacts, examining both potential harms and benefits. 
4. Integration of research on social, legal, regulatory, policy, and economic questions relevant to 

ocean CDR research and possible future deployment with the natural science, engineering, 
and technological aspects. 

5. Systematic examination of the biophysical and social interactions, synergies, and tensions 
between ocean CDR, terrestrial CDR, mitigation, and adaptation. 

 
Common Components 

 
No single research framework will be adequate for all CDR approaches within a comprehensive 

research strategy, because knowledge base and readiness levels differ substantially. There are, however, 
several common components that are relevant to research into any ocean CDR approach.  
 
Recommendation 2: Common Components of an Ocean CDR Research Program: Implementation of 
the research program in Recommendation 1 should include several key common components: 
 

1. The development and adherence to a common research code of conduct that emphasizes 
transparency and open public data access, verification of carbon sequestration, monitoring for 
intended and unintended environmental and other impacts, and stakeholder and public 
engagement. 

2. Full consideration of, and compliance with, permitting and other regulatory requirements. 
Regulatory agencies should establish clear processes and criteria for permitting ocean CDR 
research, with input from funding entities and other stakeholders. 

3. Co-production of knowledge and design of experiments with communities, Indigenous 
collaborators, and other key stakeholders. 

4. Promotion of international cooperation in scientific research and issues relating to the 
governance of ocean CDR research, through prioritizing international research collaborations 
and enhancement of international oversight of projects (e.g., by establishing an independent 
expert review board with international representation). 

5. Capacity building among researchers in the United States and other countries, including 
fellowships for early-career researchers in climate-vulnerable communities and 
underrepresented groups, including from Indigenous populations and the Global South. 

 
Research Priorities 

 
Based on the present state of knowledge, there are substantial uncertainties in all of the ocean 

CDR approaches evaluated in this report.  The best approach for reducing knowledge gaps will 
involve a diversified research investment strategy that includes both crosscutting, common 
components (Table S.2) and coordination across multiple individual CDR approaches (Table S.3) in 
parallel (Figure S.2). The development of a robust research portfolio will reflect a balance among 
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several factors: common elements and infrastructure versus targeted studies on specific approaches; biotic 
versus abiotic CDR approaches; and more established versus emerging CDR approaches.  

Crosscutting foundational research priorities listed in Table S.2 include research on international 
governance and the domestic legal framework of ocean CDR research. Other priorities include the 
development of a common code of conduct for ocean CDR research and coordinated research 
infrastructure including components on standardized environmental monitoring and carbon accounting 
methods, publicly accessible data management, and science communication and public engagement. 

The research priorities in Table S.3 for each of the four biotic ocean CDR approaches differ based 
on the current knowledge base, extent of previous research, and distinctions in the underlying biological 
processes. Evaluation of research needs across CDR approaches is more challenging, suggesting some 
investment in all methods; however, a first-order attempt at prioritization can be constructed based on 
current knowledge. Among the biotic approaches, research on ocean iron fertilization and seaweed 
cultivation offer the greatest opportunities for evaluating the viability of possible biotic ocean CDR 
approaches; research on the potential CO2 removal and sequestration permanence for ecosystem 
recovery would also be beneficial in the context of ongoing marine conservation efforts.  

For abiotic ocean CDR approaches, the research agenda (Table S.3) will be most impactful if it 
combines a thorough understanding of potential environmental impacts alongside technology 
development and upscaling efforts. Based on present understanding, there is considerable CDR potential 
for ocean alkalinity enhancement, which spans a number of approaches including, but not restricted to, 
ocean liming, accelerated rock weathering, and electrochemical methods for alkalinity enhancement, 
among others. Next steps for alkalinity enhancement research offer large opportunities for closing 
knowledge gaps but include the complexity of undertaking large-scale experimentation to assess whole 
ecosystem responses across the range of technologies and approaches for increasing alkalinity. Therefore, 
among the abiotic approaches, research on ocean alkalinity enhancement, including 
electrochemical alkalinity enhancement, has priority over electrochemical approaches that only 
seek to achieve carbon dioxide removal from seawater (also known as carbon dioxide stripping). 
 
Recommendation 3: Ocean CDR Research Program Priorities: A research program should move 
forward integrating studies, in parallel, on multiple aspects of different ocean CDR approaches, 
recognizing the different stages of the knowledge base and technological readiness of specific ocean CDR 
approaches. Priorities for the research program should include development of 
 

1. Overarching implementation plan for the next decade adhering to the crosscutting strategy 
elements in Recommendation 1 and incorporating from its onset the common research 
components in Recommendation 2 and Table S.2.  Progress on these common research 
components is essential to achieve a foundation for all other recommended research. 

2. Tailored implementation planning for specific ocean CDR approaches focused on reducing 
critical knowledge gaps by moving sequentially from laboratory-scale to pilot-scale field 
experiments, as appropriate, with adequate environmental and social risk reduction measures 
and transparent decision-making processes (priority components bolded in Table S.3).  

3. Common framework for intercomparing the viability of ocean CDR approaches with each 
other and with other climate response measures using standard criteria for efficacy, 
permanence, costs, environmental and social impacts, and governance and social dimensions. 

4. Research framework including program-wide components for experimental planning and 
public engagement, monitoring and verification (carbon accounting), and open publicly 
accessible data management. 

5. Strategy and implementation for engaging and communicating with stakeholders, policy 
makers, and publics. 

6. Research agenda that emphasizes advancing understanding of ocean fertilization, seaweed 
cultivation, and ocean alkalinity enhancement 
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CONCLUDING REMARKS 
 

Ocean CDR approaches are already being discussed widely, and in some cases promoted, by 
scientists, nongovernmental organizations, and entrepreneurs as potential climate response strategies. At 
present, society and policy makers lack sufficient knowledge to fully evaluate ocean CDR outcomes and 
weigh the trade-offs with other climate response approaches, including climate adaptation and emissions 
mitigation, and with environmental and sustainable development goals. Research on ocean CDR, 
therefore, is needed to decide whether or not society moves ahead with deployment, and to assess at what 
scales and locations the consequences of ocean CDR would be acceptable. 
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1 
Introduction 

 
1.1 HUMAN PERTURBATIONS TO THE GLOBAL CARBON CYCLE 

 
As of 2021, atmospheric carbon dioxide (CO2) levels reached historically unprecedented levels, 

nearly 50 percent higher than preindustrial values only two centuries ago (Figure 1.1; GML, 2021). 
Present atmospheric CO2 levels are higher than at any time in the past 800,000 years and likely several 
million years. The cause of the CO2 increase over the 19th, 20th, and early 21st century is clearly and 
incontrovertibly identified as human activities including fossil-fuel burning, agriculture, and historical 
land-use change including deforestation (Figure 1.2; Friedlingstein et al., 2020). Human CO2 emissions 
over the most recent decade were close to 35 billion tons of CO2 per year (109 t CO2/yr = 1 Gt CO2/yr).1 
The atmospheric accumulation of CO2 would be even higher if not for land and ocean carbon sinks that 
together currently remove more than half the amount of human emissions from the atmosphere; however, 
these natural sinks may become less effective in a future high-CO2, warmer world. The current level of 
human emissions greatly exceeds the ability of nature to remove CO2, and a reduction on the order of 90 
percent in human emissions is required to stabilize atmospheric CO2 at some specified level, and 
approximately net-zero human CO2 emissions is needed to stabilize climate because of inertia in the Earth 
system. In a number of climate scenarios, a period of net negative human CO2 emissions occurs later in 
this century to compensate for other greenhouse gases (GHGs) and to address overshoots in atmospheric 
CO2. An overall climate change response strategy will include climate mitigation approaches to reduce 
CO2 and other GHG emissions. Carbon dioxide removal (CDR) approaches (Box 1.1) could be used in 
conjunction with emissions abatement to compensate for positive human emissions of CO2 or contribute 
to net negative CO2 emissions; this would require the durable storage of the removed carbon in some 
reservoir(s) away from the atmosphere for a sufficiently long period of time, typically taken as decades to 
centuries. 
 

BOX 1.1.  Carbon Dioxide Removal Approaches 
 

Carbon dioxide removal (CDR) approaches span a wide range of biotic and abiotic methodologies, but all 
involve some step for removing or capturing CO2 from the atmosphere or some reservoir in close contact with 
the atmosphere (e.g., surface ocean) and then storing or sequestering that CO2 in some other reservoir to ensure 
limited release back to the atmosphere for some period of time (NASEM, 2019). Proposed approaches include 
protecting and enhancing terrestrial and marine ecosystems that remove and store carbon for long periods of 
time to more technological methods such as direct air capture that would directly remove CO2 from the 
atmosphere via industrial chemical methods and then store that CO2 in a geological reservoir. Intermediate 
approaches have also been proposed, such as bioenergy with carbon capture and storage (Hanssen et al., 2020). 
The focus of this report is on an assessment of a selection of ocean-related CDR approaches that would 
indirectly remove CO2 from the atmosphere by lowering or redistributing CO2 in the ocean water column. 

                                                      
1 For consistency, the unit metric tons of CO2 are used through most of this report when referring to carbon 

dioxide removal from the atmosphere. One billion metric tons of CO2 is equivalent to 0.128 parts per million (ppm) 
in global average atmosphere CO2 mixing ratio, where, for reference, the 2021 CO2 mixing ratio is approximately 
415 ppm. But the reader should be aware that some sources in literature, policy documents, and press releases use a 
range of different units (e.g., 1 Gt CO2 = 1015 g CO2 = 1 Pg CO2), and sometimes mass of carbon, C, is used rather 
than mass of CO2 (1 Gt CO2 = 0.273 Gt C). Ocean biological and geophysical carbon fluxes and stocks, for 
example, are often reported in carbon units rather than CO2 units, reflecting the multiple chemical forms of carbon 
in biomass pools and in inorganic carbon dissolved in seawater. 
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FIGURE 1.1 Time history of atmosphere CO2 mixing ratio from the Mauna Loa, Hawai’i Observatory, 
the longest available instrumental record. The seasonally adjusted atmospheric CO2 mixing ratio in mid-
2021 exceeded 415 ppm compared to a preindustrial mixing ratio of 280 ppm measured from ice cores. 
SOURCE: GML, NOAA 2021. 
 

 
FIGURE 1.2 Reconstruction over time of the industrial period of human carbon emissions to the 
atmosphere from fossil fuel use and land-use change (positive fluxes), ocean and land sinks (negative 
fluxes), and atmospheric accumulation. SOURCES: (a) Friedlingstein et al., 2020; (b) Global Carbon 
Project, 2020; (a) and (b) licensed under Creative Commons CC BY 4.0. 
  

http://www.nap.edu/26278


A Research Strategy for Ocean-based Carbon Dioxide Removal and Sequestration

Copyright National Academy of Sciences. All rights reserved.

Introduction 

Prepublication Copy  19 

The rising level of atmospheric CO2 is a major global concern because CO2 is a key heat-trapping 
or GHG (USGCRP, 2017; IPCC, 2021), and elevated CO2 levels are a major factor driving observed 
anthropogenic climate change that has already increased global average surface temperature by 1.12°C 
from preindustrial level (NCEI, 2020) as seen in Figure 1.3. Although CO2 is only one of several GHGs, 
contributing about 74 percent  of the present total radiative imbalance leading to global warming (WRI, 
2020; see also National Oceanic and Atmospheric Administration [NOAA] Earth System Research 
Laboratories2), the contribution of CO2 to overall anthropogenic warming will likely grow in the future 
because of the long lifetime of excess CO2 in the atmosphere (multidecadal and longer), ocean, land 
biosphere system, compared with other GHGs (e.g., methane)3 (IPCC, 2021). While this report 
concentrates on removal of excess atmospheric CO2, comprehensive climate mitigation strategies 
incorporate approaches to reduce human emissions of all GHGs and may even explore deliberate removal 
of gas beyond CO2 such as methane. 

The many impacts of climate change on managed and natural ecosystems and across human 
society are well documented in the scientific literature and in national and international assessment 
reports (e.g., USGCRP, 2018). In addition to climate change and associated ocean warming (Laufkötter et 
al., 2020) and decline in subsurface oxygen levels (Breitburg et al., 2018), marine ecosystems are also 
experiencing changes in seawater chemistry, termed ocean acidification, associated with the ocean uptake 
of excess CO2 (Pershing et al., 2018). A wide range of marine organisms including shellfish and corals 
appear to be sensitive to ocean acidification, and the impacts extend to coastal human communities reliant 
on marine resources such as wild-caught fisheries, aquaculture, and marine tourism and recreation (Doney 
et al., 2020). Ocean acidification and climate change are closely linked because of a common underlying 
causal factor:  large human CO2 emissions to the atmosphere. CDR approaches for climate mitigation 
may also improve ocean acidification conditions, at least for some parts of the surface ocean. 
 
 

 
FIGURE 1.3 Historical global mean surface temperature SOURCE: IPCC SR1.5, Figure 1.2, Allen et al., 
2018. 
  
                                                      

2 See https://www.esrl.noaa.gov/. 
3 This statement should not be taken to suggest that other GHG emissions are unimportant or do not need to be 

reduced. 
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The ocean holds great potential for uptake and longer-term sequestration of anthropogenic CO2 
for several reasons: (1) the ocean acts as a large natural reservoir for CO2, holding roughly 50 times as 
much inorganic carbon as the preindustrial atmosphere; (2) the ocean already removes a substantial 
fraction of the excess atmospheric CO2 from human emissions; and (3) there are a number of physical, 
geochemical, and biological processes that are known to influence air–sea CO2 gas exchange and ocean 
carbon storage. The ocean covers 70 percent of Earth’s surface; it includes much of the global capacity 
for natural carbon sequestration and it may be possible to enhance that capacity through implementation 
of an ocean-based CDR strategy. 
 

1.2 CLIMATE MITIGATION, DECARBONIZATION, AND CARBON DIOXIDE REMOVAL 
 

Without deliberate action to reduce human CO2 emissions, continued rapid CO2 accumulation in 
the atmosphere increases the expected magnitude of climate change and ocean acidification (UNEP, 
2017; IPCC, 2021). Therefore, mitigation efforts to curb future climate change focus heavily on reducing 
the emissions of CO2 (and other GHGs) which could potentially utilize CDR. On timescales of a few 
years, the atmosphere is relatively well mixed, and the global mean atmospheric CO2 trend effectively 
reflects global net CO2 fluxes (sources minus sinks). Reducing CO2 emissions through abatement and 
removing CO2 via CDR, therefore, are approximately equivalent on these timescales from the perspective 
of the atmospheric CO2 budget, especially for the next several decades when emissions will remain well 
above net zero. The symmetry in the response of atmospheric CO2 to emissions and removals may break 
down if there is a long delay (decades) in implementing CDR, such as may occur in atmospheric CO2 
overshoot scenarios, where land and ocean carbon processes may decrease the effectiveness of CDR 
(Zickfeld et al., 2021). 

A climate target is needed to frame the amount and timing for emissions abatement and CDR. 
The international Paris Climate Agreement provides one such framing used widely in IPCC reports and 
the scientific literature. The Paris Agreement calls for limiting global warming to well below 2°C, 
preferably to 1.5°C, compared to preindustrial levels. In model simulations, meeting the Paris target 
requires reaching net-zero CO2 emissions globally well before the end of the century, with earlier mid-
century net-zero targets for developed nations (NRC, 2015a; NASEM, 2019). Multiple abatement 
pathways will need to be pursued to rapidly decarbonize the U.S. and global economies including efforts 
to increase energy efficiency, switch to non-CO2–emitting energy sources including renewables, 
capturing and sequestering CO2 from point sources in geological reservoirs, and reducing CO2 (and other 
GHG) emissions from land use (NASEM, 2021b). 

While reaching net zero from current CO2 emissions is primarily an effort in decarbonization and 
emissions abatement, essentially all of the climate mitigation scenarios that meet the Paris Agreement 
target include some form and amount of CDR (also commonly referred to as negative emission 
technologies or NETs) to balance residual CO2 emissions from difficult-to-decarbonize sectors of 
economies (e.g., long-distance transportation, cement and steel production), to provide time for the 
development and implementation of different decarbonization approaches, and to compensate for short-
term overshoots in emissions and atmospheric CO2 and GHG levels. The reliance on, or even need for, 
CDR approaches varies considerably depending on the climate and socioeconomic scenarios and 
integrated assessment models used to evaluate human emissions and barriers to decarbonization. 
However, some form of CDR is common in climate/socioeconomic scenarios that attempt to limit global 
warming to well below 2°C, preferably to 1.5°C, compared to preindustrial levels in line with the 
international Paris Agreement (Figure 1.4; Allen et al., 2018; Fuhrman et al., 2019; Canadell et al., 2021; 
IPCC, 2021). The remaining carbon budget, or allowable cumulative future net human CO2 emissions, is 
a particularly useful framing for assessing requirements for decarbonization and CDR. At current human 
CO2 emission rates, the remaining carbon budgets would be expended in a little more than a decade to a 
few decades to stay below the Paris Agreement climate targets. The low-climate-warming scenarios used 
in the IPCC (2021) report reflect integrated assessment model simulations that often require substantial 
CDR, on the order of 10 Gt CO2/yr or more by mid- to late-century, to stay within the remaining carbon 
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budget constraints or to address atmospheric CO2 overshoot where additional CDR is required to generate 
periods of net-negative human CO2 later this century (Fricko et al., 2017; Riahi et al., 2017). 

Historical and future global warming levels from now until mid-century (2050) approximately 
scale with cumulative CO2 emissions, and CO2 emissions reduction and CDR targets can be framed in 
terms of the remaining carbon budgets to meet specified warming targets (IPCC, 2021). For example, the 
estimated remaining carbon budget for a 1.5°C target is only about 300-900 Gt CO2, a relatively small 
amount compared to current emissions of about 35 Gt CO2/yr and the historical (1850 to 2019) 
cumulative human CO2 emissions of 2,390 ± 240 Gt CO2 (IPCC, 2021). Aggressive efforts to reduce 
emissions of methane and other GHGs would expand the remaining carbon budget but would need to be 
done in concert with decarbonization and CDR to stabilize global climate. This point is brought home 
well in a quote from the IPCC AR6 report: 
 

 
FIGURE 1.4 Integrated assessment model scenarios consistent with limiting end-of-century warming to 
1.5°C (circles) or 2°C (squares) above preindustrial levels have exceedingly small remaining cumulative 
CO2 emission budgets (from 2016 to year of net-zero emissions) and nearly all require significant future 
CO2 removal from the atmosphere using negative emission technologies (NETs). As illustrated in the 
inset, for a given temperature target (e.g., those trajectories that achieve 1.5°C indicated by the red circle), 
future NET requirements are governed both by the magnitude of the GHG pulse emitted previously as 
well as by residual gross-positive emissions from those sectors of the economy that are recalcitrant to 
decarbonization once a climate policy is implemented (e.g., air travel). Increased cumulative emissions 
after 2016 before reaching net-zero generally corresponds to increased peak future NETs deployment and 
associated impacts. SOURCE: Copyright © 2019 Fuhrman, McJeon, Doney, Shobe and Clarens. 
 

Emission pathways that limit globally averaged warming to 1.5°C or 2°C by the year 2100 
assume the use of CDR approaches in combination with emission reductions to follow net 
negative CO2 emissions trajectories in the second half of this century. For instance, in SR1.5, all 
analyzed pathways limiting warming to 1.5°C by 2100 with no or limited overshoot include the 
use of CDR . . . . Affordable and environmentally and socially acceptable CDR options at scale 
well before 2050 are an important element of 1.5°C-consistent pathways. (IPCC, 2021, pp. 4-81–
4-82) 
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There is considerable uncertainty, however, in the cumulative CDR requirement as noted in IPCC 
(2018) Global Warming of 1.5°C report where on the order of 100–1,000 Gt CO2 of CDR over the 21st 
century is projected to meet the 1.5°C target with limited or no overshoot. 

As illustrated in Figure 1.4, the potential scale for peak CDR demand varies greatly from zero to 
a few Gt CO2/yr up to tens of Gt CO2/yr. The range in CDR demand reflects the climate warming target (a 
lower 1.5°C target results in more CDR demand than less aggressive warming targets such as 2° or 3°C), 
as well as assumptions about socioeconomic pathways, climate sensitivity, and the response of land and 
ocean carbon sinks to climate change. Even larger amounts of CDR would be required if the goal is not 
simply climate stabilization but rather to shift climate back toward preindustrial conditions as has been 
proposed by some as an even more challenging and not well-agreed-upon possible future objective to 
occur after climate stabilization has been achieved. The required annual scale of CDR is thus comparable 
to the amount of CO2 that is absorbed by the global ocean currently, ~9 Gt CO2/yr (Friedlingstein et al., 
2020). Significantly, the required CDR scale is a substantial fraction of current fossil fuel CO2 emissions, 
~35 Gt CO2/yr (Friedlingstein et al., 2020) and is also larger than the largest manufacturing industries that 
is cement production (Andrew, 2018; Cao et al., 2020; IEA, 2020). It is important, however, to keep in 
mind that these CDR estimates reflect model estimates using only a subset of possible approaches, 
typically land-based afforestation/reforestation and bioenergy with carbon capture and sequestration, and 
adding CDR approaches with different land, resource, energy and cost constraints can result in a different 
estimates of total CDR, emissions abatement, and residual human CO2 emissions for the same climate 
target (e.g., recent studies adding direct air capture CDR, Fuhrman et al., 2020). Studies highlight the 
challenge of accomplishing the projected level of CDR with land-based approaches alone, particularly for 
reforestation and bioenergy with carbon capture and sequestration CDR methods that require substantial 
amounts of land with impacts on food and water supplies, energy use, and fertilizer demand (Fuhrman et 
al., 2020). A CDR portfolio approach may be more appropriate including also less land-intensive methods 
such as direct air capture (Fuhrman et al., 2021) and ocean-based methods. 

A CDR objective of removing and durably storing tens of Gt CO2/yr by mid-century will likely 
be quite challenging to achieve. Today, global CO2 sequestration activities accomplish <0.1 Gt CO2/yr 
storage (Liu et al., 2018; Page et al., 2020; Townsend and Gillepsie, 2020). IEA (2021a) estimates that the 
global capacity of carbon capture, utilization, and storage facilities for CO2 capture in 2020 was only 
about 40 Mt CO2/yr. At present, industrial-scale CDR approaches are even smaller scale than pilot and 
demonstration plants; for example, a new direct air capture facility in Iceland would, at fully planned 
capacity, remove 4 kt CO2/yr (Gertner, 2021). While arguably, ocean-based CDR is an important 
direction for achieving large-scale CDR, the scale of the challenge is daunting. For context, consider the 
scale of one of the largest manufacturing sectors, the cement industry, which produces around 4.5 Gt/yr of 
cement clinker, resulting in the downstream production of over 20 Gt/yr of concrete (i.e., a mixture of 
cement, stone, sand, and water). The required rapid ramp-up of CDR scale implied by integrated 
assessment model scenarios involves the creation of a new sector, de novo, that is of a size similar to the 
cement/concrete sector, albeit in 30 years. The construction and commissioning of large capital facilities 
needed for many CDR approaches would require time, even with expected advances along technology 
learning curves. For example, to plan, permit, build, and commission a cement plant that produces ~1 
Mt/yr of cement clinker requires at least on the order of 4 years. Growing policy or market demand for 
CDR, alone, does not guarantee success in reaching adequate scale for CDR. Substantial investments 
likely would be needed at multiple stages of innovation for a technology, as described in Nemet et al. 
(2018), addressing factors on both the supply side (e.g., research and development, demonstrations, and 
scale-up) and the demand side (e.g., demand pull, niche markets, and public acceptance). For this sectoral 
CDR scaling, it is furthermore important to consider the operational cost reductions that could be 
achieved, in time, and the amount of capital investment that is needed to stand up a CDR industry. 
Investments in CDR sectors will also depend on overall demand and price for CDR.  

End-to-end carbon removal, ranging from carbon capture to geological sequestration (e.g., from 
point sources or the atmosphere), currently costs in the vicinity of ~$70 to $700/t CO2. It has been 
suggested that it is necessary that carbon removal from the atmosphere be achieved at a net cost less than 
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$100 (net present value based on 2021 dollars) (Budinis et al., 2018; Pilorgé et al., 2020; IEA, 2021b). 
The NASEM (2019) CDR report adopted a value of <$100/t CO2 as a rough guide for “economical” CDR 
approaches, and for consistency this report uses the same cutoff, acknowledging that more expensive 
CDR approaches may also be considered because of other factors such as low resource demands and co-
benefits. The requisite level of cost reduction, beyond technology improvements, requires a variety of 
actions including achieving (1) economies of scale, (2) massive replicability in manufacturing and 
deploying technology components and capital assets, and (3) the use of abundant, cost-effective, and 
accessible materials and components in technological systems. What remains prerequisite, however, are 
clear and consistent approaches for environmental and construction permitting which limits overhead 
costs, and restricts escalations of the overnight cost of construction. 

Yet another important aspect related to the deployment of carbon removal technologies, however, 
implies the integration of carbon management solutions with existing industrial operations. For ocean-
based CDR this could include coupling with marine aquaculture, shipping and transportation systems, and 
connecting with and learning from coastal industrial operations such as desalination and chemical 
production. Some shore-based industrial facilities, for example, are already supplied with seawater 
intakes that could be utilized in some ocean-based CDR approaches; these intakes can account for a 
substantial fraction of the cost of capital construction. Such synergistic integration of engineering with 
existing technologies (e.g., particularly for electrochemical approaches) may provide opportunities to 
accelerate demonstration projects and scaling up of some ocean-based CDR technologies. Further, some 
electrochemical CDR approaches produce hydrogen gas as a by-product, and assuming that the initial 
electrical energy source for the CDR comes from low-CO2 sources, the hydrogen gas could be used as a 
clean fuel (or temporary energy storage) to reduce overall costs and carbon intensity of the CDR approach 
or other industrial activity. 
 

1.3 SEAWATER CO2 AND CARBONATE SYSTEM CHEMISTRY 
 

The addition or removal of CO2 from the ocean alters the acid-base chemistry of seawater. CO2 
gas dissolved in seawater, aqueous CO2 (CO2 (aq)), can react with water to form carbonic acid (H2CO3), a 
weak acid: 
 

CO2 (aq) + H2O ⇔ H2CO3 
 
The partial pressure of CO2 gas, pCO2, varies proportionally with the concentration of CO2 (aq) and is 
also influenced by temperature and salinity. The hydration reaction of CO2 is relatively rapid and for most 
applications can be assumed to be at equilibrium. At seawater pH (~8), carbonic acid decomposes into 
bicarbonate (HCO3

-), an inorganic carbon ion, and a hydrogen ion (H+): 
 

H2CO3 ⇔ HCO3
− + H+ 

 
Similarly, a bicarbonate ion can decompose into a carbonate ion (CO3

2−): 
 

HCO3
− ⇔ CO3

2− + H+ 
 

The seawater inorganic carbon system acid-base reactions are also in equilibrium as a function of 
temperature, salinity, and pressure. The dissolved inorganic carbon (DIC) is the sum of aqueous CO2, 
H2CO3, HCO3

− and CO3
2− with HCO3

− dominating at seawater pH. The addition of CO2 increases 
seawater DIC, and the resulting production of H+ ions increases the acidity (lowers the pH) of seawater, 
where pH is defined on a logarithmic scale from the H+ ion concentration, pH = −log10 [H+]. The seawater 
concentration of DIC is much higher than that in freshwater because of the high seawater alkalinity, a 
measure of the acid buffering capacity and a reflection of the balance of inorganic ions from rock 
weathering and other processes. 
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The addition of CO2 gas to seawater from either physical or biological processes (e.g., respiration 
of organic matter) increases the DIC concentration but does not affect alkalinity. Because the CO2 
hydration reaction produces a weak acid H2CO3, CO2 addition also makes the seawater more acidic 
(lowers pH) and shifts the partitioning of the inorganic carbon ions that make up DIC, increasing CO2 and 
HCO3

− and lowering CO3
2−. Increasing seawater alkalinity, for example, by adding a base (e.g., NaOH), 

shifts the inorganic ion partitioning in the opposite sense, lowering CO2 and increasing pH and CO3
2−. 

The dissolution of calcium carbonate (CaCO3) minerals into seawater increases both DIC and alkalinity, 
with the alkalinity increasing to twice that of DIC, and also results in an increase in the pH and CO3

2−. 
Air–sea CO2 flux is controlled thermodynamically by the difference between the partial pressure 

of CO2 (pCO2) between the surface ocean and atmosphere. Thus, the addition or removal of CO2 and 
alkalinity can affect air–sea exchange by altering CO2 (aq) and pCO2. For example, the formation of 
organic matter by photosynthetic organisms in the surface ocean involves the uptake of CO2, which acts 
to lower seawater pCO2 and enhance the downward flux of CO2 from the atmosphere into the surface 
ocean. The kinetics of air–sea CO2 gas exchange are relatively slow because the gas CO2 (aq) is a small 
fraction of the large seawater DIC reservoir, and the inorganic carbon ions do not directly exchange with 
the atmosphere. Typical gas exchange equilibration timescales for the surface ocean are on the order of a 
year, and surface water pCO2 can exhibit larger differences (disequilibrium) from atmospheric pCO2. 
 

1.4 OCEAN CARBON CYCLE AND OCEAN ANTHROPOGENIC CO2 UPTAKE 
 

The ocean geographic patterns and seasonal cycle of air–sea CO2 vary substantially because of 
interplay of biological and physical processes, resulting in ocean regions with both outgassing and 
ingassing from the atmosphere. Rising atmospheric CO2 levels from human emissions shift the balance 
toward enhanced downward CO2 flux from the atmosphere and ocean, and the anthropogenic CO2 
perturbation flux overlays the natural, preindustrial patterns. Globally the current net air–sea flux of 
anthropogenic CO2 is roughly a quarter of emissions for fossil fuel consumption or about 9 Gt CO2/yr 
(Friedlingstein et al., 2020), after accounting for the effects of river carbon inputs. The rate of 
anthropogenic CO2 uptake is constrained by multiple observational approaches including global surveys 
of air–sea CO2 flux, temporal changes in the ocean inventory of DIC, proxy methods based on other 
transient tracers such as chlorofluorocarbons, and numerical ocean models. The rate of ocean uptake of 
anthropogenic CO2 is primarily controlled by physical circulation and the rate at which surface waters are 
exchanged into the thermocline and deep ocean. 

The ocean uptake of anthropogenic CO2 is a relatively small perturbation that occurs on top of the 
large natural background cycling and storage associated with the marine carbon system. The detection 
and quantification of anthropogenic CO2 uptake because of rising atmospheric CO2 has been a decades-
long challenge for marine chemists and oceanographers, involving a combination of work to improve the 
accuracy and precision of seawater pCO2, DIC, and alkalinity measurements and extensive field surveys 
of surface- and deep-ocean chemical and physical properties and their change over time. Detection and 
attribution of large-scale changes in ocean carbon storage due to ocean CDR approaches will have similar 
challenges. For comparison the cumulative ocean uptake of anthropogenic CO2 from 1850 to 2019 is 
estimated to be about 591 Gt CO2 or equivalently 161 Gt C (Friedlingstein et al., 2020), while the natural 
stock or reservoir of ocean inorganic carbon is about 38,000 Gt C (Figure 1.5). The large background 
ocean carbon inventory reflects a number of factors, in particular, the large seawater alkalinity that results 
in large DIC concentrations in equilibrium with any particular atmospheric CO2 level and the transfer of 
carbon from the surface ocean–atmosphere reservoirs to the deep ocean by the long-term action of the 
biological carbon pump (Figure 1.6). 

The biological pump consists of two complementary components: biological production of 
organic matter and the formation of biominerals (i.e., shells and skeletons made from CaCO3).  These 
processes in the surface ocean result in the surface uptake of DIC and export of carbon to depth via 
several physical and biological pathways (e.g., gravitational particle sinking, physical mixing of organic 
carbon into the mid-waters, and active biological transport via vertical migration). The majority of the 
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exported organic carbon and biomineral CaCO3 is respired (or remineralized for CaCO3) back into DIC in 
the upper 1,000 meters of water column, and respiration and remineralization continue in the deep-water 
column and at the sediment surface, with only a small fraction (<1 percent for organic carbon, 10–20 
percent for inorganic carbon; Andersson, 2014) buried in marine sediments. Ocean physical circulation 
then returns the respired and remineralized DIC and associated nutrients to the surface ocean on 
timescales of years to centuries.  
 

 
FIGURE 1.5 Schematic of the overall perturbation of the global carbon cycle (Gt C/yr) caused by human 
activities, averaged globally for the decade 2010–2019. Large arrows indicate direction of perturbations 
in surface-atmosphere fluxes, and the plus sign (+) for atmosphere CO2 indicates the growth in the 
atmospheric carbon reservoir. The anthropogenic perturbation occurring on top of an active carbon cycle, 
with fluxes (Gt C) and stocks (Gt C/yr) represented in the background. SOURCE: Friedlingstein et al., 
2020, licensed under Creative Commons CC BY 4.0. 
 

Over time the biological pump acts to lower surface DIC and increase deep-ocean carbon storage, 
generating a vertical gradient of DIC in the ocean, until a steady state is reached where the downward flux 
of organic matter and carbonate is balanced by the upward flux of excess DIC (Sarmiento and Gruber, 
2013). On the timescale of the ocean overturning circulation of centuries to a millenia, the biological 
pump acts to maintain a much lower atmospheric CO2 level than would occur in its absence. Variations in 
ocean circulation and the biological pump are also indicated as the most likely cause of large variations of 
~100 ppm in atmospheric CO2 documented in ice-core records for the past ~900,000. Cold glacial periods 
exhibited lower atmospheric CO2 than warm interglacial periods including preindustrial conditions, with 
shifts between the two states occur on timescales of 10,000 years or more. The effect of the biological 
pump on drawing down surface pCO2 depends on the ratio of organic to CaCO3 production and export 
because the effect of the alkalinity decline from CaCO3 formation increases surface water pCO2, opposing 
the effect of organic matter production and declining DIC. Ocean carbon storage is also sensitive to the 
fraction of sinking organic matter that reaches the deep sea prior to being respired (often termed the 
remineralization length scale) and to the extent of biological nutrient utilization in high-latitude surface 
ocean, especially in the Southern Ocean. The preindustrial ocean appears to have been in a steady state, 
with only small variations in atmospheric CO2, for hundreds to thousands of years prior to the sharp 
growth of atmospheric CO2 following the industrial revolution in the 1800s (see Figure 1.7). 
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FIGURE 1.6 Schematic of the ocean carbon cycle illustrating carbon and nutrient flows (yellow), food 
web and microbial loop processes (white/light blue), and physical mixing (orange). SOURCE:  Office of 
Biological and Environmental Research of the U.S. Department of Energy Office of Science. 
 

 
FIGURE 1.7 The Keeling Curve. Credit: Scripps Institution of Oceanography.  
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From the perspective of anthropogenic CO2 uptake by the ocean, the biological pump only 
contributes to the extent that it has been perturbed away from this steady state (Broecker, 1991), and even 
then many processes that may alter the rate of the biological pump have a relatively small impact on net 
ocean carbon storage because there is partial to nearly complete cancelation between the changes in the 
biological export flux and compensating changes in physical transport of DIC. For example, enhanced 
upwelling of nutrient-rich subsurface water can enhance biological productivity and export flux, but the 
physical upwelling supplying the extra nutrients also brings up excess DIC; both the nutrients and excess 
DIC came from prior respiration of organic matter in the subsurface ocean. Substantial biological 
perturbations in global-scale ocean carbon storage require either shifts in the depth patterns of export and 
remineralization, alteration in the fraction of nutrients in the deep ocean supplied by respiration versus 
physical transport from the surface ocean, primarily the Southern Ocean with abundant surface 
macronutrients, or decoupling of carbon–nutrient relationships (Boyd and Doney, 2003; Sarmiento and 
Gruber, 2013). As documented in the 2021 IPCC report (Canadell et al., 2021), at least so far, there is 
only weak evidence of detectable changes in the global-scale ocean biological pump affecting net ocean 
carbon storage due to climate change or ocean acidification on a large scale and low confidence in our 
understanding of the magnitude and sign of ocean biological feedbacks to CO2 storage and climate; the 
ocean uptake in anthropogenic CO2 is attributed almost wholly to physicochemical processes and trends 
in human CO2 emissions. However, given the large carbon fluxes associated with the biological carbon 
pump, with 5-12 Gt C/yr leaving the surface ocean annually (Siegel et al., 2014), relatively small 
variations in the function of the biological pump (e.g., carbon-to-nutrient ratios in organic matter; 
organic-to-inorganic carbon ratios; fraction of organic matter reaching the deep sea) have the potential to 
modify the vertical partitioning of ocean DIC, ocean carbon storage, and atmospheric CO2 level. 
 

1.5 OCEAN-BASED CARBON DIOXIDE REMOVAL 
 

The objective of any CDR approach is to remove excess CO2 from the atmosphere and store or 
sequester this carbon in some other reservoir away from the atmosphere for some time period, typically 
decades or longer. For ocean CDR, the removal from the atmosphere is indirect via an enhancement of 
the downward air–sea flux of CO2 from the atmosphere to the surface ocean. This can occur through a 
variety of mechanisms, depending on the particulars of the ocean CDR method, including increasing the 
alkalinity and thus the DIC holding capacity of surface seawater; removing CO2 from seawater for storage 
in some nonmarine or geological reservoir and thus creating a CO2 or pCO2 deficit in surface waters; 
removing surface CO2 by increasing the storage of organic carbon in biomass, detritus, and dissolved 
organic carbon pools; direct injection of CO2 into the deep ocean; or enhancing the biological transport of 
organic carbon from the surface ocean to the deep sea. As detailed in subsequent chapters, current 
scientific understanding of these ocean CDR approaches is insufficient to inform societal decision making 
and also differs substantially across the range of possible approaches (Box 1.2). 

The timescale of carbon sequestration driven by ocean CDR will depend on the location and form 
of the excess carbon. Relevant questions include the permanence of changes in seawater DIC holding 
capacity, timescales for conversion of excess organic matter back to DIC, water column physical transport 
pathways of excess DIC back to the surface; and the leakage rate to the water column or atmosphere of 
geological or sediment sequestration. Ocean circulation pathways and rates are key to sequestration 
timescales for CDR approaches that deposit carbon in the water column or at the seafloor. The ocean 
thermocline covering roughly the upper 1,000 m of the water column exhibits relatively rapid ventilation 
timescales of years to a few decades, and carbon must be transported into the deep sea (depth > ~1,000 
meters) to achieve century-long sequestration times (Siegel et al., 2021). This can be problematic for 
CDR approaches that enhance the ocean biological carbon pump because typically only a small fraction 
of sinking organic matter passes 1,000 meters, the remainder being respired back to CO2 in the upper 
ocean and thermocline. 

Here we consider ocean CDR techniques with sufficiently long sequestration permanence or 
durability to contribute to the portfolio of climate mitigation approaches in development to reduce 
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atmospheric CO2 this century and beyond and to buy time in the short term for deployment of other 
mitigation approaches. Although there is no uniform agreement in the literature or policy discussions on a 
specific sequestration threshold, the committee focused on methods that could potentially deliver durable 
CO2 sequestration on timescales of several decades to a century or longer. Sequestration shorter than a 
decade is likely too short to be an effective policy tool. No sequestration method is foolproof, and 
probabilistic approaches will be warranted, along with monitoring, to evaluate the expected risk of CO2 
release back to the surface ocean and atmosphere over time. 

The efficacy of CDR methods typically is evaluated as the near-term (weeks to months) removal 
of CO2 from the atmosphere). Simply shifting carbon from one ocean carbon reservoir to another or to a 
geological reservoir is insufficient for climate mitigation if one cannot demonstrate the actual removal of 
CO2 from the atmosphere. On longer timescales, the effectiveness of any CDR technique, land- or ocean-
based, depends on the response of the full Earth system that will tend to dampen the atmospheric CO2 
response (Canadell et al., 2021). Lowering atmospheric CO2 by any form of CDR reduces the growth rate 
of atmospheric CO2 and thus slows the physicochemical uptake of anthropogenic CO2 by the ocean, even 
in some cases possibly causing a small CO2 outgassing. The same is true for human CO2 emissions, 
where the growth rate in the atmospheric CO2 inventory is only slightly less than half of human emissions 
(the airborne fraction) because of land and ocean carbon sinks. 

The durability of ocean-based CDR must also take into consideration the impacts of ongoing and 
future climate change and ocean acidification. Ocean acidification and elevated CO2 reduce the buffer 
capacity of seawater, lowering the effectiveness of CO2 uptake. Ocean warming, for example, is expected 
to decrease CO2 solubility, increase vertical stratification in the ocean, and alter ocean circulation patterns 
and marine ecosystem dynamics. In model simulations, climate carbon-cycle feedbacks reduce ocean CO2 
uptake somewhat, but the dominant factor governing the magnitude of the ocean sink remains strongly 
dependent on the CO2 emissions scenario. 

Ocean CDR approaches must also be assessed against the consequences of no action. Without 
substantial decarbonization, emissions abatement, and potential options such as CDR, atmospheric CO2 
growth will continue unabated with associated rising impacts from climate change and ocean 
acidification. Marine ecosystems and ocean resources are vulnerable to both climate change and ocean 
acidification (Pershing et al., 2018), and these impacts should be considered when evaluating the 
environmental impacts of ocean CDR. Even excluding deliberate ocean CDR, the ocean will continue to 
act as a sink for anthropogenic CO2 because of physicochemical uptake; this process will continue into 
the future even if other mitigation options stabilize atmospheric CO2 at some elevated level. In fact, over 
time the ocean will naturally sequester a larger and larger fraction of anthropogenic CO2 (Archer et al., 
2009) with the rate controlled on decadal to millennial timescales by ocean physical circulation and 
overturning and on longer timescales by adjustments in the marine cycling of CaCO3 and the rate of 
marine CaCO3 sedimentation (Figure 1.8). 
 

1.6 ORIGIN AND PURPOSE OF THE STUDY 
 

In 2013, the Board on Atmospheric Sciences and Climate convened the Committee on 
Geoengineering Climate: Technical Evaluation and Discussion of Impacts. The committee produced two 
reports, one on CDR, Climate Intervention: Carbon Dioxide Removal and Reliable Sequestration (NRC, 
2015a), and a second on solar radiation management (NRC, 2015b). Since the publication of the CDR 
report, interest in developing strategies for carbon sequestration has increased in concert with the 
increasing recognition of the potential need to employ CDR to prevent the more dire consequences 
associated with past and current GHG emissions. For CDR approaches to meaningfully contribute to a 
portfolio of responses to climate change, they need to “occur at a truly massive scale” (NRC, 2015a). It 
will be challenging to develop technologies to remove significant amounts of carbon from the atmosphere 
at a scale and cost that can be adopted in time to meet global targets for limiting warming “to well below 
2 degrees Celsius, while pursuing efforts to limit the increase to 1.5 degrees” (Conference of Parties to the 
U.N. Framework Convention on Climate Change, December 2015). 
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FIGURE 1.8 Percentage of emitted CO2 remaining in the atmosphere in response to an idealized 
instantaneous CO2 pulse emitted to the atmosphere in year 0 as calculated by a range of coupled climate–
carbon cycle models. (a and b) Multimodel mean (blue line) and the uncertainty interval (±2 standard 
deviations, shading) simulated during 1,000 years following the instantaneous pulse of 100 Pg C (Joos et 
al., 2013). (c) A mean of models with oceanic and terrestrial carbon components and a maximum range of 
these models (shading) for instantaneous CO2 pulse in year 0 of 100 Pg C (100 Gt C) (blue), 1,000 Pg C 
(orange), and 5,000 Pg C (red line) on a time interval up to 10,000 years (Archer et al., 2009). Text at the 
top of the panels indicates the dominant processes that remove the excess of CO2 emitted in the 
atmosphere on successive time scales. SOURCE: Box 6.1, Figure 1 from Ciais et al., 2013. 
 

BOX 1.2. Research Progress and Scientific Confidence 
 

In an ideal situation, research investments lead over time to more accumulated knowledge that reduces 
scientific uncertainties and increases confidence in scientific conclusions in a roughly linear fashion. Following 
past anecdotal experiences with new research fields, however, the path linking the volume of research to 
scientific confidence may be nonlinear or even nonmonotonic, with peaks and valleys over time (Busch et al., 
2015) (Figure 1.9). In some cases, early research may show promising results that do not hold up to further 
studies as more studies highlight previously unforeseen complexities; the engagement of a larger scientific 
community also brings in diverse new perspectives and backgrounds to the field. Thus, an initial high confidence 
level early in a field’s development may be followed by a period of reduced scientific confidence. Only after 
more extensive research and deeper understanding may a robust measure of confidence (and corresponding 
uncertainties) emerge. This is relevant to developing a research strategy for ocean CDR because of the striking 
differences in maturity across different approaches. 

For example, current knowledge for several approaches (ocean alkalinity enhancement, electrochemical, and 
artificial upwelling) is based primarily on theoretical considerations and modeling, analogs to natural processes, 
and simple laboratory and/or small-scale tests. Understanding for some aspects of these approaches is relatively 
low, particularly for potential unintended environmental consequences, but optimism is high among some 
proponents that responsible CDR can be developed at a scale that benefits society. This optimism may or may 
not hold up with the further and more comprehensive research over time that is likely required to properly 
characterize the actual underlying confidence level needed to inform societal decisions. The evolution of 
scientific confidence over time can be an issue when communicating with the public, policy makers, and 
stakeholders. 

In contrast, at least for ocean iron fertilization, a longer period of study and open-ocean fieldwork has led to 
a substantial understanding of the upper-ocean biological responses to iron fertilization and effects on ocean CO2 
uptake, at least over the time span of the experiments. At the same time, the added scientific understanding has 
led to a decrease in acceptance of ocean iron fertilization by some groups, even within the scientific community, 
given the complexity of what is known now to be still large uncertainties regarding the intended and unintended 
consequences at scale (e.g., Chisholm et al., 2001; Johnson and Karl, 2002). 

(Continued) 
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BOX 1.2. Continued 
 

The important point of the schematic is that CDR approaches may follow different learning curves over 
time, and some care may be required in interpreting early results. The scientific confidence regarding the 
viability of different CDR approaches may change with time as further research expands scientific 
understanding, requiring flexibility in the design of any research program and periodic review of priorities as the 
science evolves. 

 
FIGURE 1.9 Potential learning curves over time for ocean CDR approaches. 

 
 

The NRC (2015a) CDR report advised that “if carbon dioxide removal technologies are to be 
viable, it is critical now to embark on a research program to lower the technical barriers to efficacy and 
affordability while remaining open to new ideas, approaches, and synergies.” In 2019, the National 
Academies published a report that advances this goal, Negative Emissions Technologies and Reliable 
Sequestration: A Research Agenda (NASEM, 2019). The study found that, to meet climate goals, some 
form of CDR will likely be needed to remove roughly 10 Gt CO2/yr by mid-century and 20 Gt CO2/yr by 
the end of the century. To help meet that goal, four land-based CDR approaches were ready for large-
scale deployment: afforestation/reforestation, changes in forest management, uptake and storage by 
agricultural soils, and bioenergy with carbon capture and storage, based on the potential to remove carbon 
at costs below $100/t CO2. The study included a detailed research agenda to assess the benefits, risks, and 
sustainable scale potential for those four land-based approaches to CDR. The committee also examined 
approaches described as coastal blue carbon, limited to nearshore coastal land management strategies 
(e.g., seagrasses and wetlands), concluding that the potential for removing carbon is lower than other 
approaches but continued research is warranted to understand how future uptake of carbon may be 
affected by climate change and coastal management practices  

The 2019 report did not examine the more global ocean-based approaches but did recognize the 
potential for ocean-based CDR and the need for a research strategy to explore these options. To address 
this gap in understanding and the need for further exploration into CDR options that could feasibly 
contribute to a larger climate mitigation strategy, the National Academies convened the Committee on a 
Research Strategy for Ocean-Based Carbon Dioxide Removal and Sequestration. Specifically, this 
committee was assembled to develop a research agenda to assess the benefits, risks, and potential for 
responsible scale-up of a range of ecosystem-based and technological ocean-based CDR approaches.  The 
committee’s Statement of Task is presented in Box 1.3. The six approaches in the Statement of Task, as 
defined by the study sponsor, are representative of the range of proposed ocean-based CDR approaches; 
they should not be taken as a comprehensive list of all ocean-based approaches.  Additionally, this report 
does not repeat the work on blue carbon in vegetated coastal ecosystems covered in the 2019 National 
Academies report. 
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The intended audience for this report is wide ranging, including those interested in incorporating 
ocean-based CDR as part of a larger climate mitigation strategy.  The committee’s task (Box 1.3) and 
focus was on identifying research and development needs within the ocean-based CDR space that could 
supply information to decision makers considering next steps involved in the scale-up of promising 
ocean-based CDR solutions. 

Funding for the study came from the ClimateWorks Foundation, a nonprofit organization serving 
as a philanthropic platform for advancing climate solutions.  As part of ClimateWorks Ocean CDR 
Portfolio, this task included examination of six groups of ocean-based CDR approaches, to identify key 
scientific and technological questions, including questions surrounding governance and societal 
dimensions that could increase the viability of responsible use of the ocean as a mechanism for carbon 
removal from Earth’s atmosphere.  
 
 

BOX 1.3.  Statement of Task 
 

With the goal of reducing atmospheric carbon dioxide, an ad hoc committee will conduct a study 
exclusively focused on carbon dioxide removal (CDR) and sequestration conducted in coastal and open ocean 
waters to:  

A. Identify the most urgent unanswered scientific and technical questions, as well as questions surrounding 
governance, needed to: (i) assess the benefits, risks, and potential scale for carbon dioxide removal and 
sequestration approaches; and (ii) increase the viability of responsible carbon dioxide removal and 
sequestration;  

B. Define the essential components of a research and development program and specific steps that would 
be required to answer these questions;  

C. Estimate the costs and potential environmental impacts of such a research and development program to 
the extent possible in the timeframe of the study. 

D. Recommend ways to implement such a research and development program that could be used by public 
or private organizations.  

 
The carbon dioxide removal approaches to be examined include:  

• Iron, nitrogen or phosphorus fertilization 
• Artificial upwelling and downwelling 
• Seaweed cultivation 
• Recovery of ocean and coastal ecosystems, including large marine organisms 
• Ocean alkalinity enhancement 
• Electrochemical ocean CDR approaches.  

 
 

1.7 STUDY APPROACH AND FRAMEWORK FOR ASSESSMENT 
 

The study is organized around the six groups of ocean-based CDR approaches identified in the 
Statement of Task: nutrient fertilization, artificial upwelling and downwelling, seaweed cultivation, 
ecosystem recovery, alkalinity enhancement, and electrochemical approaches, illustrated in Figure 1.10. 
Chapter 2 of the report covers a series of crosscutting issues—legal, regulatory and governance issues, 
social dimensions and justice considerations, and economic and funding considerations—foundational to 
all ocean-based CDR approaches. Chapter 2 also includes a subsection on common ocean monitoring 
requirements that will be needed for both CDR verification and assessment of environmental impacts. 
Chapters 3–8 then document the six ocean-based CDR groups followed by a synthesis chapter (Chapter 9): 
 

● Nutrient fertilization (Chapter 3): Addition of micronutrients (e.g., iron) and/or 
macronutrients (e.g., phosphorus or nitrogen) to the surface ocean may in some settings 
increase photosynthesis by marine phytoplankton, and can thus enhance uptake of CO2 and 
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transfer of organic carbon to the deep sea where it can be sequestered for timescales of a 
century or longer.  As such, nutrient fertilization essentially locally enhances the natural 
ocean biological carbon pump using energy from the sun, and in case of iron, relatively small 
amounts of iron are needed. 

● Artificial upwelling and downwelling (Chapter 4): A process where water from depths 
generally cooler and more nutrient and carbon dioxide rich than surface waters is pumped 
into the surface ocean. Artificial upwelling has been suggested as a means to increase 
localized primary production and ultimately export production and net CDR.  Artificial 
downwelling is the downward transport of surface water; this activity has been suggested as a 
mechanism to counteract eutrophication and hypoxia in coastal regions by increasing 
ventilation below the pycnocline and as a means to carry carbon into the deep ocean. 

● Seaweed cultivation (Chapter 5): The process of producing macrophyte organic carbon 
biomass via photosynthesis and transporting that carbon into a carbon reservoir removes CO2 
from the upper ocean.  Large-scale farming of macrophytes (seaweed) can act as a CDR 
approach by transporting organic carbon to the deep sea or into sediments. 

● Recovery of ocean and coastal ecosystems (Chapter 6): CDR and sequestration through 
protection and restoration of coastal ecosystems, such as kelp forests and free-floating 
Sargassum, and the recovery of fishes, whales, and other animals in the oceans. 

● Ocean alkalinity enhancement (OAE) (Chapter 7): Chemical alteration of seawater 
chemistry via addition of alkalinity through various mechanisms including enhanced mineral 
weathering and electrochemical or thermal reactions releasing alkalinity to the ocean, with 
the ultimate aim of removing CO2 from the atmosphere. 

● Electrochemical approaches (Chapter 8): Removal of CO2 or enhancement of the storage 
capacity of CO2 in seawater (e.g., in the form of ions, or mineral carbonates) by enhancing its 
acidity, or alkalinity, respectively. These approaches exploit the pH-dependent solubility of 
CO2 by passage of an electric current through water, which by inducing water splitting 
(“electrolysis”) changes its pH in a confined reaction environment. As one example, OAE 
may be accomplished by electrochemical approaches.  

 
For clarity in the report, we refer to carbon dioxide removal or CDR as intentional efforts to 

remove CO2 from the atmosphere and store or sequester that carbon in some reservoir isolated from the 
atmosphere for some extended period of time, typically multiple decades or longer. Natural biotic and 
abiotic processes also act to sequester carbon away from the atmosphere—the atmosphere holds only a 
fraction of the amount of carbon in the ocean and land biosphere, let alone more slowly evolving 
geological reservoirs. Where possible, we attempt to keep distinct deliberate human actions that enhance 
carbon storage away from the atmosphere; they are often perturbations on the much larger natural carbon 
fluxes and storage reservoirs. 

The committee used a variety of information sources to inform and enrich deliberations and 
conduct their assessment, including a review of the scientific literature and a series of public meetings 
held in the virtual setting including four workshops and two additional public sessions.  Over 65 experts 
from academic, governmental, and nongovernmental communities (see Appendix B for a list of experts 
invited to speak to the committee) were invited to present to the committee to better understand 
stakeholder interest and to explore the current state of knowledge, potential, and limitations of ocean-
CDR approaches. Workshop and meeting programs were developed to encourage discussion from diverse 
perspectives on ocean CDR feasibility and included presentations, made publically available, as well as 
moderated panel discussions incorporating questions from the committee and the online audience.   
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FIGURE 1.10 Ocean-based CDR approaches considered in this study.  
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Each of the six groups of ocean-based CDR approaches was evaluated against a common set of 
criteria, where feasible. The criteria were developed by the committee based on specific elements 
included in the Statement of Task and from a review of previous planning and synthesis documents on 
CDR (e.g., NRC, 2015a; GESAMP, 2019; NASEM, 2019). The criteria were also used as prompts for 
invited speakers for the committee’s public sessions. These criteria together inform discussion on the 
viability (or feasibility) of responsible CDR and sequestration as highlighted in the Statement of Task. 
The criteria investigated include: 
 
Knowledge base: What is the current state of scientific and technical understanding and readiness? How 
much of current understanding is based on theory and models and laboratory-scale experiments versus 
contained field experiments (i.e., mesocosms or similar approaches) and uncontained ocean perturbation 
experiments? What are the main knowledge gaps, and what are the uncertainties and/or confidence in this 
knowledge? 
 
Efficacy: Can effective CO2 removal from the atmosphere be demonstrated? Does the approach meet 
additionality? That is, on the system-level scale, what is the expected net CO2 removal from the 
atmosphere and are there any compensating climate mitigation effects such as release of other GHGs? 
What, if any, downstream effects will occur and how does this influence efficacy? 
 
Durability or permanence: Where is the excess carbon stored? On what timescale(s) will the carbon be 
released back into the atmosphere? What are the risk factors, both natural and social, associated with CO2 
release? Until widely accepted methods are developed to equate varied durability terms, longer and more 
durable storage terms have greater value. 
 
Monitoring and verification: What are the monitoring and verification activities needed to quantify 
CDR efficacy (carbon accounting of the CO2 removal from atmosphere, the increase in carbon stored in 
some nonatmosphere reservoir, and timescale of loss of sequestered carbon back to atmosphere)? 
Similarly, what are the monitoring needs to identify environmental and social impacts? Are there 
potential synergies with other ocean and environmental/climate observing systems? 
 
Scale: What is the potential scale of the CDR technique, in terms of annual CO2 removal, at partial up to 
full deployment? Are there geographic constraints on efficacy and total scale? Is there information on the 
temporal ramp-up rate to deploy the approach at scale? To facilitate comparisons across methods, a 
nominal annual scale of 0.1 Gt CO2/yr is used. While smaller than the possible total CDR demand of up 
to tens of Gt CO2/yr, the nominal scale may be sufficient to contribute to a portfolio of CDR approaches. 
 
Viability and barriers: What is the potential viability of the CDR approach for deployment, taking into 
consideration a full suite of technical, scientific, economic, safety, and sociopolitical factors? What are 
the possible environmental and social impacts of the CDR approach, considering both intended and 
unintended consequences? Are the impacts localized to the marine environment or do they extend into 
coastal and terrestrial regions?  Are there possible co-benefits of the CDR approach, or is the CDR 
approach a co-benefit for some other environmental or conservation goal? What are the costs of the CDR 
approach ($/t CO2) including the CO2 removal/sequestration and the monitoring and verification costs for 
carbon accounting and environmental or social impacts? What are the energy, resource, infrastructure, 
land, and ocean-space requirements for the CDR approach? 
 
Governance and social dimensions: What is the governance landscape for research on and possible 
future deployment of the CDR approach? Here governance is defined broadly to mean the legal, policy, 
and social context in which activities relating to ocean-based CDR and sequestration take place. It 
encompasses the laws and rules applying to activities, as well as the policies, processes, and institutions 
by which decisions about activities are made, including the role of various stakeholders and the public in 
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decision-making. What are the social dimensions and environmental justice issues associated with the 
CDR approach? 
 
R&D opportunities: What are the R&D opportunities for the CDR approach over the next decade with 
the objective that research investments in the near term should better inform societal decisions in the 
future about potential deployment or not of a CDR approach? How can CDR research programs be 
framed in terms of “responsible innovation,” defined “taking care of the future through collective 
stewardship of science and innovation in the present” (Stilgoe et al., 2013)? Are there best practices for 
CDR research that include transparency and adequate monitoring for carbon accounting and 
environmental and social impacts, limiting any potential negative impacts of field research, and 
engagement of coastal communities and the public?  Are there research opportunities for expanding 
knowledge by moving research from modeling and laboratory scale to carefully constructed field 
experiments? Will CDR research have co-benefits of improving ocean science understanding? What are 
the possible funding mechanisms for CDR research? 
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2 
Crosscutting Considerations on Ocean-Based CDR R&D 

 
This chapter addresses several crosscutting considerations that are relevant to all ocean carbon 

dioxide removal (CDR) techniques. It begins with a discussion of the existing international and domestic 
legal frameworks for ocean CDR research and deployment. That is followed by a discussion of the social 
dimensions of ocean CDR, including issues relating to public and community acceptance, environmental 
and climate justice considerations, and the political dynamics of ocean CDR. Finally, the chapter 
discusses other factors affecting the viability of ocean CDR, including monitoring and verification and 
funding. The chapter concludes with a discussion and summary of research needed to address these 
foundational, cross-cutting considerations. 
 

2.1 LEGAL AND REGULATORY LANDSCAPE 
 

The current legal framework for ocean CDR is highly fragmented, in large part due to the shared 
nature of the oceans. Around 60 percent of the oceans comprise so-called international waters, which are 
not under the authority or control of any one country, but rather open to use by all in accordance with 
international law. Coastal countries and, in some cases, their administrative divisions, share authority over 
the remainder of the oceans. As such, depending on where they occur, ocean CDR projects may be 
subject to various international and/or domestic laws. 

At the international level and domestically in the United States, there is no single, comprehensive 
legal framework specific to ocean CDR research or deployment. Although there has been an attempt to 
regulate certain ocean CDR techniques—most notably, nutrient fertilization—under existing international 
agreements, there remain significant gaps in the international legal framework. 

Notwithstanding the lack of international and domestic law specifically governing ocean CDR 
research and deployment, projects could be subject to a variety of general environmental and other laws. 
Because those laws were developed to regulate other activities, there is often uncertainty as to how they 
will apply to ocean CDR research and deployment. Further research is needed both to resolve unanswered 
questions about the application of existing law to ocean CDR projects and to develop new model 
governance frameworks for such projects. 

Developing a clear and consistent legal framework for ocean CDR is essential to facilitate 
research and (if deemed appropriate) full-scale deployment, while also ensuring that projects are 
conducted in a safe and environmentally sound manner. Having appropriate legal safeguards in place is 
vital to minimize the risk of negative environmental and other outcomes and should help to promote 
greater confidence in ocean CDR among investors, policy makers, and other stakeholders. It is, however, 
important to avoid imposing inappropriate or overly strict requirements that could unnecessarily hinder 
ocean CDR research and deployment. Having clearly defined requirements should simplify the permitting 
of projects and reduce uncertainties and risks for project developers. 
 

Jurisdiction over the Oceans 
 

The extent of countries’ jurisdiction over the oceans is defined by international law as set out in 
the 1982 United Nations Convention on the Law of the Sea (UNCLOS). Although the United States is not 
a party to UNCLOS, it recognizes many of its provisions (including those discussed in this subsection) as 
forming part of customary international law, and thus abides by them. 
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FIGURE 2.1 Maritime zones identified in United Nations Convention on the Law of the Sea. SOURCE: 
NOAA. 
 

UNCLOS distinguishes the oceans from countries’ internal waters (see Figure 2.1). The dividing 
line between the two is known as the baseline and is normally the low-water line along the relevant 
country’s coast.1 Waters situated landward of the baseline are internal waters over which the country has 
full sovereign rights.2 Ocean waters, situated beyond the baseline, are divided into several zones, each of 
which has a different legal status (see Table 2.1). 
 
TABLE 2.1 Zonal Jurisdictions in Ocean Waters 
Zone Location Status 
Territorial sea 0 to 12 nautical miles from the 

baseline 
Part of the sovereign territory of the coastal country.a 

Contiguous 
zone  

12 to 24 nautical miles from the 
baseline 

Country has authority to prevent and punish infringement of its 
customs, fiscal, immigration, or sanitary laws and regulations.b 

Exclusive 
economic zone 
(EEZ)  

12 to 200 nautical miles from the 
baseline 

Country has sovereign rights to explore for, exploit, conserve, and 
manage natural resources and perform other activities for the 
economic exploitation of the zone, and jurisdiction over artificial 
islands and other structures, marine scientific research, and the 
protection and preservation of the marine environment.c  

Continental 
shelf 

12 to 200 nautical miles from the 
baseline or the outer edge of the 
continental margin (subject to 
certain limits) 

Country has sovereign rights to explore and exploit natural 
resources in the continental shelf.d  

High seas Areas not included in the above 
categories 

No country has sovereign rights. Open to use by all countries.e 

a Art. 2-3, United Nations Convention on the Law of the Sea, Dec. 10, 1982, 1833 U.N.T.S. 397 (hereinafter 
“UNCLOS”). 
b Art. 33, UNCLOS. 
c Art. 55-57, UNCLOS. 
d Art. 76-78, UNCLOS. 
e Art. 86-87, UNCLOS. 

                                                      
1 Art. 5, United Nations Convention on the Law of the Sea, Dec. 10, 1982, 1833 U.N.T.S. 397 [hereinafter 

“UNCLOS”]. See also art. 7, UNCLOS (providing for the use of “straight baselines” in some circumstances). 
2 Art. 8, UNCLOS. 
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The U.S. Territorial Sea and Exclusive Economic Zone (EEZ) are shown in Figure 2.2. 
Jurisdiction over the U.S. territorial sea is shared among the coastal states and territories and the federal 
government. Each coastal state has primary jurisdiction over areas extending 3 nautical miles from its 
coastline, except in parts of the Gulf of Mexico, where the jurisdiction of Texas and Florida extends 9 
nautical miles from the coast.3 Puerto Rico’s jurisdiction also extends 9 nautical miles from the coast, 
while other territories only have jurisdiction over areas within 3 nautical miles of the coast.4 (Areas under 
the primary jurisdiction of states or territories are referred to as “state waters.”) 

Local governments have limited jurisdiction in state waters in some areas. Additionally, the 
federal government retains some regulatory authority in state waters (e.g., to regulate commerce, 
navigation, national defense, and international affairs).5 The federal government also has exclusive 
authority over federal waters, which extend beyond state waters, up to 200 nautical miles from the 
baseline. 

Some Native American tribes have rights to fish in U.S. state and federal waters and co-manage 
fishery resources with state and federal governments.6 U.S. courts have held that tribal fishing rights 
create an implied duty on the part of state and federal governments to avoid damage to fish habitat.7 
Federal agencies are required to consult with tribal officials before taking any action that will “have 
substantial direct effects on one or more Indian tribes.”8 The National Oceanic and Atmospheric 
Administration (NOAA) has issued guidelines for conducting such consultations.9 
 
 

 
FIGURE 2.2 U.S. Territorial sea and exclusive economic zone. SOURCE: NOAA (2021). 
  

                                                      
3 43 U.S.C. §§ 1301 & 1312; U.S. v. Louisiana, 100 S. Ct. 1618 (1980), 420 U.S. 529 (1975), 394 U.S. 11 

(1969), 389 U.S. 155 (1967), 363 U.S. 1 (1960), 339 U.S. 699 (1950). 
4 48 U.S.C. §§ 749 & 1705. 
5 43 U.S.C. § 1314. 
6 See e.g., Treaty with the Dwamish, Suquamish, etc. (commonly known as the Treaty of Point Elliot), art. 5, 

Jan. 22, 1855, 12 Stat. 927. 
7 United States v. Washington, 853 F.3d 946 (9th Cir. 2017), cert. granted, 138 S. Ct. 735 (2018) 
8 Executive Order No. 13175, 65 Fed. Reg. 65249 (2000). 
9 See http://www.legislative.noaa.gov/policybriefs/NOAA%20Tribal%20consultation%20handbook%206% 

2013.11%20final.pdf. 
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International Law Relevant to Ocean CDR 
 

Ocean-based activities are governed by a large body of international law, comprising both 
international agreements that specific countries have consented to be bound by and customary rules that 
establish universal legal standards that are binding on all countries. This body of international law was 
developed to deal with issues such as ocean access, marine pollution, and fisheries management. At the 
time they were negotiated, none of the international ocean agreements were intended to regulate ocean 
CDR research or deployment. However, many of the agreements include provisions that could apply to in 
situ testing, and/or full-scale deployment, of one or more ocean CDR techniques. The parties to one 
agreement—the London Protocol—have adopted an amendment that is intended to establish a specific 
regulatory framework for so-called marine geoengineering activities that involve the addition of materials 
to the oceans (e.g., nutrient fertilization). That amendment has not yet taken effect, however. 

Previous studies have considered the application of existing international law to projects 
involving research into, or full-scale deployment of, various ocean CDR techniques (e.g., Abate and 
Greenlee 2009, Brent, Burns, and McGee 2019, Brent et al. 2018, Freestone and Rayfuse 2008, GESAMP 
2019, Kuokkanen and Yamineva 2013, McGee, Brent, and Burns 2017, Proelss 2012, Proelss and Hong 
2012, Reynolds 2015, Reynolds 2018a, 2018b, Scott 2013, Verlaan 2009, Webb, Silverman-Roati, and 
Gerrard 2021). The studies have generally concluded that existing international law is poorly suited to 
regulating ocean CDR. Studies have identified various gaps and shortcomings in the existing international 
legal framework and highlighted challenges that may arise from its application to ocean CDR. Some have 
also recommended principles to guide the development of new international governance frameworks for 
ocean CDR (e.g., Abate and Greenlee, 2010; McGee et al., 2017). 

This section summarizes the prior research on the application of existing international law to 
ocean CDR. It is important, at the outset, to note the limited effect of some of the international laws 
discussed. While all countries are generally bound by the rules of customary international law, 
international agreements are only binding on countries that are party to them. Several of the international 
agreements discussed below have a relatively small number of parties and therefore limited application. 
Moreover, international agreements and customary international law generally do not impose binding 
obligations on private actors (e.g., individuals and corporations). However, to comply with their 
international legal obligations, countries may be required to adopt domestic laws that apply to private 
actors under their jurisdiction. This would include private actors engaging in ocean CDR activities: 
 

● in the relevant country’s territorial sea or EEZ, and 
● in other areas, where activities are performed: 

○ using vessels registered or “flagged” in the relevant country; or 
○ in some cases, using materials that were loaded onto a vessel in the relevant country. 

 
Note also that some international agreements establish different rules for ocean CDR research 

versus full-scale deployment. Where that is the case, it is noted below. Many agreements do not, however, 
expressly distinguish between research and deployment. 
 
Relevant Principles of Customary International Law 
 

Several rules of customary international law could apply to research into, and full-scale 
deployment of, ocean CDR techniques. Previous studies (e.g., Reynolds, 2015; Brent et al., 2019) have 
concluded that ocean CDR and other geoengineering activities could trigger the so-called “no harm” rule  
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of customary international law. Under the no harm rule, countries have a “responsibility to ensure that 
activities within their jurisdiction or control do not cause damage to the environment of other[s]” or the 
global commons (including the high seas).10 The rule imposes a “due diligence” obligation on countries to 
“do the utmost” to avoid or minimize transboundary environmental harm, including by adopting and 
enforcing domestic laws to control potentially harmful activities.11 Researchers (e.g., Brent et al., 2019; 
Webb et al., 2021) have concluded that, to fulfil their obligation, countries may need to establish domestic 
laws respecting ocean CDR. 

Countries also have a procedural obligation under customary international law to assess whether 
projects under their jurisdiction are at risk of causing significant transboundary environmental harm (e.g., 
to other states’ territory or the high seas).12 While there is no agreed definition of what constitutes 
“significant” harm, the International Law Commission has interpreted the term as requiring damage that 
is “more than detectable, but need not be at the level of serious or substantial.”13 Past research (e.g., Brent 
et al., 2019) has identified various factors relevant to assessing the risk of harm from ocean CDR, 
including the sensitivity of the area likely to be affected and the nature, scale, and permanence of the 
effects. Ultimately, however, the assessment will need to be undertaken on a case-by-case basis by the 
country under whose jurisdiction the activity occurs. 

Additional international law obligations apply where the initial assessment indicates that a project 
presents significant risks. A more comprehensive environmental impact assessment (EIA) must be 
conducted for risky projects and, where the EIA confirms the potential for significant transboundary 
environmental damage, those potentially affected must be notified and consulted with.14 However, 
international law does not dictate the conduct of the EIAs or consultations, giving countries broad 
discretion to determine how to comply. 
 
Relevant International Agreements 
 
UNFCCC, Kyoto Protocol, and Paris Agreement 
 

The United Nations Framework Convention on Climate Change (UNFCCC) was adopted in May 
1992 and entered into force in March 1994. As of August 2021, 196 countries, including all United 
Nations member states, and the European Union were party to the UNFCCC.15 A subset of parties 
subsequently agreed to the Kyoto Protocol, which was adopted in December 1997 and entered into 
February 2005, and the Paris Agreement, which was adopted in December 2015 and entered into force in 

                                                      
10 Declaration of the United Nations Conference on Environment and Development, Principle 2, UN Doc 

A/CONF.151/26/Rev. 1, June 3-14, 1992. 
11 Responsibilities and Obligations of States Sponsoring Persons and Entities with Respect to Activities in the 

Area, Advisory Opinion, Int’l Tribunal for the Law of the Sea, Case No. 17, 110-116 (Feb. 2011). 
12 Certain Activities Carried Out by Nicaragua in the Border Are (Costa Rica v. Nicaragua) & Construction of a 

Road in Costa Rica Along the San Juan River (Nicaragua v. Costa Rica) (International Court of Justice, General List 
Nos 150 and 152, 16 Dec. 2015).  

13 International Law Commission, Draft Articles on Prevention of Transboundary Harm from Hazardous 
Activities, with Commentaries 152 (2001), 
https://legal.un.org/ilc/texts/instruments/english/commentaries/9_7_2001.pdf.  

14 Responsibilities and Obligations of States Sponsoring Persons and Entities with respect to Activities in the 
Area, Advisory Opinion, Int’l Tribunal for the Law of the Sea, Case No. 17, 145-149 (Feb. 2011); Certain Activities 
Carried Out by Nicaragua in the Border Area (Costa Rica v. Nicaragua), Judgement, ICJ Rep. 2015, 665 at 706-707 
(Dec. 2015). 

15 See https://treaties.un.org/Pages/ViewDetailsIII.aspx?src=IND&mtdsg_no=XXVII7&chapter=27&Temp= 
mtdsg3&clang=_en. 
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November 2016. The United States never became a party to the Kyoto Protocol, but is a party to the Paris 
Agreement.16 

Past studies (e.g., Proelss, 2012; Reynolds, 2015; Craik and Burns, 2016; Brent et al., 2019) have 
concluded that the UNFCCC, Kyoto Protocol, and Paris Agreement implicitly approve the use of CDR 
techniques to mitigate climate change. The overarching goal of the UNFCCC is to stabilize atmospheric 
greenhouse gas concentrations at a level that will “prevent dangerous anthropogenic interference with the 
climate system.”17 To that end, the UNFCCC requires each developed country party to take steps to limit 
its greenhouse gas emissions and “protect[ ] and enhanc[e] its greenhouse gas sinks,”18 which could be 
achieved through ocean CDR. The UNFCCC defines the term “sink” broadly to include “any process, 
activity or mechanism which removes a greenhouse gas, an aerosol or a precursor of a greenhouse gas 
from the atmosphere.”19 The definition is not limited to naturally occurring techniques and would 
encompass human interventions. 

The Kyoto Protocol similarly requires developed country parties to protect and enhance 
greenhouse gas sinks and to conduct research into, and adopt policies to promote the use of, “carbon 
dioxide sequestration techniques.”20 That term, although not defined in the Kyoto Protocol, could include 
ocean CDR techniques that result in the storage of carbon dioxide in the marine environment. 

Finally, the Paris Agreement requires all parties, including the United States, to take steps to 
mitigate climate change, with the objective of limiting global warming to “well below” 2oC, and ideally 
1.5oC, above pre-industrial levels.21 Under the Paris Agreement, parties “aim to reach global peaking of 
greenhouse gas emissions as soon as possible,” and “to achieve a balance between anthropogenic 
emissions by sources and removal by sinks” in the second half of the century.22 The Paris Agreement thus 
anticipates that parties may mitigate climate change both by reducing anthropogenic emissions and 
increasing removals by sinks. The Agreement expressly states that parties “should take action to conserve 
and enhance, as appropriate, sinks and reservoirs of greenhouse gases.”23 Ocean CDR could, at least in 
some circumstances, be viewed as a way of enhancing sinks. 

Each party to the Paris Agreement determines the extent to which, and how, it will contribute to 
the achievement of the Agreement’s goals and communicates that information in its “nationally 
determined contribution” (NDC).24 One recent study (Gallo et al., 2017) found that 27 parties included 
coastal carbon sequestration techniques (also known as blue carbon) in their initial NDCs. Others (e.g., 
Craik and Burns, 2016; Brent et al., 2019) have concluded that parties could, consistent with the terms of 
the Paris Agreement, incorporate ocean CDR into their NDCs. The Paris Agreement does not, however, 
expressly require parties to engage in ocean CDR techniques or establish specific rules for their use.  

                                                      
16 The U.S. adopted the Paris Agreement on September 3, 2015. On November 4, 2019, the U.S. notified the 

United Nations Secretary General of its intent to withdraw from the Paris Agreement. Under the terms of the Paris 
Agreement, the withdrawal took effect 1 year later on November 4, 2020. The U.S. rejoined the Paris Agreement on 
January 20, 2021. See https://www.un.org/sg/en/content/sg/note-correspondents/2017-08-04/note-correspondents-
paris-climate-agreement; https://www.google.com/url?q=https://treaties.un.org/doc/Publication/CN/2019/CN.575. 
2019-Eng.pdf&sa=D&source=editors&ust=1628009662970000&usg=AOvVaw3poBcPe4P3tUXvNd5YuBp9; 
https://www.state.gov/the-united-states-officially-rejoins-the-paris-agreement/. 

17 Art. 2, United Nations Framework Convention on Climate Change, May 9, 1992, S. Treaty Doc No. 102-38, 
1771 U.N.T.S. 107 (hereinafter UNFCCC). 

18 Art. 4(2)(a), UNFCCC. 
19 Art. 1, UNFCCC.  
20 Art. 2(1)(a)(ii) & (iv), Kyoto Protocol to the United Nations Framework Convention on Climate Change, 

Dec. 10, 1997, 2303 U.N.T.S. 148. 
21 Art. 2(1)(a) & 4, Paris Agreement, Dec. 12, 2015, U/N. Doc. FCCC/CP/2015/L.9/Rev/1 (hereinafter Paris 

Agreement). 
22 Art. 4(1), Paris Agreement.  
23 Art. 5, Paris Agreement.  
24 Art. 3 & 4, Paris Agreement. 
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Convention on Biological Diversity  
 

The Convention on Biological Diversity (CBD) was adopted in June 1992 and entered into force 
in December 1993. As of August 2021, there were 196 parties to the CBD, giving it near global 
coverage.25 Notably, however, the United States is not a party to the CBD. 

The CBD aims to promote “the conservation of biological diversity, [and] the sustainable use of 
its components.” Article 3 of the CBD reiterates the customary international law obligation of countries to 
avoid transboundary environmental harm. Under Article 7, parties must, as far as possible and 
appropriate, identify potentially harmful activities and monitor their effects. Article 14 requires parties to 
implement procedures to conduct EIAs of proposed activities that are likely to have significant adverse 
effects on biological diversity and allow for public participation in the assessment process. Where an 
activity is likely to have transboundary effects, parties must notify, and consult with, the potentially 
affected countries before it occurs.26 Parties must have in place arrangements for responding to activities 
that present a “grave and imminent danger” to biological diversity and, if the danger is transboundary, 
immediately notify potentially affected countries and take action to prevent or minimize the danger.27 

The parties to the CBD have adopted a series of non-binding decisions specifically addressing 
ocean fertilization and other so-called “geoengineering” activities. Decision IX/16, adopted in October 
2008, recommends that “ocean fertilization activities” be avoided “until there is an adequate scientific 
basis on which to justify such activities, including assessing associated risks, and a global, transparent and 
effective control and regulatory mechanism is in place for these activities.” 28 Decision XI/16 incorporates 
an exception for “small scale research studies within coastal waters,” which may be authorized “if 
justified by the need to gather specific scientific data, and should also be subject to a thorough prior 
assessment of the potential impacts of the research studies on the marine environment, and be strictly 
controlled, and not be used for generating and selling carbon offsets or any other commercial purposes.”29 

In October 2010, the parties to the CBD adopted Decision X/33, which reiterates that ocean 
fertilization activities should be “addressed in accordance with decision IX/16.”30 Decision X/33 also 
deals more broadly with “geoengineering activities,” which were initially defined to include “any 
technologies that deliberately reduce solar insolation or increase carbon sequestration from the 
atmosphere on a large scale that may affect biodiversity.”31 The decision recommends that parties and 
other governments: 
 

[e]nsure, . . . in the absence of science based, global, transparent and effective control and 
regulatory mechanisms for geo-engineering, and in accordance with the precautionary approach 
and Article 14 of the Convention, that no climate-related geo-engineering activities[ ] that may 
affect biodiversity take place, until there is an adequate scientific basis on which to justify such 
activities and appropriate consideration of the associated risks for the environment and 
biodiversity and associated social, economic and cultural impacts, with the exception of small 
scale scientific research studies that would be conducted in a controlled setting . . . if they are 
justified by the need to gather specific scientific data and are subject to a thorough prior 
assessment of the potential impacts on the environment.”32 

                                                      
25 See https://www.cbd.int/information/parties.shtml. 
26 Art. 14, Convention on Biological Diversity, June 5, 1992, 1760 U.N.T.S. 79, 143 (hereinafter CBD). 
27 Art. 14, CBD. 
28 Para. C(4), Report of the Conference of the Parties to the Convention on Biological Diversity on the Work of 

its Ninth Meeting, Decision IX/16 on Biodiversity and Climate Change, Oct. 9, 2008 (hereinafter Decision IX/16). 
29 Para. C(4), Decision IX/16. 
30 Para. 8(w), Report of the Conference of the Parties to the Convention on Biological Diversity on the Work of 

its Tenth Meeting, Decision X/33 on Biodiversity and Climate Change, Oct. 29, 2010 (hereinafter “Decision X/33”). 
31 Note 3, Decision X/33. 
32 Para 8(w), Decision X/33. 
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The parties reaffirmed the above recommendation in October 2012 in Decision XI/2033 and again in the 
December 2016 Decision XIII/4.34 In Decision XI/20, the parties also adopted a broader definition of 
“geoengineering,” which includes: 
 

(a) Any technologies that deliberately reduce solar insolation or increase carbon sequestration 
from the atmosphere on a large scale and that may affect biodiversity . . .  
(b) Deliberate intervention in the planetary environment of a nature and scale intended to 
counteract anthropogenic climate change and/or its impacts . . .  
(c) Deliberate large-scale manipulation of the planetary environment . . .  
(d) Technological efforts to stabilize the climate system by direct intervention in the energy 
balance of the Earth for reducing global warming.35 

 
Webb et al. (2021, p.19) concluded that this definition would encompass ocean CDR projects 

“undertaken for the purpose of mitigating climate change” However, they and others (e.g., Sugiyama and 
Sugiyama, 2010; Bodansky, 2011; Reynolds, 2018b; Brent et al., 2019) note that the practical effect of 
Decision X/33 is limited because it is nonbinding and uses soft language. While one nongovernmental 
organization (NGO)—the ETC Group—has argued that Decision X/33 creates a “de facto moratorium” 
on geoengineering that arguably overstates its legal effect (ETC Group, 2010). The decision expressly 
allows geoengineering research projects meeting specified criteria and, as noted, the prohibition on 
nonresearch projects is not legally binding. 
 
United Nations Convention on Law of the Sea 
 

UNCLOS was adopted in December 1982 and entered into force in November 1994. A separate 
Agreement for the Implementation of the Provisions of UNCLOS Relating to the Conservation and 
Management of Straddling Fish Stocks and Highly Migratory Fish Stocks (Straddling Fish Stocks 
Agreement) was adopted in August 1995 and entered into force in November 2001. As of August 2021, 
there were 168 parties to UNCLOS, and 91 parties to the Straddling Fish Stocks Agreement.36 The United 
States is a party to the Straddling Fish Stocks Agreement only. 

Ocean CDR research projects may be subject to Part XIII of UNCLOS, which deals with “marine 
scientific research.” Although UNCLOS does not define what constitutes “marine scientific research,” the 
term is commonly interpreted to encompass any “scientific investigation . . . concerned with the marine 
environment,” including the water column and seabed. Researchers (e.g., Proelss and Hong, 2012; Brent 
et al., 2019, p. 19) have concluded that projects aimed at demonstrating or testing ocean CDR techniques 
would qualify if conducted “in situ” in the ocean. 

Part XIII of UNCLOS recognizes the right of each country to conduct marine scientific research 
within its own territorial sea and EEZ, within the terrestrial sea and EEZ of another country with that 
country’s consent, and on the high seas.37 The right to conduct marine scientific research is, however, 
subject to countries’ general duty under UNCLOS to protect and preserve the marine environment 
(discussed below). Marine scientific research must be conducted “exclusively for peaceful purposes,” in 

                                                      
33 Para. 1, Report of the Conference of the Parties to the Convention on Biological Diversity on the Work of its 

Eleventh Meeting, Decision XI/20 on Climate-Related Geoengineering, Dec. 5, 2012 (hereinafter Decision XI/20). 
34 Preamble, Report of the Conference of the Parties to the Convention on Biological Diversity on the Work of 

Its Thirteenth Meeting, Decision XIII/4, Dec. 10, 2016 (hereinafter Decision XIII/4).  
35 Para. 5, Decision XI/20. 
36 See https://www.un.org/Depts/los/reference_files/chronological_lists_of_ratifications.htm#Agreement%20 

relating%20to%20the%20implementation%20of%20Part%20XI%20of%20the%20Convention. 
37 Art. 245 & 246, UNCLOS. 
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accordance with “appropriate scientific methods,” and must not “unjustifiably interfere with other 
legitimate uses” of the oceans.38  

Countries wanting to conduct marine scientific research in the EEZ or on the continental shelf of 
another country must provide the host country with detailed information about the nature and objectives 
of the project, precisely where and when it will occur, and the activities and equipment to be used.39 The 
host country must be given the opportunity to participate in the project and, if requested, access to the 
research data, samples, and results.40 The research results must also be made available internationally.41 
Brent et al. (2019) have argued that these reporting requirements could help promote transparency in 
ocean CDR research. It is, however, important to note that the requirements will only apply to a subset of 
ocean CDR research projects—that is, those that are conducted by one country in the EEZ or on the 
continental shelf of a second country. 

Part XII of UNCLOS, dealing with “Protection and Preservation of the Marine Environment,” 
includes several provisions that could affect both research and full-scale ocean CDR projects. Article 193 
recognizes that countries have a “sovereign right to exploit their natural resources.” At least one study 
(Reynolds, 2018a) has concluded that ocean CDR may be viewed as a means of exploiting natural 
resources, specifically the ocean’s ability to absorb carbon dioxide, and thus within countries’ sovereign 
rights. 

Countries must exercise their sovereign rights in accordance with international law, including 
their obligation, under customary international law, to avoid significant transboundary environmental 
harm. Under Articles 192 and 193 of UNCLOS, countries also have a general obligation to protect and 
preserve the marine environment, and must exercise their sovereign rights in accordance with that 
obligation. UNCLOS includes several provisions requiring countries to take steps to control marine 
pollution42 and monitor and mitigate its effects.43 Similarly, the Straddling Fish Stocks Agreement 
requires parties (including the United States) to minimize pollution and its impacts, particularly on 
endangered fish and nonfish species.44 The term “pollution” is defined broadly to mean:  
 

the introduction by man, directly or indirectly, of substances or energy into the marine 
environment, including estuaries, which results or is likely to result in such deleterious effects as 
harm to living resources and marine life, hazards to human health, hindrance to marine activities, 
including fishing and other legitimate uses of the sea, impairment of quality for use of the sea 
water and reduction of amenities.  

 
Several researchers (e.g., Boyle, 2012; Reynolds, 2015, 2018b; Marshall, 2017) have argued that 

this definition could encompass carbon dioxide in the marine environment. Ocean CDR techniques that 
remove carbon dioxide from the marine environment could, therefore, be viewed as a form of pollution 
control. However, others (e.g., Brent et al., 2019; Webb et al., 2021) argue that ocean CDR techniques 
involving the addition of materials to ocean waters, such as ocean iron fertilization and ocean alkalinity 
enhancement, could themselves be considered pollution of the marine environment. Article 195 of 
UNCLOS requires parties, when taking steps to control pollution, to avoid merely transforming one type 
of pollution into another. That could have implications for projects that remove carbon dioxide, which 
may be considered a form of pollution, from ocean waters by adding other materials, which may also 
constitute pollutants, into the water. 

                                                      
38 Art. 240, UNCLOS.  
39 Art. 248, UNCLOS.  
40 Art. 249, UNCLOS.  
41 Art. 249, UNCLOS. 
42 Art. 194, 196 & 210-212, UNCLOS. 
43 Art. 198, 199, 200, & 204-206, UNCLOS. 
44 Art. 5, Straddling Fish Stocks Agreement. 
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Researchers (e.g., Reynolds, 2018a, b; Webb et al., 2021) have recommended a case-by-case 
assessment of ocean CDR projects. Where a project is found to involve pollution of the marine 
environment, the country under whose jurisdiction it occurs will need to comply with various 
requirements imposed under UNCLOS. Among other things, the party must notify affected countries and 
competent international authorities and study and document the effects of the project.45 

UNCLOS provides that countries that fail to fulfil their “international obligations concerning the 
protection and preservation of the marine environment . . . shall be liable in accordance with international 
law.”46 Disputes may be referred to the International Tribunal for the Law of the Sea, the International 
Court of Justice, or a specially constituted arbitral tribunal.47 Where a country is found to have breached 
its international obligations, it must cease the offending conduct (if it is continuing), “offer appropraite 
assurances and guarantees of non-repetition,” and “make full reparation” for any damage caused to 
others.48 
 
London Convention and Protocol 
 

The Convention on the Prevention of Marine Pollution by Dumping of Wastes and Other Matter 
(London Convention) was adopted in November 1972 and entered into force in August 1975. A protocol 
to the London Convention (the London Protocol) was adopted in November 1996 and entered into force 
in March 2006. The London Protocol will replace the Convention once ratified by all contracting parties. 
Until that occurs, the two instruments operate concurrently. Countries that are party only to the London 
Convention are bound solely by that instrument, whereas those that have ratified both are subject to the 
London Protocol. As of August 2021, there were 87 parties to the London Convention, and 53 parties to 
the London Protocol.49 The United States is a party only to the London Convention.50 

Countries that are party to the London Convention and/or London Protocol must adopt domestic 
laws to control the dumping of waste and other matter in the oceans.51 Both the London Convention and 
London Protocol define “dumping” to include the “deliberate disposal of waste or other matter at sea from 
vessels, aircraft, platforms, or other man-made structures.”52 The definition expressly excludes “the 
placement of matter [in the sea] for a purpose other than mere disposal,” where “such placement is not 
contrary to the aims of” the London Convention or Protocol.53 

Parties to the London Convention must prohibit the dumping of eight “blacklisted” substances 
(identified in Annex I to the Convention and listed in Table 2.2) but can permit the dumping of other 
substances.54 In contrast, parties to the London Protocol must prohibit the dumping of all substances, 
except eight “whitelisted” substances (identified in Annex I to the Protocol and listed in Table 2.2), which 
may be dumped with a permit.55 
  

                                                      
45 Art. 194, 196, 198, 202-209 & 211-212, UNCLOS. 
46 Art. 235(1), UNCLOS. 
47 Art. 287, UNCLOS. See also Annex VII & VIII, UNCLOS. 
48 Resolution Adopted by the United Nations General Assembly, Responsibility of States for Internationally 

Wrongful Acts, A/RES/56/83 (Jan. 28, 2002). 
49 See https://www.imo.org/en/OurWork/Environment/Pages/London-Convention-Protocol.aspx. 
50 See https://www.epa.gov/ocean-dumping/ocean-dumping-international-

treaties#:~:text=The%20United%20States%20ratified%20the,Parties%20to%20the%20London%20Convention. 
51 Art. IV, Convention on the Prevention of Marine Pollution by Dumping of Wastes and Other Matter, Dec. 29, 

1972 [hereinafter London Convention]; art. 4, Protocol to the Convention on the Prevention of Marine Pollution by 
Dumping of Wastes and Other Matters, Nov. 7, 1996 (hereinafter London Protocol). 

52 Art. III(a), London Convention; art. 1(4.1), London Protocol. 
53 Art. III(b), London Convention; art. 1(4.2), London Protocol. 
54 Art. IV, London Convention. 
55 Art. 4, London Protocol. 
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TABLE 2.2 Blacklisted and Whitelisted Substances as Identified in Annex I to the London Protocol 
Blacklisted Substances Under the London Conventiona Whitelisted Substances Under the London Protocolb 

1. Organohalogen compounds 
2. Mercury and mercury compounds 
3. Cadmium and cadmium compounds 
4. Persistent plastics and other persistent synthetic 

materials 
5. Crude oil, petroleum, refined petroleum 

products, distillate residues, and oil wastes 
6. Radioactive matter (except that containing de 

minimis levels of radioactivity) 
7. Materials produced for biological and chemical 

warfare 
8. Industrial waste generated by manufacturing or 

processing operations 
 
aMaterials containing substances 1 through 5 as “trace 
contaminants” only are not blacklisted. Materials 
containing any of the above substances, except 
radioactive matter, are not blacklisted if they “are rapidly 
rendered harmless by the physical, chemical or 
biological processes in the sea” and do not “make edible 
marine organisms unpalatable” or “endanger human 
health or that of domestic animals.” 

1. Dredged material 
2. Sewage sludge 
3. Fish waste and material resulting from 

industrial fish processing operations 
4. Vessels, platforms, and other manmade 

structures 
5. Inert, inorganic geological material 
6. Organic material of natural origin 
7. Bulk items “comprising iron, steel, concrete or 

similarly unharmful materials” (subject to some 
limitations) 

8. Carbon dioxide streams from carbon dioxide 
capture processes for sequestration. 

 
bThe listed materials cease to be whitelisted if they 
contain levels of radioactivity greater than “de minimis 
concentrations.” 

 
Some ocean CDR techniques, including ocean alkalinity enhancement, nutrient fertilization, and 

seaweed cultivation (in some cases), may involve “dumping” within the terms of the London Convention 
and Protocol (Scott, 2013; Webb et al., 2021). Whether a party to the London Convention and/or Protocol 
can permit such activities will, therefore, depend on the nature of the substances to be dumped. 
Substances blacklisted under the London Convention include “[p]ersistent plastics and other persistent 
synthetic materials,” such as “netting and ropes,” which could possibly be dumped in some ocean CDR 
projects (e.g., seaweed cultivation; Webb et al., 2021). Most ocean CDR projects are, however, unlikely 
to involve the dumping of blacklisted substances and thus could be permitted by parties to the London 
Convention (Freestone and Rayfuse, 2008; Scott, 2013; Webb et al., 2021). In contrast, many ocean CDR 
projects involving dumping likely could not be permitted by parties to the London Protocol, because the 
materials used are not whitelisted under the Protocol (Freestone and Rayfuse, 2008; Scott, 2013; Webb et 
al., 2021). One possible exception is seaweed cultivation as “organic material of natural origin,” which is 
whitelisted under the London Protocol. (There is, however, some uncertainty as to whether the sinking of 
cultivated seaweed even constitutes “dumping” and is thus covered by the London Convention; see 
Chapter 5). 

In 2008, the parties to the London Convention and London Protocol adopted a nonbinding 
resolution (LC-LP.1, 2008), in which they agreed that the instruments apply to ocean fertilization projects 
“undertaken by humans with the principal intention of stimulating primary production in the oceans” 
(except conventional aquaculture and mariculture and other projects related to the creation of artificial 
reefs).56 

Resolution LC-LP.1 (2008) specifies when ocean fertilization projects should be considered 
“dumping” for the purposes of the London Convention and Protocol. The resolution draws a distinction 
between research and other (nonresearch) ocean fertilization projects. According to the resolution, 
projects involving “legitimate scientific research . . . should be regarded as [involving the] placement of 

                                                      
56 Art. 1-2 & note 3, Resolution LC-LP.1 (2008) on the Regulation of Ocean Fertilization, Oct. 31, 2008. 
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matter for a purpose other than mere disposal.”57 As such, research projects will fall outside the definition 
of dumping, provided they are not contrary to the aims of the London Convention or Protocol. (As 
discussed above, the definition of “dumping” in the London Convention and Protocol excludes the 
“placement of matter for a purpose other than mere disposal,” where such placement is not contrary to the 
aims of the Convention or Protocol.)  

Resolution LC-LP.1 calls for a case-by-case assessment of research proposals.58 An Assessment 
Framework for Scientific Research Involving Ocean Fertilization was adopted in October 2010.59 The 
2010 framework provides for a two-stage assessment process, beginning with an “initial assessment” to 
consider whether the project “has proper scientific attributes and qualifies as “legitimate scientific 
research,” followed by an “environmental assessment” to evaluate its potential effects on the marine 
environment and measures to mitigate those effects.60 

The 2010 framework envisages that the initial and environmental assessments will be conducted 
by the country in whose jurisdiction the project will take place. According to the framework, countries 
“should” establish processes for consulting with “all stakeholders,” including other potentially affected 
countries. Following consultation, and based on the initial and environmental assessments, the country 
with jurisdiction over the project must determine whether or not it is contrary to the aims of the London 
Convention/Protocol. The framework states that countries “should” only conclude that a project is not 
contrary to the aims of the London Convention/Protocol if “conditions are in place to ensure that, as far as 
practicable, environmental disturbance would be minimized, and the scientific benefits maximized.”61 
The framework recommends that action be taken to “manage and mitigate risks” and states that this may 
be achieved by imposing “temporal restrictions (e.g., during certain oceanographic conditions or 
biologically important times for species of concern), spatial restrictions (e.g., proximity to areas of special 
concern and value), and delivery restrictions (e.g., substances, tracers, amounts, repetition)” on projects.62 
Additionally, according to the framework, projects should be carefully monitored and a contingency plan 
developed to enable prompt response (including “cessation of fertilization activities”) if environmental 
impacts are more severe than anticipated.63 (Note that these recommendations do not apply to projects 
that are classified as “dumping” and permitted under the London Convention or Protocol.) 

Resolution LC-LP.1 (2008) declares that nonresearch ocean fertilization projects “should be 
considered as contrary to the aims of the Convention and Protocol” and thus “should not be allowed.” 
That directive is not legally binding, however. Past studies (e.g., Scott, 2013; Webb et al., 2021) have 
concluded that parties to the London Convention, including the United States, could issue permits 
authorizing nonresearch ocean fertilization projects that do not involve the discharge of any blacklisted 
substance. 

Building on Resolution LC-LP.1 (2008), in October 2013, the parties to the London Protocol 
agreed to amend that instrument to establish a new regulatory framework for “marine geoengineering” 
defined as: 
 

a deliberate intervention in the marine environment to manipulate natural processes, including to 
counteract anthropogenic climate change and/or its impacts, and that has the potential to result in 
deleterious effects, especially where those effects may be widespread, long lasting or severe.64 

                                                      
57 Art. 3, Resolution LC-LP.1 (2008). 
58 Art. 4-5, Resolution LC-LP.1 (2008). 
59 Resolution LC-LP.2 (2010) on the Assessment Framework for Scientific Research Involving Ocean 

Fertilization, Oct. 14, 2010. 
60 Annex 6, Resolution LC-LP.2 (2010). 
61 Annex 6, Resolution LC-LP.2 (2010). 
62 Annex 6, Resolution LC-LP.2 (2010). 
63 Annex 6, Resolution LC-LP.2 (2010). 
64 Annex 1, art. 1, Resolution LP.4(8), Amendment to the 1996 Protocol to the Convention on the Prevention of 

Marine Pollution by Dumping of Wastes and Other Matter, 1972 to Regulate Marine Geoengineering, Oct. 18, 2013. 
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The 2013 amendment provides that: 
 

Contracting Parties shall not allow the placement of matter into the sea from vessels, aircraft, 
platforms or other man-made structures at sea for marine geoengineering activities listed in annex 
4, unless the listing provides that the activity or the subcategory of an activity may be authorized 
under a permit.65 

 
Annex 4 currently only lists ocean fertilization (as defined above). In the future, Annex 4 could 

be expanded to include other ocean CDR techniques, which involve the addition of materials to the 
oceans. The Joint Group of Experts on the Scientific Aspects of Marine Environmental Protection 
(GESAMP) has established a working group to “[p]rovide advice to the London Parties to assist them in 
identifying those marine geoengineering techniques that might be sensible to consider for listing in” 
Annex 4.66 Researchers (e.g., Brent et al., 2019; Webb et al., 2021) have concluded that ocean alkalinity 
enhancement and seaweed cultivation could be included in Annex 4. However, according to Brent et al. 
(2019), artificial upwelling and downwelling are unlikely to qualify for inclusion because they “involve[ ] 
the transfer of water/nutrients from one part of the ocean to another, rather than the introduction of new 
matter.” On this view, artificial upwelling and downwelling would not constitute “dumping” for the 
purposes of the London Convention or Protocol, and thus not be subject to those instruments or the 2013 
amendment. 

In its current form, Annex 4 prohibits the issuance of permits for ocean fertilization projects, 
except those involving legitimate scientific research.67 The process set out in the 2010 assessment 
framework is to be used to determine whether ocean fertilization projects qualify as legitimate scientific 
research that can be permitted.68 The 2013 amendment also includes a general assessment framework that 
may be used for other types of marine geoengineering activities if or when they are listed in Annex 4.69 

The 2013 amendment had not yet entered into force as of August 2021. Under the terms of the 
London Protocol, to enter into force, amendments must be ratified by at least two-thirds of the parties to 
the Protocol.70 As of August 2021, just six parties (Estonia, Finland, Germany, the Netherlands, Norway, 
and the United Kingdom), out of 53, had ratified the 2013 amendment, which is well below the two-thirds 
threshold (IMO, 2021, p. 566). Even if the two-thirds threshold is met, the amendment will only take 
effect for countries that are party to the London Protocol and have ratified the amendment. The 
amendment will not affect the United States and other countries that are party only to the London 
Convention. 
 
Other Relevant International Agreements 
 

A range of other international agreements could apply to ocean CDR activities in some 
circumstances. Examples include the Convention on the Prohibition of Military or Any Other Hostile Use 
of Environmental Modification Techniques, the Convention on Environmental Impact Assessment in a 
Transboundary Context, the Convention Concerning the Protection of World Cultural and Natural 
Heritage, and the Convention on the Conservation of Antarctic Marine Living Resources. 

Additionally, in June 2015, the United Nations General Assembly agreed to develop a new 
agreement under UNCLOS on the conservation and sustainable use of marine biodiversity in areas 
beyond national jurisdiction (commonly referred to as the “Biodiversity Beyond National Jurisdiction” or 

                                                      
65 Annex 1, art. 1, Resolution LP.4(8). 
66 See http://www.gesamp.org/work/groups/41. 
67 Annex 4, art. 1.2 & 1.3, Resolution LP.4(8). 
68 Preamble, para. 3 & Annex 4, art. 1.3, Resolution LP.4(8). See also Resolution LC-LP.2 (2010) on the 

Assessment Framework for Scientific Research Involving Ocean Fertilization, Oct. 14, 2010.  
69 Annex 5, Resolution LP.4(8). 
70 Art. 21, London Protocol. 
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“BBNJ” Agreement). Brent et al. (2019) suggested that the new agreement could incorporate rules 
relating to ocean CDR. 
 

Domestic U.S. Law Relevant to Ocean CDR 
 

There are currently no domestic U.S. laws specifically targeting ocean CDR. However, depending 
on the ocean CDR technique employed, projects could be subject to various general U.S. environmental 
and other laws. For example, several coastal states have general aquaculture laws, which could apply to 
some seaweed cultivation projects. 

The application of existing U.S. law to ocean CDR has been the subject of little research (see, 
e.g., Janasie and Nichols, 2018; Webb, 2020; Prall, 2021; Webb et al., 2021). One ongoing project, led by 
researchers at Columbia University, is examining the application of U.S. environmental law to several 
ocean CDR techniques. To date, however, the researchers have only published an analysis of laws 
applicable to ocean alkalinity enhancement and seaweed cultivation (Webb et al., 2021). Other studies 
have examined the U.S. laws governing the sub-seabed storage of carbon dioxide which could occur in 
some ocean CDR projects (e.g., involving electrochemical engineering) (Webb and Gerrard, 2018, 2019). 
All of the studies to date have focused primarily on the application of federal environmental law to ocean 
CDR. There has been little analysis of potentially applicable state and local laws, implications for tribal 
rights, liability, and other issues. 

The U.S. laws applicable to ocean CDR research and deployment will depend on where projects 
occur. Near-shore projects occurring within state waters (i.e., up to 3, or in the Gulf of Mexico, 9 nautical 
miles from shore) may be subject to U.S. federal, state, and/or local laws. Only federal law will apply to 
projects that occur entirely within federal waters (i.e., beyond state waters, up to 200 nautical miles from 
shore). Some projects (e.g., certain types of ocean alkalinity enhancement) may necessitate onshore 
activities (e.g., mining) which are subject to different laws. 

A full review of all U.S. federal, state, and local laws potentially applicable to ocean CDR is not 
attempted here. However, in Table 2.3, we provide a non-exhaustive list of key federal environmental 
laws that could have implications for the use of different ocean CDR techniques. Those laws can be 
divided into five broad categories as follows: 
 

● Environmental Review Laws: The National Environmental Policy Act (NEPA) and state 
equivalents may apply where ocean CDR projects are undertaken, approved, or supported by 
a federal or state government entity. Briefly, NEPA requires preparation of an environmental 
impact statement (EIS) for any major project undertaken, approved, or supported by a federal 
agency that “significantly affect[s] the quality of the human environment” (42 U.S.C. § 
4332(2)(C)). The EIS must include an analysis of the natural, economic, social, and cultural 
resource effects of the project and alternatives (42 U.S.C. § 4332(c); 49 C.F.R. Part 1502). It 
must be developed with public input, and state and federal agencies may also be required to 
consult with Native American tribes (40 C.F.R. Part 1503).  

● Species Protection Laws: Ocean CDR projects affecting marine species or their habitats may 
implicate various federal laws. One example is the Endangered Species Act (ESA), which 
requires each federal agency to “insure that any action authorized, funded, or carried out by 
[it] . . . is not likely to jeopardize the continued existence of any endangered species or 
threatened species” (16 U.S.C. § 1536(a)(2)). To that end, agencies must consult with the 
Fish and Wildlife Service about any action that could affect terrestrial species (including 
coastal species such as sea otters and polar bears), and with the National Marine Fisheries 
Service (NMFS) about any action that could affect marine species (16 U.S.C. § 1536(a)(2)). 
Consultation with NMFS is also required where a federal agency action could harm “essential 
fish habitat” designated under the Magnuson-Stevens Fishery Conservation and Management 
Act (MSFCMA) (16 U.S.C. § 1855(b)(2)). The ESA and Marine Mammal Protection Act 
(MMPA) also prohibit government and private actors from killing, harming, or otherwise 
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“taking” endangered species and marine mammals, respectively (16 U.S.C. §§ 1538(a)(1)(B)-
(C) & 1372(a)). Regional fisheries councils established under the MSFCMA develop 
fisheries management plans that are designed to restore depleted stocks and set annual catch 
limits to prevent overfishing (16 U.S.C. § 1852). 

● Coastal and Ocean Management Laws: The Coastal Zone Management Act (CZMA) 
requires federal agency activities that have coastal effects to be consistent, to the maximum 
extent practicable, with any applicable state coastal management plan (16 U.S.C. § 
1456(c)(1)-(2)). Prior to undertaking any activities with coastal effects, the relevant federal 
agency must consult with affected states to ensure consistency (16 U.S.C. § 1456(c)(1)(C); 15 
C.F.R. § 930.34). This requirement would be triggered where a federal agency undertakes or 
authorizes an ocean CDR project that could affect land or water use or natural resources in 
state waters or adjacent shorelands (16 U.S.C. § 1456(c)(1)(A); 15 C.F.R. § 930.31).  
Additional requirements would apply where ocean CDR projects are conducted in, or affect, 
areas designated as marine sanctuaries under the National Marine Sanctuaries Act (NMSA). 
Permits are required to stop or anchor vessels, submerge grappling, suction, and other 
devices, install seabed cables, and perform certain other activities within marine sanctuaries 
(15 C.F.R. §§ 922.61 & 922.62). It is unlawful to “destroy, cause the loss of, or injure” any 
living or nonliving resource that contributes to the conservation, recreational, ecological, 
historical, scientific, cultural, archaeological, educational, or esthetic value of a marine 
sanctuary (16 U.S.C. §§ 1432(8) & 1436(1)).  

● Ocean Dumping Laws: Ocean CDR projects that involve the discharge of materials into 
ocean waters may be regulated under the Clean Water Act (CWA) or Marine Protection, 
Research, and Sanctuaries Act (MPRSA). The CWA applies to the discharge of certain 
materials, classified as “dredge or fill” materials or “pollutants” (including “rock”), within 3 
nautical miles of the U.S. coast (33 U.S.C. §§ 1311(a), 1342, 1344, & 1362). The MPRSA 
applies to discharges of any material from a vessel, aircraft, or manmade structure within 12 
nautical miles from coast and in other areas where the materials dumped were transported 
from the United States or on a U.S.-registered vessel or aircraft (33 U.S.C. §§ 1402 & 1411-
1413). Both the CWA and MPRSA require permits for discharges (33 U.S.C. §§ 1342, 1344, 
& 1412-1413). 

● Seabed Use Laws: Use of the seabed underlying state waters (e.g., to anchor structures) is 
regulated by the relevant coastal state and typically requires a lease or other authorization 
therefrom. Authorization from the federal government is required to use the seabed 
underlying federal waters (known as the outer continental shelf). The Outer Continental Shelf 
Lands Act (OCSLA) authorizes the Bureau of Ocean Energy Management, within the 
Department of the Interior, to issue leases for energy and mineral development and related 
activities on the outer continental shelf (43 U.S.C. § 1337). Currently, however, there is no 
framework for leasing the outer continental shelf for other purposes (e.g., ocean CDR). 
Structures in both federal and state waters may also require approval from the U.S. Army 
Corps of Engineers under the Rivers and Harbors Act (RHA, 33 U.S.C. § 403) and the U.S. 
Coast Guard under the Aids to Navigation Program (33 C.F.R. Part 64). 

 
The application of U.S. law to ocean CDR projects will differ depending on precisely where 

each project takes place and the precise activities involved.  Most ocean CDR techniques involve 
some active intervention in the marine environment, for example, the installation of structures (e.g., 
pipes) or discharge of materials (e.g., iron) in ocean waters. One exception is ecosystem recovery, which 
may be achieved through more passive approaches, such as changes in fisheries and ocean management. 
Those changes may, in some circumstances, further the goals of existing domestic environmental laws 
(see Chapter 6). As such, implementing ecosystem recovery-based approaches may be simpler, from a 
legal perspective, than pursuing other ocean CDR techniques. Techniques that involve installing 
structures or discharging materials into ocean waters could be subject to numerous permitting and 
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other legal requirements. Different requirements will apply to different techniques. Initial research 
focused on seaweed cultivation and ocean alkalinity enhancement indicates that projects will often require 
multiple federal and state permits (Webb et al., 2021). In many cases, there are no established 
permitting processes, leading to significant uncertainty as to how projects will be treated. 
Formulating permitting processes early on could help to facilitate research and, if deemed 
appropriate, full-scale deployment of ocean CDR techniques. Prior to any research or deployment, 
extensive consultation will generally be required with affected communities, Native American tribes, 
government bodies, and other stakeholders. 
 

Summary 
 

Establishing a robust legal framework for ocean CDR is essential to ensure that research and (if 
deemed appropriate) deployment is conducted in a safe and responsible manner that minimizes the risk of 
negative environmental and other outcomes. There is currently no single, comprehensive legal framework 
for ocean CDR research or deployment, either internationally or in the United States. At the international 
level, while steps have been taken to regulate certain ocean CDR techniques—most notably, ocean 
fertilization—under existing international agreements, significant uncertainty and gaps remain. 
Domestically, in the United States, initial studies suggest that a range of general environmental and other 
laws could apply to ocean CDR research and deployment. Those laws were, however, developed to 
regulate other activities and may be poorly suited to ocean CDR. Further study is needed to evaluate the 
full range of U.S. laws that could apply to different ocean CDR techniques and explore possible reforms 
to strengthen the legal framework to ensure that it appropriately balances the need for further research to 
improve understanding of ocean CDR techniques against the potential risks of such research, and put in 
place appropriate safeguards to prevent or minimize negative environmental and other outcomes. 
 

2.2 SOCIAL DIMENSIONS AND JUSTICE CONSIDERATIONS 
 

Ocean CDR has a number of social dimensions – definitions to help describe these dimensions 
are included in Box 2.1.  These include public and community acceptance of ocean CDR, the social and 
economic impacts of developing new industries, the social relations that those new industries and 
practices will involve (i.e., between workers and companies, between communities, between members of 
households as men and women’s work and roles are affected by these new industries), the political 
dynamics of ocean CDR, and the social implications from the environmental impacts of ocean CDR.  In 
other words, the social dimensions and justice considerations of ocean CDR are broader than “social 
acceptance,” and will need to be researched and addressed if ocean CDR is to be supported, 
effective, and just. 

However, while it is possible to map out potential social dimensions of ocean CDR, the empirical 
evidence base for making strong claims about how they will manifest is constrained because the 
deployment of large-scale CDR is in the future.  Marine carbon removal approaches in particular are 
emerging and at an early stage of technological readiness.  Aside from ocean fertilization, there are very 
few studies of the social dimensions of marine CDR (Bertram and Merk, 2020; Cox et al., 2021).  

Crucially, the social implications do not inhere in the technologies; they are influenced by the 
particulars of deployment and policy.  It is challenging to identify and quantify benefits or risks for 
technologies or practices in the abstract, because many of them emerge from the ways in which they are 
deployed.  This implies that social science research anticipating the social dimensions of ocean CDR will 
need to be place specific and multisited.  But because policies influencing ocean CDR will be developed 
at state, national, and international levels, addressing the social dynamics will also require multiscalar 
research that can link national and international actions with place-specific implications, as well as 
understand how place-specific developments influence policy. 
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TABLE 2.3 Application of Laws to U.S. Ocean Zonal Jurisdictions 
Ocean CDR Technique 

Location Ecosystem Recovery  Seaweed Cultivation Nutrient Fertilization 
Artificial Upwelling/ 
Downwelling 

Ocean Alkalinity 
Enhancement 

Electrochemical 
Engineering 

U.S. state waters NEPAa 
CZMAa,c 
ESAe 

MMPAf 

NMSAg 

MSFCMAa,h 

RHAb 
MPRSAd  
NEPAa 
CZMAa,c 
ESAe 

MMPAf 

NMSAg 

MSFCMAa,h 

MPRSA 
CWA 
NEPAa 
CZMAa,c 
ESAe 

MMPAf 

NMSAg 

MSFCMAa,h 

RHAb 
CZMAa,c 
ESAe 

MMPAf 

NMSAg 

MSFCMAa,h 

MPRSAd 

MPRSA 
CWA 
NEPAa 
CZMAa,c 
ESAe 
MMPAf 

NMSAg 

MSFCMAa,h 

RHAb 
NEPAa 
CZMAa,c 
ESAe 
MMPAf 

NMSAg 

MSFCMAa,h 

U.S. federal waters 
(within territorial sea) 

NEPAa 
CZMAa,c 
ESAe 

MMPAf 

NMSAg 

MSFCMAa,h 

OCSLAi 
MPRSAd 
NEPAa 
CZMAa,c 

ESAe 

MMPAf 

NMSAg 

MSFCMAa,h 

MPRSA 
NEPAa 
CZMAa,c 

ESAe 
MMPAf 

NMSAg 

MSFCMAa,h 

OCSLAi 
CZMAa,c 
ESAe 

MMPAf 

NMSAg 

MSFCMAa,h 

MPRSAd 

MPRSA 
NEPAa 
CZMAa,c 
ESAe 
MMPAf 

NMSAg 

MSFCMAa,h 

OCSLAi 
NEPAa 
CZMAa,c 
ESAe 
MMPAf 

NMSAg 

MSFCMAa,h 

U.S. federal waters 
(within EEZ) 

NEPAa 
CZMAa,c 
ESAe 

MMPAf 

NMSAg 
MSFCMAa,h 

OCSLAi 
MPRSAd,j 
NEPAa 
CZMAa,c 

ESAe 
MMPAf 

NMSAg 

MSFCMA a,h 

MPRSA, 
NEPAa 
CZMAa,c 

ESAe 
MMPAf 

NMSAg 

MSFCMAa,h 

OCSLAi 
CZMAa,c 
ESAe 

MMPAf 

NMSAg 
MSFCMAa,h 

MPRSAd,j 

MPRSAj 
NEPAa 
CZMAa,c 

ESAe 
MMPAf 

NMSAg 

MSFCMAa,h 

OCSLAi 
NEPAa 
CZMAa,c 
ESAe 
MMPAf 

NMSAg 

MSFCMAa,h 

High seas ESAe 

MMPAf 
MPRSAd,j 
ESAe,k  
MMPAf,k 

MPRSAj 
ESAe,k 

MMPAf,k  

ESAe,k 

MMPAf,k 

MPRSAd,j 

MPRSAj 
ESAe,k 

MMPAf,k 

ESAe,k 

MMPAf,k 

a If project is undertaken, authorized, or funded by the federal government. 
b If structures installed in connection with project obstruct navigation. 
c If project could affect land or water use or natural resources in state waters. 
d If project involves the discharge of any material into ocean waters. 
e If project could affect endangered or threatened species or their critical habitat. 
f If project could affect marine mammals. 
g If project is conducted, or could affect resources, in a marine sanctuary. 
h If project could affect waters or submerged land designated as essential fish habitat.  
i If project involves use of the seabed. 
j If vessels registered, or loaded in, the United States are used to discharge material. 
k If project is performed by a person subject to the jurisdiction of the U.S. 
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BOX 2.1.  Definitions of Key Terminology 
 

Social acceptance is a concept with various sociocultural, political, market, and community dimensions 
(Wüstenhagen et al., 2007; Wolsink, 2019; Batel, 2020; Devine-Wright and Wiersma, 2020).  It refers to the 
broadest, most general level of acceptance by the public, key stakeholders, and policy makers. 
 
Community acceptance has to do with how specific, local stakeholders in communities and local governments 
respond to the technology (Devine-Wright and Wiersma, 2020, Wüstenhagen et al., 2007). 
 
Stakeholders are defined most generally as people who have an interest in or are affected by a decision (NOAA, 
2015).  Stakeholders can be organizations, groups, or individuals who have a particular interest in a project, 
sector, or system, whether that interest be business, cultural, or personal; stakeholders can be identified through a 
stakeholder analysis process.  Stakeholders may be from the private sector, nongovernmental organizations, or 
the public sector. 
 
Social license, or social license to operate (SLO), refers to community sanctioning and tacit acceptance of 
operations (Koschinsky et al., 2018).  SLO is a concept that emerged in the 1990s in relation to the mining 
industry (van Bets et al., 2016), but then became an object of scholarly study.  Social license is based on 
relationships between communities, operators, and governments; it can be conceptualized across scales (i.e., 
local SLO as well as national SLO may be relevant); and it is a dynamic condition and may be revoked (Gough 
et al., 2018). 
 
Social support is distinct from both social acceptance and social license; a community may not contest an 
intervention, but this does not mean it enjoys broad or continuing support.  Support may come and go. As a 
study of offshore carbon capture and storage noted, if benefits are shared unequally or do not manifest, this can 
build up into opposition (Mabon et al., 2014). 
 
Social impacts are changes caused by interventionist activity and can be positive or negative, or direct and 
indirect (Koschinsky et al., 2018).   Social impacts could involve changes in employment, access to resources or 
services, and changes in social relations, in terms of between groups or within family structures (Franks et al., 
2011; Koschinsky et al., 2018).  Social impacts are complex and cumulative; they may go across the life cycle of 
a project and change as the project moves through phases, from identification to construction to closure.  
Different communities may have different experiences and perceptions of the social impacts of the same 
intervention (Koschinsky et al., 2018).  Social impacts can also be different at different scales of technology 
deployment, and they can occur at sites distant from the actual activity.  Social impact assessments attempt to 
identify social impacts (Vanclay, 2019). 

 
Insights for Ocean CDR from Analog Activities in the Marine Space 

 
Examining other ocean activities can suggest considerations for the social dynamics of ocean 

CDR.  Activities that include utilization of oceans for cultivation (aquaculture) or environmental 
outcomes (conservation, blue carbon, and other ecosystem services) are relevant to techniques such as 
marine kelp sequestration and ecosystem recovery.  Other industrial uses of the sea, such as mineral 
extraction (deep-sea mining, oil and gas extraction), renewable energy, or offshore carbon capture storage 
(CCS) will be relevant to anticipating the social dynamics of techniques perceived as industrial, or those 
that involve geologic sequestration. 

How applicable these analogs are, and whether and how people understand marine CDR through 
them, is a key research question.  People make sense of new developments based on preexisting 
knowledge structures that are seen as related (Koschinsky et al., 2018).  For example, for deep-sea 
mining, which is relatively unknown to publics, it is uncertain whether it will be anchored to terrestrial 
mining, oil or gas extraction, fracking, etc.; it would be connected to different images and knowledges 
(Koschinsky et al., 2018).  Research has shown that CDR techniques associated with CCS on land can be 
associated with fracking (Cox et al., 2021).   In other words, for each marine CDR technique, there may 
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be top-of-mind associations through which people “read” CDR, which may differ between individuals or 
communities. However, what those analogs are has not been studied. 

The literature on social acceptance and social impacts of offshore renewable energy, offshore 
CCS, deep-sea extraction, aquaculture, blue carbon and payments for marine ecosystem services, and 
marine conservation suggests the following seven takeaways that are relevant for marine CDR: 
 
1. Marine activities are not necessarily more acceptable than terrestrial activities. Social acceptance for 
ocean activities has unique challenges, especially in terms of defining who are legitimate stakeholders for 
offshore projects. 
 

Social acceptance for ocean industries and practices brings challenges in terms of specifying a 
community, property rights, and so-called “not in my backyard” or NIMBYism (Soma and Haggett, 
2015). NIMBYism is the objection to something undesirable being built or situated in one’s neighborhood 
(Merriam-Webster, n.d.). For example, when the company Nautilus Minerals wanted to engage in deep-
sea mining off of Papua New Guinea, some scholars observed that it had to create a community, and that 
creating a public to engage with means the results are unstable and partial (Filer and Gabriel, 2018; 
Childs, 2019,).  Nautilus established a new concept called “coastal area of benefit” (CAB) based on an 
artificial sense of spatial boundaries, which was critiqued by communities outside the area who were 
denied access to its material benefits (Childs, 2019).  More populous communities were defined as 
outside the CAB, which reduced the financial burden to the company (Childs, 2019).  These challenges 
with defining affected communities will apply to some marine CDR techniques. 

Public rights at sea imply that people feel a sense of ownership over natural resources such as 
seascapes, even if they do not literally own them (Haggett, 2008; Soma and Haggett, 2015). Even when 
there is strong sociopolitical acceptance of technologies in the abstract, there may be local opposition to 
specific proposals.  With offshore wind, this has to do with the visual impacts of big projects on the 
character of the seascape, impacts on tourism, and concerns about decision making and justice (Devine-
Wright and Wiersma, 2020).  Spatial proximity has been found to be a factor in support of offshore wind, 
with attitudes becoming favorable at a greater distance (Krueger et al., 2011; Devine-Wright and 
Wiersma, 2020).  This may also be the case with many ocean CDR projects, but again, this has not been 
studied. 

However, studies in renewable energy have moved away from NIMBYism as an explanation for 
rejection, which is also relevant offshore (Soma and Haggett, 2015). Moreover, research with 
stakeholders and publics in Scotland has challenged a narrative that offshore CCS would be more 
acceptable than onshore CCS (Mabon et al., 2014).  More generally, some analysts have argued that 
ocean CDR would face greater public acceptability challenges than terrestrial CDR, since the ocean is 
perceived as fragile, critical for human life, emotionally valuable, and difficult to experiment upon in a 
controlled way (Cox et al., 2021).  This is worth keeping in mind to the extent that marine CDR might be 
proposed as a “solution” for social opposition to CDR deployments on land. 
 
2. Carbon removal will be only one of many factors driving change in marine environments, and its social 
dimensions need to be assessed in the context of blue growth and marine conservation goals to maximize 
co-benefits and avoid unintended harms to other goals. 
 

The wider social context of ocean CDR is that of aspirationally transitioning to a sustainable blue 
economy (Claudet et al., 2020), on the one hand, and that of a “blue acceleration” of competing interest 
for ocean food, material, and space on the other hand (Jouffray et al., 2020).  Ocean CDR needs to be 
understood in this wider context, because these twin conversations about the future of the ocean—of how 
to save or restore the ocean and creating sustainable ocean practices, but also how ocean space is being 
industrialized and increasingly under pressure as a new frontier to exploit—will shape how communities 
and policy makers around the world view ocean CDR.  For example, in a study of offshore CCS, for 
publics and stakeholders, CO2 storage was only one of many factors driving change in the marine and 
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coastal environment, with more concerns about offshore wind than CCS, as well as concerns about ocean 
acidification and extreme weather (Mabon et al., 2014). What happens in these other domains will interact 
with the social dynamics of ocean CDR. 

Ocean CDR must avoid conflicting with other environmental aims.  The literature on payment for 
ecosystem services emphasizes avoiding incentives that reward maximizing payments for carbon at the 
loss of another service, such as incentivizing fast-growing mangrove stands to maximize carbon credits 
(Lau, 2013).  This has led to a discussion of bundling or stacking ecosystem services (Lau, 2013).  
Research on multitrophic aquaculture or mariculture also emphasizes holistic frameworks that can 
optimize for local food consumptions or livelihoods rather than for overall profits (Cisneros-Montemayor 
et al., 2019).  Synergies are being explored between sectors, such as mariculture and offshore wind farms 
for farming bivalves and algae (Cisneros-Montemayor et al., 2019); assessments of marine CDR could 
evaluate it along these existing developments. 

Notably, the acceptability of ocean CDR could be constrained by missteps in both the blue 
economy space and the terrestrial CDR/climate tech space.  A report on social license in the Blue 
Economy for the World Oceans Council noted that the loss of social license to operate in one sector could 
impact the level of societal trust in the broader Blue Economy concept and lead to concerns about “blue-
washing” (Voyer and van Leeuwen, 2018). 
 
3. Perceptions of “naturalness” are important in terrestrial CDR, and could affect the acceptability of 
ocean CDR techniques as well as the scale at which they are deployed. 
 

With terrestrial CDR, approaches perceived as natural are appraised by publics as more favorable 
(Merk et al., 2019; Wolske et al., 2019).  This seems to hold true for ocean CDR, though evidence is 
limited (Bertram and Merk, 2020).  In some early studies, ocean fertilization was appraised more 
negatively than land-based CDR, with higher perceived risks, and was perceived as an engineered rather 
than natural approach (Amelung and Funke 2014; Bertram and Merk, 2020; Jobin and Siegrist, 2020). 

Naturalness is socially constructed, and the ocean may be perceived as a special natural 
environment.  The sea has its own sense of place distinct from the mainland (Gee, 2019; Devine-Wright 
and Wiersma, 2020).  In a dialogue about seafloor exploration and mining, communities, NGOs, and 
marine users perceived the marine environment as more sensitive and fragile than the terrestrial 
environment (Mason et al., 2010).  Beliefs about the sea or ocean have been identified as important in 
understanding how people view offshore wind (Bidwell, 2017).  What some literature in renewable 
energy has found to be important is “place-technology fit,” with place having attributes of meaning and 
attachment (Devine-Wright and Wiersma, 2020).  Whether the place fits the technology can be related to 
what else is going on there; that is,  in a study of offshore wind in Guernsey, it was found that certain 
areas were seen to be more pristine and disfavorable for wind, but areas near industrial sites were seen as 
more acceptable (Devine-Wright and Wiersma, 2020). 

Scale may be a key parameter in terms of naturalness.  For example, macroalgal farming may be 
natural, but in a study of social license for commercial seaweed farming in Scotland and France, 
acceptability was inversely related to the scale of the industry and the area occupied by the farms (Billing 
et al., 2021).  As one respondent put it, it is important to stay at the local level; interviewees critiqued 
high-level European strategies for developing “blue gold” that they felt did not account for local impacts 
such as site abandonment (which could leave structures in the sea), introduction of invasive species, and 
seaweed washing ashore (Billing et al., 2021).  Issues with large-scale aquaculture were projected onto 
the seaweed industry.  Small-scale seaweed cultivation, however, was described as simple and organic, 
and based on relationships and trust, contrasting with large-scale cultivation which was associated with 
technocracy (Billing et al., 2021). 

More generally, understandings and representations of the ocean differ across cultures; for 
example, in Pacific island cultures it may be valued as a spiritual heritage and common good that is not 
distinct from the land (Koschinsky et al., 2018).  So for example, when a deep-sea mining company 
wanting to operate in Papua New Guinea tried to mitigate concerns about fish stocks by explaining that 
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ocean space was divided into three layers which did not mix, that was rejected by communities, who 
understand the ocean to be connected and inhabited by spiritual beings (Childs, 2020).  Indigenous 
peoples around the world have their own conceptions of the sea, and coastal Indigenous and First Nations 
peoples in North America have their own worldviews that influence their traditional marine management 
practices, for example, around treating nonhuman kin respectfully (Lepofsky and Caldwell, 2013).  This 
means that there is not just one generic way perceptions of naturalness will impact ocean CDR, and it 
implies a place-specific approach to social science research on it.  In other words, deliberative or 
qualitative methods would be needed to understand how people in various cultures understand the social 
and cultural dimensions of marine CDR, including how perceptions of the value and role of nature shape 
support or opposition to marine CDR. 
 
4. Stakeholders and publics will be concerned about how to govern novel risks, as well as reversibility. 
 

Ocean CDR proposals may be perceived as highly risky (Cox et al., 2021).  Salient dimensions of 
risk include the degree of control that people have, how voluntary it is, how familiar the risk is, and how 
severe the consequences might be (Cox et al., 2021).  There will be questions of how well equipped 
institutions are to manage these risks.  In a study of offshore CCS, respondents wondered whether 
existing governance could deal with something where the effects are likely to be irreversible and 
uncertain across long periods of time and across complex three-dimensional volumes (Mabon et al., 
2014).  Arguments based upon the precautionary principle may evolve, as they did in deep-sea mining—it 
was difficult to prove in advance that a deep sea mine would not have negative impacts on ocean life that 
coastal communities valued (Filer and Gabriel, 2018).  There are also questions about the reversibility of 
ocean CDR, here meaning not in terms of the permanence of the carbon sequestration, but rather referring 
to the ability to undo interventions and their unanticipated consequences (Bellamy et al., 2017). 
 
5.  Social benefits will be important for social acceptance. 
 

The Blue Economy discourse often focuses on the contribution of ocean economic sectors to 
global gross domestic product, and the amount of jobs that can be provided ($1.5 trillion and 31 million 
jobs).  However, there has been less attention to how these benefits are distributed, even though the social 
aspects are key to achieving sustainable management of the oceans (Cisneros-Montemayor et al., 2019). 

Benefits could involve jobs, new funds for community priorities based on taxation or profits from 
developments, and so on.  The definition is imprecise and not enough attention has been paid to what 
concrete benefits might be.  In the literature on payment for ecosystem services, benefits are often 
described in terms of incentives, including monetary or in-kind incentives (e.g., capacity building, 
training, infrastructure building, and codification of access rights) (Lau, 2013).  The cultural context of 
the community is important for determining the incentives or benefits.  Compensation can be one form of 
benefit, but deserves more research (Walker et al., 2014; Soma and Haggett, 2015).  Public ownership of 
projects as a means of benefiting communities has also been identified as deserving more research (Soma 
and Haggett, 2015). 

Co-benefits are sometimes discussed rather than benefits (i.e., the carbon sequestration is 
considered primary, and the social benefits are co-benefits).  There are protocols to assess co-benefits: 
within the blue carbon sector, voluntary carbon markets have considered Climate, Community and 
Biodiversity Standards and “Social Carbon” co-benefits (Cisneros-Montemayor et al., 2019).  However, 
for communities, the co-benefits, rather than the carbon sequestration, may be the primary consideration. 

 Literature on sustainable coastal and marine management describes a tension: if funds are spent 
efficiently, more conservation could be incentivized; yet if the poor are providing these ecosystem 
services for the lowest payment, then the burden falls disproportionately on them, and they may not be 
able to refuse payments, meaning that the situation is less than voluntary (Lau, 2013).  Paying for 
ecosystem services could also lock poor coastal communities into agreements that prevent them from 
using their resources more profitably in the future.  These considerations are important for blue carbon 
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and kelp aquaculture, but potentially apply broadly to other CDR techniques as well—the cheapest CDR 
per ton may not be the most equitable or socially beneficial. 
 
6. Changes in access to common pool resources related to implementation of marine CDR are a concern 
that needs to be addressed. 
 

Coastal and marine resources have traditionally been open access and an important source of 
livelihoods.  Studies of payment for marine ecosystem services indicate that both formal and de facto 
changes in use and access rights will affect the communities, as well as the success of the intervention 
(Lau, 2013).  With payment for ecosystem services, even if the goal is not to alleviate poverty, equity and 
poverty alleviation will need to be addressed in designing the schemes (Lau, 2013).  Blue carbon projects 
have also been critiqued for pushing out traditional users (Cisneros-Montemayor et al., 2019).  The social 
lessons from blue carbon projects might reasonably be the same for things such as kelp cultivation—
incorporating livelihood aspects as part of project design, involving local community at all stages of 
planning and implementation, and considering the needs of local communities during development can 
ensure that cultivation or sequestration in one area does not lead to activities that would reduce carbon 
sequestration elsewhere (Wylie et al., 2016).  An examination of coastal carbon sequestration projects 
noted that the protection and government management of natural resources can lead to traditional 
management systems being replaced, and communities losing their ability to change their management 
strategies in response to environmental change (Herr et al., 2019).  Another analysis of coastal carbon, on 
mangrove ecosystems in the Philippines, critiqued the latest framing of mangroves under a new global 
framing of “blue carbon” as bearing technocratic and financialized ideals of sustainability, and argued 
that the need to consult and benefit local communities is widespread in discourse but rarely has clear 
implementations and strategies (Song et al., 2021).  The concern is that coastal communities may lose 
their customary rights, and their interests will be marginalized at the demands of international priorities 
(Song et al., 2021). 
 
7.  Public engagement will be important for social acceptance and procedural justice in ocean CDR, 
though it is not a guarantee of these. 
 

Public engagement involves a dialogue between scientists and nonscientists that attempts to 
involve the public in discussions about the direction and pace of technology development (Corner et al., 
2012).  Public engagement is often seen as lying on one end of a spectrum of public participation, with 
public informing or consulting on the other end, as a more limited or one-way form of participation that 
can be manipulative (Arnstein, 1969). Rationales for public engagement include normative rationales 
(dialogue is an important part of democracy; engaging the public on important decisions and new 
technologies is the right thing to do); substantive rationales (public engagement can improve the quality 
of the research); and instrumental rationales (it can increase legitimacy and trust) (Corner et al., 2012; 
Fiorino 2016). 

Public engagement has been widely discussed in regard to science, to emerging technologies 
broadly, and to energy technologies more specifically.  Public engagement is one factor in the persistence 
of social acceptance, and the timing, content, and processes of public engagement are important (Soma 
and Haggett, 2015).  Public engagement is no guarantee of project development: consultations perceived 
as checkbox exercises could worsen or generate opposition (Soma and Haggett, 2015).  Thin and 
consultative participatory engagements can result in participatory exhaustion or backlash (MacArthur, 
2015).  The literature emphasizes the importance of public engagement; generally speaking, though, some 
recent theoretical research has discussed the need to move away from fixed assumptions of what it means 
to participate and technocratic processes toward an understanding of participation that focuses on diverse 
collectives of participation, and trying to build a system in which multiple forms of public involvement 
can happen (Chilvers et al., 2018).  There are many recommendations of best practices for public 
engagement and participation in decisions regarding the environment, some of which are discussed in 

http://www.nap.edu/26278


A Research Strategy for Ocean-based Carbon Dioxide Removal and Sequestration

Copyright National Academy of Sciences. All rights reserved.

A Research Strategy for Ocean-based Carbon Dioxide Removal and Sequestration 

58  Prepublication Copy 

reports such as the U.S. Environmental Protection Agency’s Public Participation Guide (aimed at 
government agencies) (U.S. EPA, 2021) or the National Research Council’s Public Participation in 
Environmental Assessment and Decision Making (NRC, 2008).  When it comes to public engagement in 
research and development more specifically, it will be important to make sure the results of engagements 
feed back into research, involve a diversity of researchers, and allocate sufficient time and resources for 
the process. 
 

Environmental Justice and Climate Justice 
 

Environmental justice is a goal, a movement, and a field of research. Environmental justice as a 
movement began with groups concerned with civil rights, the environment, worker health and safety, 
Indigenous land rights, environmental racism, and more (Schlosberg and Collins, 2014).  The definition 
of environmental justice used by the U.S. EPA is “the fair treatment and meaningful involvement of all 
people regardless of race, color, national origin, or income, with respect to the development, 
implementation, and enforcement of environmental laws, regulations, and policies.” 

However, environmental justice is a multidimensional concept, which includes distributive, 
procedural, reparative, intergenerational, and recognitive dimensions (Holifield 2013).  Distributive 
justice is concerned with the fair allocation of environmental risks or harms as well as the ability to access 
environmental benefits.  Procedural justice involves participation in the decision-making processes 
around environmental risks and benefits.  Corrective or reparative justice involves whether the restorative 
measures or penalties for environmental harms are fair.  Intergenerational justice involves the fair 
treatment of future generations.  Recognitive justice means that policies and programs meet the standard 
of fairly considering and representing the cultures, values, and situations of affected parties (Whyte, 
2011).  In the context of Native communities, tribal cultures may have their own conceptions of 
environmental justice that have existed before nontribal discussions (Whyte, 2011).   Conceptions of 
justice may also include nonhumans.  For example, a study of conceptions of justice in two Papua New 
Guinea fishing communities found that respondents articulated fish as subjects of justice; needing to rest, 
having a chance to breed, and so on (Lau et al., 2021). 

Ocean carbon removal technologies will have different environmental justice implications 
based on how they are deployed, including the policies that support them and the actors and 
motivations driving them.  For example, a macroalgae project led by a community that is compensating 
for its own hard-to-abate emissions would have different justice implications than one instituted by a 
company who is selling carbon removal credits to another company, even though the activity might look 
the same from a biophysical perspective, in terms of carbon flows.  These two different deployments 
would have different distributive and procedural justice implications, in terms of where the benefits flow 
and how decisions are made. 

Climate justice, which developed out of environmental justice discourse (Agyeman et al. 2016), 
emphasizes that climate change is not just a matter of warming, but of justice.  Climate inequalities exist 
within and between nations, and climate change has disproportionate impacts on historically marginalized 
or underserved communities.  Those who have contributed the least to the problem are bearing the 
greatest harms, including communities in the global South, Indigenous groups, and future generations.  
Historical responsibility approaches to climate justice are based on the polluter pays principle, while 
rights-based approaches emphasize the right to develop out of poverty before bearing the responsibility of 
mitigation (Schlosberg and Collins, 2014). 

Climate justice considerations go beyond the impacts of particular approaches to the entire 
concept of carbon removal and its role in net-zero scenarios.  Carbon markets have historically been seen 
by the environmental justice movement as giveaways to polluters at the expense of environmental justice 
communities (Schlosberg and Collins, 2014), and policies that allow continued pollution in one area with 
removal in another area will naturally be questioned. For example, civil society organizations have 
critiqued blue carbon for turning the carbon ecosystems into a commodity that legitimizes continued 
emissions elsewhere (Song et al., 2021).  An analysis of public engagement with carbon removal found 
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that respondents were concerned with “environmental dumping,” or analogies with the dumping of 
polluting processes on poorer populations (McLaren et al., 2016), which may be a particular issue with 
marine carbon removal given the phenomenon of ocean or marine dumping.  There is a question of who 
has to bear the burden of carbon removal, and who is enjoying liberties because of it.  Scholars have 
analyzed fair-share emissions and carbon removal quotas (Pozo et al., 2020; Dooley et al., 2021).  A 
particular concern is that offsetting via carbon removal could deprive poor nations and regions of “cheap” 
carbon removal options and make their path toward net zero harder while giving wealthy nations an easier 
path (Carton et al., 2021; Rogelj et al., 2021).  There are intergenerational justice concerns with creating a 
temporal equivalence between emissions and removals that puts more burden on future generations 
(Hansen et al., 2017; Lawford-Smith and Currie, 2017; Carton et al., 2021). 

When thinking about the justice implications of CDR, it is also valuable to weigh the 
counterfactual scenario of not having CDR available. Ethicists have also argued that the use of large-scale 
negative-emission technologies may be permissible due to the extreme harms that would result from 
failing to stabilize the climate (Lenzi, 2021). 

Mitigation deterrence, or reducing or delaying mitigation, is another key climate justice issue that 
has been a long-standing concern of climate advocates (McLaren et al., 2016; Campbell-Arvai et al., 
2017; Markusson et al., 2018).  For example, if a CDR activity is perceived as being substitutable with 
mitigation, this can lead to mitigation deterrence; science is central to this, becase it helps create new 
objects in which to invest (Markusson et al., 2018).  CDR could also produce rebound effects, and the 
anticipated or imagined future availability of CDR could also delay emissions reductions (McLaren, 
2020).  Other scholars have pointed out that since policy makers can (and should) do both CDR and 
mitigation, and that framing the issue in terms of substitutable actions actually makes this substitution 
more likely, a risk-response feedback framework that assesses particular policy packages would be more 
fruitful than the framework of mitigation deterrence (Jebari et al., 2021).  Regardless, the idea that carbon 
removal can delay cutting emissions and phasing out fossil fuels in a form of “nontransition” (Cox et al., 
2020) has been cited as a key concern for publics. 

Scale has emerged as a central issue in assessing the environmental and climate justice 
implications of CDR, in terms of both the technology and decision making (Cox et al., 2018).  Many 
technologies are relatively risk-free in the abstract or at small scale (Cox et al., 2018), but their social 
implications accrue at larger scales.  Moreover, environmental justice impacts that are evident when 
examining local scales may be addressable only at regional or national scales (Buck, 2018), especially 
when thinking about complex supply chains or remote actors. There may also be demands on the global 
scale. Countries in the Global South may argue that in line with the principle of common but 
differentiated responsibilities and respective capabilities, CDR should be deployed by developed nations 
who should reach net-negative levels first (Mohan et al., 2021).  Environmental justice concerns are 
not “local issues” and climate justice concerns are not “global concerns”; a multiscalar framework 
is needed to research and understand them. 
 

Coastal Community Research and Engagement 
 

The opportunities to advance knowledge and understanding of any ocean-based carbon removal 
solution are greatly enhanced when the barriers to participation are removed. Recognizing this, it is 
critical that research and development activities incorporate equity, diversity, and inclusion with a 
particular focus on coastal communities, especially Indigenous communities that reside in their 
broadest sphere of influence (e.g., mining activities associated with alkalinity enhancements) and 
marginalized coastal communities (e.g., Felthoven and Kasperski, 2013) . There are two aspects of this 
engagement: (1) research conducted in communities should follow ethical protocols for engagement, and 
(2) efforts should be pursued to include community members in research activities.  

Following ethical protocols for engagement means complying with both Institutional Research 
Board processes such as university researchers might undertake when using human subjects—even if the 
people doing the research are not associated with a university—as well as complying with ethical 
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procedures that local groups may have set out.  Many Indigenous jurisdictions have their own ethical 
review protocols that pertain to research activities in their territories.  One resource for engaging with 
Indigenous communities on ocean research is the Ocean Frontier Institute’s Indigenous Engagement 
Guide, published in 2021 to provide guidance on effectively and respectfully engaging and 
communicating with Indigenous communities (Ocean Frontier Institute and Dillon Consulting, 2021). 

Including community members in research activities, or co-producing research with communities, 
is a growing focus in sustainability research broadly as well as coastal environmental research. This work 
is ongoing within the community of ocean observation monitoring as well. For the past 30 years, the 
global ocean observing community has gathered once a decade at the OceanObs conference, and at the 
2019 conference, for the very first time, this gathering included Indigenous delegates from Canada, the 
United States including coastal states such as Hawaii, the South Pacific Islands, and New Zealand (Figure 
2.3). An important outcome of the conference was the publication of the Coastal Indigenous Peoples’ 
Declaration (Indigenous Delegates at OceanObs’19, 2019) calling on the ocean community to formally 
recognize the traditional knowledge of Indigenous people worldwide and the commitment to establish 
meaningful partnerships.  Ocean CDR research can build on this growing recognition of the importance of 
meaningful partnerships in ocean monitoring and related fields. 
 

 
FIGURE 2.3 OceanObs19 included 53 delegates from Indigenous communities representing Fiji, Samoa, 
Maori New Zealand, Hawaii, and Canada. Photo Credit: Ocean Networks Canada. 
 

There are several approaches to achieve meaningful partnerships, but all should ensure that there 
is a full understanding of the approaches taken among the partners (Figure 2.4; Alexander et al., 2019). 

Examples of test cases specific to ocean monitoring are described by Kaiser et al. (2019), one in 
Canada and one in New Zealand. Their recommendations for successful partnerships include practices for 
two-way knowledge sharing, proposal co-design, documented project plans, incorporation of educational 
resources, mutually agreed upon monitoring, and data and results sharing. Use of cross-cultural resources 
were recommended for any future ocean monitoring projects. These partnerships also have potential for 
greater impacts through a more robust knowledge of community needs now and going forward. 
 

2.3 OTHER CROSSCUTTING CONSIDERATIONS 
 

Considerations that are also important for advancing research on ocean-based carbon removal 
include monitoring and verification of carbon removed and other environmental impacts, valuation of 
added benefits including ecosystem services, the economics of different approaches, and policy 
mechanisms to support research and deployment (where deemed appropriate). 
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FIGURE 2.4 Relationship between Indigenous knowledge methods, ecological scale, and scientific data 
collection methods. SOURCE: Alexander et al., 2019. Licensed under Creative Commons CC BY 4.0. 
 
 

Monitoring for Environmental Impacts and Enhancements 
 

Among the six approaches that are the focus of this study, four are location-specific solutions that 
will impact the local ecosystem—fertilization, enhanced upwelling and downwelling, alkalinity 
enhancement, and electrochemistry. Each of these will require tailored carbon accounting and 
environmental monitoring for the specific location. 

For the two others—ecosystem recovery and seaweed cultivation—environmental monitoring for 
both negative and positive impacts would mimic the approaches described for ecosystem recovery in 
Chapter 6. The exception to this would be where seaweed cultivation is solely focused on growth for 
deepwater disposal. For this application, research is needed to understand the fate of placement of kelp 
mounds in deep-water environments. 

The monitoring systems are summarized in Table 2.4 and described in more detail in the 
following text. 

In the case of fertilization, the area of treatment is relatively large and thus would require a mix of 
monitoring systems. Satellite-based ocean color would be used to document the extent of treatment on the 
surface ocean. A suite of autonomous surface vehicles and water column gliders (the number would 
depend on the areal extent), outfitted with sensors (temperature, salinity, pressure, pCO2, oxygen (O2), 
nutrients, nitrate, pH, turbidity, etc.) would be deployed on and beneath the treated bloom area. At least 
one area outside of the bloom area, but in a similar water depth and ecosystem, could be monitored with a 
mooring hosting similar sensors. These sensor systems would deliver an important subset of essential 
ocean variables (see, e.g., Danovaro et al., 2020) to document the resulting bloom size and its fate in the 
water column on ocean physical and chemical properties, and sediment traps would be used to document 
the impact on the seafloor and the carbon sequestered. Ship expeditions, used to deploy these in situ suites 
of sensors, would also deploy biogeochemical Argo floats throughout the area of treatment and beyond, 
as well as neutrally buoyant sediment traps set to capture sediment over a range of water depths, including 
close to the seafloor. 
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Approaches and scales for the application of artificial upwelling and downwelling as a carbon 
removal solution are in nascent stages. For upwelling, CDR is through surface ocean fertilization and, 
hence, monitoring would align well with that of iron fertilization, described above. It would likely also 
require monitoring of CO2 from the upwelled water that is released into the atmosphere prior to 
fertilization of the surface waters. A surface mooring with infrared, temperature, salinity, pCO2, nutrients, 
and O2 sensors would measure the CO2 at the surface and in the atmosphere as well as the chemistry to 
understand the conditions for fertilization and pH changes. 

Models have shown that most of the carbon removal from upwelling would be land based 
because of the cooling effects of the upwelling enhancing soil uptake of CO2. This effect would also 
require additional monitoring of surrounding terrestrial soils. 

Research for alkalinity enhancement is at a stage where the next step to advance knowledge is 
mesoscale experiments. Integration and development of configurations for monitoring would include in 
situ and robotic carbonate chemistry observation platforms and biogeochemical Argo flotillas to assess 
and quantify this solution’s ability to durably store CO2in seawater. The full-cycle carbon accounting 
must also include any carbon-intensive energy sources used for the source rocks. 

Electrochemical approaches can be characterized as an industrial plant solution where there is the 
ability to directly measure the tonnage of CO2 extracted, making carbon accounting straightforward. 
Some of the approaches include releases of water solutions of differing chemistry, and so monitoring both 
the positive and negative impacts on the ecosystem would be important. Many of the monitoring 
approaches described in the monitoring section of Chapter 6 could be tailored to the industrial 
electrochemical coastal or ship-based settings. 

Where seaweed cultivation’s sole focus is farming kelp for deep-water disposal onto the seafloor, 
a monitoring program should be established in each of the ecosystem areas where kelp will be delivered 
to the seafloor. It is generally recognized that kelp detrital carbon is remineralized through grazing and 
microbial decomposition in shallow-water settings and grazing is significantly reduced in deep water, thus 
becoming a potential carbon sink. These same rates would also ideally be measured to assess the amount 
of carbon sequestered and its durability (e.g., to assess whether on the same or longer timescales as 
physical oceanographic estimates of deep-sea sequestration). Experiments could be conducted in the kelp 
sequestration seafloor region using a combination of a single large mound (approximately production-
scale size) and a series of small mounds deployed within mesh bags with varying mesh size openings that 
would provide a mechanism to isolate grazing by smaller colonizers to better understand individual 
species rates. 

The rates of grazing and secondary colonization may also represent an ecosystem enhancement as 
a benthic succession, much like whale falls in the deep sea (Pedersen et al., 2021). Whale-fall monitoring 
to assess benthic successions has succeeded with the regular use of a seafloor lander equipped with a 
time-lapse video camera and an acoustic Doppler profiler (Aguzzi et al., 2018). This approach would be 
appropriate for monitoring a large kelp mound on the seafloor. 
 

Monitoring for Certification 
 

Scaling up negative emissions technologies will require certifiable metrics that document the 
amount of carbon removed, obtained from systems that accurately measure carbon removed and the 
durability of its removal. These data can then be used by established and trusted entities for certification, 
which in turn attracts financing, especially in the voluntary market. 

An example that is easy to measure is electrochemical removal of CO2 where the tonnage of CO2 
extracted is directly measured. The monitoring is transparent and readily certifiable. 

Ocean alkalinity enhancement is more challenging because the certification would be based on 
foundational chemistry (well understood) combined with sensors and model results. This means that the 
monitoring approach used for verification and certificates must be incorporated into the design and 
implementation of more complex approaches. Fertilization and artificial upwelling and downwelling have 
similar certification challenges.    

http://www.nap.edu/26278


A
 R

esearch S
trategy for O

cean-based C
arbon D

ioxide R
em

oval and S
equestration

C
opyright N

ational A
cadem

y of S
ciences. A

ll rights reserved.

 

 

TABLE 2.4 Environmental Monitoring Solutions of Ocean CDR Approaches 
Solution Systems Measurements Capital Costs Annual Operating Costs Comments 

Ecosystem recovery 
and seaweed 
cultivation 

Marine protected area, 
Intergrated Ocean 
Observing System 
(IOOS)-type monitoring 

water quality, nutrients, 
biodiversity, sound, pollution; 
qualitative assessment of carbon 
removal–based 

existing regional 
systems; capital 
upgrades $0.5M/yr per 
region 

$4M/yr per region may require changing IOOS 
mandates 

Ocean alkalinity 
enhancement 

IOOS-type monitoring 
in the region(s) of 
treatment 

water quality, nutrients, 
biogeochemistry; modeling 
needed for volume of carbon 
removed, plus carbon intensity 
of mining and deploying 
minerals 

Same as above, plus 
biogeochemical Argo 
(10 per region) = $9M 
and capital upgrades 
$0.5M/yr per region 

$4M/yr per region, plus 
operating costs for floats 
(comms; personnel; 
shiptime) $1M/yr 

may require changing IOOS 
mandates; determining CO2 
emissions from mining and 
deployment also required 

Upwelling Satellite data; biogeo 
Argo; gliders; 
autonomous moorings 
for measuring change; 
autonomous moorings 
as control; sediment 
traps (seafloor and mid-
water)—see Figure 3.5  

Surface bloom extents; water 
properties, nutrients, dissolved 
oxygen, pCO2, sediment 
accumulation 

Existing ships, 
autonomous vehicles; 
(capital costs for 
autonomous moorings, 
sediment traps, biogeo 
Argo) = $5M 

For the geographic area 
equivalent to the 
EXPORTS project, ship 
time $7M; data analyses, 
research AND modeling 
support $25M 

The EXPORTS field campaign 
deployments  conducted over a 
region of a couple of 100 km’s  Fertilization 

Electrochemistry Monitoring 
incorporated into the 
engineered processes 

  Costs are included in 
the costs for the system. 

Costs are included in the 
costs for the system. 

These solutions are engineered 
and controlled. Monitoring of 
the source of power for carbon 
accounting is important. 
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Seaweed cultivation has complexities too, especially if it is grown for multiple uses. If it is grown 
only for carbon sequestration in the deep sea, accounting of the carbon removal is described above in 
monitoring for environmental impacts and enhancements because of the dual purpose of the sensors and 
approaches needed.  Seaweed cultivation for other purposes has the same types of certification issues as, 
for example, the forest industry has had in the past.  Some of that carbon would go back into the 
atmosphere and the ocean, thus reducing its durability. Some could also be used to produce durable 
products. The carbon accounting would be faced with questions about additionality and carbon credits 
that must be accounted for and managed. Lessons learned from forestry and this sector’s offset practices 
(see, e.g., Gifford, 2020) could be applied to seaweed cultivation to avoid creating an ocean CO2 removal 
market that is viewed as fraudulent or illegitimate. Therefore it is essential to co-establish robust 
monitoring, accounting, and verification protocols.  Interdisciplinary research can help determine what 
the protocols could be and how they can be robust. 
 

Policy Support for Ocean CDR  
 

Government policy will have a major bearing on the nature and scope of ocean CDR research and 
deployment (if any). In the United States, climate policy has traditionally focused on emission reductions, 
and CDR-specific policy remains nascent (Schenuit et al., 2021). In recent years, however, the U.S. 
Congress has shown an interest in CDR. The Energy Act of 2020, which was passed by Congress with 
bipartisan support and incorporated into the Fiscal Year 2021 omnibus spending bill, directed the 
Secretary of Energy to review CDR approaches (including approaches involving the “capture of carbon 
dioxide . . . from seawater”) and recommend policy tools to advance their deployment. The Energy Act 
also appropriated funding for the establishment of a government research, development, and 
demonstration program . . . to test, validate, or improve technologies and strategies to remove carbon 
dioxide from the atmosphere on a large scale.” 

While not framed specifically as a CDR- policy, the 45Q tax credit carbon capture program, 
which was first adopted in 2009 and significantly expanded in 2018, provides financial incentives for 
direct air capture and storage of carbon dioxide. Under the program, certain projects involving the 
geological sequestration of carbon dioxide captured at qualifying industrial facilities or directly from the 
ambient air (i.e., via direct air capture) are eligible for a tax credit for their first 12 years of operation. The 
credit is only for projects that capture carbon dioxide from the ambient air and sequester it onshore or 
offshore in sub-seabed geological formations within the U.S. territorial sea or EEZ. Other ocean-based 
carbon dioxide removal and storage projects do not qualify for the credit. 

There is general agreement among climate-focused economists that scaling up CDR, including 
ocean-based approaches, will require significant government spending (Bednar et al., 2019) and 
internationally agreed-upon financial incentive policies (Honegger and Reiner, 2018). Some studies have 
recommended that governments establish CDR-specific policy goals and mechanisms that are separate 
from, but aligned with, other climate policies, for example, dealing with emissions reductions (e.g., 
Bellamy, 2018; Geden and Schenuit, 2020). For example, Geden and Schenuit (2020) have argued that 
countries’ net-zero targets “should be explicitly divided into emission reduction targets and removal 
targets,” and separate policy frameworks adopted for each. Bellamy (2018) concluded that further 
empirical research is needed to evaluate policy options for incentivizing CDR. 

While it may seem premature to explore policy options to support ocean CDR, particularly given 
the early stage of development of many techniques, delaying policy engagement could impact future 
CDR scale-up. In this regard, Lomax et al. (2015), have warned that “excluding [CDR] from near-term 
policy attention would reduce any incentives for businesses and research organizations to expend effort 
and investment on advancement of [CDR], and to engage with policy to develop suitable support for 
[CDR]-oriented businesses.” Lomax et al. (2015), argue that policy frameworks should “keep the [CDR] 
option open.” However, it is equally important that policy not lock in future deployment of CDR or deter 
other actions to address climate change, particularly emission reductions. Past studies have recommended 
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policy designs to reduce the risk of mitigation deterrence (McLaren et al., 2019; Geden and Schenuit, 
2020). 

CDR policy has been the subject of relatively little previous research. Some studies have explored 
the use of carbon pricing, credit, or similar market mechanisms to pay for CDR (e.g., Honegger and 
Reiner, 2018; Platt et al., 2018; Fajardy et al., 2019; Rickels et al., 2020). Fajardy et al. (2019) found that 
many existing carbon pricing schemes “only penalize [carbon dioxide] emissions and do not remunerate 
removal” and, in any event, existing carbon prices are generally too low to stimulate CDR deployment. 
They argue that, unless carbon pricing schemes change and carbon prices increase, some form of 
“negative emissions credit” will be needed to pay for CDR. This would require accurate and verifiable 
carbon accounting (discussed above). The complexities associated with, and current lack of 
standardization in, carbon accounting have been identified as potential barriers to the use of carbon 
pricing or credit mechanisms (Lomax et al., 2015). The use of such mechanisms could also raise 
environmental justice and other concerns that have not been fully explored in prior research. 

Other policy instruments to support CDR could include direct government grants for research and 
development, tax credits similar to the existing 45Q program, and procurement and supply-chain 
standards that incorporate CDR (Friedman, 2019; Sivaram et al., 2020; Schenuit et al., 2021). One study 
has also recommended the adoption of policies tied to the “non-climate co-benefits” of CDR (Cox and 
Edwards, 2019). Further analysis and comparison of these and other policy options are needed. It will be 
particularly important to consider the social and distributional impacts of pursuing different policy 
options (Bellamy, 2018). In particular, consideration should be given to those who bear the risks and reap 
the benefits of ocean CDR technologies under different policies. The drivers of, and approaches to 
developing, robust and effective CDR policy also require further study. 

Looking beyond government policy, ocean CDR research and deployment (if any) could be 
funded by the philanthropic community, or driven by the market. Market pull does not yet exist in this 
space, except for a small number of niche approaches, such as that developed by Stripe Climate. The 
Stripe Climate model enables online businesses to direct a portion of their revenues to supporting the 
scale-up of CDR technologies.71 Notably, Stripe Climate does not put a price on carbon dioxide, or use 
removals to generate carbon offsets.72 

There is the possibility that the private voluntary carbon market could grow to consider ocean 
CDR through, for example, the Taskforce on Scaling Voluntary Carbon Markets. The Taskforce was 
launched by the UN Special Envoy for Climate Action and Finance and is sponsored by the Institute of 
International Finance. It has over 250 member institutions, which represent buyers and sellers of carbon 
credits, standards setters, market infrastructure providers, and other interested bodies. Its goal is to grow 
voluntary carbon markets, including by identifying and addressing integrity and quality concerns. 

Markets will be most helpful when one or more ocean CDR approaches reach a high level of 
technology readiness and scale. It is possible that Wright’s law could apply. Pioneered by Theodore 
Wright in 1936, Wright’s law has been and continues to be a framework for forecasting cost declines as a 
function of growth in production—for every cumulative doubling of units produced, costs will fall by a 
constant percentage. As costs decline, market interest in the direct purchase and operation of the solutions 
and/or purchase of carbon removal services using these solutions would grow, bolstered by financial 
incentives from governments. 
 

2.4 ADDRESSING RESEARCH GAPS 
 

Several key research gaps exist that are foundational to the forward movement and success of any 
ocean-CDR approach. These research questions are described below, summarized in Table 2.5, and 
woven into the committee’s recommendations in Chapter 9. 
  

                                                      
71 See https://stripe.com/climate. 
72 See https://stripe.com/docs/climate/faqs. 
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Legal Research Gaps 
 

There are several key gaps in the existing body of research on the legal and regulatory landscape 
for ocean CDR. First, while many prior studies have discussed the application of existing international 
law to ocean CDR, most have been largely descriptive. Some studies have identified unresolved questions 
and highlighted potential challenges associated with the application of existing international law to ocean 
CDR. However, there has been comparatively little normative research, exploring what a “model” 
international legal framework would look like. Such a framework could provide the basis for 
development of a new international agreement governing ocean CDR research. Achieving broad 
acceptance of such an agreement could prove difficult, however. Past efforts to develop international rules 
for ocean CDR and related research (e.g., under the CBD and London Convention and Protocol) have 
primarily yielded nonbinding resolutions and decisions. One exception is the 2013 amendment to the 
London Protocol, but that has yet to take effect, having been ratified by just six countries. Nevertheless, 
developing a model international legal framework could help to inform future discussions, including the 
ongoing negotiations surrounding the BBNJ Agreement. The model framework could also provide useful 
guidance to the research community and support development of a code of conduct for research (see 
Chapter 9). 

Whereas the treatment of ocean CDR projects under international law has been well studied, 
comparatively little research has explored the application of domestic law to such projects. Research to 
date has focused on only a subset of ocean CDR techniques and principally examined the application of 
federal environmental law thereto. The studies have been largely descriptive and have not examined in 
detail whether existing federal law is sufficient or appropriate to regulate ocean CDR (though some 
studies have highlighted uncertainties or challenges associated with the application of existing federal 
law). There has been no comprehensive review of all state, territory, and local laws applicable to ocean 
CDR projects and limited analysis of the potential tribal rights implications of such projects. The liability 
of project developers for environmental and other harms has also received little attention. Further research 
into the existing domestic legal framework is needed to determine whether it is sufficient and appropriate 
to regulate ocean CDR. While some studies have highlighted uncertainties or challenges associated with 
the application of existing domestic law, none have fully evaluated the need for, or utility of adopting, a 
new legal framework specific to ocean CDR or analyzed what such a framework should look like. 
 

Research Gaps in Social Dimensions  
 

When it comes to social dimensions, there are applicable insights from adjacent domains, but 
there is very little empirical research directly on ocean CDR.  As for what should be researched, most 
social dimensions can be judged research gaps, but it is possible to make general observations about how 
the research should be done, in terms of research that is interdisciplinary, inclusive, multiscalar, and 
cross-sectoral.  First, understanding the social dimensions of ocean CDR will require research that is 
interdisciplinary from the project outset, meaning that people from various disciplines are shaping the 
research questions and approaches.  Second, ocean CDR also needs a more diverse research community 
and would benefit from support for early-career and established researchers from diverse backgrounds.  In 
2017, Blacks and Hispanics comprised just 1.5 percent and 3 percent of the occupations of “Earth 
scientists, geologists, and oceanographers, and the study Global Change Research Needs and 
Opportunities for 2022-2031 points out that this lack of inclusion undermines the capacity of U.S. science 
to generate knowledge that is credible, relevant and legitimate (NASEM, 2021a).   Third, research should 
be multiscalar, in terms of understanding both site-specific considerations and national and international 
policies and how they shape each other; mixed qualitative and quantitative methods will be crucial for this. 

While the limited amount of research on social dimensions means that most things are a research 
gap, we can specifically point to three important ways of approaching the needs.  First, research on the 
social dimensions of ocean CDR would benefit from a cross-sectoral framework, meaning that ocean 
CDR should be considered in the context of food systems, energy systems and energy access, and so on.  
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For example, how particular ocean CDR approaches would interact with local and global food systems is 
a research question that would benefit from social and biophysical scientists working together.  An 
assessment of the relevant systems would be a logical first step.  Second, another key area of research is 
understanding how different ocean CDR approaches would interact with the sustainable development 
goals.  Third, it is also critical to understand how ocean CDR interacts with mitigation, adaptation, and 
terrestrial CDR, both biophysically and socially.  A research program on the social dimensions of ocean 
CDR should include these three approaches. 
 

Monitoring, Economics, and Policy Research Gaps 
 

The research program should fund a transparent, publicly accessible system for monitoring 
impacts from projects.  Research is also needed on how user communities view and use monitoring data 
and certification processes.  This is important for designing robust certification schemes that are 
accessible and trusted by multiple user communities.  Research should also be conducted on policy 
mechanisms and innovation pathways, including on the economics of scale-up.  It is important to analyze 
not just what potential policy mechanisms exist, but who is affected by different policies. 
 

Research Agenda Costs 
 

The research costs here are approximate and were compiled based on experiences of the 
committee and similar research agendas.  They reflect what might be practically necessary for developing 
the required knowledge base to begin to scale up ocean CDR to climate-significant scales. 

For example, the recent National Academies report on terrestrial CDR (NASEM, 2019) 
recommended $5 million per year for 10 years on social science research on cost-effective adaptative 
management of coastal blue carbon and the response of coastal land owners and managers to carbon 
removal and storage incentives, $1 million a year for 3 years for extension and outreach to forest 
landowners, $2 million a year for 3 years to study barriers to agricultural soil carbon adoption, $5 million 
a year for 10 years to study the social and environmental impacts of carbon mineralization, $1 million a 
year for 10 years on public engagement with geological sequestration, etc.  The figures in this report are 
of similar scope, given a more compressed timescale.  To further put this in context, the coastal carbon 
sequestration research agenda in this report recommended $1.16–$1.19 billion for research on coastal 
carbon sequestration, with the majority of that dedicated to an integrated network of coastal sites over 20 
years; the social science component was $50 million (about 4 percent), and another $40 million 
recommended for a publicly accessible data center.  In this report, the recommended social science and 
governance research portion is about 5 percent of the total budget, similar to the blue carbon research 
recommendation in the 2019 report. It is also about 9 percent of the priority research items, recognizing 
that understanding the social feasibility and governance considerations is important for further investment 
in these approaches. 

Another reference point is the National Academies report Reflecting Sunlight: Recommendations 
for Solar Geoengineering Research and Governance (NASEM, 2021), which recommended spending $20 
million to $40 million over 5 years (~20 percent of the total research budget) on research into "social 
dimensions," including "public engagement, political and economic dynamics, governance research, 
ethics and philosophy."  This recommended spending on social science and governance activities reflects 
the understanding that addressing climate change with emerging technologies is a social and governance 
matter as much as a technical one. 
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TABLE 2.5 Research and Development Needs to Address Overarching Research Gaps 

No. Recommended Research Question(s) Answered 

Estimated 
Research Budget 
($M/yr) 

Timeframe 
(years) 

2.1 Model international governance framework for ocean 
CDR research 

How can the existing international governance framework for 
ocean CDR research be improved? Is there an alternative 
framework(s) that could better facilitate needed ocean CDR 
research while ensuring that research is conducted in an open, 
transparent, responsible, and environmentally and socially 
acceptable manner? 

2-3 2–4  

2.2 Application of domestic laws to ocean CDR research What are the full range of domestic laws (federal, state, local, 
and tribal) applicable to each ocean CDR approach? 

1 1–2 initially 
(and ongoing as 
needed) 

2.3 Assessment of need for domestic legal framework 
specific to ocean CDR 

What is the need for and utility of establishing a domestic legal 
framework specific to ocean generally or individual ocean CDR 
approaches?  

1 2–4  

Development of domestic legal framework specific to 
ocean CDR 

What does a “model” domestic legal framework for ocean CDR 
(either generally or by approach) look like? What should it 
require with respect to ex ante review of projects, stakeholder 
consultation, monitoring and verification, publication of data, 
etc.? 

2.4 Mixed-methods, multisited research to understand 
community priorities and assessment of benefits and 
risks for ocean CDR as a strategy 

What are the potential harms and benefits of ocean CDR 
approaches, for livelihoods and for communities? 

5 4  

2.5 Interactions and trade-offs between ocean CDR, 
terrestrial CDR, adaptation, and mitigation, including 
the potential of mitigation deterrence 

What are said interactions and trade-offs?  2 4  

2.6 Cross-sectoral research analyzing food system, energy, 
sustainable development goals, and other systems in 
their interaction with ocean CDR approaches 

What implications do ocean CDR techniques have for food 
systems?  For energy production and access?  For achieving the 
sustainable development goals? 

1 4  

2.7 Capacity-building research fellowship for diverse early-
career scholars in ocean CDR 

How can we build interdisciplinary, cross-sectoral, diverse 
expertise in ocean CDR? 

1.5 2  

2.8 Transparent, publicly accessible system for monitoring 
impacts from projects 

How do public data on monitoring project impacts influence 
public perception and awareness of ocean CDR projects?  How 
do they influence scientific research? 

0.25 4 
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2.9 Research on how user communities (companies buying 
and selling CDR, nongovernmental organizations, 
practitioners, policy makers) view and use monitoring 
data, including certification 

What are the strengths and weaknesses of various certification 
approaches?  What makes certification robust and trustworthy? 

0.5 4 

2.10 Analysis of policy mechanisms and innovation 
pathways, including on the economics of scale-up 

What are policy options for scaling ocean CDR?  How do 
different pathways and policies for scaling up ocean CDR affect 
both societies and the outcomes of the CDR?   

1-2 2  

2.11 Development of standardized environmental monitoring 
and carbon accounting methods for ocean CDR  

 0.2 3  
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3 
Nutrient Fertilization 

 
3.1 OVERVIEW 

 
Ocean-based carbon dioxide removal (ocean CDR) via nutrient fertilization refers to the addition 

of micronutrients (e.g., iron [Fe]) and/or macronutrients (e.g., phosphorus [P], nitrogen [(N], silica [Si]) to 
the surface ocean with the deliberate intent to (i) increase photosynthesis by marine phytoplankton, and 
thus enhance uptake of CO2 from surface waters, and to (ii) enhance the transfer of the newly formed 
organic carbon to the deep sea away from the surface layer that is in immediate contact with the 
atmosphere. Step (i) can be accomplished wherever growth of phytoplankton is limited by nutrients, 
which is the case for some or all phytoplankton over large regions of the ocean, except eutrophic regions 
such as often found close to continental margins.  Achievement of step (i) has been demonstrated for a 
number of fertilization experiments via in situ measurements and remote sensing of ocean color. There is 
larger scientific uncertainty about achieving step (ii). Depending on the location, export depth, and 
remineralization rates of sinking particles, carbon can be sequestered for 100- to 1000+-year timescales in 
the deep ocean.  As such, nutrient fertilization aims to enhance locally the magnitude and efficiency of the 
natural ocean biological carbon pump (BCP; Figure 3.1) using energy from the sun and nutrients either 
from within the ocean (see Chapter 4) or from outside the ocean. In the case of fertilization with 
micronutrients such as iron, relatively small amounts of iron may be needed relative to potential C 
sequestration, whereas the amount (mass and volume) of nutrient required for fertilization with nitrogen, 
phosphorus, or silicate will be many orders of magnitude higher.  
 

 
FIGURE 3.1 Schematic of the ocean biological carbon pump (BCP) with an emphasis on C transport to 
depth and return times relevant to the timescale of C storage in the mid and deep ocean. SOURCE: Natalie 
Renier, Woods Hole Oceanographic Institution. 
 

According to criteria described in Chapter 1, the committee’s assessment of the potential for 
ocean nutrient fertilization as a CDR approach is discussed in Sections 3.1–3.5 and summarized in 
Section 3.6.  The research needed to fill gaps in understanding of ocean fertilization, as an approach to 
durably removing atmospheric CO2, is discussed and summarized in Section 3.7. 
 

3.2 KNOWLEDGE BASE 
 

Ultimately the BCP sets the vertical gradient in dissolved inorganic carbon (DIC) through the 
depletion of inorganic carbon in the surface waters due to incorporation into biomass during 
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photosynthesis, and the net remineralization of organic forms of carbon below the euphotic zone.  This 
gradient is maintained as the strength of the BCP balances the vertical components of ocean mixing that 
work to homogenize these gradients.  Ultimately, the strength of the associated surface CO2 depletion 
affects the partitioning of CO2 between ocean and atmosphere (Takahashi, 2004).  Models suggest that if 
we were to turn off the BCP globally, net atmospheric CO2 levels would increase by 200 parts per million 
volume (ppmv) on timescales of many hundred years (Sarmiento and Toggweiler, 1984; Maier-Reimer et 
al., 1996).  Likewise, if the depth of C remineralization on sinking particles were to deepen by 24 meters 
on average, atmospheric CO2 could, at least on long timescales,  decrease by 10-25 ppmv (Kwon et al., 
2009) due to steeper vertical gradients of inorganic carbon and enhanced vertical exchange at shallower 
depths.  As an ocean CDR approach, the main goal would thus be to strengthen, or increase, the net 
transport of organic carbon out of the euphotic zone, and thereby increase the efficiency of the BCP, thus 
decreasing the carbon content of the surface waters in contact with the atmosphere while boosting the 
fraction of carbon that is transported to the deep sea where it can be sequestered on timescales >100 
years. 
 

Iron fertilization 
 

Historically the evidence for a control on atmospheric CO2, via changes in the supply of iron, 
comes from the geological record and the glacial-interglacial cycles and correlations between CO2 as 
captured in ice cores and dust, a primary source of iron to the ocean (e.g., Martin et al., 1990).  This 
correlation was popularized by John Martin in his famous quip first made at Woods Hole Oceanographic 
Institute in 1988: “Give me half a tanker of iron and I’ll give you the next ice age.” The implied potential 
for a high leverage in terms of a much higher mass of carbon removed per mass of iron applied spurred 
interest in a potentially efficient way to remove atmospheric CO2 by oceanic Fe fertilization. What 
followed next were several fundamental experiments in the lab and in bottles at sea demonstrating this 
connection between Fe limitation and phytoplankton growth in high-nutrient, low-chlorophyll waters 
(HNLC) where phytoplankton growth was shown to be limited by iron rather than macronutrients (Martin 
and Fitzwater, 1988; Morel and Price, 2003).  This was followed by more than a decade of purposeful 
open-ocean Fe addition experiments (Figure 3.2). 
 

 
FIGURE 3.2 Annual surface mixed-layer nitrate concentrations in units of micromoles per liter with 
approximate site locations for artificial ocean iron fertilization (aOIF) experiments (white crosses), natural 
OIF studies (red crosses), and a study of Fe and P enrichment (green cross). SOURCE: Modified from Boyd 
et al., 2007, with addition of LOHAFEX aOIF site study in 2009 (Smetacek and Naqvi, 2010). 
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The goal of prior artificial ocean iron fertilization (aOIF) experiments was largely focused on 
assessment of the primary response to added iron, and not to track C sequestration and its impact on 
deeper ocean layers.  Several manuscripts and reports have been written on the results of these aOIF 
studies (de Baar et al., 2005; Boyd et al., 2007; Yoon et al., 2018; GESAMP, 2019) and a consensus has 
been established that an increase in photosynthetic CO2 uptake can generally be achieved.  As an Ocean 
CDR approach, this open-ocean testing of the impact of Fe enrichment puts this method far ahead of 
others in terms of the knowledge base.  Consequently, it has also put this method at the forefront of public 
concerns regarding all forms of “geoengineering” and has led to many groups having already formed 
strong opinions for or against ocean iron fertilization (OIF).  These social acceptance issues are often 
focused on OIF, yet this is only one ocean CDR approach, and many of the same acceptance issues would 
be common to at least all biotic ocean CDR approaches and in many cases abiotic ocean CDR as well, 
especially if deployed at scale (see Chapter 2).  Also given that these early field experiments were 
conducted largely without international oversight, they prompted the establishment of guidelines for 
future ocean fertilization (OF) research under international agreements (see Section 3.4 and Chapter 2). 
However, at the time of writing, those guidelines were not legally binding. 

Although the increase in photosynthetic CO2 uptake (step i) via aOIF is well established, there is 
less consensus about the transfer and subsequent storage of carbon at depth (step ii).  In summary, the two 
main questions that arise from deliberate aOIF experiments, and are common to all CDR approaches in 
this report, are:  (a) Will it work (to remove carbon from the surface ocean and impact atmospheric CO2 
for some period of time?) and (b) What are the biogeochemical consequences (both intended and 
unintended)?  These issues are explored in more detail below, particularly regarding use of aOIF for 
ocean CDR.  We consider its efficacy and permanence, possible consequences when done at scale, and 
the ecological and geochemical impacts and future research directions.  Note also that any attempt to 
deliberately alter the oceans’ BCP will have consequences that should be considered relative to the status 
quo of doing nothing. 

In addition to aOIF studies, natural systems with episodic or local high Fe delivery have 
improved the knowledge base for OIF. For example, a natural analog for natural nutrient fertilization is 
the atmospheric deposition of volcanic ash that leaches trace metals in seawater, generally promoting 
primary productivity (see Fisheries, below, and e.g., Duggen et al., 2007; Jones and Gislason, 2008; 
Hamme et al., 2010; Browning et al., 2014; Zhang et al., 2017). Study of Fe sources and impacts around 
islands in the Southern Ocean has also provided many clues as to the impacts of OIF at larger scales (see 
Export Efficiencies, below, and e.g., Blain et al., 2008; Pollard et al., 2009).  Another source of nutrients 
to coastal environments is the deposition of ash from wildfires, a phenomenon that appears to be 
increasing in frequency and intensity as a result of anthropogenic perturbation (Jolly et al., 2015; Cattau et 
al., 2020). Only a few studies have considered the effects of fires on coastal marine ecosystems when 
increases in atmospheric deposition of metals or macronutrients are observed (Young and Jan, 1977; 
Sundarambal et al., 2010; Kelly et al., 2021). One example is an unusual bloom and coral reef die-off 
during 1997 in Indonesia that has been explained by Fe deposition into the surface ocean by nearby 
wildfires. Also, an unusual phytoplankton community composition in the Santa Barbara Channel (Kramer 
et al., 2020) appears to be the result of atmospheric deposition of ash leaching metals and carbon 
following the Thomas Fire in California, in 2017 (Kelly et al., 2021). 
 

Macronutrient Fertilization 
 

The global carbon cycle, marine biogeochemistry, and Earth’s climate are thought to have been 
affected by the supply of macronutrients from continental weathering and on timescales of tens of 
thousands to hundreds of thousand years. Compared to OIF, ocean macronutrient fertilization (OMF) has 
received less attention in the scientific community (but see Harrison, 2017). It has the obvious 
disadvantage of much larger amounts of material required per ton of carbon removed (see Costs and 
Energy, below). One possible advantage of OMF compared to OIF is the fact that low-nutrient, low-
chlorophyll (LNLC) regions are easier to access than the Southern Ocean, the prime candidate region for 
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OIF. Fertilization with inorganic nitrogen has been investigated and suggested as a CDR measure in N-
limited LNLC regions (Lawrence, 2014) where sufficient phosphate is available.  The few available cost 
estimates have been low (Jones and Young, 1997, estimate $20/t CO2). While inorganic N fertilizer can, 
in principle, be fixed from the atmosphere, albeit at substantial energetic costs, a marine application of 
phosphate will have to consider that phosphate is a nonrenewable resource also needed in agricultural 
food production. 

While the increase in photosynthetic CO2 uptake (step i) is widely assumed uncontested, an 
unexpected decrease in chlorophyll biomass was observed in response to phosphate addition to the 
ultraoligotophic eastern Mediterranean, indicating that complex food web dynamics and ecosystem 
responses have to be carefully accounted for when making inferences on C fluxes induced by OF 
(Thingstad et al., 2005). It is not yet clear whether this is an issue for OMF and less so or not so for OIF. 
For OMF, the transfer of carbon to the deep ocean has received little attention and will face the same 
issues as for OIF. The following sections will therefore concentrate on OIF, for which a larger number of 
theoretical and experimental studies have been performed and the knowledge base is considered advanced 
compared to OMF. 
 

3.3 EFFICACY 
 

Export Efficiencies 
 

There have been 13 open-ocean aOIF studies conducted between 1993 and 2009 by the 
oceanographic community as research experiments, resulting in a significant body of literature and 
several reviews comparing them (Boyd et al., 2007, de Baar et al., 2008; Yoon et al., 2018; GESAMP, 
2019).  In these field experiments, from 350 to 4,000 kg of iron was added in the form of Fe sulfate 
dissolved in acidic waters and released in the propeller wash of a moving ship over 25 to 300 km2 in one 
or multiple additions resulting in initial Fe concentrations between ≈1 to 4 nM.  These experiments 
resulted in variable growth response (net primary productivity [NPP] increased by <400 to >1,700 mg C 
m2/d) and shifts in community structure, largely driven by the growth of diatoms of several types (Table 1 
in Trick et al., 2010; Tables 2 and 4 in Yoon et al., 2018).  Observations from ships extended from as 
short as 10 days to 30-40 days, and in most cases, the fate of the enhanced growth was not studied due to 
the limited time on site, the lack of appropriate sampling and measurement tools for particulate organic 
carbon (POC) fluxes, and in many cases, continued addition of iron that kept the bloom in progress. 

To use these results to address the C sequestration efficiencies in response to iron, we need to 
consider not just the molar ratio of iron added to carbon incorporated into algal growth (C:Fe of 
150,000:500,000; Sunda and Huntsman, 1995; de Baar et al., 2008), but the ratio of iron to carbon that is 
exported. In summarizing early aOIF experiments in the Southern Ocean, Buesseler and Boyd (2003) 
noted that two studies—Southern Ocean Iron RElease Experiment (SOIREE) and EisenEx (Eisen is iron 
in German)—showed no increase in C export in the form of sinking POC to depth within 13 to 23 days 
after fertilization.  A third aOIF study, Southern Ocean Iron Experiment (SOFeX)-South, showed a 
measurable increase in POC flux between the control and fertilized patch after 30 days, with a C:Fe molar 
export ratio of 8,000 at 100 meters.  These authors noted that the aOIF observations were too short to 
determine the ultimate fate of the Fe-induced POC export, but these data did not support some of the 
more optimistic claims surrounding the low cost and small amount of iron needed for Ocean CDR 
(Buesseler and Boyd, 2003). Using the same 100m boundary for POC export, de Baar et al. (2008) 
reported C:Fe export ratios ranging from 650 to 6600 in 3 aOIF studies, including those reported by 
Buesseler and Boyd (2003).  De Baar et al. (2008) attributed this relatively modest efficiency compared to 
algal growth needs, as being due to 75 percent of the added iron being rapidly associated with colloidal 
forms and subsequently being quickly lost via scavenging and hence unavailable for algal growth. 

In support of this proposed Fe loss mechanism, de Baar et al. (2008) summarized several natural 
OIF studies where there was a nearby island source of natural iron in the Southern Ocean resulting in 
long-standing, yet locally variable bloom and export responses (Blain et al., 2008; Pollard et al., 2009).  

http://www.nap.edu/26278


A Research Strategy for Ocean-based Carbon Dioxide Removal and Sequestration

Copyright National Academy of Sciences. All rights reserved.

A Research Strategy for Ocean-based Carbon Dioxide Removal and Sequestration 

Prepublication Copy  74 

During one of these, CROZET, C:Fe export ratios ranging from 5,400 to >60,000 were found.  Even 
higher natural C:Fe export ratios were found off the Kerguelen Plateau (up to 174,000).  De Baar et al. 
(2008) compared different estimates of the C:Fe efficiency made using several methods, from looking at 
POC determined by traps and radionuclide methods, to those studies that quantified export by calculating 
upward diffusive fluxes of iron and calculating a C balance.  Suffice it to say that natural OIF studies 
showed higher C export ratios in response to iron than aOIF.  Presumably, in the natural system, the 
community response is more likely to reach a steady-state or at least seasonal balance between sources 
and losses and is less impacted by the episodic nature of aOIF experiments as conducted to this point. 
One area of research and development (R&D) would thus be looking at the forms of iron added, the Fe-
binding ligands in an attempt to minimize losses (see Research Agenda, below), varying the input from 
pulse to continuous, as well as extending observations to full growth cycle including the bloom demise 
(several months). 

For OIF to sequester carbon from the atmosphere, not only do we need to consider the C:Fe ratios 
leaving the surface, but the extent to which carbon associated with sinking particles (or other pathways of 
the BCP) is attenuated with depth, as it is only with C transport below at least the depth of annual winter 
mixing that carbon can be considered sequestered in terms of a CDR approach (see discussion of 
durability, below).  Few of the aOIF experiments had depth-resolved C export production (EP) 
measurements, but one that did, LOHAFEX, observed a factor of 8 decrease in POC flux between 100 
and 450 meters (using neutrally buoyant sediment traps; Table 5 in Yoon et al., 2018).  This is not 
dissimilar to the expected range in POC attenuation associated with sinking particles and the natural BCP.  
In a summary of shallow POC flux attenuation below the euphotic zone in the natural BCP, Buesseler et 
al. (2020) found that up to 90 percent of the sinking POC flux can be lost in the first 100 meters below the 
euphotic zone, though in some settings, essentially no attenuation can be measured in those first 100 
meters, depths over which POC flux attenuation is typically the greatest.  This flux attenuation is the 
result of combined processes that convert sinking forms of carbon to nonsinking forms, such as occurs 
with “sloppy feeding” by zooplankton on large organic aggregates, and by heterotrophic consumption of 
sinking particles and conversion to dissolved organic and inorganic carbon by resident zooplankton, 
microbes, and other animals in the mesopelagic. 

If attenuation efficiencies can be controlled or altered during purposeful additions at sites where 
the communities are more likely to sequester carbon, such as after the sinking of intact diatom cells, then 
the effectiveness of CDR would be directly affected, or at least the amount of iron needed greatly 
reduced.  Looking again at natural systems, this total loss of carbon starting with NPP and export out of 
the euphotic zone and transferred 100 meters below, varies from 1-50 percent (=EP/NPP).  So in 
estimating the effectiveness of OF for ocean CDR, there remains a large uncertainty in these factors, 
which determines costs and potential biogeochemical impacts below a purposeful event, as well as its 
permanence (see below).  Also of importance, is that the depth of remineralization for carbon, iron, and 
other macronutrient remineralization will differ.  For example, the depth of remineralization typically 
follows the order of P < N < C < biogenic silica, from shallowest to deepest, but little is known about the 
remineralization depth of sinking particulate iron (Lamborg et al., 2008), which is presumably shallower 
for biogenically incorporated iron and deeper for detrital iron which would track more closely the 
lithogenic fraction of the particle flux.  More recent studies confirm the importance of particle 
composition and type in regulating Fe remineralization (Bressac et al., 2019).  R&D directed at measuring 
and purposefully changing these export ratios is needed and cannot be answered by these initial 13 aOIF 
experiments.  As such, current cost estimates for OIF (see below) are limited by the variations in export 
ratios, but compared to other CDR methods, particularly abiotic ones, OIF would require only a small 
amount of iron to have a large impact on C sequestration. 
 

Durability or Permanence of CDR 
 

Similar to the permanence issue for land-based CDR, any ocean-based CDR is only as effective 
as its durability, or timescale over which carbon is removed from and then returned to the atmosphere.  
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This would hold whether using a C capture and storage method, where CO2 was deliberately injected into 
the deep ocean, or as discussed in this section, carried into the deep ocean via sinking organic matter, 
such as in response to stimulation of phytoplankton due to OF. Likewise, biotic methods that deliberately 
sink organic matter from macrophytes would face a similar issue with durability depending upon where 
and to what degree the carbon degraded during sinking (see Section 6.2 on Macroalgae).  Here we use 
100 years to define what is considered “durable” (or “permanent”) C sequestration, similar to several 
land-based options such as enhanced management of forests.  This sequestration time frame in the ocean 
is largely determined by depth and location and is set by the mixing and circulation properties of the 
ocean. 

Primeau (2005) characterized a “first-passage time” as the time when a fluid element at depth in 
the ocean will make its first return contact with the surface ocean, and thus CO2 would be able to leak 
back into the atmosphere.  While the Atlantic Ocean in their model had generally younger water mass 
ages than the Pacific Ocean (difference by about a factor 2 in the deep basins), first-passage times were 
found to be more uniform over different latitudes and ocean basins. In a model-based analysis employing 
a steady-state assumption for ocean circulation, Primeau (2005) found that these times were generally 
greater than 200 years for depths below 500 meters and about 600 years at 2,000-meter depth.  A more 
recent study that illustrates the global pattern versus depth over the 100-year time horizon for C injections 
can be found in a model by Siegel et al. (2021).  The shallow retention times are quite short, with less 
than 50 percent of the carbon retained more than 100 years in large parts of the ocean if carbon is 
introduced above 200-500 meters, but carbon is largely retained in most areas when introduced below 
1,000 meters, with retention times of centuries, except in the North Atlantic Gyre, along the Southern 
Ocean polar frontal regions, and in the Southern Indian Ocean east of Africa (Figure S2 in Siegel et al., 
2021). 

Another way to consider the timescale of for C sequestration is to consider the fraction of CO2 
retained given variations in the attenuation of sinking POC flux from the surface to the 100-year 
sequestration depth.  Siegel et al. (2021) show this as a map of the fraction of carbon retained for 100 
years that leaves the surface euphotic zone. (Figure 3.3). Using the Martin et al. (1987) POC attenuation 
power-law exponent b which is a best-fit parameter for POC flux versus depth between generally 100 and 
1,000 meters.  A larger b signifies faster POC flux attenuation and thus less carbon brought to depth 
where it is sequestered. For example, with the global average b of 0.8 for POC flux attenuation, around 30 
percent of the carbon leaving the surface would reach a depth of >100-year sequestration (Figure 3.3, 
center).  This is not surprising since it is well known that much of the sinking POC flux in the ocean is 
lost due to natural processes that remineralize carbon in mid-waters.  Using a faster carbon attenuation (b 
= 1.0) results in less carbon being sequestered (Figure 3.3, right), whereas slower C attenuation (b = 0.6) 
results in many regions exceeding 50 percent retention over 100-year timescales or longer (Figure 3.3, 
left).  In practice, b varies from >1 to <0.5 (Buesseler et al., 2020), but the response to aOIF has been the 
generation of diatom blooms that in the natural ocean are more often characterized by a lower b, hence 
the map showing b of 0.6 may be a better predictor of regional patterns of C sequestration for a surface 
source of fresh POC following aOIF.  The issue of deliberately reducing or selecting for low POC 
attenuation efficiencies is an area of further research since the overall effectiveness of OF as a CDR 
approach will depend greatly on the fraction that reaches the deep ocean (see Export Efficiencies, above, 
and further discussion below). 

A region particularly well suited for long C sequestration might be the Southern Ocean south of 
the biogeochemical divide separating the Antarctic from the sub-Antarctic (Marinov et al., 2006) where 
surface waters and sinking matter enter the deep cell, or “unproductive Southern Ocean circuit” according 
to Toggweiler et al. (2006) of the global overturning circulation (Ferrari et al., 2014). Besides reaching 
long first-passage times of the deep waters entering the deep overturning cell, a second advantage 
compared to other regions is that the supply of macronutrients originates from the shallower cell and is 
thus not affected by OIF-induced changes in macronutrients. Removal of macronutrients from waters 
south of the biogeochemical divide would also have less deleterious effects on biological productivity 
elsewhere. Such effects would otherwise lead to slow saturation of the OIF-induced global mean air–sea 
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fluxes under continuous fertilization, whereas no such saturation and sequestration timescales exceeding 
100 years are seen in a modeling study south of the biogeochemical divide (Sarmiento et al., 2010). 
Of significance to ocean CDR is (1) the need for through measurements and models, to quantify the 
permanence for a given site, and (2) deliberately selecting sites and enhancing export efficiencies to 
optimize for maximal sequestration time.  Enhanced C removal and efficient transport via the BCP will 
depend on the pathway that carbon takes to reach the deep sea.  For example, the physical pumps that 
transport suspended POC or mix dissolved organic carbon below the surface will not lead to long-term 
sequestration in regions other than those where deep waters are formed. Neither will most active 
migrations, such as zooplankton diel vertical migration, because these processes are largely limited to 
<1,000 meters (Boyd et al., 2019).  However, the gravitational settling of POC does reach the seafloor, 
with on average ≈10 percent of the carbon fixed via NPP in the euphotic zone reaching 1,000 meters 
(Martin et al., 1987) and of that, <1 percent is buried in ocean sediments.  So it is the gradient in sinking 
POC remineralization that will set BCP sequestration efficiencies for a given location.  These 
remineralization rates vary with the speed of particle settling and are likely modulated at least by 
temperature and oxygen (Devol and Hartnett, 2001; Van Mooy et al., 2002; Boscolo-Galazzo et al., 
2021).  These BCP efficiencies vary widely in natural settings (e.g., Buesseler et al., 2020), and could 
potentially be altered if one could select for formation of blooms with fast-sinking pellets (e.g., salps), 
carcasses, and/or sites with less microbial degradation (e.g., colder waters and low O2).  Ultimately, this 
return flow of carbon to the surface from the site of export sets the time frame for the permanence OF as a 
CDR approach, and this must be considered and compared relative to other CDR approaches. 
 

 
FIGURE 3.3 Color shows the fraction of CO2 retention for 100 years or more, in response to a surface 
bloom.  Values for b follow the parameterization by Martin et al. (1987) with 0.8 being a global average, 
and 1.0 and 0.6 indicating greater and lower particulate organic carbon flux attenuation, respectively. 
SOURCE: Adapted from Figure S3 in Siegel et al., 2021, licensed by Creative Commons CC BY 4.0. 
 

Monitoring and Verification 
 

Effective CDR requires C accounting that is transparent and verifiable and requires ways to 
monitor the ecosystem responses in the upper ocean where OF is applied and in the deep sea where 
carbon is intended to be sequestered.  In the case of OF, the area of treatment for the demonstration 
projects could be relatively large (>1,000-10,000 km2) with a timescale of several months to years. The 
broad synoptic images (swath widths ≥ 2,500 km), high spatial resolution (~1 km), and rapid resampling 
(nearly daily global coverage) make satellite ocean color observations well suited to document the 
enhancement of surface ocean productivity created via OF (e.g., Westberry et al., 2013). Previous OIF 
studies have used satellite maps of phytoplankton chlorophyll concentrations to map the extent of and 
changes in phytoplankton due to trace nutrient addition (e.g., Abraham et al., 2000; Westberry et al., 
2013). Existing satellite data products can also be used to assess changes in the phytoplankton Fe stress 
either via changes in the chlorophyll-to-C ratio or the solar-stimulated chlorophyll fluorescence line 
height (Behrenfeld et al., 2005, 2009; Westberry et al., 2013; Xiu et al., 2014). In an exciting new 
development, the National Oceanic and Atmospheric Administration’s (NASA’s) upcoming Plankton, 
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Aerosol, Cloud, ocean Ecosystem (PACE) mission1 will provide global, hyperspectral (5-nm resolution) 
observations of ocean color reflectance spectra (Werdell et al., 2019) improving the quantification of 
phytoplankton composition from satellite data (e.g., Uitz et al., 2015; Xi et al., 2017; Kramer et al., 2021). 
Merged satellite altimetry data products will also be useful for assessing the trajectory of surface water 
parcels and stirring of patches, which may in turn affect the efficiency by which Fe additions are utilized 
by the surface ocean (e.g., Abraham et al., 2000). Thus, satellite observations provide a suite of data 
products useful for monitoring and verifying the effectiveness of OIF for ocean CDR. 

However, satellite data only measure surface ocean properties and do not provide estimates of C 
export and other necessary biogeochemical determinations. The biogeochemical Argo profiling float 
network (which would continue to operate after the start of the treatment) can be used to track surface 
productivity and variations in plankton biomass (Yang et al., 2021) as well as provide needed subsurface 
data. A suite of autonomous surface vehicles and water column gliders (the number would depend on the 
aerial extent), outfitted with abiotic sensors (temperature, salinity, pressure, partial pressure of CO2 
(pCO2), O2, bio-optics, and nutrients) would be deployed on and beneath the treated bloom area. These 
autonomous sensor platforms profile between the sea surface and ocean depths every few days, measuring 
water properties and relaying data via satellite. At least one area outside of the bloom area, but in a 
similar water depth and ecosystem, could be monitored as a control, with similar sensors and sampling 
systems. These sensor systems would deliver an important subset of essential ocean variables (see 
Danovaro et al., 2020) to document the resulting bloom size and its impact on ocean physical and 
chemical properties.  To quantify organic C uptake and the strength and efficiency of the BCP, methods 
that sample and/or optically characterize particles are needed (McDonnell et al., 2015).  To quantify the 
extent of C storage below known reference depths for C sequestration (see section above on permanence), 
sediment traps (e.g., Buesseler et al., 2008), bio-optics (e.g., Giering et al., 2020) or other radionuclide-
based particle flux tracers (e.g., Waples et al., 2006) would be used to measure the POC and associated 
elemental fluxes to the deep ocean.  Consideration in these monitoring strategies for assessment of 
sinking POC also needs to consider the horizontal displacement of surface particle sources and the 
eventual location of C sequestration in the deep sea, that is, consideration of particle source funnels 
(Siegel et al., 2008). Examples of several monitoring technologies are shown in Figure 3.4. 

Management of deep ocean ecosystems used for ocean CDR requires establishment of benchmark 
conditions and monitoring regional-scale threats, such as marine heat waves and ocean deoxygenation, in 
addition to site-specific monitoring of the C removal. Ships of opportunity (e.g., Smith et al., 2019) could 
also be coordinated and engaged to corral the floats to remain in the regions of interest or reseed an area 
with floats and other monitoring systems. The ships themselves could also provide data and data products. 
Data and data products from decades-long “Line” surveys in some regions (e.g., Line P in the Northeast 
Pacific) provide a historic framework for understanding benchmarks and/or long-term ocean change in an 
HNLC area suitable for OIF (Wong et al., 1995; Timothy et al., 2013). 

Given that the potential for the area to be fertilized is extremely large, DARPA’s Ocean of 
Things,2  currently under development, will be useful for monitoring impacts. Such systems are formed 
by an interconnected network of small, inexpensive, and potentially biodegradable sensors and floats. 
Their sensor suites include measuring sea-surface temperature over a large region, so that it can be 
mapped with sufficient density to better understand ocean currents and mixing. The premise is that this 
dense measurement network can be combined with remote sensing data and models to merge observations 
and assess the fate of carbon. The program is in development, so there is an opportunity to incorporate 
small sensors specific for OF monitoring, such as ocean MINIONS-3 a small, inexpensive isopycnal float 
with onboard sensors and an upward-looking camera that quantifies POC export associated with sinking 
particles (Melissa Omand, University of Rhode Island, ongoing personal communication). 

                                            
1 See https://pace.gsfc.nasa.gov. 
2 See https://oceanofthings.darpa.mil/. 
3 See https://twilightzone.whoi.edu/work-impact/technology/minions/. 
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FIGURE 3.4  Instruments for monitoring impacts of OF as a CDR approach include  (1) profiling float 
with underwater vision profiler camera; (2) wind-driven surface autonomous vehicle; (3) neutrally 
buoyant sediment trap; (4) Argo profiling float; (5) PELAGRA sediment trap; (6) fleet of small 
MINIONS floats; (7) surface buoy for open-ocean mooring; (8) ocean glider; (9) deep-moored time-series 
sediment trap; (10) wave-powered surface autonomous vehicle. SOURCE: (1) David Luquet, (2) Beth 
Hamel, NOAA, (3) Alyson Santoro, NASA, (4) NASA’s Earth Observatory, (5) Amala Mahadevan, NSF, 
(6) Melissa Omand, (7) D. Macintyre, NOAA, (8) NOAA, (9) MBARI, (10) PMEL, NOAA.  
 
 

To assess the potential positive or negative impacts on regional fisheries, information on trends in 
species diversity and fish abundances is a key metric. Imagery from fixed-observatory underwater 
cameras and regular ship-based video transect surveys could be used to develop data products on species 
diversity and abundance. Manual, machine vision, and crowdsourcing tools are several approaches that 
extract biological information from video and photo archives to reveal trends in species numbers (see, 
e.g., Matabos et al., 2017).  Understanding impacts higher up the food chain would require sampling with 
traditional nets and use of new techniques such as eDNA methods (e.g., Closek et al., 2019) to catch 
trends that occur over multiple years of growth and adaptation to purposefully altered conditions. 
 

Additionality and Downstream Effects  
 

The aim of OIF is to stimulate photosynthesis, the production of biomass and uptake and 
redistribution of carbon. In this process, nutrients other than iron are taken up and will be redistributed as 
well. The larger the amount of carbon sequestered is, the larger will be the redistribution of nutrients. This 
will have local and remote effects on nutrient fields and therefore on nutrient limitation, biological 
production, biological diversity, and, eventually, the marine BCP.  

One effect that has received attention is the so-called nutrient robbing (Shepherd, 2009), whereby 
macronutrients utilized during aOIF-induced biological production are not available for biological 
production and associated C uptake elsewhere. Besides its ecological implications, this represents a 
nonlocal CO2 leakage and presents difficulties for appropriate accounting of CO2 sequestration achieved 
by aOIF (Oschlies et al., 2010). This effect is of particular concern for aOIF in the Fe-limited surface 
waters of the tropical and subpolar North Pacific, where no deep waters with significant amounts of 
unutilized (preformed) nutrients are produced, and hence all macronutrients in the surface layer will 
essentially be used up anyway, and aOIF would predominantly lead to a relocation of the areas of 
biological production. The net CO2 sequestration inferred from individual patchy fertilization experiments 
may thus be considerably overestimated (Aumont and Bopp, 2006). 
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Nutrient robbing would also occur for aOIF in the Southern Ocean, where surface waters tend to 
be replete upon subduction, thereby forming nonzero preformed nutrients. Model studies indicate that 
Southern Ocean OIF will lead to nutrients being trapped in the Southern Ocean and less nutrients will be 
exported to regions farther north, eventually leading to a reduction of biological production north of the 
Southern Ocean (Oschlies et al., 2010). Relieving the Fe stress on diatoms via Southern Ocean OIF may 
also lead to changes in the Si:N ratio of the organic matter export and, consequently, to a change in silicic 
acid leakage from the Southern Ocean (Holzer et al., 2019). Nutrient robbing by Southern Ocean aOIF is 
likely to be accompanied by eventual reduction in biological production in much of the “world ocean” 
outside the fertilization region. Models suggest that these Southern Ocean nutrients currently fuel up to 
three-quarters of the biological production in the global ocean north of 30°S (Sarmiento et al., 2004; 
Marinov et al., 2006). 
 

3.4 SCALABILITY 
 

Like all ocean CDR approaches, models are used to assess the scale at which OF would affect the 
global carbon cycle.  These models have focused on a particular region (e.g., Southern Ocean) or HNLC 
regions globally and often use the complete drawdown of surface ocean macronutrients to simulate 
enhanced primary production and the amount of potential C removal.  There are important differences 
between models, however, including the extent to which deep C sequestration is considered versus 
shallow C export; whether nutrient co-limitation is included; the timescale of removal and reequilibration 
of CO2 with the atmosphere; and, for example, ignoring the impact of OIF on LNLC regions via 
stimulation of N2 fixation.  These are just some examples of why the estimates thus far on the total scale 
of OIF alone ranges widely, from a fraction of a Gt C/yr to up to 3-5 Gt C/yr (Table 3.1), with a recent 
GESAMP (2019) report settling on 1 Gt C/yr (3.7 Gt CO2) as the maximum theoretical potential.  
Practical consideration for engineering such large-scale deployments is also not considered.  Deliberate 
alteration of ocean ecosystems to this extent would have many impacts and feedbacks not included in 
these models, but certainly the potential exists to augment the natural BCP of 5 to 12 Gt C/yr (C flux at 
the base of the euphotic zone; Siegel et al., 2014) by a Gt/yr or more. 

One outcome of these models is that regional differences in ocean CDR capacity for OIF are 
large.  For example, numerical models generally show a maximum C sequestration potential when OIF is 
applied to the entire Southern Ocean, the largest HNLC region of the world ocean, during the growing 
season when growth is not limited by light.  This would lead to substantial net air–sea CO2 fluxes 
(Aumont and Bopp, 2006).  In contrast, OIF was found to have limited impact when applied in the 
equatorial Pacific (Gnanadesikan et al., 2003). 

Over longer timescales, a model applying OIF everywhere south of 30°S found that OIF-induced 
air–sea flux of CO2 is largest during the first year, reaching 5 Gt C/yr in Keller et al. (2014), but drops to 
less than 2 Gt C/yr within 10 years and about 1 Gt C/yr on centennial timescales. The large C uptake 
during the first year can be explained by the large macronutrient reservoir that becomes accessible upon 
the relaxation of Fe limitation. Export of organic matter and subsequent remineralization at depth leads to 
trapping of much of these nutrients (and carbon) in the Southern Ocean. Upwelling of the nutrients and 
respired C trapped in the Southern Ocean offsets a substantial fraction of the OIF-mediated downward 
flux of POC, leading to a substantial return flux of respired CO2 to the atmosphere and an atmospheric 
uptake efficiency, defined as the ratio of air–sea CO2 flux to export production (Jin et al., 2008), of less 
than 0.5. The uptake efficiency is also affected by the lowering of atmospheric pCO2 by successful OIF 
(or other CDR schemes). This will shift the CO2 air–sea partial pressure difference toward a net efflux of 
CO2 from the ocean to the atmosphere. A similar efflux might also occur for the net C flux between the 
terrestrial biosphere, where photosynthetic CO2 uptake is often stimulated by elevated atmospheric CO2 
concentrations. The compensating effect of such effluxes due to CDR-induced changes in atmospheric 
CO2 changes from a few percent in the first year of CDR operation to about 10 percent on decadal and 50 
percent on centennial timescales (Oschlies, 2009). 
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TABLE 3.1 Ocean Iron Fertilization Global Sequestration Potential 
Source Year Gt C/yr Comments 
Aumont and Bopp 2006 1 to 2 106-227 Gt/C over 100 years provided in reference to five 

previous model studies, Table 1 

Buesseler et al.  2008 0.2 to 0.3 Reported several hundred million for HNLC areas only 

GESAMP report 2019 1 Maximum potential based on model predictions, Table 4.4 

Strong et al. 2009 up to 1 Southern Ocean only—refers mostly to Zahariev et al., 2008 

Cao and Caldeira 2010 up to 3 Deplete all surface PO4 by 2100—Table 2—822 − 541 = 281 
Gt C until 2100 (difference with and without OIF), so over 
90 years about  3 Gt C/yr 

Oschlies et al. 2010 <1 Decadal to centennial timescale Southern Ocean OIF only, 
but global impacts considered, including downstream 
impacts and CO2 backflux—Table 1 

Keller et al. 2014 1 to 5 Southern Ocean only south of 30 degrees, decreasing quickly 
from 5 to 1 if measured on centennial scales 

Natural biological  
carbon pump (BCP) 

Various 5 to 12 Natural BCP for reference of euphotic zone C loss (e.g., 
Siegel et al., 2014) 

 
3.5 VIABILITY AND BARRIERS 

 
General Considerations 

 
The intention of OF is to stimulate photosynthesis and the production of organic matter. Similar 

to any biological CDR method, this intentional perturbation of natural ecosystems will change species 
composition, food web structure, and biodiversity, and will generate winners and losers until a new 
ecosystem is established. 

Fertilization-induced enhancement of biological production will also lead to enhanced 
remineralization and oxygen consumption. While oxygen levels will thus decline below fertilization 
areas, the trapping of nutrients is expected to lead to a decline in biological production and eventually 
oxygen consumption in other regions of the world ocean. For Southern Ocean OIF, the volume of low-
oxygen waters located in the tropical oceans may thus even shrink despite a global decline in the marine 
oxygen inventory (Oschlies et al., 2010). 

The remineralization part of the nitrogen cycle also involves nitrification, during which nitrous 
oxide (N2O) is produced. A second pathway for enhanced production of N2O is associated with anaerobic 
remineralization in low-oxygen environments that may expand in response to OF. Detailed understanding 
of the rates of N2O production and possible consumption is still lacking, but direct measurements during 
the aOIF SOIREE measured increased N2O emissions from the fertilized patch that would offset 6 percent 
to 12 percent of the OIF-induced CO2 uptake (Law and Ling, 2001). Similar offsets were inferred from 
models (Jin and Gruber, 2003; Oschlies et al., 2010). It is important that this offsetting of enhanced 
biological CO2 uptake by N2O produced from enhanced remineralization will likely occur for any 
biological marine CDR scheme as well as for biological terrestrial CDR schemes. 

Another non-CO2  greenhouse gas (GHG) that has been observed in nine aOIFs is production of 
dimethyl sulfide (DMS) which can lead to the formation of cloud condensation nuclei above the ocean 
and thus provide additional positive co-benefit in terms of reducing global temperatures (e.g., Law, 2008).  
But field results are variable, with larger DMS increases seen in the Southern Ocean versus the North 
Pacific. 
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In summary, a number of trace gases could be affected by OIF, not only N2O and DMS, but 
various halocarbons, CH4, and isoprene (see Figure 1 in Law, 2008), and accounting for their positive and 
negative feedbacks on climate needs to be included in research studies of OIF as an ocean CDR approach. 
 

Harmful Algal Blooms 
 

All aOIFs are intended to produce changes to community composition as a consequence of 
adding iron.  Of concern to many has been the possible increase in the abundance of Pseudonitzschia, a 
diatom genus known to produce the harmful neurotoxin domoic acid (DA) (Silver et al., 2010; Trick et 
al., 2010).  This unintended consequence is often put forward in the public media as a reason not to 
continue with OIF as an ocean CDR approach (Allsopp et al., 2007; Harris, 2012; Tollefson, 2017). 
Looking more closely, there are few data to support this concern based upon direct measurements of DA, 
including studies by Marchetti et al. (2009), who did not detect increased DA production by 
Pseudonitzschia in response to the aOIF Subarctic Ecosystem Response to Iron Enrichment Study 
(SERIES) in the northeastern Pacific.  Trick et al. (2010) point out that 6 of the 11 aOIFs produced 
increases in Pseudonitzschia abundances, so roughly half of the experiments had the potential to cause 
unintended harmful algal blooms (HABs).  However, Trick et al. (2010) measured DA/cell in natural 
conditions, from a single profile from in the northeastern Pacific (Ocean Station Papa) and saw little 
difference in the DA quota for incubations of Fe- and non-Fe–enriched cells (3–4 × 10-6 pg DA/cell).  But 
using these estimates of low DA per cell and assumptions about transfer to the DA in water (not 
measured), they postulate a possible toxigenic response to an aOIF deployment, if conducted at a scale 
100 to 1,000 times larger than any aOIF experiment thus far.  In other words, with enough 
Pseudonitzschia, one might see a harmful response. 

In another study to consider DA production, Silver et al. (2010) measured DA in stored cells from 
two natural settings and two aOIF studies (Southern Ocean Iron Experiment–South and FeExII). The 
results show highly variable DA per cell and only elevated DA in two settings, the natural northwestern 
Pacific (K2 site DA/cell = 0.9 ± 07 pg/cell for four samples) and in the aOIF site SOFeX-S (0.9 ± 0.2 for 
two samples).  Values at these two sites were much higher than after the aOIF experiment FeExII (0.04 ± 
0.02 for two samples) with values equally low as at a natural site in the Gulf of Alaska (0.03 ± 0.07 for 
four samples). The point is that based upon these 10 samples, there is no clear evidence of additional DA 
per cell after aOIF relative to natural systems.  It is only when the abundance of Pseudonitzschia increases 
in response to OIF that there may be conditions where harmful responses are possible. Silver et al. (2010) 
noted that “neurotoxin impacts at higher trophic levels, well known in shelf and coastal regions, have not 
yet been reported in open ocean systems.''  They conclude that caution is warranted, but as with any ocean 
CDR approach, there will be unintended consequences that will be important to study, and thus be able to 
predict, if one were to move from aOIF research to large-scale implementation. 
 

Co-benefits 
 
Fisheries 
 

OF has increasingly been proposed as a method for fisheries enhancement, in addition to, or in 
place of using it as a method for ocean CDR.  At the most basic level, enhancements to the base of the 
food chain should lead to increases in fish stocks, at least if other variables remain similar.  This concept 
was put forward early in the framework of reducing global hunger, based upon the addition of nitrogen to 
the ocean to increase production and thus conversion to seafood for human consumption (Jones and 
Young, 1997).  In part, given the controversy surrounding aOIF and lack of a C credit market, 
commercial interest has shifted in several recent cases to this “ocean seeding” idea. For example, in 2012, 
the Haida Salmon Restoration Corporation (HSRC) asked the Haida Nation village of Old Massett in 
British Columbia to fund a commercial venture to deliberately release 100 tons of iron off Haida Gwaii as 
a means to enhance the local salmon fishery.  Controversy remains about the legality of this effort 
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(Tollefson, 2012; Wilson, 2013), and it was also lacking in the public release of data or peer-reviewed 
studies documenting the impacts.  While after-the-fact study of remote sensing images and plankton 
sampling did document a bloom within the study area (Batten and Gower, 2014; Xiu et al., 2014), no 
links could be made to enhanced fisheries. 

We are thus left with no evidence on the potential positive or negative impacts on fisheries of the 
2012 event, though follow-on proposals for aOIF have been put forward with the specific goal to enhance 
the local fisheries. In one such case, Oceanos4 is proposing an Fe addition in the Humboldt Current area 
in the territorial waters off Peru. Whereas links further up the food chain may be impossible or at least 
difficult to demonstrate with commercial-scale OIF, natural OIF events may provide clues as to the 
possible link between OIF and fisheries enhancements. 

One of the best-documented natural OIF event that has been tied to fisheries is the 2008 
Kasatochi volcanic eruption off the Aleutian archipelago.  Hamme et al. (2010) documented a large-scale 
biogeochemical response of a doubling of surface chlorophyll over an area of 1.5 to 2 × 106 km2 and an 
observed decrease in surface pCO2 by 30 µatm (8 percent) and increase in pH at Ocean Station Papa from 
8.08 to 8.13.  This productivity enhancement and decrease in CO2 was attributed to the response to the 
addition of iron from Kasatochi and resulted in what they estimate to be a C export event on the order of 
0.01 Gt C (0.04 Gt CO2).  Olgun et al. (2013) further studied the release of iron from the volcanic ash and 
supported their findings that enough iron would have been added to support the enhance productivity seen 
by remote sensing. 

The link between the Kasatochi event and enhanced fisheries, however, remains controversial.  
Parsons and Whitney (2012) were the first to suggest that the volcanic iron induced a massive diatom 
bloom in the Gulf of Alaska that enhanced the food supply for adolescent sockeye salmon, leading to one 
of the strongest sockeye returns on record in 2010 for the Fraser River.  Olgun et al. (2013) noted that this 
diatom bloom could support a larger zooplankton copepod food source for these juvenile salmon.  From 
the timing of the bloom and magnitude of the response, they thought it was “very plausible” that the 
eruption enhanced salmon survival, though they point to several other factors that can affect ocean 
survival of salmon.  McKinnell (2013) looked more broadly at Sockeye salmon spawning success in the 
Fraser River and challenged whether the volcanic event was the cause.  They present a case that the 
survival was unremarkable in the historical record for the Fraser River, and that several other factors 
refute this idea, such as that the region with the anomalous chlorophyll enhancement is not where the 
juveniles migrate, and that no other salmon from that feeding region had unexpectedly high returns. 

It is not surprising that a link between short-term OIF enrichments and fisheries are hard to 
document given the episodic supply of iron during a volcanic eruption and the subsequent enhancement 
of fish stocks years later.  That decoupling in time and the wide range of processes that impact fisheries, 
will make it difficult to attribute a positive fisheries co-benefit to a local event or sustained regional OF.  
And finally, if the goal of OF is enhanced fisheries for human consumption, then the ocean CDR benefits 
decline as carbon is returned to the atmosphere via respiration of food supply on land. 
 
Ocean Acidification 
 

In terms of other co-benefits, if the consequences of OF are a reduction in surface ocean DIC, as 
seen in 11 of the 13 aOIF experiments (Yoon et al., 2018), this would result in a pH increase and thus a 
decrease in surface ocean acidification (OA), at least temporarily during the drawdown period.  Since OA 
is considered to be detrimental to carbonate-producing marine life in particular (Doney et al., 2020), this 
would be a co-benefit by maintaining or increasing pH over scenarios without OF. Using a simple ocean 
model, Cao and Caldeira (2010) predict that the impact of OIF given an extreme scenario of complete 
surface phosphate removal would reduce atmospheric CO2 by 130 ppm, but increase surface ocean pH by 
only 0.06, relative to the same emissions without OIF. 

                                            
4 See http://oceaneos.org/. 
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Interestingly Cao and Caldeira (2010) further emphasize that this surface OA decrease, or co-
benefit, would be accompanied by further acidifying the deep ocean, as also expected for other 
approaches of moving atmospheric CO2 into the deep ocean (Reith et al., 2019).  This could have 
negative impacts on the growth of deep-sea corals, as well as the metabolic processes of deep-sea biota in 
general (e.g., Siebel and Walsh, 2001).  In effect, OF might be a co-benefit for surface corals and shell 
fisheries, but a shift to less favorable conditions in the deep ocean, similar to the arguments for potential 
negative impacts of mid-water and deep-ocean oxygen decreases in response to OF (see General 
Considerations). Oschlies et al. (2010) inferred a pH decline by more than 0.1 units over large parts of the 
mid-depth Southern Ocean after simulated multidecadal OIF. 

Lacking longer or larger-scale aOIF studies to directly examine deep-ocean impacts, studies of 
natural OF systems may provide another line of evidence regarding the impacts of OIF on deep-sea biota.  
When comparing a naturally Fe-enriched setting versus nearby controls off the Crozet Plateau in the 
Southern Ocean, the Fe-induced increased supply of organic carbon to the seafloor led to greater densities 
and biomass of deep-sea animals (Wolff et al., 2011).  In fact, a similarity in deep-sea ecology in the Fe-
enriched site and the productive northeastern Atlantic was noted, with the suggestion that aOIF could 
similarly increase the benthic biomass and species composition. 

No matter what the impact of OF on the deep sea, it should be noted that what deliberate and 
large-scale OF would do is essentially speed up the natural processes that are already happening, under 
any current scenario of enhanced CO2 in the atmosphere.  For example, in one emissions scenario, 40 
percent of fossil-fuel CO2 would be stored in the ocean with OIF by 2100 versus 27 percent without OIF 
(Cao and Caldeira, 2010). 
 

Cost and Energy  
 

Ocean fertilization approaches leverage mass ratios between nutrients and organic carbon (Table 
3.2) such that the costs of raw materials could be relatively low when normalized to the mass of CO2 
removed. The costs in Table 3.2 do not include other parts of the supply chain (transport, loading, and 
addition to the ocean) or monitoring. It is clear that for macronutrient fertilization (N, Si, P), the amount 
of macronutrient added would be much greater than OIF, and hence the raw material costs are greater as 
reflected in the cost per ton of CO2 removed. Similarly, to stimulate CO2 removal at a meaningful scale 
(~1 Gt CO2/yr), then the N and P production would be equivalent to 30 percent to 40 percent of current 
markets, whereas OIF would consume <0.1 percent of the current Fe market. Thus the challenge of 
obtaining iron and its land-based impacts from mining would be far smaller than for other macronutrients 
and ocean CDR methods such as alkalinity enhancement that have far greater material needs and hence 
impacts on land (see Chapter 7).  Furthermore, phosphorus is a nonrenewable resource and it use in large-
scale OF would compete with its use for agriculture. 

The deployment costs for spreading nutrients in the ocean is also relatively low, especially in the 
case of iron where relatively small amounts are needed.  For instance, the HSRC in their 2012 project 
chartered a fishing vessel to put 100 tons of iron a few hundred kilometers off the coast of Haida Gwaii at 
a reported cost of $2.5M (e.g., Biello, 2012).  Early estimates for OIF that include both materials and 
delivery were as low as $2/t C ($0.5/t CO2; Markels and Barber, 2002). 

It is clear that costs for OF, however, are very sensitive to (a) the efficiency of nutrients added to 
stimulated C removal and (b) the ratio between carbon removed and that which is permanently 
sequestered at depth.  On the basis of different Fe:Cseq efficiencies, Boyd (2008) illustrates that the cost 
per ton for OIF can vary from <$3/t Cseq to >$300/t C (<$1 to >$80/t CO2, Figure 3.5), providing a best 
estimate based on aOIF experiments of $30-300 /t C ($8–80 /t CO2).  Other estimates at a larger scale 
suggest that the costs of aOIF could be as low as <$10/t C (Harvey 2008; Renforth et al., 2013).   The 
HSRC project mentioned earlier did not include monitoring and verification of C storage, but using a 
modest Fe:C ratio of 1,000, one can estimate a cost of $25/t carbon sequestered.   A key research question 
is therefore to better predict and quantify these Fe:Cseq  ratios, which will be set largely by both the 
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bioavailability of the added iron and the extent of shallow remineralization of sinking POC flux that is 
stimulated in response to the Fe addition. 
 
 
TABLE 3.2 Ratios of Nutrients to CO2 Removed and Market Pricing and Production Comparisons 

Nutrient 

Ratio of Theoretical 
Maximum Carbon 
Dioxide Removed t 
CO2/ta 

Market Price of Material 
($/t element) 

Market Price 
Normalized to CO2 $/t 
CO2b) 

Percent of Total 
Annual Production to 
Facilitate 1 Gt CO2  

Nitrogen 21 1,000 (ammonium nitrate)c 48 ~34 
Silicon (diatoms) 11 300–1,700d (e.g., Si fume) 

1–5 (silicate rock) 
27–155, possibly <1 
for silicate rock 

— 

Phosphorus 150 300e (phosphate rock) 2 ~40 
Iron 780–78,000 350 (65% iron ore)f <0.4 <0.1 

a Expressed as t CO2 for comparability (assuming a molar ratio of C:Si:P:Fe of 106:15:16:1:0.1-0.001 [Brzezinski, 
2004] to derive maximum removal rates per ton of nutrient added). 
b These represent material costs per theoretical tonne of CO2 removed only, not the levelized cost of net C removal 
(see below for more on costs). 
c https://www.intratec.us/chemical-markets/ammonium-nitrate-price. 
d http://www.microsilica-fume.com/silica-fume-price-per-ton.html. 
e https://www.indexmundi.com/commodities/?commodity=rock-phosphate&months=60. 
f https://tradingeconomics.com/commodity/iron-ore. 
 
 

 
FIGURE 3.5 Estimates of the cost of C sequestration by OIF.  These six estimates differ largely because 
of varying ratios of Fe:C sequestered as detailed in the original references and discussed above in Export 
Efficiencies.  Note that costs based on CO2 sequestration would be 3.7 times lower. SOURCE: Boyd 
2008.  
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As with any ocean CDR approach, monitoring intended and unintended consequences to include 
changes in geochemistry beyond carbon and changes in ocean ecology requires additional costs that are 
rarely quantified.  Perhaps the best way to estimate these costs is to scale costs based on prior research 
studies and aOIF field programs. These field studies looked at changes beyond the C balance, including 
shifts in plankton productivity and community structure; the consequences of other limiting 
macronutrients; and in the waters below the in situ Fe addition and in control sites, changes to oxygen, 
N2O, CH4, DMS; and other potential consequences, such as noted above, and including the presence of 
HABs. No official accounting is available, but budgets for SOFeX, for example, the last U.S. experiments 
in 2002 were on the order of $10M for two aOIF field deployments. 

A more recent cost accounting for a research study of the BCP can be taken from NASA’s 
EXport Processes in the Ocean from Remote Sensing (EXPORTS) program.5  In the North Atlantic in 
2021, EXPORTS used three ships and several of the latest autonomous platforms similar to that which 
would be needed for new in situ demonstration projects (see Monitoring and Verification).  Although 
EXPORTS did not add iron, it looked at the fate of carbon in natural settings and ecological and 
community structure, with shipboard measurements largely over the course of 1 month.  Using this more 
recent field experiment as an example, costs ran into the $15M to $20M per field site, which included 
measurements of physical, biological, and geochemical processes, including C stocks and rates, such as C 
uptake, export, and remineralization.  This was still of relatively modest duration and size (1 month, 
10,000 km2) but it was conducted as a Lagrangian time series much like would be needed for CDR 
studies.  The cost would be similar or to scale appropriately for more comprehensive, CDR-focused aOIF 
science experiments and pilot-scale demonstration projects. No one is suggesting that an operational CDR 
approach would take the same level of detail and hence cost as much as a research program, but it is clear 
that a research program to track the consequences and fate of C, including ecological impacts, will readily 
exceed the cost of simply deploying the iron.  
 

Governance 
 

The legal framework for ocean CDR is discussed in Chapter 2. Many of the international and 
domestic laws discussed in that chapter could apply to nutrient fertilization. 
Nutrient fertilization is the only ocean CDR technique for which a specific governance framework has 
been adopted at the international level. Specifically: 
 

● In 2008, the parties to the Convention on Biological Diversity (CBD) adopted a nonbinding 
decision recommending that governments take a “precautionary approach” and refrain from 
engaging in nutrient fertilization, except for “small scale research studies within coastal 
waters” (Para. C4, 2010).  The decision further states that small-scale research studies may 
only be authorized “if justified by the need to gather specific scientific data,” and should be 
subject to “thorough” review and “strictly controlled.” This was reaffirmed in a separate 
decision issued in 2010 (Para. 8w, 2010). 

● Also in 2008, the parties to the London Convention and Protocol adopted a nonbinding 
resolution stating that nutrient fertilization projects “should not be allowed,” unless they are 
undertaken for the purposes of “legitimate scientific research” (Art. 3-5, Resolution LC-LP.1, 
2008).  The parties subsequently adopted a framework for reviewing research proposals to 
evaluate their “scientific attributes” and potential environmental impacts (Resolution LC-
LP.2, 2010). 

● In 2013, the parties to the London Protocol agreed to an amendment that effectively prohibits 
nutrient fertilization, except for research purposes (Resolution LP.4(8), 2013). 

  

                                            
5 See https://oceanexports.org/. 
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Note that neither the 2008 decision under the CBD nor the 2008 resolution under the London 
Convention and Protocol is legally binding. The 2013 London Protocol amendment will become legally 
binding once ratified by two-thirds of the parties to the Protocol, but that has not yet occurred and appears 
unlikely in the near future. Even if the ratification threshold is met, only parties to the London Protocol 
that have ratified the amendment would be bound by it. Notably, the amendment would not bind the United 
States, which is only a party to the London Convention and not the London Protocol (see Chapter 2).  

Researchers (e.g., Webb et al., 2021) have concluded that the United States could, at least in some 
circumstances, undertake or authorize ocean CDR projects involving the addition of materials to ocean 
waters (presumably including nutrient fertilization) without violating the terms of the London 
Convention. Projects would, however, have to comply with applicable domestic law. Table 2.3, in 
Chapter 2, identifies key U.S. federal environmental laws that could potentially apply to nutrient 
fertilization. No detailed research has been conducted on the application of those and other U.S. laws. We 
understand that such research is being conducted as part of an ongoing project, led by Columbia 
University researchers, but they had not published their findings at the time of writing.  

Ocean CDR is likely to face social acceptance challenges given its divisive history.  With open-
ocean activities, stakeholder analysis and defining relevant publics can be challenging. Moreover, if OF 
receives social license on a local or community scale, it may not receive social license globally; 
conversely, global social license will not translate to community-scale acceptance.  One way scientists 
can provide the basis for robust societal debate is to provide research that aligns with open-science 
principles. For the research to assess OF as a CDR approach, there would need to be transparency in 
planning and open access to all data; results disseminated at open meetings and in peer-reviewed journals 
in a timely manner; full compliance with international laws; study of intended and unintended ecological 
effects in both surface and subsurface waters; and assessment of impacts beyond the study area and 
extrapolation to global scales.  If academic, private, and government scientists are involved in collective 
experiments, there needs to be the ability to maintain independence in their ability to report data and 
interpretations thereof.  Finally, if research activities are funded by commercial interests, there is even a 
greater need for a clear and transparent code of conduct to ensure that results are considered unbiased and 
accepted by the public. 
 

3.6 SUMMARY OF CDR POTENTIAL 
 

The criteria for assessing the potential for ocean nutrient fertilization as a feasible approach to 
ocean CDR, described in Sections 3.2 – 3.5, is summarized in Table 3.3. 
 
TABLE 3.3 CDR Potential of Ocean Nutrient Fertilization 
Knowledge base 
What is known about the system (low, mostly 
theoretical, few in situ experiments; medium, lab 
and some fieldwork, few CDR publications; high, 
multiple in situ studies, growing body of 
literature) 

Medium–High 
Considerable experience relative to any other ocean carbon dioxide 
removal (CDR) approach with strong science on phytoplankton 
growth in response to iron, less experience on fate of carbon and 
unintended consequences.  Natural Fe-rich analogs provide valuable 
insight on larger temporal and spatial scales. 

Efficacy 
What is the confidence level that this approach 
will remove atmospheric CO2 and lead to net 
increase in ocean carbon storage (low, medium, 
high)  

Medium–High Confidence 
Biological carbon pump (BCP) known to work and productivity 
enhancement evident.  Natural systems have higher rates of carbon 
sequestration in response to iron but low efficiencies seen thus far 
would limit effectiveness for CDR.  

Durability 
Will it remove CO2 durably away from surface 
ocean and atmosphere (low, <10 years; medium, 
>10 years and <100 years; high, >100 years) and 
what is the confidence (low, medium, high)  

Medium 
10–100 years 
Depends highly on location and BCP efficiencies, with some fraction 
of carbon flux recycled faster or at shallower ocean depths; however, 
some carbon will reach the deep ocean with >100-year horizons for 
return of excess CO2 to surface ocean. 
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Scalability 
What is the potential scalability at some future 
date with global-scale implementation (low, <0.1 
Gt CO2/yr; medium, >0.1 Gt CO2/yr and <1.0 Gt 
CO2/yr; high, >1.0 Gt CO2/yr), and what is the 
confidence level (low, medium, high)  

Medium–High 
Potential C removal >0.1–1.0 Gt CO2/yr  
(medium confidence) 
Large areas of ocean have high-nutrient, low chlorophyll conditions 
suitable to sequester >1 Gt CO2/yr.  Co-limitation of macronutrients 
and ecological impacts at large scales are likely. Low nutrient, low 
chlorophyll areas have not been explored to increase areas of possible 
deployment. (Medium confidence based on 13 field experiments). 

Environmental risk 
Intended and unintended undesirable 
consequences at scale (unknown, low, medium, 
high) and what is the confidence level (low, 
medium, high) 

Medium 
(low to medium confidence) 
Intended environmental impacts increase net primary production and 
carbon sequestration due to changes in surface ocean biology.  If 
effective, there are deep-ocean impacts and concern for undesirable 
geochemical and ecological consequences.  Impacts at scale 
uncertain. 

Social considerations 
Encompass use conflicts, governance-readiness, 
opportunities for livelihoods, etc. 

Potential conflicts with other uses of high seas and protections; 
downstream effects from displaced nutrients will need to be 
considered; legal uncertainties; potential for public acceptability and 
governance challenges (i.e., perception of “dumping”). 

Co-benefits 
How significant are the co-benefits as compared to 
the main goal of CDR and how confident is that 
assessment 

Medium 
(low confidence) 
Enhanced fisheries possible but not shown and difficult to attribute.  
Seawater dimethyl sulfide increase seen in some field studies that 
could enhance climate cooling impacts. Surface ocean decrease in 
ocean acidity possible.  

Cost of scale-up 
Estimated costs in dollars per metric ton CO2 for 
future deployment at scale; does not include all of 
monitoring and verification costs needed for 
smaller deployments during R&D phases Low, 
<$50/t CO2; medium, ~$100/t CO2; high, 
>>$150/t CO2 and confidence in estimate (low, 
medium, high) 

Low 
<$50/t CO2 

(low–medium confidence) 
Deployment of <$25/t CO2 sequestered for deployment at scale are 
possible, but need to be demonstrated at scale 

Cost and challenges of carbon accounting 
Relative cost and scientific challenge associated 
with transparent and quantifiable carbon tracking 
(low, medium, high) 

Medium 
Challenges tracking additional local carbon sequestration and impacts 
on carbon fluxes outside of boundaries of CDR application 
(additionality). 

Cost of environmental monitoring 
Need to track impacts beyond carbon cycle on 
marine ecosystems (low, medium, high) 

Medium 
(medium–high confidence) 
All CDR will require monitoring for intended and unintended 
consequences both locally and downstream of CDR site, and these 
monitoring costs may be substantial fraction of overall costs during 
R&D and demonstration-scale field projects. 

Additional resources needed 
Relative low, medium, high to primary costs of 
scale-up 

Low–Medium 
Cost of material: iron is low and energy is sunlight.  

 
 

3.7 RESEARCH AGENDA  
 

While OF, and OIF in particular, has a longer history of scientific study than all other ocean CDR 
approaches, these studies were not intended as a test of the feasibility and cost of OIF for large-scale CDR 
and climate mitigation, or to fully assess environmental impacts at deployment scales.  Modeling studies, 
on the other hand, often focused on the sequestration potential, environmental impacts, and, sometimes, 
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cost estimates of large-scale deployment. Efforts to bridge local experimental scales and global modeling 
scales (e.g., Aumont and Bopp, 2006) should be encouraged to help maximize the information gained. 
The earlier OIF studies do serve as a pilot-scale work that can be used to pose several key questions that 
would be answered with additional laboratory, field, and modeling studies as part of a portfolio of ocean 
CDR research activities.  These research questions can be grouped broadly by the ones on “will it work” 
related to C sequestration effectiveness and “what are the intended and unintended consequences” related 
to changes to ocean ecosystems that are an intended part of responsible ocean CDR of any type.  

These pilot studies taught us that aOIF experiments would need to be significantly longer and 
larger than earlier ones that used 0.3–4 tons of FeSO4, covered 25-300 km2 with ship-based observations 
lasting 10–40 days.  A demonstration-scale aOIF field study might need to add up to 100–1,000 tons of 
iron (using planes, or autonomous surface vehicles), cover up to 1 million km2 (1 percent of HNLC 
waters) and last for at least an entire growth season with multiyear follow-up.  This would be a scale 
similar to the Kasatochi volcanic eruption in the Gulf of Alaska (see Fisheries) that caused no permanent 
harm, but was of a size that it could be readily tracked and pH and CO2 impacts could be measured, and it 
provided a regional C loss out of the surface of 0.01 to 0.1 Gt C (0.04 to 0.4 Gt CO2) (Hamme et al., 
2010; Longman et al., 2010). 

If these demonstration projects were conducted in different HNLC settings (Southern Ocean, Gulf 
of Alaska, Equatorial Pacific) and LNLC as well, one could document and reach a predictive 
understanding of the differing ecological and biogeochemical responses.  Documenting the CDR impact 
and understanding and minimizing any long-term ecological damage would be key to the success of any 
aOIF demonstration project.  Several recent large-scale studies of the BCP, such as NASA EXPORTS, 
can be used to estimate costs ($15M–$25M per site) and duration (3–5 years) of any one such field study, 
resulting in a demonstration-scale research program and its synthesis and modeling thereof, with a total 
budget surpassing $200M over 10 years (see summary of research costs in Table 3.4). 

On the path to such demonstration projects there is also work to be done in labs, mesocosms, and 
on smaller scales.  In addition, model improvements to better capture the cycling of not just carbon, but 
iron (e.g., Black et al., 2020), are needed, with careful attention to permanence issues and downstream 
impact that may only or best be captured by models, and include realistic export and all pathways of the 
BCP.  Observations and models of naturally enriched OIF settings (islands and volcanic events primarily 
in HNLC regions) have also proved useful in gaining an understanding of sequestration efficiencies and 
longer-term biological responses and should continue.   Consideration of co-benefits (e.g., fisheries) and 
other non-CO2 GHGs (N2O, DMS, CH4, and O2) would also be needed.   Finally, the technology needed 
to monitor OF is growing, but investment in new designs of autonomous vehicles with biogeochemical 
sensors, such as on bioARGO floats and gliders, and new optical/camera systems and particle collectors 
would allow for better tracking of C and other responses.  On the research side, new ways to query the 
genetic shifts in the marine food web could be quite informative.  All of this work would require 
resources on the scale of the current Ocean Observatories Initiative nodes, or Long-Term Ecological 
Research sites, and/or be put in place as enhancements to the decadal surveys already under way in ocean 
sciences. 

Also necessary are research activities into the social costs and public acceptance of the deliberate 
manipulation of the ocean commons. While the legal framework under which this research could be 
conducted has been set in place by the London Convention and London Protocol, it has not been tested, 
and there are several unresolved questions about its application.  Thus we do not know if the current 
international agreements would work to allow research but limit unwanted practices in terms of study 
design, transparency, claims of C credits, and ecosystem enhancements or detriments.  Again, these social 
and legal issues would only grow in importance with any large-scale ocean CDR deployments and will 
affect the ability to move forward with funding and permitting, even for research.  As noted above, while  
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some of these activities are small scale and can be done by individuals, many of the outstanding research 
questions will require an emphasis on demonstration-scale studies that are larger and longer than done 
previously. The outcome of studies on these demonstration scales is essential if we are to deploy any or a 
combination of different ocean- and land-based CDR approaches.  Finally, studies are needed to better 
define costs and benefits of OF so that we can reliably predict the consequences and scales over which the 
benefits outweigh the costs relative to doing nothing, and against other land- and ocean-based CDR 
approaches. 

In summary, some specific examples of research needs include: 
 

1. C sequestration efficiencies. This is a key factor in setting impact on C storage and hence 
climate.  These efficiencies are set by ability for a given amount of nutrient (iron) to enhance 
C sequestration. New topics for studies would include the following:  Can we increase 
bioavailability of iron and reduce removal by Fe scavenging and thus enhance phytoplankton 
growth? Can we enhance C and Fe export to the deeper ocean to increase permanence? How 
can we observe or estimate or model sequestration times in a manner robust enough for 
accounting purposes? What level of robustness or reliability is required?  Are there better 
methods to track carbon and added iron? Can we engineer designs for improved Fe delivery 
at larger scales? How do we optimize the deployment to increase production and export or 
durability (location, season, duration, and continuous versus pulsed delivery)? What are the 
consequences of multiple nutrient and other limitations to C sequestration responses? How do 
we manipulate conditions to get food web response that maximizes C sequestration (fast and 
efficient sinking, low grazing)? How do we improve our monitoring technologies to track 
consequences of OF to not only carbon, but full biogeochemical responses and through the 
food chain? 

2. Ecological responses. In addition to the intended additional C sequestration, unintended and 
unexpected consequences have occurred that we need to know more about: What would the 
impact of OF be on planktonic food webs? Would fisheries be enhanced? What are impacts 
on higher marine trophic levels and how would one recognize them? Would responses 
include HABs that threaten open-ocean or coastal systems? Would production of other GHGs 
enhance (DMS) or reduce (N2O) the climate impact of CDR? Would downstream ecosystems 
be limited by intended macronutrient removal? What are responses to OF in low-nutrient 
settings such as the rates if N2 fixation? What are consequences to geochemical conditions in 
the deep ocean that may alter deep-ocean ecosystems (O2, changing DIC or pH)? 

3. Social acceptance, governance, and deployment costs. For OF, some of the pressing 
advancements needed are the following:  Are the London Convention and London Protocol 
sufficient to regulate research and demonstration-scale experiments (possibly), and eventual 
larger-scale deployments with potential downstream impacts (not likely)? What is the best 
code of conduct that should be followed for research on OF (and other CDR approaches)? 
Would OF research be considered acceptable and reversible by a society that is experiencing 
climate change consequences very differently (i.e., benefits of OF may be separated greatly in 
time and space from negative consequences of climate change)? If OF was included in C 
removal markets or platforms, where and to whom would the benefits go, and what would the 
risks be?  What could be the harms and benefits of different policy models for OF 
deployment? 
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Many of these research agendas will need to include modeling, whether it is of the localized field 
experiments or global ecosystem–biogeochemical models to assess the long-term and remote 
consequences.  These models will need to include the cycling of nutrients, including iron.  However at 
present there is low confidence in model projections of Fe distribution and fluxes (Tagliabue et al., 2016; 
Black et al., 2020).  Full earth systems models will be needed to link changes in ocean physics and 
biogeochemistry to atmospheric CO2 and climate (e.g., Bonan and Doney, 2018).  High enough resolution 
will be needed to include at least mesoscale physical interactions.  Long-term models are needed to assess 
the full consequences of downstream impacts.  Finally, the need for experimental and observational data 
to validate and verify models will be essential if we are to use models to extrapolate to scales that are not 
readily measurable in ocean sciences. 
 

3.8 SUMMARY 
 

For the purposes of reducing atmospheric CO2, this chapter outlines the state of our knowledge 
(Table 3.3) and key remaining questions that need responsible and transparent study to advance OF 
Research, in particular OIF (Table 3.4).  Given that OIF mimics natural systems, much can be learned 
from studying Fe-enriched “hot spots” near islands or after volcanic events.  But studying natural systems 
is not sufficient to predict outcomes of deliberate OIF as a CDR approach.  Unlike many other CDR 
methods, an international framework has been proposed for evaluating demonstration projects, but it is 
not legally binding, and there remain many unresolved questions and gaps in the governance framework. 
Future projects could be 10–100 times larger than prior aOIF experiments, adding hundreds to thousands 
of tons of iron and resulting in blooms of 105-106 km2 that could be tracked and studied for longer than a 
single annual growth cycle.  The potential for net C sequestration of OIF  is large enough (Gt C 
sequestered for >100 yr) and Fe needs are small enough—0.1 percent of annual Fe ore production is 106 
t/yr, which could lead to 1 Gt C/yr sequestration (3.7 Gt CO2) with Fe:Cseq efficiencies of only 1:1000—to 
warrant additional study.  This biotic approach has relatively high scalability and low costs for 
deployment, though challenges would include verifiable C accounting and, as for most ocean CDR at 
scale, careful monitoring of intended and unexpected ecological effects up and down the food chain.  

Even if the costs or impacts prove unacceptable for large-scale deployment globally, many 
companies are already suggesting OF as a way to enhance fisheries, and so having these studies in place 
could help to inform regulation of the scale and locations over which OF may be allowed or not.  It is 
therefore important to conduct these studies as a basis of evidence for policy makers to contain 
entrepreneurs and other organizations who do not choose to follow international standards, or plan, 
organize, and report results in a transparent manner that upholds scientific standards and complies with 
international protocols.  The relatively low cost of entry to initiate an Fe-induced bloom, $1M–$2M for 
hundreds of tons of iron and a small ship, make OIF an approach that does not require huge investments, 
making it prone to misbehavior by individuals or small organizations or companies.  If done well, OF 
may be an imperfect action done for a good purpose, such as for fisheries enhancement or CDR, but if 
done poorly or outside of regulated and transparent studies, it has the potential to leave a legacy of 
unknown and possibly unacceptable impacts.  Thus this investment in OF research is warranted whether 
one believes that it can work on large scales for CDR, or if one simply wants to regulate misuse of the 
global ocean commons. 
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TABLE 3.4 Research and Development Needs on Ocean Fertilization  

# Recommended Research Question Answered 
Environmental Impact of 
Research Social Impacts of Research  

Estimated Research 
Budget) 

Time- 
frame (yr) 

3.1 C sequestration delivery and 
bioavailability 

Can we increase 
bioavailability of Fe, and ease 
of delivery,  and should 
delivery be as pulse or 
continuous for increasing 
CDR 

Modest because mostly 
laboratory, mesocosm, and 
modeling studies are needed.  

Modest because studies are 
mostly shore based  

$5M/yr 
Improvements in Fe:C 
ratio have a major 
impact on ultimate 
deployment, so it’s 
advisable to start 
immediately 

5 

3.2 Tracking C sequestration How can we track enhanced C 
fluxes? Are there new 
methods for tracking carbon 
or Fe  

Likely done as part of larger 
field experiments 

See field experiments $3M/yr 
New methods for 
tracking carbon and 
iron from surface to 
depth are needed 

5 

3.3 In field experiments- >100 t Fe and 
>1,000 km2 initial patch size 
followed over annual cycles 

What are CDR efficiencies at 
scale and what are the 
intended and unintended 
ecological impacts?  

Modest 
Regional impacts during Fe 
addition period and some 
concerns beyond test 
boundaries.  May also 
reduce the effects of 
acidification in upper ocean. 
If effective for CDR, impacts 
are expected on deep-ocean 
geochemistry. Observations 
and models are needed. 

Modest/High 
Early public concern with 
OIF for ocean 
geoengineering due to 
possible unknown ecological 
shifts, i.e. harmful algal 
blooms and co-production of 
other greenhouse gases.  
Recent emphasis on co-
benefit of enhanced fisheries 
is yet to be verified. 

$25M/yr 
Research needs to 
measure all possible 
geochemical, physical, 
and ecological impacts 
to gauge effectiveness 
and impacts at scale 
(costs as noted in text 
are based upon 
smaller  and shorter 
aOIF and biological 
carbon pump (BCP) 
studies, extrapolated 
here to 5-10 sites 
needed to gain 
predictive 
understanding) 

10 

3.4 Monitoring carbon and ecological 
shifts 

Development of autonomous 
methods for assessment of BCP; 
research needs to measure 
effectiveness and impacts at 
scale  

Low 
New methods, especially 
optical to complement existing 
geochemical sensors and 
platforms and molecular tools 
to monitor ecological shifts 

Low 
Any method to measure C 
flow and ecological shifts will 
have multiple uses for science 
and the public 

$10M/yr 
New technologies are 
quick to prototype but 
expensive to bring to 
market at reliability and 
scale useful for CDR 

10 

(Continued) 
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TABLE 3.4 Continued 

# Recommended Research Question Answered 
Environmental Impact of 
Research Social Impacts of Research  

Estimated Research 
Budget) 

Time- 
frame (yr) 

3.5 Experimental planning and 
extrapolation to global scales 

Full Earth system models with 
realistic BCP and Fe cycling, 
including particle cycling 

Low 
Modeling needed to design 
experiments and predict 
impacts at local scale and in 
the far field do not have direct 
environmental impact and 
assist planning of more 
acceptable field research 

Low if considering only 
modeling, though public 
acceptance of CDR is still 
needed, and models will be 
needed to assess possible 
impacts 

$5M/yr 
Early for planning and 
later for impact 
assessments 

10  

3.6 Research on the social and economic 
factors and governance 

Is the current London 
Convention and London 
Protocol sufficient for regulation 
of research and for eventual 
deployment? 

N/A Starting from a point of low 
or modest public acceptance 
of OIF 

$2M/yr 10  

3.7 Document best code of conduct for 
research and eventual deployment 

Open-data systems and peer 
review and independent C and 
impact assessments need to be 
codified 

N/A Needed for public acceptance 
of use of high seas for any 
open-ocean CDR 

$2M/yr 5–10  
(early 

agreement of 
research 
conduct 
needed) 

NOTE: Bold type identifies priorities for taking the next step to advance understanding of ocean fertilization as an ocean CDR approach. 
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4 
Artificial Upwelling and Downwelling 

 
4.1 OVERVIEW 

 
The vertical movement of water in the ocean, termed upwelling and downwelling, acts to transfer 

heat, salt, nutrients, inorganic and organic carbon (C), and energy between the well-lit surface ocean and 
the dark, nutrient- and CO2-rich deep ocean. Since the 1950s, researchers have sought to artificially 
stimulate these physical transport processes to geoengineer localized regions of the ocean. For instance, 
wave-driven or density-driven artificial upwelling (AU) has been proposed as a means to supply growth-
limiting nutrients to the upper ocean and generate increased primary production and net C sequestration. 
The latter outcome (increased C sequestration) would require that the biological production of carbon 
exceed the delivery of dissolved inorganic carbon (DIC) from the upwelled source water. Purposeful 
upwelling has also been proposed as a mechanism to sustain fisheries and aquaculture (Williamson and 
Turley, 2012), to generate energy (Isaacs et al., 1976), to provide a source of cold water for seawater-
based air-conditioning (Hernández-Romero et al., 2019), and even to prevent the formation or severity of 
typhoons (Kirke, 2003). In contrast, the purposeful downward transfer of less-dense, oxygen-rich surface 
water, has been suggested as a mechanism to counteract eutrophication and hypoxia in coastal regions by 
ventilating oxygen-poor water masses (Stigebrandt et al., 2015; Feng et al., 2020). Both mechanisms may, 
under certain circumstances, act to enhance the oceanic sequestration of atmospheric CO2. 

According to criteria described in Chapter 1, the committee’s assessment of the potential for AU 
and artificial downwelling (AD), as a carbon dioxide removal (CDR) approach is discussed in Sections 
4.2–4.5 and summarized in Section 4.6.  The research needed to fill gaps in understanding of AU and AD, 
as an approach to durably removing atmospheric CO2, is discussed and summarized in Section 4.7.  
 
 

 
FIGURE 4.1 Examples of wave pumps. SOURCE: (A) White et al. (2010); © American Meteorological 
Society. Used with permission. (B) Isaacs and Schmitt (1980). 
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4.2 KNOWLEDGE BASE 
 

Despite it being known for decades that AU could be achieved without an external C-based 
energy source (Stommel, 1956; Isaacs et al., 1976), to date, all oceanic tests of artificial upwelling 
detailed in the peer-reviewed literature have been relatively small in scale with deployments typically less 
than a week and impacting an area no larger than tens of kilometers (Huppert and Turner, 1981; Liu and 
Jin, 1995; Ouchi et al., 2005; White et al., 2010; Maruyama et al., 2011; Pan et al., 2016; Fan et al., 
2020). Enhanced oceanic C sequestration has never been documented in any sea trials to our knowledge. 
Pan et al. (2016) summarized the various types of AU mechanisms, spanning wave-driven pumps, 
electrical pumps, salt fountains, air-bubble pumps, and air-lift pumps (Table 4.1 and Figure 4.1). In all 
cases, if net C sequestration were to be achieved, the elemental composition of the source water would 
need to be carefully considered (e.g., Karl and Letelier, 2008) given that the proximate limiting nutrient 
varies across the global ocean as does the stoichiometry of potentially limiting elements and the 
concentration of DIC and alkalinity with depth. The energy utilization and pumping efficiency is also an 
important consideration and varies between pumping mechanisms (Table 4.1). In short, as opposed to 
ocean iron fertilization (OIF; Chapter 3), there exists no proof of concept that AU could act to sequester 
carbon below the ocean pycnocline. 
 
 
TABLE 4.1 Summary of Types of Artificial Upwelling and Their Advantages and Disadvantages. 

 
SOURCE: Pan et al., 2016. 
 
 

In an open-ocean test in 1989-1990, Ouchi et al. (2005) report successful delivery of deep, 
nutrient-rich water from 220 meters, which promptly downwelled below the euphotic zone due to the high 
density of the upwelled seawater. In 2008, White et al. (2010) conducted sea-trials of a commercially 
available wave pump with the aim of stimulating a two-phased phytoplankton bloom (e.g. north of the 
Hawaiian Islands in the North Pacific subtropical gyre. Sensors on the wave pump documented delivery 
of cold-deep water to the surface for a period of ~17 h after which catastrophic failure of the pump 
materials occurred. More successful tests of AU have been completed in semi-enclosed bodies of water 
such as Sagami Bay in Japan where an electrical pumping system moored to the seafloor was operated for 
~2 years. This system delivered deep water from 200- to 20-meter depth and generated enhanced 
concentrations of picophytoplankton and nanophytoplankton (Masuda et al., 2010); C fluxes were not 
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measured. While operational, the main limitations of this approach were reported to be high energy costs 
as well as construction and maintenance expenses (Pan et al., 2016). Additional successful trials were 
held in the western Norwegian Fjord in 2004-2005 using air-bubble pumps and uplift pumps (Aure et al., 
2007; McClimans et al., 2010), generating flow of nutrient-rich deep water at a rate of 2 m3/s which led to 
a tripling of the concentration of the phytoplankton pigment chlorophyll-a in a 10 km2 plume; again no 
measurements of C flux were made.  

And so, in principle and at least in semi-enclosed water bodies where the impact of wind and 
waves are lessened, AU is a viable means of fertilizing the ocean with growth-limiting nutrients. In 
practice, there have been no proof-of-concept sea trials to confirm or deny the potential for net C 
sequestration, nor has any technical design proven to be sufficiently robust for long-term deployments in 
the open ocean. Were this technology to be utilized for CDR, pilot studies would first need to be 
conducted in the open ocean. Such studies would need to measure C fluxes as well as evaluate 
compensating flows that may lead to decreased thermocline stability and changes in surface temperature 
patterns that could lead to changes in atmospheric circulation and weather.  

In contrast, there have been a wide range of modeling studies aiming to assess the efficacy of AU 
either as a means of ocean CDR or in support of aquaculture. By and large, these models suggest that AU 
would be an ineffective means for large-scale C sequestration (Dutreuil et al. 2009; Yool et al. 2009; 
Oschlies et al., 2010; Keller et al., 2014; Pan et al., 2015) and would require a persistent and effective 
deployment of millions of functional pumps across the global ocean (Yool et al., 2009). For example, 
Oschlies et al. (2010) use an Earth system climate model to simulate the impact of a network of “ocean 
pipes” of varying lengths and generating variable upwelling velocities. These authors conclude that even 
under “the most optimistic assumptions'' AU would lead to sequestration of atmospheric CO2 at a rate of 
about 0.9 Pg C/yr- (most of this on land due to the slowdown of respiration in terrestrial soils under a 
cooler atmosphere), generally below the targets needed to mitigate anthropogenic emissions (>1 Pg C/yr). 
Moreover, models indicate that upwelling of deep water may lead to cooling of the lower atmosphere, 
reduced precipitation, promotion of ocean acidification in certain regions, and even enhancement of 
terrestrial C storage (Keller et al., 2014). Although not yet considered in Earth system models, electrical 
pumps and air-bubble pumps have also shown promise as upwelling tools (Pan et al., 2016); however, 
these methods come with added energy costs and so are less likely to be effective in CDR.  

Beyond direct ocean CDR, AU has been proposed as a means to support local aquaculture from 
fisheries to seaweed farms, which may have the cascading effect of enhancing ocean C sequestration (see 
Chapter 5). In a recent sea trial, Fan et al. (2020) demonstrated that a rigid AU system supplied sufficient 
nutrient-rich water to enhance seaweed growth in an enclosed bay. While this is but one trial, coupling of 
AU and large-scale seaweed farming could feasibly provide a means to offset upwelled CO2. In contrast, 
models developed by Williamson et al. (2009) determined that nutrient levels injected via AU would be 
maintained at ~0.1 percent of their source concentrations, far below what would be needed to sustain 
ocean aquaculture. Hence, the nutrient supply rate and nutrient stoichiometry would need to be closely 
evaluated relative to aquaculture needs in order to determine potential efficacy. 

AD, the engineered downward generation of vertical currents, has also been suggested as a means 
to enhance sequestration of dissolved and particulate organic carbon.  Downwelling of surface water has 
never been tested in the field as a means of CDR; however, regional tests have been conducted to assess 
mitigation of hypoxia via downwelling (Stigebrandt and Liljebladh, 2011; Stigebrandt et al., 2015). 
Although the technology is promising, the efficacy and the biogeochemical consequences are less certain. 
AD could also be directly coupled with AU as a means to pump recalcitrant dissolved organic carbon to 
depth or prevent outgassing. As discussed above, upwelling of cold CO2-rich water into the surface ocean 
comes with the risk of net outgassing if community production does not exceed the C inputs. 
Downwelling of recently upwelled water masses may reduce this risk, but again this is a wholly untested 
scenario. Modeling studies have indicated that modification of ocean downwelling to enhance the ocean’s 
solubility pump is “highly unlikely to ever be a competitive method of sequestering carbon in the deep 
ocean” due to impracticalities and costs (Zhou and Flynn, 2005). 
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Although not directly related to ocean CDR, AU has also been proposed as a means of providing 
energy and cooling and hence reducing terrestrial C emissions (e.g., ocean thermal energy conversion 
[OTEC]; Kim et al, 2020). Since the 1970s, it has been proposed that industrial scale OTEC plants could 
pump high volumes of deep cold seawater to power turbines and generate electricity in an ecologically 
and economically sound manner to coastal and island communities.1 Demonstration-scale plants 
(production on the order of hundreds of kilowatts) have even been established in the Hawaiian Islands2  to 
provide power and desalinated water. Generation of power was one of the first proposed applications of 
AU (Isaacs et al., 1976), and certainly does have implications for C emissions, even if unrelated to 
oceanic CDR. Upwelling of cold deep water has also been proposed as a means of mitigating thermal 
stress in coral ecosystems (Sawall et al., 2020). Simulated AU experiments off Bermuda show early 
indications that controlled upwelling could abate coral bleaching during heat stress events potentially 
allowing  corals to adapt to rising temperatures more steadily (Sawall et al., 2020). These examples are 
only meant to illustrate that while open-ocean applications of AU are unproven as a means of CDR, the 
principle of simulated upwelling has many applications. 

In summary, AU and AD are proven means to transport water against concentration gradients 
without the need for C-based energy sources; small-scale pilot experiments conducted over the past few 
decades have shown that these technologies do work largely as expected, but the technology is not proven 
to be robust in the open ocean over timescales needed for CDR (longer than months). The larger 
challenge is not functionality, it is scaling, verification of CDR, and monitoring of ecological and 
biogeochemical responses to the magnitude, duration, and rate of perturbations. Undoubtedly, AU 
technologies are valuable as means to study ecosystem responses to nutrient disturbances (Masuda et al., 
2010; Williamson et al., 2012); however, significant advances in technological readiness as well as 
durability and development of monitoring programs need to be made before this can be a reliable means 
of CDR.  These issues are explored in more detail below. As done before, we also make comparisons to 
the other ocean CDR methods in this report and note when the same consequences would result from 
other less-well-studied ocean CDR methods. 
 

4.3 EFFICACY 
 

As noted above, there are no existing sea trials that have assessed C fluxes as a result of AU or 
AD. As a result, we simply do not have enough information about the long-term operation and efficacy of 
either AU or AD systems and hence there has been a reliance on model simulations to assess potential 
efficacy. Nearly all model  simulations suggest that large-scale deployment of ocean pipes would be a 
costly and ineffective means of ocean CDR with large uncertainty as to whether net C drawdown is 
attainable (Lenton and Vaughan, 2009; Yool et al., 2009; Keller et al., 2014) . Model simulations of 
global-scale AU predict a range of  perturbations to air–sea C flux, spanning  <0 Pg C/yr (net outgassing, 
Dutreuil et al., 2009; Yool et al., 2009) to up to 3.6 Pg C/yr (Keller et al., 2014). In general, this is 
because most carbon exported from the surface is remineralized in the mesopelagic, and ocean upwelling 
would ultimately return this to the surface in excess of any enhancements in export production. 

Yet, ocean physics and biogeochemistry are often more complex and nuanced than can be 
captured in even the most sophisticated models. There is a real need for a pilot-scale test of these 
technologies to assess the potential for AU and AD as either a component of CDR tools or as a means to 
sustain small-scale aquaculture or generate energy. Such pilot-scale tests would be where pumps can be 
operated autonomously for long periods of time with data transparency and international scientific 
cooperation, and the environmental risks and benefits can be more accurately weighted.  If these were to 
be conducted, a determination of efficacy would be very similar to OIF in terms of cost and necessary 
components; however, the carbon potentially sequestered would need to be weighed relative to the 
upwelled carbon.  Specifically, for AU to effectively sequester carbon from the atmosphere, not only do 
                                            

1 See, for example, see https://www.makai.com/ocean-thermal-energy-conversion/. 
2 See http://nelha.hawaii.gov/. 
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we need to consider the C export ratios, that is, the ratio of inorganic carbon upwelled relative to the 
carbon sinking out of the upper ocean, but also the extent to which sinking organic carbon is attenuated 
with depth. As nutrients are delivered to presumably nutrient-limited surface waters, there is an 
expectation that there would be predictable changes in the phytoplankton community structure, with a 
shift to larger, faster-sinking cells (Karl and Letelier, 2008) that may increase export efficiency. Whether 
or not this would be the case is debatable because the nutrient stoichiometry of upwelled water as well as 
any concomitant changes in the mixed layer will also influence any shifts in community structure. The 
stoichiometry of limiting nutrient to CO2 will also vary with depth and region. For this reason, the 
outcome of models upwelling water from a uniform depth across basins, as that discussed by Dutreuil et 
al. (2009), may not reflect the real potential of upwelling water masses from depth where we find the 
maximum deficit of CO2 relative to other nutrients (see Karl and Letelier, 2008). The lack of spatial 
uniformity in the stoichiometry of growth-limiting elements relative to CO2 is that the potential net C 
sequestration efficiency of a free-drifting upwelling pump may change over time. Moreover, the 
persistence or intermittency of upwelling will influence community structure and resultant changes in 
primary and export production. 

Beyond the biogeochemistry, several additional research and development needs should be 
addressed before efficacy of these technologies for CDR can be determined. For example, siting analyses 
that evaluate potential wave energy needed for upwelling relative to the magnitude of nutrient injections 
and the physiological status of surface populations need to be conducted to determine ideal locations for 
pilot studies (Figure 4.2). This exercise is likely to reveal trade-offs between accessibility of coastal sites 
for maintenance and monitoring versus the relative permanence of C storage in other areas such as the 
highly stratified oligotrophic gyres. Lastly, it is important to note that the limited field studies have 
largely been constrained to coastal regimes with limited operational periods (shorter than weeks) and 
relatively shallow source waters and low upwelling rates (<0.1 m3/s), whereas model simulations have 
explored C sequestration potential using temporally and spatially extensive deployments with much 
deeper source waters and higher rates of upwelling (Figure 4.3). In effect, there is a gap between the 
technological readiness of AU and projected sequestration potential.  Modeled flow rates far exceed 
those achieved in sea trials to date and so even the highly variable C export predictions that have 
been made should be considered unrealistic until AU technology could feasibly be deployed at 
demonstration scale. 
 

Additionality 
 

Downstream impacts of AU should also be further addressed because model simulations indicate 
the potential for ocean acidification, hypoxia, and changes in plankton successional patterns far afield 
from the site of upwelling. For example, Keller et al. (2014) estimated that AU would reduce ocean pH by 
up to 0.15 units below what is expected with the “business as usual” trajectory for ocean acidification as a 
result of anthropogenic CO2 emissions. Additional potential consequences of large-scale AU are similar 
to OIF and could include production of greenhouse gases such as nitrous oxide, methane, or dimethyl 
sulfide, disturbance of benthic ecosystems, or mid-water oxygen depletion (Williamson and Turley, 
2012). There is the potential for these ecosystem alterations to be felt far afield from the fertilization sites 
in both space and time, which would surely present a challenge for verification of efficacy.  Local 
depletion of nutrients could, for example, alter the productivity of regions downstream and shift global 
patterns of productivity, remineralization, and export (Aumont and Bopp, 2006).  
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FIGURE 4.2 Annual mean wave power density and direction (top) relative to the climatological mean WOA18 
nitrate at 500-meter depth (bottom). SOURCE: (top) Gunn and Stock-Williams, 2012; (bottom) World Ocean Atlas 
2018, National Centers for Environmental Information, NOAA.  
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FIGURE 4.3 Disparity between the maximum pipe length and volumetric flow rate (~upwelling velocity) 
used in field trials (black circles) relative to model simulations (yellow triangles) of the efficacy of 
artificial upwelling. The pink area highlights the gap between technical readiness and sequestration 
potential. SOURCE: David Koweek. 
 

The persistence and scale of AU also need further evaluation. Should pumping be intermittent or 
persistent? Baumann et al. (2021) indicates that the nutrient perturbation rates can impact the nutrient 
quality and sinking rates of the phytodetritus generated, which would affect permanence. Does AU need 
to be on the scale of millions of pumps deployed in the global ocean to be effective, as suggested by 
models? If so, this would have consequences for international shipping, fishing, and other unrelated 
activities at sea. Would there be any geochemical consequences if upwelling was stopped at some point? 
To this last point, prior models suggest termination of large-scale AU could result in a rapid net increase 
in global temperatures to levels even higher than in a world that had never engaged in AU (Oschlies et al., 
2010). Would AU lead to changes in global precipitation patterns or weather? Ricke et al. (2021) indeed 
suggest that variations in sea-surface temperature could lead to alteration of rainfall and drought. The full 
answers to all of these questions will surely require a carefully planned series of pilot or demonstration 
studies as well as incorporation of resultant data into Earth system models and evaluation of near-field 
and far-field biogeochemical effects. 
 

Permanence 
 

A commonly used time period to assess permanence of C sequestration in the ocean is ~100 
years. For AU, this requires that exported organic matter exceeds the inorganic carbon delivered from 
source waters and that a significant fraction of particles are efficiently transferred below the winter 
mixing layer. If these criteria are not met, then permanence will not be achievable. Recent model results 
suggest that this ~100-year benchmark will not be widely achievable via ocean CDR; using an inverse 
ocean circulation model, Siegel et al. (2021) conclude that enhancement of ocean C export (e.g., via OIF 
or AU) will have a shorter-term influence on atmospheric CO2 levels because ocean circulation and 
mixing will transport ~70 percent of the sequestered carbon back to the surface ocean within 50 years. 
This finding underscores the clear fact that the ocean’s response to the magnitude, duration, and rate of 
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perturbations will vary widely across ocean basins and with time. It also suggests that ocean CDR 
approaches seeking to stimulate the biological pump may be a short-term solution to buy time but 
unlikely to support permanent (≥100 years) sequestration. This has implications for the representativeness 
and wider applicability of oceanic experiments, which are often necessarily limited in space and time. 

For downwelling, it will be necessary to determine how to subduct buoyant organic matter and 
ensure that it does not return to the surface. Limited trials have proven the capability to upwell and 
downwell seawater against gradients in density, nutrients, and C resources. Yet again, with no “farm 
scale” tests of AU or AD, we cannot assess permanence of C storage. In lieu, we must currently rely on 
mechanistic model simulations of ocean biogeochemistry.  Dutreuil et al. (2009) simulated deployment of 
200-meter-deep pipes throughout the global ocean at a spatial resolution of 20° longitude and ~ 10° 
latitude operating at vertical velocities of 0.1 m/s and found that while biological productivity and export 
were enhanced as might be expected, particularly in the equatorial Pacific, the air–sea CO2 flux declined 
significantly at the sites of AU as a result of the mixing of respired CO2  into the surface mixed layer 
where it could exchange with the atmosphere. Dutreuil et al. (2009) conclude that “overall, our analyses 
demonstrate that the enhancement of biological productivity is never enough to compensate for the 
additional supply of DIC to surface waters” (see Figure 4.4). Using a different model structure, a 
biogeochemical model coupled to the Ocean Circulation and Climate Advanced Modeling (OCCAM) 
physical model with embedded ocean AU pipes of either 200 meters, 500 meters, or 1,000 meters, Yool et 
al. (2009) came to a similar conclusion. Over a 10-year simulation, strong regional heterogeneity was 
observed and changes in the air–sea flux as a result of AU were found to be both positive and negative 
across the global ocean. 
 

 
FIGURE 4.4 Spatial maps of the cumulative anomaly (over 20 years) in (a) C export (g C/m2), (b) ocean 
CO2 uptake (FCO2, g C/m2), ocean-to-atmosphere dimethyl sulfide flux (FDMS, moles/m2),  and (d)  
ocean-to-atmosphere N2O flux (FN2O, moles N2O/m2). SOURCE: Dutreuil et al., 2009, Licensed by 
Creative Commons CC BY 3.0. 
 

Reversibility is also an important consideration as the intentional upwelling of CO2-rich deep 
water or downwelling of O2-rich surface waters has the potential to significantly alter ocean ecosystems 
from the epipelagic to the benthic. It may be difficult or impossible to distinguish far-field changes in 
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ecosystem structure and function from changes due to decadal shifts (e.g., El Niño-Southern or Pacific 
Decadal Oscillation–driven shifts in production patterns). More research is needed to determine the C 
sequestration potential of AU and AD and whether permanence is achievable, what ocean sites would best 
achieve permanence, and what the environmental risks and co-benefits would be. 
 

Monitoring and Verification 
 

An array of devices have been proposed to facilitate either AU or AD, including wave-powered 
systems, airlift and bubble pumps, and salt fountains (Pan et al., 2016). In a handful of limited sea trials 
(described above), these technologies have proven capable of vertically pumping seawater, even if the 
durability and longevity of the devices tested have not been sufficient for large-scale trials (e.g., White et 
al., 2010) and no tests to date have ever evaluated potential changes in C sequestration at any temporal or 
spatial scale in situ. In lieu, prior tests have evaluated the “efficacy” of pumps as CDR tools based on 
whether surface chlorophyll was enhanced or whether water masses with the temperature and salinity 
signatures of the source water were detected.  This is, of course, insufficient evidence of efficacy; 
verification cannot focus on evidence of enhanced growth of phytoplankton in the surface ocean because 
the fate of that material could be remineralized in the upper ocean. Rather changes in the sinking flux of 
particulate organic carbon into the deep ocean (below 1,000 meters) must be determined to assess efficacy 
and permanence of sequestered C pools. In addition to measuring efficacy for C sequestration, such pilot-
scale studies would also need observations of ecosystem changes that might lead to co-benefits, such as 
enhanced fisheries, or negative impacts related to harmful algal blooms or alteration of food webs that are 
considered undesirable.  Large-scale trials of AU or AD would need to employ proven technologies such 
as sediment traps, gliders, and instrumented profiling floats to verify C sequestration as a result of AU 
and AD. Verification cannot rely on proxies for production such as chlorophyll concentrations in the 
surface ocean. 
 

4.4 SCALABILITY 
 

Geographic and Temporal 
 

The location and spacing of open-ocean pumps required for AU to serve as effective tools for 
CDR would first and foremost need to consider the deep-water nutrient stoichiometry (the ratio of 
macronutrients to one another) and nutrient-to-metabolic DIC stoichiometry, both of which vary globally 
and with depth. Karl and Letelier (2008) predicted that In the North Pacific Subtropical Gyre (NPSG), C 
export could only exceed the upwelled DIC if a two-stage bloom were triggered, with the first stage 
characterized by growth of phytoplankton on the upwelled nitrate and the second stage following nitrate 
depletion and supported by N2-fixing cyanobacteria capable of consuming the residual phosphate (~0.05–
0.5 �mol/L depending on source-water horizon) in the absence of nitrate and leading to net C 
sequestration. Examination of the elemental stoichiometry of nitrate:phosphate:DIC in this region 
indicated that upwelling of water from 300-350 meters would be ideal to promote a two-stage bloom, 
optimally in summer months when diazotrophs were most abundant. White et al. (2010) sought to test this 
hypothesis using wave-powered pumps, and despite brief upwelling at rates of 45 m3/h, materials failures 
prevented a further assessment of the biological response.  So although the Karl and Letelier (2008) 
hypothesis remains untested in the NPSG, it is still critical for open-ocean tests to evaluate the potential 
production and export relative to the magnitude of upwelled DIC and the nutrient stoichiometry needed 
for growth, which also varies globally with changes in community composition. Singh et al. (2021) show 
that N2 fixation rates in long-term mesocosms (55 days) can respond positively to enhanced pulses of 
upwelling after a lag of several days and rapid depletion of nitrate, supporting the hypothesis of expected 
successional patterns in plankton communities that may be key to net CDR. In extrapolating bloom 
patterns resulting from AU, the rate of perturbation as well as the initial community structure in any 
impacted biome will also need to be considered, as suggested by Karl and Letelier (2008). 
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Using an ocean model framework, Dutreuil et al. (2009) found that AU would be particularly 
ineffective in iron (Fe)-limited regions such as the equatorial Pacific and Southern Ocean where the 
addition of limiting macronutrients leads to communities with an increased iron demand, resulting in a 
weak “fertilization effect.” While no regions were strong C sinks in response to simulated AU in that 
work, the subarctic Pacific was considered promising because it is a region where the upwelled water 
contains sufficient alkalinity to compensate for the additional supply of DIC to surface waters. In contrast, 
Yool et al. (2009) found the strongest effect of simulated AU in centers of subtropical gyres, albeit their 
model results also predict considerable spatiotemporal variability. If AU were confined to the tropics and 
C fixation efficiency was 2.2 percent relative to air–sea uptake, Yool et al. (2009) calculated that between 
189 million and 776 million pumps would need to be deployed to increase ocean C sequestration by 1 Pg 
C/yr  above current rates. Deployments on this scale would need to consider how a network of pipes 
would compete with (or complement) other needs such as transatlantic shipping routes and fishing 
activity. In summary, siting analyses will need to identify optimal nutrient, light, and wave conditions for 
growth and C sequestration potential as well as potential conflicts with other marine industries. 

The temporal scaling of AU deployments also needs to be considered relative to the timescale of 
biological responses. Should pumping be continuous or pulsed? Are there regions where efficacy is 
seasonally dependent, for example, in the NPSG where a diazotrophic response may be central to net C 
export (Karl and Letelier, 2008)?  What will be the potential lifetime or durability of a network of 
upwelling pumps? Can upwelling be conducted in a manner that prevents rapid downwelling and 
subduction of nutrient-rich water below the mixed layer or euphotic zone? Are there termination effects 
such as pressure effects or circulation compensations that might lead to rapid warming and maybe 
overheating? All of these questions should be considered in a research agenda and coordinated with high-
resolution models that can account for complex interactions of ocean physics, chemistry, and biology as 
well as downstream impacts. These issues are explored further in the research agenda. 
 

Impact Potential 
 

As discussed in prior sections, model simulations of large-scale AU deployments diverge 
significantly in the sign, magnitude, and regionality of efficacy and potential permanence of CDR. In 
general, model simulations of the impact are consistent with the conclusion by Fennel (2008) that 
“controlled upwelling is unlikely to scale up and serve as a climate stabilization wedge as defined by 
Pacala & Socolow (2004), i.e., it would not sequester 1 Pg C yr–1 over 30 yr.”  Moreover, the sea trials 
needed to assess C export potential and downstream impacts have not been conducted, and further 
research and development are needed to achieve technical readiness. Large-scale deployments are 
expected to impact weather and climate, may have implications for ocean heat and oxygen content 
depending on the spatial footprint and upwelling rates or frequency, and have downstream impacts such 
as “nutrient robbing” and impacts to biodiversity and ecosystem function. On a more practical note, there 
are potential conflicts with global shipping routes and fishing efforts, again depending on the scale of 
deployment.  None of these potential impacts have high certainty without “farm-scale” or “deployment 
scale” trials. Such trials should be coupled to feasibility studies to address upscaling potential of the 
technology as well as allow for adaptive governance of the research before further investments regarding 
CDR potential are made. The necessary components of a research agenda addressing CDR and AU/AD 
are described below in Section 4.7. 
 

4.5 VIABILITY AND BARRIERS 
 

Environmental Impact 
 

Because of mass conservation, any up- or downwelling has to be balanced by down- or upwelling 
of waters elsewhere. The spatial patterns and controls of the balancing counterflow is still unclear, but a 
net effect of the induced vertical translocation of water parcels is a reduction in density stratification, 
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similar to that of enhanced vertical mixing, essentially mixing heat downward against the mean 
stratification of the upper ocean. Changing the density structure of the ocean is expected to change ocean 
circulation on scales larger than the Rossby radius, that is, a few tens of kilometers. Theory and model 
studies predict an enhanced overturning circulation under enhanced vertical mixing and reduced 
stratification. Viewed globally, this will likely reduce the vertical gradient of DIC and, if nothing else 
changes, lead to a net outgassing of CO2 from the deep ocean to the atmosphere. Not surprising, natural 
upwelling regions in the ocean are regions of elevated partial pressure of CO2 in the surface waters and a 
general outgassing of CO2 from the ocean to the atmosphere. Upwelling regions are also strongly 
influenced by the phase of natural climate oscillations such as El Niño/La Niña which lead to decadal 
variability in C fluxes (Bonino et al., 2019). 

If AU can stimulate upper-ocean biological production and subsequent export of organic carbon 
to the ocean interior, enhanced oxygen consumption and production of respiratory CO2 as well as non-
CO2 greenhouse gases in regions underlying areas of enhanced productivity are to be expected. These 
have been identified in model simulations (Keller et al., 2014) and are similar to effects induced by other 
marine CDR methods that aim to enhance marine biological productivity. Even though biological 
production is not intended in the AD concept, it may well be stimulated by the fertilization effect of the 
compensating upward return flow. 

Ecological impacts of AU or AD are a net cooling of surface waters and a net warming of 
subsurface waters. Model simulations of large-scale massive deployment (millions of pumps throughout 
the global ocean) suggest that subsurface waters may warm by a few degrees for a century-long 
deployment of AU (Oschlies et al., 2010; Keller et al., 2014). In theory, subsurface warming would 
enhance microbial and geochemical remineralization rates and thus decrease net C flux to the deep ocean 
(Cavan et al., 2019).  This will affect metabolic rates of the mesopelagic region with likely shifts in 
remineralization profiles and associated vertical C fluxes. 

While AU and AD will essentially lead to enhanced storage of heat in the subsurface ocean, part 
of this heat will be released back to the surface ocean, and hence to the atmosphere, upon termination of 
these CDR methods. In simulations with an Earth system model of intermediate complexity, this was 
found to generate higher global mean air temperatures after termination of AU than in a control 
experiment in which AU was never applied (Oschlies et al., 2010). 

Additional impacts that should be considered include pollution of the oceans if pump materials 
were to fail; depending on materials, this could introduce significant plastic, metal, and/or concrete 
pollution. If pumping were highly effective, there might also be practical impacts such as navigational 
hazards or ecological impacts such as biofouling and transport of invasive species, changes in light 
penetration, spectral quality of light penetration, and changes in surface heating.  
 

Co-benefits 
 

Several co-benefits may be realized with effective AU, including potential stimulation of the 
climate-cooling gas dimethyl sulfide (Taucher et al., 2017), localized lowering of surface ocean 
temperatures to prevent coral bleaching, and support of fisheries or aquaculture efforts (Kirke, 2003). The 
latter topic (see Figure 4.5) is an area of active research spanning mesoscale-based studies of food web 
changes to support fisheries (Taucher et al., 2017; also see https://ocean-artup.eu/vision) to offshore 
seaweed farms as part of a portfolio of solutions for nutrient remediation in and C removal from our 
oceans (ARPA-e, 2021b). These programs are nascent and not yet at the stage of evaluating technological 
readiness but should be critical to assessing the feasibility, effectiveness, associated risks, and possible 
side effects of AU as well as the potential co-benefits. Note also that if aquaculture yields are to be fairly 
considered a co-benefit, then the C budget of fisheries should also be considered. For example, Mariani et 
al. (2020) estimate that fossil fuel consumption and hence CO2 emissions by fisheries are on the order of 
~0.01 Gt CO2/yr (~2.5 Mt C/yr) over the period of 1950-2014.This does not include blue carbon 
extractions (See Chapter 6). Also see Chapter 3 for additional discussion on the feasibility of marine 
aquaculture as a means for ocean CDR. 
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FIGURE 4.5 Depiction of the potential for artificial upwelling to support offshore fish farming. 
SOURCE: https://ocean-artup.eu/approach. 
 

Cost 
 

Model simulations of the efficacy of AU indicates that CDR with the potential of on the order of 
several Pg C per year would very likely require substantial expansion from small coastal pilot studies to 
sustained operations in deeper, offshore (>3 nautical miles from the coast) ocean habitats.  To do so will 
require that scientists and engineers work together to develop upwelling prototypes capable of sustaining 
significant upwelling velocities (see Figure 4.3) with materials designed to resist biofouling and remain 
operational in a variety of sea states.  Costs to do so will include materials for the pumps themselves, 
deployment costs, costs for development and maintenance of offshore monitoring and verification 
programs, any energy needed to power the pumps (e.g., ocean thermal energy conversion plants; Avery 
and Wu, 1994; Matsuda et al., 1998), as well as any costs for removal of pumps at the end of their life 
cycle or after sustained damage and any necessary maintenance. While there are a number of design 
specifications for AU devices with various dimensions and flow velocities (see Pan et al., 2016), Kirke 
(2003) estimated that a moored 500-m-deep, 12.9-m-diameter, wave-driven inertial pump made of carbon 
steel would cost $4.68 million in 2003 dollars plus the costs of floats, anchors, and mooring cables for an 
overall cost somewhere below $10 million; this value would be less if construction material were concrete 
or fabric, although flow rates and durability would be compromised from the author’s perspective. 
Johnson and Dicicco (1983) estimated the total cost for design of salt-fountain–style pumps (thousands to 
tens of thousands of pumps) made of plastic and concrete suitable to support a 10-acre kelp farm in an 
optimal location (the Gulf of Mexico) and suboptimal location (the Pacific Ocean off Chile) to range from 
$24.2 million to $139 million in 1983 dollars with estimates scaling on pump dimensions and hence 
materials needs (Figure 4.6). These costs do not include installation or maintenance costs, or costs to 
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measure C sequestration effectiveness or ecological impacts.  Given the inflation rate between 1983 and 
2020 of 167.02 percent (InflationTool, 2021), these costs would scale to ~$40 million at a minimum, 
which might be considered as a lower bound for a demonstration-scale AU trial. On the low end of 
potential costs, a present-day estimate from a company called Ocean-Based Climate Solutions, Inc. 
suggests that fabrication, assembly, shipping, and ocean operations would cost ~$60,000 per 500-meter 
tube, which they estimate could sequester 250 t CO2/yr; scaling to even 0.1 Gt CO2/yr and, neglecting 
costs of verification, would then require millions of pumps and hence tens of millions in costs. For 
comparison, the mesocosm-based research on ecological impacts of AU was funded at €2.5 million in 
2017 by the European Research Council (Ocean artUp, 2021), and the ARPA-e MARINER program in 
the United States has funded ~$50 million of research “to develop the tools to enable the United States to 
become a global leader in the production of marine biomass” which includes an assessment of AU 
technology (ARPA-e, 2021a). Given these limited cost comparisons, there would clearly need to be 
significant increases in research investments in AU to support even medium-scale deployments (hundreds 
of pumps). 
 

 
FIGURE 4.6: Calculations for salt-fountain pump networks where N is the number of pumps required to 
sustain a 10-acre kelp farm in (left) the Gulf of Mexico and (right) off the coast of Chile in the Pacific. 
SOURCE: Johnson and Decicco (1983). 
 

Energy 
 

The energy costs for AU would scale on the pump design being considered as well as any costs 
for deployment and recovery, monitoring, and production of the materials and supplies for the pumps as 
well as for verification and monitoring. There are no existing life-cycle analyses for a demonstration-scale 
project nor have any of the sea trials performed to date considered an energy budget for operations. These 
analyses would need to be a component of any proposed research and development programs aimed at 
CDR via AU.  
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Governance 
 

The legal framework for ocean CDR is discussed in Chapter 2. Many of the international and 
domestic laws discussed in that chapter could apply to AU and AD.  

At the international level, the parties to the Convention on Biological Diversity (CBD) have 
adopted a series of decisions governing “geoengineering,” the definition of which is likely to encompass 
AU and AD.3 The decisions recommend that parties to the Convention and other governments avoid 
geoengineering activities that may affect biodiversity, except for “small scale scientific research studies . . 
. conducted in a controlled setting.”4 The decisions are not legally binding, however. The CBD itself 
arguably does not prevent countries from undertaking or authorizing AU and AD projects, provided that 
they comply with all applicable consultation and other requirements imposed by the Convention (Webb et 
al., 2021). 

There is significant uncertainty as to whether AU or AD constitutes “pollution” of the marine 
environment under the United Nations Convention on the Law of the Sea (UNCLOS) or marine 
“dumping” under the Convention on the Prevention of Marine Pollution by Dumping of Wastes and Other 
Matter (London Convention) and associated Protocol (London Protocol). In Resolution LC/LP.1 (2008) 
the parties to the London Convention and Protocol agreed that “ocean fertilization activities” fall within 
the scope of those instruments. The Resolution defines “ocean fertilization” as “any activity undertaken 
by humans with the principal intention of stimulating primary productivity in the oceans” which some 
have argued could encompass AU. However, the Resolution is nonbinding, and subsequent decisions by 
the parties have only applied to ocean fertilization activities that involve “the placement of matter into the 
sea from vessels, aircraft, platforms or other man-made structures.” Some (e.g., Brent et al., 2019) have 
argued that AU and AD are not covered because they merely involve the transfer of materials from one 
part of the ocean to another and not the introduction of new materials. 

The treatment of AU / AD under domestic U.S. law is similarly uncertain. Table 2.3, in Chapter 
2, lists key U.S. federal environmental laws that could potentially apply to AU / AD. No detailed research 
has been conducted on the application of those and other U.S. laws. We understand that such research is 
being conducted as part of an ongoing project, led by Columbia University researchers, but they had not 
published their findings at the time of writing.  
 

4.6 SUMMARY OF CDR POTENTIAL 
 

The criteria for assessing the potential for AU and AD as a feasible approach to ocean CDR, 
described in Sections 4.2–4.5, is summarized in Table 4.2. 
 

4.7 RESEARCH AGENDA 
 

Proof-of-concept field experiments are needed in open-ocean conditions to assess technological 
readiness monitor biological responses to upwelling, determine C sequestration potential relative to 
upwelled macronutrients and inorganic carbon, and monitor or model local and downstream 
environmental impacts of AU and potential concomitant downwelling.  There are several natural oceanic 
analogs that can inform our understanding of the CDR potential of upwelling, including eastern boundary 
currents and the Southern Ocean. Notably, these regions are characterized by large cell-sized 

                                            
3 Report of the Conference of the Parties to the Convention on Biological Diversity on the Work of its Tenth 

Meeting, Decision X/33 on Biodiversity and Climate Change, Oct. 29, 2010 [hereinafter “Decision X/33”]; Report 
of the Conference of the Parties to the Convention on Biological Diversity on the Work of its Eleventh Meeting, 
Decision XI/20 on Climate-related Geoengineering, Dec. 5, 2012 [hereinafter “Decision XI/20”]; Report of the 
Conference of the Parties to the Convention on Biological Diversity on the Work of its Thirteenth Meeting, Decision 
XIII/4, Dec. 10, 2016 [hereinafter “Decision XIII/4”].  

4 Para. 8(w), Decision X/33; Para. 1, Decision XI/20; Preamble, Decision XIII/4.  
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phytoplankton communities capable of fast sinking rates, yet the upwelling of DIC tends to lead to net C 
outgassing (Takahashi et al. 1997; also see Chapter 5). As the technology for AU matures and field trials 
become practical, monitoring and verification plans need to be developed to assess the volumetric flux 
rate of upwelling, nutrient delivery rates, the biological response of the upper ocean, changes in the 
particle flux below the euphotic zone, and the air–sea CO2 flux in both experimental and control stations. 
Necessary components of this flux include the following elements, summarized as a research agenda in 
Table 4.3. 
 
 
TABLE 4.2 CDR Potential of Artificial Upwelling and Downwelling 
Knowledge base 
What is known about the system (low, mostly 
theoretical, few in situ experiments; medium, lab 
and some fieldwork, few CDR publications; high, 
multiple in situ studies, growing body of literature) 

Low–Medium  
Various technologies have been demonstrated for artificial 
upwelling (AU), although primarily in coastal regimes for short 
duration. Uncertainty is high and confidence is low for CDR 
efficacy due to upwelling of CO2, which may counteract any 
stimulation of the biological carbon pump (BCP). 

Efficacy 
What is the confidence level that this approach will 
remove atmospheric CO2 and lead to net increase in 
ocean carbon storage (low, medium, high)  

Low Confidence 
Upwelling of deep water also brings a source of CO2 that can be 
exchanged with the atmosphere. Modeling studies generally predict 
that large-scale AU would not be effective for CDR. 

Durability 
Will it remove CO2 durably away from surface 
ocean and atmosphere (low, <10 years; medium, 
>10 years and <100 years; high, >100 years) and 
what is the confidence (low, medium, high)  

Low–Medium  
<10–100 years 
As with ocean iron fertilization (OIF), dependent on the efficiency 
of the BCP to transport carbon to deep ocean. 

Scalability 
What is the potential scalability at some future date 
with global-scale implementation (low, <0.1 Gt 
CO2/yr; medium, >0.1 Gt CO2/yr and <1.0 Gt 
CO2/yr; high, >1.0 Gt CO2/yr), and what is the 
confidence level (low, medium, high)  

Medium 
Potential C removal >0.1 Gt CO2/yr and <1.0 Gt CO2/yr 
(low confidence) 
Could be coupled with aquaculture efforts. Would require pilot 
trials to test materials durability for open ocean and assess CDR 
potential. Current model predictions would require deployment of 
tens of millions to hundreds of millions of pumps to enhance C 
sequestration. (Low confidence that this large-scale deployment 
would lead to permanent and durable CDR). 

Environmental risk 
Intended and unintended undesirable consequences 
at scale (unknown, low, medium, high) and what is 
the confidence level (low, medium, high) 

Medium–High  
(low confidence) 
Similar impacts to OIF but upwelling also affects the ocean’s 
density field and sea-surface temperature and brings likely 
ecological shifts due to bringing colder, inorganic carbon and 
nutrient-rich waters to surface. 

Social considerations 
Encompass use conflicts, governance-readiness, 
opportunities for livelihoods, etc. 

Potential conflicts with other uses (shipping, marine protected 
areas, fishing, recreation); potential for public acceptability and 
governance challenges (i.e., perception of dumping). 

Co-benefits 
How significant are the co-benefits as compared to 
the main goal of CDR and how confident is that 
assessment 

Medium–High 
(low confidence) 
May be used as a tool in coordination with localized enhancement 
of aquaculture and fisheries. 

(Continued) 
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TABLE 4.2: Continued 
Cost of scale-up 
Estimated costs in dollars per metric ton CO2 for 
future deployment at scale; does not include all of 
monitoring and verification costs needed for smaller 
deployments during R&D phases Low, <$50/t CO2; 
medium, ~$100/t CO2; high, >>$150/t CO2 and 
confidence in estimate (low, medium, high) 

Medium–High.  
>$100–$150/t CO2 

(low confidence) 
Development of a robust monitoring program is the likely largest 
cost and would be of similar magnitude as OIF. Materials costs for 
pump assembly could be moderate for large-scale persistent 
deployments. Estimates for a kilometer-scale deployment are in the 
tens of million dollars.  

Cost and challenges of carbon accounting 
Relative cost and scientific challenge associated 
with transparent and quantifiable carbon tracking 
(low, medium, high) 

High 
Local and additionality monitoring needed for carbon accounting 
similar to OIF. 

Cost of environmental monitoring 
Need to track impacts beyond carbon cycle on 
marine ecosystems (low, medium, high) 

Medium 
(medium–high confidence) 
All CDR will require monitoring for intended and unintended 
consequences both locally and downstream of CDR site, and these 
monitoring costs may be substantial fraction of overall costs during 
R&D and demonstration-scale field projects.  

Additional resources needed 
Relative low, medium, high to primary costs of 
scale-up 

Medium–High 
Materials, deployment, and potential recovery costs. 

 
Components 

 
Necessary components of a complete research program include: 
 

● Significant advances in marine engineering to develop durable pumping systems capable of 
sustaining long-term deployments (months to years) in a range of sea states at upwelling 
velocities sufficient for a sustained biological response. These systems also need to maximize 
mixing in the surface layer so that negatively buoyant, nutrient-rich deep-ocean water does 
not immediately sink out of the euphotic zone. 

● Parallel modeling efforts to estimate the feasibility of CDR potential globally and regionally 
given achievable upwelling velocities, elemental stoichiometry of deep-water sources, and 
potential biological responses. Feasibility studies would be based on model upscaling from 
results of technical trials and existing literature on biological response to nutrient 
perturbations.  Mesocosm and laboratory experiments would help constrain biological 
responses. Efforts would help refine which regions of the global ocean would be optimal for a 
scaled-up research program. 

● A robust monitoring plan focused on particulate and dissolved organic C export and air–sea 
gas exchange at the local site of upwelling as well as targeted downstream sites. This plan 
should span across water measurements, remote sensing, and high-resolution coupled 
physical/ecological models to assess large-scale and downstream impacts and the timescales 
and depth scales of sequestration. 

● Monitoring that will assess the vertical extent of C export and any changes in 
remineralization length scales. 

● Assessment of the CDR potential at a range of pumping frequencies including episodic versus 
continuous upwelling as well as any seasonal impacts on CDR potential and the optimal 
source-water horizons;  
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● A monitoring plan that would be able to estimate the additionality of sequestration—how 
much production and export would have occurred in natural phytoplankton communities in 
the absence of AU? The monitoring plan should be able to differentiate between the response 
to AU and the natural variability of the system, which will differ between regions (e.g., Fe-
limited versus N-limited ecosystems) 

● Siting studies that address potential conflicts with shipping lanes, fishing effort, and other 
ocean usage as well as regions where costs are minimized relative to source-water horizons 
(e.g., shallower pumps require reduced material costs). 

● A data management plan with clear plans for data dissemination, accountability, and data 
transparency following the FAIR principles: findability, accessibility, interoperability, and 
reuse.5  

● Complete life-cycle analyses of costs for materials, deployment, and local and downstream 
monitoring costs. 

● Interactions with social scientists, legal experts, and economists to assess public perception, 
acceptability, governance, and cost feasibility as well as potential for coupling AU to 
macroalgae or fisheries production. 

 
Cost and Time Frame of Research Agenda  

 
Stable funding streams need to first be identified to build capacity and develop an active research 

program as well as begin the planning of complementary monitoring and modeling components necessary 
to evaluate environmental impacts, CDR, and additionality. Costs increase as we move from the 
technological readiness stages of pump development, deployment, and testing of operational needs (Can 
water be delivered at needed upwelling rates? Can pumps survive a range of sea states?) to large-scale 
deployment and monitoring of intended and unintended ecological effects. Based on prior cost estimates 
(i.e., Johnson and Dicicco, 1983), regional-scale networks of pumps could cost on the order of  ~$40 
million for technological development alone, which is within the range of expected funding for CDR 
development funding in the United States and the European Union (see, e.g., Burns and Suarez, 2020). 
Given this cost magnitude and the current lack of technological readiness, model-based feasibility studies 
should lead the research agenda to identify optimal siting and scaling of pump networks and CDR 
potential. This should be followed by expansion of technological development and small-scale proof-of-
concept studies intended to show durability of materials and achievement of necessary upwelling 
velocities coupled to life-cycle assessments of materials and deployment costs. 
 

Environmental Impacts of Research Agenda 
 

Upwelling of deep nutrient-rich seawater into the surface euphotic zone brings a source of DIC in 
addition to potentially growth-limiting elements. The ecological consequences may include stimulation of 
autotrophic growth and enhanced sinking of detrital carbon. Alternatively, if the photosynthetic 
drawdown of DIC does not exceed the carbon introduced in the source water, outgassing of carbon may 
occur, which is obviously contrary to sequestration. This latter potential is the most significant “Achilles 
heel” of AU as a CDR strategy. Otherwise, much like OIF (Chapter 3), nutrient additions via AU may 
lead to shifts in plankton community structure and, potentially, alternations of productivity of higher 
trophic levels including commercially harvested fisheries. Any monitoring plan should also consider the 
possibility of harmful algal blooms, other greenhouse gas production, and hypoxia.  
 

                                            
5 See https://www.go-fair.org/fair-principles/. 
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TABLE 4.3 Research and Development Needs: Artificial Upwelling and Downwelling  

# Recommended Research Question Answered 
Environmental Impact 
of Research 

Social Impacts of 
Research  

Estimated Research 
Budget  

Time  
Frame (yr) 

4.1 Technological readiness: Limited 
and controlled open-ocean trials 
to determine durability and 
operability of artificial upwelling 
technologies 

Can pumps be developed to withstand 
open-ocean conditions and sustain 
upwelling velocities for prolonged 
deployments? 

Modest; potential for 
harmful algal blooms in 
some regions or 
outgassing of 
greenhouse gases 
(GHGs) 

Modest for short term $5M/yr (~100 pumps 
tested in various 
conditions) 

5  

4.2 Feasibility studies  Given limited technological trials and 
achieved upwelling velocity, can these 
technologies be scaled up? 

  $1M/yr 
Modeling-based 
feasibility studies based 
on results of technical 
trials 

1  

4.3 Tracking C sequestration How can we track enhanced C fluxes? 
Development of plan to track enhancement 
of biological pump should precede and 
parallel any field trials. Should inform 
composite monitoring plan. 

Likely done as part of 
larger field experiments 

See field experiments $3M/yr 
New methods for 
tracking C from surface 
to depth needed 

5 

4.4 Modeling of C sequestration based 
upon achievable upwelling 
velocities and known stoichiometry 
of deep-water sources. Parallel 
mesocosm and laboratory 
experiments to assess potential 
biological responses to deep water 
of varying sources 

What is the CDR potential given outcomes 
of sea trials and technological advancement 
of pumps? Given known ratios of growth-
limiting nutrients and estimated biological 
responses, what are the optimal regions for 
a robust research program? 

  $5M/yr 5  

4.5 Planning and implementation of 
demonstration-scale in situ 
experimentation (>1 yr, >1,000 
km) in region sited based on input 
from modeling and preliminary 
experiments 

What are CDR efficiencies at 
demonstration scale and what are the 
intended and unintended ecological 
impacts? Planning should include complete 
life-cycle analyses of costs for materials, 
deployment, and local and downstream 
monitoring costs. 

Modest 
Regional impacts during 
upwelling period and 
some concerns beyond 
test boundaries.  
Observations and models 
needed. 

Modest/High 
Public may view these 
activities as dumping 
or negatively as ocean 
geoengineering due to 
possible unknown 
ecological shifts, i.e., 
harmful algal blooms 
and co-production of 
other GHGs.  Recent 
emphasis on co-benefit 
of enhanced fisheries 
yet to be verified 

$25M/yr 
Research needs to 
measure all possible 
geochemical, physical, 
and ecological impacts 
to gauge effectiveness 
and impacts at scale 

10  
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4.6 Monitoring C and ecological shifts What are the large-scale and downstream 
impacts and the timescales and depth scales 
of sequestration?  Development of 
autonomous and remote methods for 
assessment of BCP coupled to high-
resolution coupled physical/ecological 
models is needed and should be conducted 
early in coordination with planning and 
implementation of field trials and synthesis 
of those efforts. 

Low 
New methods, especially 
optical to complement 
existing geochemical 
sensors and platforms 
and molecular tools to 
monitor ecological shifts 

Low 
Any method to 
measure C flow and 
ecological shifts will 
have multiple uses for 
science and the public 

$10M/yr 
New technologies are 
quick to prototype but 
expensive to bring to 
market at reliability 
and scale useful for 
CDR 

10  

4.7 Experimental planning and 
extrapolation to global scales 

What is realistic BCP and elemental 
cycling, including particle cycling, as 
shown in full Earth system models? 

Low 
Modeling needed to 
design experiments to 
predict impacts at local 
scale and in the far field 
do not have direct 
environmental impact 
and assist planning more 
acceptable field research 

Low if considering 
only modeling, though 
public acceptance of 
CDR still needed and 
models will be needed 
to assess possible 
impacts 

$5M/yr 
Early for planning and 
later for impact 
assessments 

10  

4.8 Research on the social and 
economic factors and governance 

Is the current London Convention and 
London Protocol sufficient for regulation 
of research on the high seas? And for 
eventual deployment? 

N/A Starting from a point of 
low/modest public 
acceptance of ocean 
geoengineering 

$2M/yr 10  

4.9 Document best “code of conduct”  
for research and eventual 
deployment 

What are best practices regarding open data 
systems and peer review and independent 
C and impact assessments?  These need to 
be codified. 

N/A Needed for public 
acceptance of use of 
the high seas for any 
open-ocean CDR 

~$2M/yr 5–10 
(early 
agreement of 
research 
conduct 
needed) 

NOTE: Bold type identifies priorities for taking the next step to advance understanding of artificial upwelling and downwelling. 
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4.8 SUMMARY 
 

A range of studies have conclusively demonstrated that deep nutrient-rich seawater can be 
delivered to the surface ocean via a number of pumping mechanisms, each of which has different energy 
costs, deployment modes, and pumping capabilities. A recent summary by Pan et al. (2016) describes the 
current state of these technologies (see Table 4.1). These limited field trials have largely been conducted 
in short-term (less than weeks) experiments and primarily in coastal regimes, and none have yet verified 
enhanced C sequestration. A research agenda aimed at testing AU as a component of a CDR portfolio 
would principally need to address the long-term durability and efficacy of AU technology as well as the 
siting for sea trials. Since AU would deliver remineralized DIC as well as potentially limiting nutritional 
resources, it is key to understand the nutrient-use stoichiometry of the local plankton populations relative 
to the stoichiometry of deep-source waters (which varies widely across the global ocean); simply, C 
export flux would need to exceed the upwelled carbon. Additionally, the input of other elements, 
phosphorus or iron, for example, can also govern bloom dynamics and need to be considered. For 
example, in the oligotrophic North Pacific Subtropical Gyre, Karl and Letelier (2008) hypothesized that 
upwelling of water with excess phosphorus relative to nitrogen could trigger a two-stage bloom with net 
C sequestration being driven by the production of diazotrophic (N2-fixing) microorganisms that may 
thrive after a primary pulse of nondiazotrophic plankton.  While yet untested, this hypothesis underscores 
the importance of understanding C:N:P stoichiometry of source waters relative to plankton growth 
requirements as a driver of potential C sequestration exceeding that delivered by the upwelling process. 
And since nutrient stoichiometry varies across ocean basins and with depth, one would expect that the 
ecological consequences of AU wouldl be site and depth specific and, perhaps, time dependent. 

The current state of knowledge otherwise, via model simulations, indicates that even a persistent 
and effective deployment of millions of functional pumps across the global ocean would not meet CDR 
goals for sequestration or permanence. Moreover, natural analogs where upwelling occurs are generally 
net sources of CO2 to the atmosphere (Takahashi et al., 1997) versus net sinks. Even if these predictions 
are correct and AU proves too costly or impractical for large-scale ocean CDR, AU may prove to be a 
valuable tool to promote aquaculture or fisheries (assuming the extraction costs do not exceed the C 
sequestration potential) or simply as a research tool to better understand the biological responses of 
microbial communities to nutrient perturbations.  Pilot studies are principally needed to address the CDR 
potential of AU and the ecological consequences of these activities. Only targeted, regulated, and 
transparent field studies can help to minimize current uncertainties and determine if this strategy could be 
an effective component of an ocean CDR portfolio. 

http://www.nap.edu/26278


A Research Strategy for Ocean-based Carbon Dioxide Removal and Sequestration

Copyright National Academy of Sciences. All rights reserved.

Prepublication Copy  113 

5 
Seaweed Cultivation 

 
5.1 OVERVIEW 

 
Large-scale seaweed cultivation and its purposeful sequestration is a potential ocean-based 

strategy for reducing atmospheric CO2 levels. Large-scale farming of seaweed would incorporate 
dissolved CO2 from the upper ocean into tissue that then can be sequestered at depth either by pumping 
biomass to depth or by its sinking through the water column. As many seaweeds grow, they release large 
amounts of dissolved organic carbon (DOC) into the upper ocean. Some fraction of that is thought to be 
recalcitrant to microbial activity over long timescales, enabling an additional pathway for seaweed 
cultivation to sequester carbon. Macrophyte biomass farms could be created on large scales in 
environments where there is sufficient solar illumination and available nutrients. Much progress has been 
made in the past decade in developing both commercial seaweed farms for human consumption and 
animal feed as well as pilot studies for the development of large-scale farms for biofuel production. The 
goal here is to assess the present state of knowledge and address what research and investments are 
needed to make purposeful seaweed cultivation and sequestration carbon dioxide removal (CDR) worthy. 

According to the criteria described in Chapter 1, the committee’s assessment of the potential for 
seaweed cultivation as a CDR approach is discussed in Sections 5.2–5.4 and summarized in Section 5.5. 
The research needed to fill gaps in understanding of seaweed cultivation and sequestration, as an 
approach to durably removing atmospheric CO2, is discussed in Section 5.6. 
 

5.2 KNOWLEDGE BASE 
 

Studies on natural macrophyte-dominated ecosystems and in aquaculture facilities have provided 
much of the information needed to assess the CDR potential of seaweed cultivation. These include 
determinations of biomass density, carbon content, rates of net primary production (NPP), nutrient ratios, 
seasonality of growth, farming techniques that lead to higher yields, and release of DOC during 
production among others (e.g., Wheeler and North, 1981; Reed et al., 2008, 2015; Stewart et al., 2009; 
Rassweiler et al., 2018; Azevedo et al., 2019; Bak et al., 2020; Forbord et al., 2020; Matsson et al., 2021). 
These data provide the information needed to assess the scalability of seaweed cultivation as a CDR 
strategy (see Section 5.3). 

Considerably less is known about the fates of macrophyte carbon in natural ecosystems and how 
this carbon contributes to long-term carbon sequestration. Several studies have attempted to quantify the 
role of natural macrophyte ecosystems in global carbon sequestration (e.g., Smith, 1981; Chung et al., 
2010; Wilmers et al., 2012; Krause-Jensen and Duarte, 2016; Watanabe et al., 2020). In a particularly 
influential contribution, Krause-Jensen and Duarte (2016) concluded that natural macroalgal ecosystems 
could make substantive contributions to global ocean carbon sequestration primarily through the export of 
plant biomass to depth and the seafloor and the production of recalcitrant DOC. Recalcitrant DOC is that 
fraction of the DOC pool that is resistant to rapid microbial degradation (e.g., Hansell, 2013). Via a 
synthesis of a broad range of previously published results over a wide range of taxa (Figure 5.1), Krause-
Jensen and Duarte (2016) suggest that macroalgal ecosystems could at most sequester ~0.17 Pg C/yr or 
~0.6 Gt CO2/yr globally with a wide range of uncertainty based upon the assumptions applied (roughly 
0.06 to 0.27 Pg C/yr).1 They find that the export of recalcitrant DOC to below the mixed layer is the 
dominant contribution to their potential sequestration budget (roughly 70 percent of total sequestration).  

                                                      
1 1 Pg C = 1015 g C = 3.7 Gt CO2. 
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FIGURE 5.1 Synthesized pathways of carbon export and sequestration by natural macrophytes if these 
seaweed populations could be grown to their maximal extent (values in Pg C/yr). The blue text represents 
exported carbon that is thought to be sequestered for long times; black text is rapidly remineralized and 
exchanged with the atmosphere. Values in parentheses represent 25 percent and 75 percent quartile 
uncertainty levels. SOURCE: Redrawn from Krause-Jensen and Duarte (2016). 
 
 

The Krause-Jensen and Duarte (2016) paper attempts to quantify the carbon sequestration by 
naturally occurring macrophyte ecosystems if these ecosystems were to inhabit all regions in the world 
ocean where there is sufficient light on the benthos (see notes in Table 2 of Krause-Jensen and Duarte, 
2016). Therefore, their estimate is the potential that natural macrophyte afforestation could contribute to 
global carbon sequestration and not the actual amount that these ecosystems presently sequester. Here, the 
focus is on the large-scale cultivation of seaweed biomass and its purposeful sequestration in durable 
ocean reservoirs. Hence, an independent assessment of its carbon budget is made in Section 5.3. 
Afforestation of seaweed ecosystems and their potential as a CDR strategy are discussed in Chapter 6.   

Purposeful macrophyte cultivation has recently become a particularly popular CDR strategy due 
to its potential to scale to CDR-relevant amounts with a wide range of enticing co-benefits (e.g., 
GESAMP, 2019; Gattuso et al., 2021; oceanvisions.org and similar websites). There are also important 
barriers to its viability as an effective CDR strategy that will be discussed below. One useful 
conceptualization of macrophyte cultivation as an ocean CDR strategy would be considering large-scale 
farming of seaweeds to assimilate CO2 from the surface ocean and then purposefully convey this fixed 
carbon to deep oceanic reservoirs that will remain out of contact with the atmosphere over some relevant 
planning time horizon, say 100 years. The air–sea CO2 equilibrium timescales relative to surface water 
residence times also need to be considered, as is the case with all marine CDR approaches considered 
here (see Section 1.3). 
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The elements of purposeful macrophyte cultivation as an ocean CDR strategy are depicted in 
Figure 5.2. Seaweed farming converts dissolved CO2 to seaweed biomass that is slowly replaced by air–
sea fluxes from the atmosphere (e.g., GESAMP, 2019; Gattuso et al., 2021; Sala et al., 2021). The large-
scale cultivation will also produce DOC during growth (Reed et al., 2008; Paine et al., 2021), some of 
which, it has been suggested, will be recalcitrant on decadal timescales (Krause-Jensen and Duarte, 2016). 
Both pathways may contribute to long-term carbon sequestration. In many regions of the world’s oceans, 
nutrients are naturally depleted in the upper layers of the water column but can be found just beneath the 
euphotic zone. Thus, it is likely that artificial upwelling devices will be needed to supply required nutrient 
concentrations in some settings, which brings with its application other consequences, such as upwelling 
of enriched dissolved CO2 deep waters and other possible ecological impacts (see Chapter 4). 
 

  
FIGURE 5.2 Elements of purposeful macrophyte cultivation as a CDR strategy. Shown in blue are the 
CDR elements encapsulating the large-scale farming, sequestering at depth, and issues associated with 
determining its efficiency (cf., need for conveyance to bring biomass to depth or artificial upwelling to 
supply the necessary nutrients, or leakage of remineralized CO2 back to the sea surface).  In green are the 
expected alterations to the upper-ocean and deep-ocean ecosystems associated with purposeful 
macrophyte cultivation as a CDR tool.  
 
 

The harvested biomass needs to be conveyed by some means deep enough in the water column 
that most of the carbon biomass, when remineralized back to CO2, will remain out of contact with the 
atmosphere. The leakage of sequestered material back to the sea surface will be driven by ocean 
circulation and mixing processes and hence will be a function of depth, location, and planning timeline 
(Siegel et al., 2021b).  Further, the sequestered biomass will likely need to be injected to depth rapidly to 
ensure that little carbon is lost near the ocean surface, potentially requiring a conveyance device.  The 
injected biomass will decompose back to CO2 and potentially recalcitrant DOC due to food web, 
particularly heterotrophic microbial, processes (Figure 5.2). 

The cultivation and purposeful injections of seaweed biomass will likely affect ocean ecosystems 
both in the euphotic zone where the biomass is grown and at depth. In the near-surface ocean, these 
effects include reducing ambient nutrient levels and available light. Subsequently, that will likely reduce 
phytoplankton primary production rates, decrease carbon export from the surface ocean, and may affect 
trophic exchanges of energy that support fisheries and marine mammal populations. At depth, these 
perturbations may alter the natural balances of organic matter decomposition and remineralization, 
reducing oxygen concentrations (deoxygenation) and increasing subsurface CO2 and nutrient levels, 
leading to increases in acidification and eutrophication of these mesopelagic ecosystems. However, the 
strength of these impacts will depend upon the amount of CDR performed and the efforts made to 
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displace their influences. There may also be several direct societal impacts of large-scale farming, 
including hazards to navigation and co-benefits such as reducing excess nutrients from fish and shellfish 
aquaculture facilities. Furthermore, the farming of macrophytes for products (food, biofuels, animal feed, 
etc.) may contribute to long-term carbon sequestration, possibly due to the production and release of 
recalcitrant DOC. The sequestration timescales of the fixed carbon in macrophyte biomass products are 
likely to be short (≤10 years at best) compared with the goal of CDR (≥100 years). 

Much of the knowledge base for large-scale seaweed cultivation comes from experiences in 
large-scale seaweed farms for animal and human food as well as a potential carbon source for biofuels 
(Camus and Buschmann, 2017; Bak et al., 2018; Camus et al., 2018; Azevedo et al., 2019; ARPA-e, 
2021a; Navarrete et al., 2021).  Macroalgal farming and the products these farms create have become a 
multibillion dollar industry, with Asia being the main supplier (FAO, 2016). On a global basis, seaweed 
aquaculture production exceeds 30 million (wet) metric tons and $5.6 billion on a monetary basis, and 
these totals are rapidly growing (FAO, 2016). Currently, farmed macroalgal uses include human and 
animal food, fertilizers, other products, and a feedstock for biofuel production (e.g., Milledge et al., 2014; 
ARPA-e, 2021a). The majority of algal biomass comes from a relatively small number of species 
(Milledge et al., 2014). Much focus has been placed on improving yields and the quality of the farmed 
macrophyte crops while lowering costs (e.g., Bak et al., 2018, 2020; Azevedo et al., 2019; Forbord et al., 
2020; Matsson et al., 2021).  Macrophyte farms are typically conducted on suspended longline ropes with 
embedded sporophytes moored in shallow (≤100 m) coastal or estuarine waters (Peteiro and Freire, 2013; 
Camus and Buschmann, 2017; Camus et al., 2018). Existing farms are a few up to a few thousand 
hectares in size. Recent research supported by the U.S. Department of Energy Advanced Research Project 
Agency-e’s (ARPA-e’s) MARINER program is aimed at creating prototypes for scalable farmed systems 
that can be deployed in deeper waters for the purpose of growing biomass stocks for biofuels (ARPA-e, 
2021a). Among the specific goals of MARINER are to develop technologies for farming macrophyte 
biomass that can be scaled to ≥100,000 hectares (≥1,000 km2) at production costs of ≤$80/dry metric ton 
biomass (ARPA-e, 2021a). The MARINER production cost goal is roughly equivalent to ~$75/metric ton 
CO2 in macrophyte biomass (assumes C content is 30 percent of the dry weight). Innovative farm designs 
even include systems that cycle vertically on a daily time course to optimize the acquisition of light 
energy during the day and subsurface nutrients at night (Navarrete et al., 2021). Important elements for 
successful macrophyte cultivation include selecting the cultivars to be farmed based upon environmental 
conditions and local macrophyte strains; culturing spores to embryonic sporophytes and efficiently 
attaching these sporophytes on longline ropes; installing longline ropes in the field; permitting, installing, 
and maintaining farm facilities; monitoring the crop status as well as the environmental conditions; 
developing an understanding of the effects of the environment on the crops and the crops on the 
environment, etc. (Bak et al., 2020; Camus et al., 2018; Bell et al., 2020; Visch et al., 2020; Matsson et 
al., 2021). 

The knowledge base for the long-term fates of farmed macrophyte organic matter is far less 
known. It is important that the farmed macrophyte carbon be removed from the surface ocean so that the 
assimilated carbon will remain out of contact with the atmosphere on sequestration timescales (decades to 
centuries). The long-term incorporation of vast amounts of macrophyte carbon in ocean sediments either 
by purposeful placement on the seafloor or by sinking seaweed biomass from the surface seems highly 
unlikely. For example, Bernardino et al. (2010) studied the degradation of 100-kg bales of giant kelp 
placed on the seafloor at 1,670-m depth in the Santa Cruz Basin in the North Pacific Ocean using 
remotely operated vehicles. They found significant changes after 6 months in macrofaunal community 
abundances and diversity near (within 1 meter) to the kelp bales, but very little discernible changes in 
sediment total organic carbon concentrations. Similar rapid decomposition rates of kelp biomass on the 
benthos (roughly 5 percent biomass per day) were found in shallow continental shelf depths (80–350 
meters) off Carmel Canyon, California (Harrold et al., 1998) and at the bottom (1,300 meters) of the 
Santa Catalina Basin (Smith, 1983). Hence the water column seems the most likely reservoir for injected 
macrophyte carbon. Over centennial timescales appropriate for ocean CDR, this will be in the form of 
respired CO2. 
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A recent analysis of purposeful CO2 sequestration timescales using an ocean circulation inverse 
model showed that deeper discharge locations sequester injected CO2 for much longer than shallower 
ones and median sequestration times are typically decades to centuries, and approach 1,000 years in the 
deep North Pacific (Siegel et al., 2021b). Further, large differences in sequestration times occur both 
within and between major ocean basins. The Pacific and Indian basins generally have longer sequestration 
times than the Atlantic Ocean and Southern Ocean. Assessments made of the injected CO2 retained over a 
100-year time horizon illustrate that most of the injected carbon will still be in the ocean at injection 
depths greater than 1,000 meters, with several geographic exceptions such as the western North Atlantic 
(see further descriptions of this work below). Ocean circulation and mixing thus place important 
constraints on the timescales over which injected CO2 remains in the water column. 

Methodologies for the conveyance of macrophyte biomass to depth are just in their infancy. If the 
pneumatocysts are forced to burst (either by pressure due to being injected to depth or the tissue 
masticated), it is thought that the macrophyte biomass will sink until it reaches the seafloor (Krause-
Jensen and Duarte, 2016; see also https://www.runningtide.com). Engineered solutions for pumping 
macrophyte biomass to depth via vertical tubes have also been developed, and a system for removing 
nuisance mats of Sargassum from the surface ocean has been prototyped recently (Gray et al., 2021). 
Technologies need to be developed to verify the delivery of organic carbon to depth with minimal losses. 

Last, very little is known about the fate of DOC produced by macrophyte populations as they 
grow. Field work on natural giant kelp forests suggests that ~14 percent of macroalgal NPP is released as 
DOC of all labilities (Reed et al., 2015), the proportion of that DOC that is recalcitrant to degradation is 
largely unknown. Krause-Jensen and Duarte (2016) simply assume that the partitioning of macrophyte 
DOC into labile and recalcitrant fractions follows the ratio of global DOC export from the upper ocean to 
the global NPP, which results in an estimate for the production of recalcitrant DOC that is roughly 8 
percent of macrophyte NPP. The validity of that assumption remains a major knowledge gap. A recent 
study of temperate Sargassum beds showed that 56 percent to 78 percent of the released DOC collected in 
these ecosystems was resistant to decomposition after 150 days (Watanabe et al., 2020).  However, the 
timescales relevant for assessing CDR strategies are decadal to centennial, and more research in this area 
is clearly needed. 
 

5.3 EFFICACY AND SCALABILITY 
 

We can investigate the impact potential and scalability of purposeful macrophyte cultivation 
using a simple scaling analysis. A reasonably successful CDR goal would be to grow and sequester 
enough macrophyte biomass to remove 0.1 Gt CO2 per year (0.027 Pg C/yr = Seqgoal) from the upper 
ocean over a time horizon of more than 100 years. Clearly at these levels of CDR, seaweed cultivation is 
envisioned as contributing to a portfolio of terrestrial- and ocean-based CDR approaches.  To assess the 
potential of purposeful macrophyte cultivation as a scalable CDR tool, we will estimate the areal size of a 
farm required to grow that amount over that time horizon and use this formulation to discuss the 
scalability of purposeful macrophyte cultivation to climate control–relevant scales. 

Following the synthesis of Krause-Jensen and Duarte (2016), we consider the two primary 
pathways linking farmed macrophytes and carbon sequestration—the purposeful injection of particulate 
macrophyte carbon to depth and the release and eventual sequestration of recalcitrant DOC from the 
growing macrophyte farms, or  
 

Seqgoal = 0.1 Gt CO2/yr = 0.027 Pg C/yr = SeqBio + SeqDOC (5.1) 
 
The C budget for natural macrophyte ecosystems created by Krause-Jensen and Duarte (2016) suggests 
that the SeqDOC should be 8 percent of global macrophyte NPP (fDOC; see figure 5.1). Assuming this holds 
for a farmed system, SeqDOC should be 
 

SeqDOC = fDOC * NPPFarm    (5.2) 
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where NPPFarm is the NPP of the farm.  Some fraction (floss) of the farmed biomass will be lost due to 
herbivory, frond senescence, storms, and inefficiencies in the conveyance of biomass to depth, etc. We 
will assume that the value of floss is 20 percent, but it is recognized that this value is, at present, poorly 
constrained. Thus, the accumulation of macrophyte C biomass of the farm per year (SeqBio) will be equal 
to  
 

SeqBio = (1 − floss) * NPPFarm  (5.3) 
 
Thus, the amount of macrophyte NPP required to grow up each year to reach the 0.1-Gt CO2/yr goal 
would be 
 

NPPFarm = Seqgoal/(1 + fDOC − floss) = 0.033 Pg C/yr (5.4) 
 

Contrasting the natural example above (Figure 5.1), the sequestration of macrophyte carbon from 
farm systems will be dominated by the direct injection of C biomass to depth as the entire crop (minus 
losses in the upper ocean) will be sequestered. Thus, the release of recalcitrant DOC on growth should be 
a small part of the total carbon sequestration budget (~9 percent of Seqgoal). This is much smaller than the 
Krause-Jensen and Duarte (2016) synthesis which suggests that recalcitrant DOC release dominates (~70 
percent) the total sequestration from natural macrophyte ecosystems. This difference arises because the 
biomass losses and remineralization in the surface ocean for CDR using seaweed cultivation and 
purposeful sequestration will be much smaller than in Krause-Jensen and Duarte’s (2016) synthesis of a 
natural seaweed ecosystem. Hence, the contributions of recalcitrant DOC for CDR via seaweed 
cultivation will be much smaller than has been suggested for natural systems. 

The areal extent of a seaweed farm capable of sequestering 0.1 Gt CO2/yr can be determined 
knowing NPPFarm, the number of crops per year that can get grown and sequestered (NCrop), the expected 
biomass density in the farm (Yield) and the C density of crop (CContent), or  
 

AFarm = NPPFarm/(Yield * CContent * NCrop) (5.5) 
 

Assuming that the farmed system will maximize seaweed density and carbon quality, we use 
giant kelp observations of the maximum biomass observed from the Santa Barbara Coastal Long-Term 
Ecological Research data record (Rassweiler et al., 2018) or a maximum yield (Yield) equal to 1 kg 
DW/m2 and 30 percent of that dry weight (DW) will be carbon by DW mass (CContent). We also assume 
that one can grow and sequester on average 1.5 crops each year, which may be an optimistic assumption 
based on present macrophyte farms, particularly for higher-latitude sites. Together, the required area 
needed to sequester 0.1 Gt CO2/yr by seaweed cultivation comes to 
 

AFarm = 0.033 e(15 g C/yr)/([1e(3 g DW/m2)] * [0.3 g C/g DW] * [1.5 crops/yyr]) = 
7.3e(10 m2) = 73,000 km2 = 7.3 million hectares (5.6) 

 
Thus, the size of a farm required to grow enough biomass to sequester 0.1 Gt CO2/yr would be a 

single square farm, 270 km on a side. These farms would logically be multiple farms spread out across the 
globe.  This area is approximately equivalent to half the size of the State of Iowa or if one considers a 
100-meter-wide continuous belt of seaweed farm along all continents and islands, it would require 
730,000 km of coastline. That is 63 percent of the global coastline. If placed along the coastline of the 
United States only, it would comprise a nearly 0.5-km-wide continuous belt of seaweed farm. The amount 
of ocean surface area required to sequester 0.1 Gt CO2/yr demonstrates the size of the engineering and 
logistical tasks at hand associated with scaling seaweed-cultivation CDR solutions to climate-relevant 
scales.  

The formulation above enables the assessment of controls on the required size of macrophyte 
farms needed to grow enough biomass to sequester climate-relevant amounts of CO2 from the upper 
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ocean. Increasing the sequestration goal (Seqgoal) will linearly increase the farmed area required, while 
increasing the yield, carbon content, and number of crops per year, or reducing the biomass losses before 
sequestration will similarly reduce the required farmed area. Work from ARPA-e’s MARINER project2  
suggests that innovation could lead to increases in yields by up to fivefold from the 1-kg DW/m2 base 
value used here. However, only slight changes in the carbon content per unit biomass would be expected. 
Innovations could also help increase the number of crops per year for a given farm installation by 
dramatically increasing growth rates via cultivar selection and careful breeding of macrophyte strains and 
by engineering solutions that reduce biomass losses before sequestration.  

There are many requirements to farm vast amounts of macrophyte carbon biomass. Optimal 
growth of macrophyte biomass requires adequate nutrient concentrations and light levels (e.g., Jackson, 
1977, 1987; Gerard, 1982; Zimmerman and Kremer, 1986). Achieving both will be difficult because 
throughout most of the world’s oceans, vertical regions where there is enough solar radiation to drive 
photosynthetic processes (the euphotic zone) are often depleted in macronutrients, while vertical strata 
where adequate nutrients are available are often too deep to support growth, which is why macrophyte 
populations naturally inhabit nearshore habitats where both nutrients and light are often adequate to 
support their growth. The nutrient requirements for concentrated seaweed farming will be particularly 
intense. A recent paper estimates that current seaweed production in China will by 2026 utilize all of the 
excess anthropogenic phosphorus discharged into Chinese waters (Xiao et al., 2018). To alleviate these 
issues, the MARINER program has made efforts to select cultivars that grow efficiently under low-
nutrient conditions or employ artificial upwelling devices to supply nutrients from deeper depths (see 
details in Chapter 4) or implement novel mechanical means to bring the crop to depth at night (ARPA-e 
2021a; Navarrete et al., 2021).  Another important siting requirement is to create farming facilities that 
are robust to storms and protect macrophyte biomass and the farm infrastructure from storm losses. 
Access to nearby ports would also be essential to help reduce costs for farm operations and maintenance.  

There remains the question of how the cultivated biomass should be sequestered to optimize the 
amount of respired CO2 that will be retained in the ocean before outgassing to the atmosphere. 
Macrophyte biomass will be recycled through oceanic food webs and eventually be respired to CO2 on 
decadal timescales. Thus, efforts must be made to deposit this biomass at depth where it will be 
assimilated by deep-sea ecosystems and respired back to CO2, but not in immediate contact with the 
atmosphere. Very little will likely end up in seafloor sediments; however, recent environmental DNA 
analysis has shown evidence of macrophyte DNA in surface sediment (Geraldi et al., 2019). Very little is 
known about the timescales of degradation of macroalgal carbon or DNA in seafloor sediments. 

The timescales over which CO2 injected within the ocean interior remains sequestered from the 
atmosphere has recently been assessed using a model of steady-state global ocean circulation and mixing 
(Siegel et al., 2021b). Their modeling shows challenges ahead for any purposeful water-column injections 
of CO2 aimed at sequestering CO2 from the atmosphere. First, there will be a wide range of sequestration 
times linking a discharge location with the sea surface due to the infinite number of pathways connecting 
them. The resulting probability distribution is highly skewed, with a large fraction of relatively young 
transit times and a long tail of very long transit times. Second, deeper discharge locations will sequester 
CO2 longer than shallower ones, and median sequestration times are typically decades to centuries. Third, 
large differences in sequestration times occur both within and between the major ocean basins, with the 
Pacific and Indian basins generally having longer sequestration times than the Atlantic Ocean and 
Southern Ocean. Last, assessments made over a 100-year time horizon illustrate that most of the injected 
carbon will be retained for injection depths greater than 1,000 meters, with several geographic exceptions 
such as the western North Atlantic (Figure 5.3).  Retention is nearly ensured by depositing macrophyte 
biomass on the seafloor at depths greater than 2,000 meters (Figure 5.3). Conveyance apparatuses are 
likely needed to reduce the fragments of particulate carbon and DOC that could potentially be 
unintentionally released into the upper ocean. 
                                                      

2 Von Kietz workshop presentation, https://www.nationalacademies.org/event/02-02-2021/a-research-strategy-
for-ocean-carbon-dioxide-removal-and-sequestration-workshop-series-part-3. 
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FIGURE 5.3 Maps of the fraction of CO2 retained after 100 years for injection depths of 208, 530, 1,022, 
and 2,100 meters in the purposeful sequestration metrics modeling of Siegel et al. (2021b). Figure 
redrafted from the original journal submission. Licensed under Creative Commons CC BY 4.0. 
 
 

5.4 VIABILITY AND BARRIERS 
 

Barriers to Implementation 
 

The viability of seaweed cultivation as a CDR strategy has a range of barriers, incentives, and 
issues related to its implementation that need to be addressed. First, one must consider its potential 
environmental impacts. The sequestering of large amounts of organic matter at depth will surely have 
detrimental effects on the ecology of the deep sea, which is likely both the largest (by volume) and least 
understood biome on Earth (e.g., Martin et al., 2020). This is because the purposeful inputs of macrophyte 
organic matter at depth will eventually respire back to CO2, leading to local to regional increases in 
deoxygenation, acidification, and eutrophication. Further anthropogenic inputs in vast amounts of 
particulate matter will also influence visibility and contacts amongst mesopelagic organisms, similar to 
what might be expected from the improper disposal of tailings from deep-sea mining operations (e.g., 
Drazen et al., 2020). 

The biological pump exports roughly 10 Pg C/yr from the upper ocean to depth over the entire 
globe (e.g., Siegel et al., 2014; DeVries and Weber, 2017; Boyd et al., 2020). If this natural export flux 
decays with depth following the so-called Martin curve (Martin et al.1987; Buesseler et al., 2007; 2020), 
the natural flux of organic matter that arrives at 2,000 meters averaged over the entire world ocean will be 
~1.2 Pg C/yr.  For the above scaling analysis for sequestering 0.1 Gt CO2/yr, the purposeful input of 
seaweed will increase the global delivery of organic matter by nearly 5 percent. An input of 1 Gt CO2/yr 
(0.27 Pg C/yr), as suggested in the X-Prize competition,3 will have a substantive impact on the natural 
inputs of organic matter delivered to a horizon of 2,000 meters (increasing the global flux of organic 
matter at that depth by ~25 percent). These alterations will surely alter mesopelagic and deep-sea food 
webs by adding foreign biomass with potentially different food qualities. The decomposition of the added 

                                                      
3 See https://auto.xprize.org/prizes/elonmusk. 
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biomass will lower oxygen levels and increase acidity and nutrient levels, leading to increased 
deoxygenation, acidification, and eutrophication.  Further, the nature of the purposeful inputs will likely 
be highly heterogeneous in space and likely intermittent in time because it seems difficult to ensure that 
the inputs of organic matter will be or could be dispersed uniformly at depth, especially given that the 
infrastructure required to cultivate macrophyte biomass carbon to CDR-relevant scales will be localized 
to a few port cities. This concentration of organic matter inputs will greatly increase the local-scale 
environmental impacts of the purposeful additions of organic matter.  Further, there remains a great deal 
of uncertainty in the fate of the dissolved organic matter produced as seaweed grows. Coordinated 
research in all of these areas is needed to better assess the impacts of seaweed cultivation and 
sequestration as a viable CDR strategy. 

Further, the growing of large-scale crops of macrophyte biomass will surely affect euphotic zone 
ecosystems. The farm will divert ambient nutrients that drive the upper ocean ecosystem into cropped 
biomass, likely reducing rates of phytoplankton NPP and thereby in turn reducing the fluxes of C export 
from the surface ocean into the ocean interior and decreasing the flow of energy into higher trophic levels 
that support fisheries and other valued marine resources. These effects may increase the need for more 
ocean CDR to offset these losses. This may be offset somewhat because macrophyte biomass typically 
has higher carbon-to-nutrient concentrations (either phosphorus or nitrogen) than typical organic matter 
concentrations in plankton-dominated ecosystems (e.g., Rao and Indusekhar, 1987). Understanding the 
ecological and environmental impacts of large-scale cultivation of seaweeds is a critical area where 
research is sorely needed. Another issue to resolve is the fact that seaweed cultivation will likely 
introduce nonnative species to ecosystems where the farming occurs because nearshore macrophyte 
species will need to be farmed in offshore biomes. It is also likely that cultivars will need to be selected 
that can maximize biomass production in low-nutrient environments. The introduction of nonnative 
species may have detrimental ecological impacts and legal implications that complicate the permitting 
processes (see Section 4.4.4).  

Huge, robust structures will be required to farm enough biomass carbon to make seaweed 
cultivation a viable CDR strategy. Much work is needed to engineer robust systems that will likely need 
to be situated in deeper ocean waters than present-day seaweed farms, typically in shallow waters. Again, 
ARPA-e’s MARINER program is conducting important work developing prototypes for these systems 
(ARPA-e, 2021a). The size of these structures suggests that there should be concerns about the risks of 
entanglement with whales and other air-breathing vertebrates, displacement of fishing and other 
ecosystem services, and the hazards to navigation created by the structures needed for seaweed 
cultivation.  Further, efficient ship systems that minimize their carbon emissions need to be developed to 
manage cultivation and sequestration systems.4  
 

Monitoring and Verification 
 

Every CDR strategy will need a monitoring and verification program to prove its veracity so that 
the end-to-end costs, benefits, and environmental impacts can be quantified. For seaweed cultivation, 
these assessments will need to be conducted on both local (farm, injection location, etc.) as well as on 
global scales. Local-scale efficacy could be assessed via coupled observations and modeling similar to 
that of a standard oceanographic process study. The goal will be to conduct fieldwork in contrasting sites 
and farm types so that detailed process numerical models can be developed, tested, and applied to other 
sites. Developing systems to achieve this goal should follow the planning for major oceanographic 
process studies focused on the biological carbon pump (e.g., Siegel et al., 2016). This will require 
substantive resources. Using the EXPORTS program as a basis, a month-long assessment of carbon 
export pathways costed out at roughly $115M (including ship time, scientists, staffing, sample and data 
analyses, logistics, etc.).  
                                                      

4 For an example of a recent prototype, see https://arpa-e.energy.gov/technologies/projects/autonomous-tow-
vessels. 
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Monitoring and verification on global scales will be harder. Numerical modeling, informed by 
observations, will be one critical component. For example, aerial optical observations, both satellite and 
drone based, would be very useful for mapping farm biomass and productivity for seaweed taxa that form 
canopies (Bell et al., 2020; Cavanaugh et al., 2021) and may be useful for assessing the displaced natural 
productivity of the farm. Future satellite missions, such as NASA’s upcoming Plankton, Aerosol, Cloud 
and ocean Ecosystems5 and Surface Biology and Geology6 missions, will provide hyperspectral imagery 
on a variety of spatiotemporal scales that will be useful for mapping seaweed canopy biomass and 
productivity (Bell et al., 2015a,b, 2020).  Existing global biogeochemical monitoring systems, such as the 
emerging Biogeochemical (BGC) Argo array,7 could also be useful for this task by assessing levels of 
dissolved oxygen utilization over time, especially on local spatial scales near where the biomass has been 
conveyed. However, relying on the BGC Argo array to assess impacts on global scales may be 
problematic.  For example, the global sum of present-day global dissolved oxygen utilization levels 
corresponds to roughly 1,500 Pg C with an uncertainty of about 200 Pg C (Carter et al., 2021). Thus, 
detecting even a 1-Gt CO2 (0.27-Pg C) change in global inventories due to purposeful injections of 
cultivated seaweed biomass will require severe constraints on the required accuracy and precision of O2 
measurements and the timescales required to see these changes. For example, an input of 1 Gt CO2/yr 
would represent less than a 1:2000 reduction in global mean oxygen concentrations, potentially requiring 
detailed analyses and many years detecting these small global-scale changes. Further separating already-
committed anthropogenic changes expected (e.g., Moore et al., 2018) from the purposeful CDR changes 
may be very difficult to assess.  Thus, numerical modeling informed by local-scale process studies may be 
the best way to assess the impacts of seaweed cultivation and sequestration. Note also that these models 
probably need to better account for higher trophic levels because these processes are generally left out of 
most Earth system models (e.g., Bonan and Doney, 2018). 
 

Required Resources 
 

The costs needed to construct, operate, and maintain the farm infrastructure will be substantial. 
Scaling seaweed cultivation to useful CDR levels will require immense farm structures (7.3 million 
hectares in extent for sequestering 0.1 Gt CO2/yr) to be built, maintained, and operated. Large power 
sources will be required in this process as well to transport and maintain these facilities. To this end, 
offshore seaweed farms may involve combining renewable energy sources. There are two current 
seaweed farm pilot projects offshore Belgium and the Netherlands that are using existing offshore 
renewable energy farms as their foundation. In essence, the farms are colocated between turbines or solar 
plants. One project is colocated with a seafloor wind farm (the Norther Wind Farm) and the other is 
colocated with the North Sea Farmers offshore floating solar farms (United). The goal of these pilot 
projects is to move forward with almost complete automation of the growth and harvesting of seaweed by 
using some of the renewable power generated in situ. Results of these pilot projects are slated for 2022 
(Durakovic, 2020).8  

Lessons learned from these and other pilot studies will be important to quantify life-cycle cost 
analyses that will be needed for determining the net benefits of seaweed cultivation to CDR. 
 

Co-benefits 
 

There are a wide variety of co-benefits created by seaweed cultivation CDR.  Building, operating, 
and maintaining farms will provide a huge enhancement to the blue economy. Seaweed cultivation CDR 

                                                      
5 See https://pace.gsfc.nasa.gov. 
6 See https://sbg.jpl.nasa.gov. 
7 See https://biogeochemical-argo.org/. 
8 See also https://www.msp-platform.eu/projects/multi-use-platforms-and-co-location-pilots-boosting-cost-

effective-and-eco-friendly. 

http://www.nap.edu/26278


A Research Strategy for Ocean-based Carbon Dioxide Removal and Sequestration

Copyright National Academy of Sciences. All rights reserved.

Seaweed Cultivation 

Prepublication Copy  123 

could provide jobs and livelihoods for many. The quality of these jobs matters to people: for example, in a 
study of attitudes about seaweed cultivation generally, interviewees in Scotland were wary of large-scale 
internationally owned seaweed farms. They have witnessed a pattern in the salmon farming industry 
where individual operators were bought out by international owners, which was perceived to reduce 
benefits and jobs.  They emphasized the need for social innovation which would provide decent pay for 
all involved and benefits for the community more broadly, and were more accepting of locally based, 
cooperative development (Billing et al., 2021). 

Seaweed cultivation also has potential ecological co-benefits. On local scales, seaweed farming, 
particularly in coastal waters, could act to reduce the effects of anthropogenically driven acidification on 
shellfish aquaculture farms and could help reduce the effects of deoxygenation and eutrophication created 
by these farms (e.g., Neori et al., 2004; Xiao et al., 2018)..  Other co-benefits with potential greenhouse 
gas reductions include the additions of macrophyte biomass to animal feeds that could reduce methane 
emissions (e.g., Maia et al., 2016) 
 

Governance  
 

The legal framework for ocean CDR is discussed in Chapter 2. Many of the international and 
domestic laws discussed in that chapter could apply to seaweed cultivation. 

With respect to international law, Webb et al. (2021) concluded that seaweed cultivation 
undertaken for the purpose of CDR is likely to be considered a form of “geoengineering” under the 
Convention on Biological Diversity (CBD). As discussed in Chapter 2, in 2010, the parties to the CBD 
adopted a nonbinding decision recommending that countries take a “precautionary approach” and avoid 
geoengineering activities that could affect biodiversity.9 The decision provided an exemption for “small 
scale scientific research studies . . . conducted in a controlled setting” that “are justified by the need to 
gather specific scientific data and . . . subject to a thorough prior assessment.”10 However, because the 
decision is not legally binding and merely offers guidance on the conduct of geoengineering activities, 
countries could conduct or authorize other projects that do not meet the specific requirements (Webb et 
al., 2021). 

Seaweed cultivation projects could also implicate provisions of the United Nations Convention on 
the Law of the Sea (UNCLOS). Parties to UNCLOS must “take all necessary measures” to prevent and 
control pollution resulting from, among other things, the introduction of alien species to “a particular part 
of the marine environment” where they “may cause significant and harmful changes.”11 Prior to 
conducting or authorizing seaweed cultivation projects involving the growing of nonnative species, 
parties to UNCLOS would need to conduct a risk assessment, consult with other potentially affected 
countries, and take other steps to minimize any adverse effects (Webb et al., 2021). 

It is unclear whether the Convention on the Prevention of Marine Pollution by Dumping of 
Wastes and Other Matter (London Convention) and associated Protocol (London Protocol) would apply 
to seaweed cultivation projects. There is an open question as to whether the sinking of cultivated seaweed 
could constitute “dumping” for the purposes of the London Convention and Protocol (Webb et al., 2021). 
In theory, “dumping” could also occur if growth-stimulating materials were added to ocean waters to 
fertilize seaweed crops, and/or waste products (e.g., nets and lines) from farms were disposed of in the 
water (Webb et al., 2021). 

                                                      
9 Report of the Conference of the Parties to the Convention on Biological Diversity on the Work of its Tenth 

Meeting, Decision X/33 on Biodiversity and Climate Change, Oct. 29, 2010 (hereinafter Decision X/33). See also 
Report of the Conference of the Parties to the Convention on Biological Diversity on the Work of its Eleventh 
Meeting, Decision XI/20 on Climate-related Geoengineering, Dec. 5, 2012 (hereinafter Decision XI/20); Report of 
the Conference of the Parties to the Convention on Biological Diversity on the Work of its Thirteenth Meeting, 
Decision XIII/4, Dec. 10, 2016 (hereinafter Decision XIII/4).  

10 Para. 8(w), Decision X/33. Affirmed in Para. 1, Decision XI/20 & Preamble, Decision XIII/4. 
11 Art. 196, United Nations Convention on the Law of the Sea, 1833 U.N.T.S. 397, Dec. 10, 1982. 
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Webb et al. (2021) examined the application of domestic law to seaweed cultivation projects. The 
applicable law will depend on precisely where and how projects are conducted. State, and in some cases 
local, law would apply to projects undertaken in state waters (i.e., generally within 3 nautical miles of the 
coast). There has been no comprehensive analysis of all applicable state and local laws. However, Webb 
et al., (2021) found that at least three states—Alaska, California, and Maine—have laws requiring permits 
or other approval for seaweed cultivation projects. Webb et al. (2021) noted that some other states have 
more general aquaculture permitting laws which could apply to seaweed cultivation. However, some only 
provide for the issuance of permits for shellfish or finfish farming and do not anticipate the permitting of 
seaweed cultivation. Federal permits (e.g., from the U.S. Army Corps of Engineers) may also be required 
for some seaweed cultivation projects in state waters (e.g., those involving the placement of structures in 
the water). State and federal agencies must generally consult with affected Native American tribes prior to 
issuing permits (Webb et al., 2021). 

Federal law would apply to seaweed cultivation projects undertaken in federal waters (i.e., 
generally 3 to 200 nautical miles from the coast). Webb et al. (2021) reviewed the potentially applicable 
federal laws. Although there is no federal permitting regime for seaweed cultivation, projects that require 
use of the seabed (e.g., to anchor structures or lines) may require a seabed lease or other authorization 
(e.g., under the Outer Continental Shelf Lands Act). Permits would also be required under the Marine 
Protection, Research and Sanctuaries Act (MPRSA) for projects involving the dumping of materials, 
including nets and lines, into ocean waters. It is uncertain whether the sinking of cultivated seaweed 
would constitute dumping and thus require a permit. Projects affecting other marine species or 
ecosystems may be subject to additional requirements, for example, under the Endangered Species Act 
(ESA) and Marine Mammal Protection Act (MMPA). 

Domestic law would have limited application to seaweed cultivation projects outside U.S. waters 
(i.e., more than 200 nautical miles from shore). Where U.S. citizens or vessels are involved, the ESA and 
MMPA could apply. Dumping from U.S. vessels, or other vessels that were loaded in the United States, 
may also be subject to domestic permitting requirements under the MPRSA. 

Community engagement will be required for effective governance, especially when activities 
affect coastal populations and livelihoods (see Chapter 2).  Community engagement will also be critical in 
capturing potential co-benefits. 
 

5.5 SUMMARY OF CDR POTENTIAL 
 

The criteria for assessing the potential for seaweed cultivation as a feasible approach to ocean 
CDR, described in Sections 5.2–5.4, is summarized in Table 5.1. 
 

5.6 RESEARCH AGENDA 
 

A research agenda for assessing whether seaweed cultivation and sequestration is CDR worthy 
will require an assessment of the components compiled in Figure 5.2.  These are  
 

1. Improve existing technologies that enable the cost-effective, large-scale farming and 
harvesting of seaweed biomass;  

2. Create and assess the means to convey large amounts of harvested biomass to depth in the 
ocean interior or to the seafloor without large losses of carbon; 

3. Understand the long-term fates of seaweed carbon (i.e., both biomass at depth and DOC 
released during growth) and use this understanding to develop numerical models of the fates 
of seaweed carbon in the environment; 

4. Build and test a demonstration-scale system for seaweed cultivation and sequestration CDR 
that in principle can be scaled up to 0.1-Gt CO2/yr levels and deploy these systems in diverse 
oceanographic settings;  
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TABLE 5.1 CDR Potential of Seaweed Cultivation 
Knowledge base 
What is known about the system (low, mostly 
theoretical, few in situ experiments; medium, lab and 
some fieldwork, few CDR publications; high, multiple 
in situ studies, growing body of literature) 

Medium–High 
Science of macrophyte biology and ecology is mature; many 
mariculture facilities are in place globally. Less is known 
about the fate of macrophyte organic carbon and methods for 
transport to deep ocean or sediments. 

Efficacy 
What is the confidence level that this approach will 
remove atmospheric CO2 and lead to net increase in 
ocean carbon storage (low, medium, high)  

Medium Confidence 
The growth and sequestration of seaweed crops should lead to 
net CDR.  Uncertainties about how much existing net primary 
production (NPP) and C export downstream would be reduced 
due to large-scale farming. 

Durability 
Will it remove CO2 durably away from surface ocean 
and atmosphere (low, <10 years; medium, >10 years 
and <100 years; high, >100 years) and what is the 
confidence (low, medium, high)  

Medium–High 
>10–100 years 
Dependent on whether the sequestered biomass is conveyed to 
appropriate sites (e.g., deep ocean with slow return time of 
waters to surface ocean). 

Scalability 
What is the potential scalability at some future date with 
global-scale implementation (low, <0.1 Gt CO2/yr; 
medium, >0.1 Gt CO2/yr and <1.0 Gt CO2/yr; high, >1.0 
Gt CO2/yr), and what is the confidence level (low, 
medium, high)  

Medium 
Potential C removal >0.1 Gt CO2/yr and <1.0 Gt CO2/yr 
(medium confidence)  
Farms need to be many million hectares, which creates many 
logistic and cost issues. Uncertainties about nutrient 
availability and durability of sequestration, seasonality will 
limit sites, etc. 

Environmental risk 
Intended and unintended undesirable consequences at 
scale (unknown, low, medium, high) and what is the 
confidence level (low, medium, high) 

Medium–High  
(low confidence) 
Environmental impacts are potentially detrimental especially 
on local scales where seaweeds are farmed (i.e., nutrient 
removal due to farming will reduce NPP, C export, and 
trophic transfers) and in the deep ocean where the biomass is 
sequestered (leading to increases in acidification, hypoxia, 
eutrophication, and organic carbon inputs). The scale and 
nature of these impacts are highly uncertain. 

Social considerations 
Encompass use conflicts, governance-readiness, 
opportunities for livelihoods, etc. 

Possibility for jobs and livelihoods in seaweed cultivation; 
potential conflicts with other marine uses. Downstream effects 
from displaced nutrients will need to be considered.  

Co-benefits 
How significant are the co-benefits as compared to the 
main goal of CDR and how confident is that assessment 

Medium–High 
(medium confidence) 
Placing cultivation facilities near fish or shellfish aquaculture 
facilities could help alleviate environmental damages from 
these activities. Bio-fuels also possible. 

Cost of scale-up 
Estimated costs in dollars per metric ton CO2 for future 
deployment at scale; does not include all of monitoring 
and verification costs needed for smaller deployments 
during R&D phases Low, <$50/t CO2; medium, ~$100/t 
CO2; high, >>$150/t CO2 and confidence in estimate 
(low, medium, high) 

Medium 
~$100/t CO2  
(medium confidence) 

Costs should be less than $100/t CO2. No direct energy used to 
fix CO2. 

Cost and challenges of carbon accounting 
Relative cost and scientific challenge associated with 
transparent and quantifiable carbon tracking (low, 
medium, high) 

Low–Medium 
The amount of harvested and sequestered carbon will be 
known. However, an accounting of the carbon cycle impacts 
of the displaced nutrients will be required (additionality).   

(Continued) 
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TABLE 5.1 Continued 
Cost of environmental monitoring 
Need to track impacts beyond carbon cycle on marine 
ecosystems (low, medium, high) 

Medium 
(medium–high confidence) 
All CDR will require monitoring for intended and unintended 
consequences both locally and downstream of CDR site, and 
these monitoring costs may be substantial fraction of overall 
costs during R&D and demonstration-scale field projects.  

Additional resources needed 
Relative low, medium, high to primary costs of scale-up 

Medium 
Farms will require large amounts of ocean (many million 
hectares) to achieve CDR at scale. 

 
 

5. Validate and monitor the CDR performance of the demonstration-scale seaweed farming and 
sequestration systems on local scales; 

6. Evaluate the environmental impacts of large-scale seaweed farming and sequestration 
systems both in the upper ocean where the farming occurs and at depth where the seaweed is 
transported for sequestration; 

7. Understand better the legal framework required for seaweed-based CDR and the 
socioeconomic factors that would affect coastal communities and Indigenous groups; and  

8. Document “best practices” and perform spatial planning exercises to assess the best places for 
conducting seaweed cultivation CDR. 

 
The first research component should build upon the successes achieved and challenges identified 

by ARPA-e’s MARINER program.  ARPA-e has made a substantial investment in MARINER (>$30M 
over 3 years), and work in this area needs to continue so that development-scale facilities can be 
developed.  Given the investments made to date, this work can be done quickly, with development-scale 
(≥1 km2; ≥100 hectare) farms in place in the next decade. At CDR scale, many million hectares of farm 
facilities need to be established. Hence, seaweed cultivation systems will very likely need to be 
engineered to operate efficiently at ocean depths of hundreds to thousands of meters. This engineering 
expertise exists within the oil and gas industries. Research should also include a focus on increasing the 
farm’s C yield and reducing crop durations via the selection of appropriate phenotypes and the 
deployment of specific apparatuses (artificial upwelling, vertically profiling farms, etc.) that will enhance 
nutrient concentrations in the farm. Improvements in the abilities to monitor and model crop growth as a 
function of environmental conditions are also needed. Further, efficient ocean transportation systems that 
minimize their C emissions and appropriate harvesting techniques need to be developed so that the CDR 
gained is not lost due to transport and to protect those organisms that forage or inhabit the farms. Last, 
permitting has been a challenge in developing and testing pilot-scale farms in the MARINER program 
and will likely be a challenge for further research. Addressing permitting challenges is essential to enable 
researchers to develop and test new farming and harvesting technologies. 

Harvested biomass needs to be conveyed to depth without losing C biomass in the surface ocean 
and deposited in durable oceanic reservoirs. There has been little research conducted in this area. 
Demonstration-scale engineering studies need to be conducted, illustrating that the harvested biomass can 
be conveyed mechanically to a durable reservoir in the ocean with minimal losses, either in the water 
column or on the seafloor.  Freely sinking biomass has also been suggested, and the decomposition rates 
of freely sinking biomass need to be fully quantified to assess if this conveyance strategy would be 
successful. Research budgets in this area should be comparatively modest. 
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Assessments of the long-term fates of seaweed biomass and its by-products (cf., both biomass at 
depth and released DOC during growth) are required to develop predictive models.  This could be 
accomplished via a set of biomass and dissolved organic matter decomposition experiments conducted in 
situ, in mesocosms, or in laboratory settings. The results of this need to be synthesized into a numerical 
model of seaweed fates.  Challenges are to conduct these experiments on timescales that are relevant to 
seaweed cultivation CDR—years to decades.  This work also needs to lead to predictive numerical 
models where farm, harvest, and sequestration scenarios can be explored. 

Demonstration-scale systems for seaweed cultivation and sequestration aimed to be scaled to 0.1-
Gt CO2/yr levels need to be developed and tested.  This work will build from the first two components in 
this research plan and logically are supported after clear paths emerge from these two elements. This will 
answer the question whether seaweed cultivation and sequestration is a viable CDR strategy. The 
demonstration-scale system will also be useful for validating its CDR performance as well as assessing its 
environmental impacts (see below).  Many of the same environmental and social impacts of the research 
for farming apply to the implementation of a demonstration-scale system. These goals would be most 
readily achieved if these systems were deployed in diverse ocean settings. 

The CDR performance of the demonstration-scale seaweed farming and sequestration system will 
need to be monitored on local spatiotemporal scales. This will require both process oceanographic field 
studies (similar to the recent NASA EXPORTS campaign; Siegel et al., 2021a) and selected sensor arrays 
embedded in the farm and conveyance infrastructure. These data will address the system performance of a 
demonstration-scale system. Regional-scale numerical modeling of ocean circulation and mixing coupled 
with ecological and biogeochemical modules will also be a big part of the validation and monitoring of 
these systems, which in turn will require data from the process studies and system models on macrophyte 
fates and influences of the farms and harvesting on the environment (discussed previously). 

One would also need to evaluate the environmental impacts of large-scale seaweed farming and 
sequestration both in the upper ocean where the farming occurs and at depth in the water column or the 
seafloor where the seaweed is conveyed for sequestration. This work would need to include the 
downstream impacts of displaced nutrients on ecosystems and ecosystem services.  Fieldwork would also 
be needed to achieve the previous task (validating and monitoring CDR performance). Hence, portions of 
these tasks could be done simultaneously. Additional measurements would be needed to understand the 
effects of seaweed sequestration on the macrofaunal communities in the water column and on the 
seafloor. 

Research on the social/economic factors and governance for seaweed cultivation CDR is also 
required. The legal framework for seaweed-based CDR is murky and many questions remain unanswered. 
Further, many socioeconomic factors affect coastal communities and Indigenous groups that need to be 
considered. Additionally, an understanding of public perceptions and whether there is a social license to 
conduct this work is required.  

Last, the above components need to be synthesized into a “best practices” manual, and spatial 
planning exercises need to be performed to assess the best places for conducting seaweed cultivation 
CDR. This synthesis of the emerging state of knowledge on seaweed cultivation CDR needs to be 
completed before one should consider implementing these technologies at scale. 
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TABLE 5.2 Research and Development Needs: Seaweed Cultivation and Sequestration 

No. Recommended Research Question Answered 
Environmental Impact of 
Research Social Impacts of Research 

Estimated 
Research 
Budget 
($M/yr) 

Time  
Frame 
(years) 

5.1 Technologies for efficient 
large-scale farming and 
harvesting of seaweed 
biomass 

Can we build efficient 
demonstration-scale farms to 
grow and harvest seaweed 
biomass that have the potential 
to be CDR worthy? 

Moderate on local scales. 
Demonstration-scale farms 
will affect local ecosystems, 
reducing ambient nutrients, 
net primary productivity, C 
export, etc.  Farming of 
nonnative cultivars would be 
an environmental risk. Farms 
could also reduce the effects 
of acidification in the upper 
ocean. 

Concerns with permitting 
due to macrofaunal 
entanglements, 
introduction of nonnative 
cultivars, hazards to 
navigation, displacing 
fishing effort, etc. 

15 based upon 
MARINER 
funding as a 
starting point) 

10  

5.2 Engineering studies focused 
on conveying harvested 
biomass to a durable oceanic 
reservoir with minimal 
losses of carbon 

How do we convey large 
amounts of seaweed biomass to 
depth or seafloor with minimal 
losses? 

Minimal for engineering 
testing 

Minimal for engineering 
testing 

2  10 

5.3 Assessment of long-term 
fates of seaweed biomass and 
by-products 

Can we predict the long-term 
fates of seaweed carbon? 

Minimal Minimal 5 5  

5.4 Implement and deploy a 
demonstration-scale seaweed 
cultivation and sequestration 
system 

Can a system be built that will 
scale to CDR-worthy scales? 

Moderate on local scales, 
affecting upper ocean and 
conveyance depths 

Moderate—Concerns with 
permitting due to 
macrofaunal entanglements, 
introduction of nonnative 
cultivars, hazards to 
navigation, displacing fishing 
effort, etc. 

10 10 starting 
5 years 
from now 

5.5 Validate and monitor the CDR 
performance of a 
demonstration-scale seaweed 
cultivation and sequestration 
system 

Is seaweed cultivation and 
sequestration a viable CDR 
strategy and can we monitor its 
performance?  

Minimal Minimal 5 10 starting 
5 years 
from now 
(done in 
concert 
with Task 
5.6) 
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5.6 Evaluate the environmental 
impacts of large-scale 
seaweed farming and 
sequestration 

What are the environmental 
impacts of seaweed 
sequestration?   

Minimal Minimal 4 10  

5.7 Research on the 
socioeconomic factors and 
governance 

Would seaweed cultivation CDR 
affect communities and 
stakeholders? 

N/A N/A 1 2  

5.8 Document “best practices” and 
perform spatial planning 
exercises 

How should seaweed cultivation 
be conducted and where? 

N/A N/A 1 2  

NOTE: Bold type identifies priorities for taking the next step to advance understanding of seaweed cultivation as an ocean CDR approach.  
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5.6 SUMMARY 
 

In summary, seaweed cultivation and sequestration could be a compelling ocean CDR strategy 
(see Table 5.2). There is a good understanding of the underlying biology, ecology, and biogeochemistry 
of macrophytes and their cultivation, although many advances are needed to grow seaweed biomass to 
meet CDR requirements. In principle, it should work (i.e., reduce atmospheric CO2), but there is a large 
degree of uncertainty about how much productivity and C export it would displace from planktonic 
ecosystems and the durability of the sequestered carbon if not properly conveyed to an appropriate site. 
Scaling to CDR-worthy levels (≥0.1 Gt CO2/yr) will be difficult due to the large amount of farming area 
required. However, much has been learned already in the MARINER program, and there should be 
recognition of the many marine engineering accomplishments made by the global oil and gas industries to 
date. The costs should be less than $100/metric ton CO2; assuming that the MARINER’s cost target for 
growing macrophyte biomass is met ($75/metric ton CO2), the other costs (conveyance, monitoring, etc.) 
should be smaller. Research needs to be continued to help ensure that this cost target is achieved. The 
energy expenditures should be small relative to some other CDR strategies because solar energy can fix 
CO2 into organic matter. On the other hand, several potentially detrimental environmental factors exist 
where farming occurs and where the biomass is sequestered.  The scale of these impacts is highly 
uncertain at this time.  There are both positive and negative social impacts from CDR via seaweed 
cultivation and sequestration. If conducted at scale, it will enhance the blue economy, which will benefit 
both coastal communities and many marine industries. There may also be several co-benefits from 
placing farms adjacent to other uses (fish farming, etc.), which may help mitigate some environmental 
damages conducted by aquaculture facilities. On the negative side, the vast farms represent hazards to 
navigation and they may displace fishing and other uses via the placing of farms or the reduction in 
planktonic productivity and trophic exchanges due to the large-scale cultivation of seaweed biomass.  
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6 
Recovery of Marine Ecosystems 

 
6.1 OVERVIEW 

 
In recent years, there has been increased attention to nature- or ecosystem-based solutions in 

confronting climate change. In 2005, enhanced forest conservation (reducing emissions from 
deforestation and forest degradation) was promoted as a global initiative for greenhouse gas removal in 
developing countries (Angelsen et al., 2009). The UN started a Trillion Tree Campaign in 2007 to 
rehabilitate degraded land. In marine systems, much of the focus has been on coastal ecosystems, 
including mangroves, salt marshes, and seagrasses, perhaps because they can be managed in ways similar 
to those for terrestrial systems (NASEM, 2019). These coastal blue carbon systems largely comprise 
vascular plants, and several research efforts are already under way to study these systems and their 
potential for long-term C storage. 

To date, much of the discussion around ecosystem-based solutions has focused on terrestrial and 
urban context, with risk reduction, such as the buffering ability of salt marshes and mangroves, on a local 
level (Solan et al., 2020). Benthic, pelagic, and offshore ocean systems are an emerging area of interest, 
yet there is a considerable amount of uncertainty about the potential for these marine systems to store and 
sequester carbon. Unlike terrestrial systems, a large fraction of the biomass in marine systems generally 
comprises animals, with consumers, including microbes and protists, far outweighing producers (Figure 
6.1). Many of these organisms, especially the largest predators, are at risk from human activities such as 
fishing, shipping, pollution, introduction of invasive species, and habitat destruction. Although the 
fraction of biomass carbon in the oceans is relatively small compared to that of terrestrial systems, the 
role of animals in biogeochemical cycles and ecosystem structure has garnered attention, especially in 
light of the widespread impact of human activities on the state of the oceans and the co-benefits of 
ecosystem recovery approaches. At the same time, studies of kelp and other macroalgae such as 
Sargassum, benthic algae, and phytoplankton, have increased our understanding of their potential role in 
the carbon cycle. 
 

 
FIGURE 6.1 Although marine biomass is smaller than terrestrial biomass (A), animals have a higher 
fraction of biomass in the ocean than on land (B). Plants are mainly terrestrial, animals are mainly marine, 
and bacteria and archaea are dominant in the deep subsurface. Unlike terrestrial systems, there is greater 
consumer than producer biomass in marine systems (though estimates for marine macroalgae can span 
several orders of magnitude); bars represent gigatons of carbon (C). SOURCE: Bar-On et al., 2018. 
Licensed by Creative Commons CC BY 4.0. 
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The interconnected nature of climate change and biodiversity loss means that resolving either issue 
requires consideration of the other (Pörtner et al., 2021). In this chapter, we use the term “ecosystem-
based” solutions to avoid concerns about the framing of the terms “natural,” “nature-based solutions,” or 
NBS (Bellamy and Osaka, 2020). As in terrestrial systems, extensive monocultures of macroalgae, for 
example, could come at the expense of marine biodiversity. Yet there have been some important policy 
guidelines that have emerged from the NBS literature:  
 

1. Ecosystem-based solutions are not a replacement for the rapid phase-out of fossil fuels and 
must not postpone critical action to decarbonize our economies. 

2. They encompass the protection, restoration, and management of a wide array of natural and 
semi-natural ecosystems on land and in the sea. 

3. They are created, employed, managed, and monitored in collaboration with Indigenous 
peoples and local communities, respecting local rights and generating local benefits. 

4. Ecosystem-based solutions potentially support or enhance biodiversity from the level of the 
gene up to the ecosystem.1  

 
Here, we focus on species and ecosystems in their native ranges, many of which have been 

depleted or altered. We do not discuss blue carbon efforts, which are often framed as coastal systems 
dominated by vascular plants and have been examined in earlier reports (NASEM, 2019). Efforts to 
enhance ecosystem functions, such as artificial upwellings and iron fertilization, are discussed elsewhere 
in this report and are not considered ecosystem-based in this context, though, of course, they both involve 
ecological responses to human interventions. 

The protection and restoration of marine ecosystems and the recovery of fishes, whales, and other 
animals have the potential to aid in CO2 removal (CDR) and sequestration in the oceans, though 
considerable uncertainties remain, including the role of marine animals in nutrient cycles, the global areal 
extent of macroalgal and other ecosystems, and the fraction of carbon that is stored or sequestered during 
many of these ecological processes. See Section 1.4 for discussion of the ocean carbon cycle and the 
biological pump. In this chapter, we focus on management actions that could result in ocean CDR, using a 
framework that compares natural, preindustrial processes to present-day fluxes, the difference being 
anthropogenic perturbation (see, e.g., Regnier et al., 2013). Rather than focus on present-day fluxes, the 
emphasis is on the restoration of natural processes and the impact of these activities on the carbon cycle. 

Despite the uncertainty of these estimates, ecosystem-based solutions focused on conservation 
and recovery are likely to be an attractive part of CDR approaches, in part because they offer low-regret 
solutions, with many perceived co-benefits and the potential for global governability (Gattuso et al., 
2021). The United Nations, for example, has declared 2021 to 2030 as the UN Decade on Ecosystem 
Restoration.2  Critical to this approach will be taking a whole-ecosystem perspective, going beyond 
individual populations or species and considering the changes and responses on various timescales that 
will be necessary to understand the role of CDR in restoration and conservation. 

According to criteria described in Chapter 1, the committee’s assessment of the potential for 
ecosystem recovery, as a CDR approach, is discussed in Sections 6.2–6.5 and summarized in Section 6.6. 
The research needed to fill gaps in understanding of ecosystem recovery, as an approach to durably 
removing atmospheric CO2, is discussed and summarized in Section 6.7. 

 
6.2 KNOWLEDGE BASE 

 
The ocean is a sink for about 25 percent to 30 percent of the atmospheric CO2 emitted by human 

activities, approximately 2.5 to 2.6 Pg C/yr (Gruber et al., 2019; Watson et al., 2020). For this carbon to 
be sequestered at the scale of multiple decades, it must be transferred through food webs, enter sediments, 
                                                      

1 See https://nbsguidelines.info/. 
2 See https://www.decadeonrestoration.org/. 
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or sink below the surface layer to the deep ocean, generally more than 1,000 meters (Passow and Carlson, 
2012; Martin et al., 2021). 

The biological carbon pump, which results from photosynthetically produced organic matter 
being transported from the surface layer to depth, is responsible for a large portion of the observed 
vertical gradient of natural carbon in the ocean (see Figure 1.8). The complex pathways of the biological 
carbon pump are driven by numerous biophysical and chemical interactions, including phytoplankton 
productivity, zooplankton grazing, marine vertebrate interactions, oceanic mixing and turbulence, 
advection, and the sinking of particles and aggregates (Ducklow et al., 2001; Nayak and Twardowski, 
2020; Martin et al., 2021). Where possible, we have included estimates for C sequestration below the 
permanent pycnocline, or deep ocean, though in some cases estimates are only available to depths of 100 
meters or so. 

The preindustrial ocean carbon cycle is thought to have been in approximate steady state, with the 
biological uptake and downward export of surface CO2 largely balanced by the return of respired CO2 
from the deep sea by the physical circulation. Despite the large role of marine systems in the carbon 
cycle, our understanding of changes or perturbation in ocean CO2 storage from past degradation is not 
well constrained, and our knowledge of the effects on ocean C storage by restoring and protecting marine 
organisms, ecological functions, and ecosystems is still emerging. For too long, the disciplines of 
population biology (and, as a subset, fisheries management), ecosystem ecology, and biological 
oceanography have proceeded on separate paths. A first step toward integrating these approaches would 
be to examine the ecological and biogeochemical baselines of the preindustrial ocean, including animals, 
macroalgae, phytoplankton, microbes, and their functions, while at the same time exploring how these 
baselines have shifted in the present ocean. Uniting these disciplines is even more complex in a changing 
ocean, with shifting circulation and residence times and the associated problems of using traditional 
metrics to infer impacts of marine biology on C storage (Koeve et al., 2020). One of the benefits of 
examining the CDR potential of oceans is that it could spark greater collaboration between these fields 
and break down barriers to interdisciplinary studies. 

The ocean’s ability to retain and remove carbon from the atmosphere is well established, and 
there is an extensive international effort to document the physicochemical uptake of anthropogenic carbon 
into the global ocean (e.g., Talley et al., 2016; Gruber et al., 2019). In the Second State of the Carbon 
Cycle Report Hayes et al. (2018) estimated that coastal waters of North America take up 160 Tg C/yr 
(Figure 6.2; Fennel et al.. 2018). In Table 6.1, we list a few of the studies that we are aware of that have 
attempted to quantify the carbon stored in marine biomass, in deadfall carbon, or through ecological 
functions such as trophic cascades and nutrient subsidies. Many of these cases refer to present-day 
biological fluxes and are not directly comparable to estimates of net ocean uptake of anthropogenic 
carbon.  

For the purposes of this report, we focus on the role of restoring marine organisms and 
ecosystems as a method of removing and sequestering anthropogenic carbon dioxide (CO2) in the oceans. 
For many of these systems, there have been few efforts to quantify the C impact of anthropogenic change 
over the past decades or centuries, though this is changing for fisheries and whales. Mariani et al. (2020), 
for example, note that fisheries have reduced the C sequestration potential of large fish, preventing the 
sequestration of about 22 Mt C through blue carbon extraction. This estimate does not include nutrient 
transfer and other potential indirect effects, which deserve further study. Restoration, of course, will not 
result in any net gains in C storage and sequestration if existing species, habitats, and ecological functions 
are not maintained. Conservation, in the form of protecting and preserving marine ecosystems, will also 
need to occur to make any gains in CDR. 
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TABLE 6.1 Selected Studies of Carbon Stored or Sequestered in Existing or Restored Ecosystems 

Mechanism System Region 
C Stored or 
Sequestered  Reference 

Macroalgae flux to 
detritus 

Macroalgal–sediment 
systems 

UK 0.70 Tg/yr  Queirós et al., 2019 

Coralline algae growth 
and deposits 

C storage by coralline algae 
and the beds they create  

Global 1.6 × Gt C/yr  van der Heijden and 
Kamenos, 2015 

Potential carbon 
sequestered by global 
macroalgae 

Export of carbon to the 
deep sea and burial in 
coastal sediments 

Global 173 Tg C/yr Krause-Jensen and 
Duarte, 2016 

Global ocean C export Biological pump, export of 
biogenic particles from 
surface waters to stratified 
interior 

Global ~6 Pg C/yr Siegel et al., 2014 

Diel vertical migration 
of fish and other 
metazoans 

Global C fluxes and 
sequestration by fish and 
metazoans due to 
respiration, fecal pellets, 
and deadfalls 

Global 5.2 Pg C/yr Pinti et al., 2021 

Gelatinous zooplankton 
C flows 

Sinking of jelly-falls and 
fecal matter below 100 m 

Global 1.6–5.2 Pg C/yr Luo et al., 2020 

Fish-based contributions 
to ocean C flux 

Passive and active flux 
from fish feces and 
migration 

Global 1.5 ± 1.2 Pg C/yr Saba et al., 2021 

Recovery of marine 
vertebrates and increase 
of wild biomass 

Role of vertebrates in the 
ocean carbon cycle, 
including living biomass, 
deep-sea carcasses, and 
nutrient cycling 

Global No total provided Martin et al., 2021 

Baleen whale biomass 
and carcasses 

Storage of carbon in living 
whales and sequestration of 
carbon in deep-sea whale 
carcasses 

Global 0.0089 Gt C/yr, with 
potential for significant 
increase in restored 
populations 

Pershing et al., 2010 

Sea otter and kelp forest 
trophic cascade 

Increase in C storage by 
kelp forests via sea otter 
suppression of herbivorous 
sea urchins 

Northwest North 
America 

4.4 to 8.7 Tg C total 
stored 

Wilmers et al., 2012 

 
 

The collective impact of anthropogenic changes, including rising CO2 levels, changes in nutrient 
inputs, and ecosystem alteration, on C processing and exchanges along ocean margins is complex and 
difficult to quantify (Regnier et al., 2013; Fennel et al., 2018). In this report, we largely focus on the 
potential role of conservation policy and recovery on the carbon cycle and biological pump, but clearly 
changes that occur because of climate change and other human impacts can have large effects on the flux 
of carbon in the oceans. Steffen et al. (2015) reported that the risk of transgressing planetary boundaries, 
such as biosphere integrity, could destabilize the current state of Earth systems. There are also potential 
trade-offs between fisheries and food security (e.g., Sustainable Development Goal 14) and efforts to 
promote additional CDR by restoring ocean ecosystems to something that might resemble a pristine state. 

Although ecological processes have been well studied in terrestrial and coastal systems, the role 
of large marine animals and other organisms in the carbon cycle is still relatively new.  One compelling 
question is whether animals and macroalgae have functional impacts that are disproportionate to their 
biomass, much as mat-forming mosses and lichens play important regulatory roles in the water cycle and 
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inhibit microbial decomposition in some land ecosystems (Smith et al., 2015). Covering roughtly 3 
percent of Earth’s land,  moss-dominated peatlands store nearly 33 percent of all global terrestrial carbon, 
about 540 Gt C (Turetsky, 2003; Yu et al., 2011). 
 

 
FIGURE 6.2 Major components of the North American carbon cycle. North American coastal oceans, 
excluding tidal wetlands and estuaries, have a net uptake of 160 Tg C/yr. SOURCE: Hayes et al., 2018. 
 
 

Although marine ecosystems have been proposed as a climate solution, there is a fair amount of 
uncertainty surrounding our understanding of the ocean’s ability to store and sequester additional organic 
carbon, both in scale and in permanence. Given that ocean recovery is likely to be among the most 
publicly acceptable CDR approaches in the ocean, an approach with co-benefits and low regrets (Gattuso 
et al. 2021), it is likely to continue as a fruitful area of study. Yet how does it scale relative to other CDR 
schemes? Below we discuss a few of the mechanisms and systems that have been proposed as ecosystem-
based solutions or areas that could merit further study. 
 

Macroalgae 
 

Macroalgae form extensive and highly productive benthic marine habitats. Yet macroalgae 
afforestation has largely been overlooked as a natural source of sequestration in blue carbon schemes, in 
part because of challenges in documenting the amount of carbon that is sequestered during particulate 
organic carbon (POC) export (see Figure 5.1). The flowering plants that make up mangrove, seagrass, and 
salt marsh ecosystems have rhizomes and roots that can retain and store carbon in the soil for centuries. In 
contrast, macroalgae tend to be shorter lived, with all of their biomass growing above the seafloor: kelp 
typically have holdfasts attached to rocky surfaces; planktonic seaweeds such as Sargassum typically 
float near the surface. Despite these differences, the carbon that macroalgal systems supply to sediment 
stocks in angiosperm habitats has been included in earlier blue carbon assessments, so they have already 
been recognized as playing a role in CDR (Krause-Jensen et al., 2018). In this section, we discuss the 
protection and restoration of native seaweeds. Seaweed cultivation and sequestration CDR is discussed in 
Chapter 5. Given that our understanding of seaweed aquaculture is related to natural macroalgal systems, 
see the knowledge base section of that chapter for further discussion of macroalgae and CDR. 
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Among the largest and most widely distributed macroalgae are the brown algae known as kelps 
and rockweeds (orders Laminariales, Tilopteridales, Desmarestiales, and Fucales), growing in dense 
populations or forests (Duffy et al.. 2019). Although they cover about 28 percent of the world’s 
coastlines, kelp forests are declining faster than coral reefs and tropical forests (Feehan et al., 2021). 
Approximately 82 percent of kelp productivity becomes detritus (Krumhansl and Scheibling, 2012), and 
much of the carbon in macroalgae is assumed to return to its inorganic form in the water column through 
herbivory. Sinking speed of detritus depends on tissue type, size, and whether it has been consumed by 
herbivores (Wernberg and Filbee-Dexter, 2018). Export depths and sinking rates can vary by several 
orders of magnitude. Kelp forests in high-energy environments have a high potential for long-distance 
export, especially in areas with steep grades to depth (Wernberg and Filbee-Dexter, 2018). 

In their study of the role of macroalgae in C sequestration, Krause-Jensen and Duarte (2016) 
estimated that about 173 Tg C/yr (or 11 percent of net primary production) could potentially be 
sequestered in marine sediments and deep-sea waters. They further suggest that roughly 70 percent of the 
sequestered carbon is due to the export of recalcitrant dissolved organic carbon (DOC) to the deep sea. 
The scale of this sequestration is comparable to all other coastal blue carbon habitats combined (Duarte et 
al., 2013). Note that Krause-Jensen and Duarte (2016) calculated the amount of carbon that could be 
sequestered if all ocean regions with enough light on the seafloor grew macrophytes. Hence, these 
estimates do not necessarily reflect the long-term sequestration by present-day macrophyte populations. 
Future research could refine these calculations for macroalgae afforestation sequestration in different 
oceans and ecoregions. 

Queirós et al. (2019) estimated that the magnitude of detritus uptake within the deep-sea food 
web and sediments varies seasonally in the English Channel, with an average net sedimentary organic 
macroalgal C sequestration of 8.75 g C/m2, about 4–5 percent of estimates for mangroves, salt marshes, 
and seagrass beds. The average net sequestration per year of POC in sediments of the English Channel is 
58.74 g C/m-2, about 26–37 percent of blue carbon habitats (Figure 6.3). In a study of the Great Atlantic 
Sargassum Belt, Bach et al. (2021) found that biogeochemical feedbacks, nutrient reallocation, and 
calcification could greatly reduce the CDR efficacy of floating seaweed, though it could play an important 
role in increased ocean albedo. 
 

 
FIGURE 6.3 Macroalgal sediment system in the English Channel, including seasonally averaged carbon 
fluxes and contributions to faunal diets. Note: DIC = dissolved inorganic carbon; POC = particulate 
organic carbon. SOURCE: Queirós et al., 2019. 
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Proposed restoration techniques include afforestation through seeding of macroalgae; the reversal 
of trophic cascades through the protection of sea otters and other predators; and exclusion methods such 
as flexible fencing to reduce sea urchin densities (Sharma et al., 2021). 
 

Benthic Algae 
 

Coralline or nonfleshy benthic algae have a worldwide distribution, comprising systems that can 
be thousands of years old (van der Heijden and Kamenos 2015; Riosmena-Rodríguez et al., 2017). They 
have a large organic C stock (Figure 6.4) with the potential to store and sequester carbon. Yet relatively 
little is known about the role of calcified algae in C burial, including the balance between burial and the 
biological processes that release carbon (van der Heijden and Kamenos, 2015; Mao et al., 2020). 
Calcifying algal systems could represent a substantial, global-scale C repository with millennial 
longevity, though they are sensitive to climate variability and disturbance from trawling and other 
activities. The calcification process also reduces seawater alkalinity and increases the partial pressure of 
CO2, reducing the CDR efficacy of calcifying algae. 
 

 
FIGURE 6.4 Sediment organic carbon stock (total organic carbon Mg C/ha) in systems classified as blue 
carbon repositories. SOURCE: Mao et al., 2020. 
 

Animals and the Carbon Cycle 
 

It has been suggested that conserving and restoring large marine vertebrates and other animals 
could provide an ecologically sound alternative to more intensive ocean CDR schemes such as iron 
fertilization (e.g., Pershing et al., 2010). There are several ways that animals can influence the ocean 
carbon cycle (Figure 6.5): through the carbon stored in animal biomass; in carcasses and excretion, 
especially when they are exported to the deep sea; through nutrient subsidies and fertilization; and 
through trophic interactions. We briefly discuss these pathways in the sections below. 
 
Animal Biomass 
 

Carbon can be stored or sequestered in the living biomass of marine populations. Since marine 
animals can self-perpetuate through reproduction, they can continually generate new biomass. The carbon 
stored in recovering populations can be considered sequestered, as Martin et al. (2021) noted, “perhaps 
infinitely.” The rebuilding of fish stocks after decades of overfishing, and the increase of deadfall carbon, 
will reactivate a natural C pump driven by large marine fish (Mariani et al., 2020). Many of these fishing 
activities, especially on the high seas, would not be economically viable without subsidies. Bianchi et al. 
(2021) estimate that the pre-exploitation biomass was 3.3 ± 0.5 Gt, cycling roughly 2 percent of global 

http://www.nap.edu/26278


A Research Strategy for Ocean-based Carbon Dioxide Removal and Sequestration

Copyright National Academy of Sciences. All rights reserved.

A Research Strategy for Ocean-based Carbon Dioxide Removal and Sequestration 

138  Prepublication Copy 

primary production and producing 10 percent of surface biological export. The ecological impact of 
recovery can enhance or reduce the amount of carbon stored in ecosystems, depending on its ecological 
function and whether a species is an herbivore or predator (Schmitz et al., 2018). 
 

 
FIGURE 6.5 Animal influence on the marine carbon cycle. 
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Bar-On et al. (2018) estimated that marine animals comprise approximately 1.4 Gt C (Figure 6.1). 
This includes whales and other marine mammals, fishes, and other vertebrates; zooplankton; benthic 
species; and other invertebrates. (It does not, however, include echinoderms, one of the most diverse 
groups of marine animals, and is thus likely an underestimate.) Although we could not find total estimates 
for marine mammals, marine arthropods comprise about 1.0 Gt C, and fish (freshwater and marine) 
comprise about 0.7 Gt C. Pershing et al. (2010) estimated that rebuilding populations of eight whale 
species  would store and sequester 8.7 Mt C in living biomass. Although these numbers are relatively 
small compared to terrestrial plant-based carbon, many animal populations in the ocean have been 
overexploited or reduced because of indirect human activities such as pollution and habitat destruction. 
The recovery of historic numbers of marine animals presents an opportunity in terms of biomass, deadfall 
carbon (see below), and in the restoration of zoogeochemical pathways in the carbon cycle (Schmitz et 
al., 2018). 

There have been a few attempts to calculate these values for vertebrates, for example, an 
assessment of oceanic C for the United Arabic Emirates for fishes, marine mammals, sea turtles, and 
seabirds (Pearson, 2019). But a global assessment of the biomass and geochemistry of marine animals in 
the present, past, and future under various recovery scenarios has not been completed. 
 

 
FIGURE 6.6 Particle pumps, including the mesopelagic migrant pump. SOURCE: Boyd et al., 2019. 
 
Deadfall and Excreted Carbon 
 

The primary movement of carbon from surface waters to the stratified interior is through the 
biological pump, which involves the sinking of biogenic particles that range from marine snow to 
metazoans, such as fish and zooplankton, and their feces (e.g., Falkowski et al., 1998). Active vertical 
migration also has a large impact on the C export flux of the biological pump, with organisms moving 
large distances between the surface and depths, potentially enhancing C export (Archibald et al., 2019). 
The carbon in carcasses and excreted material becomes available to food webs or bacteria. 
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Boyd et al. (2019) estimated that the mesopelagic migrant pump could export more than 2 Pg 
C/yr. The concept for this pump is based on long-established observations of diurnal migration in 
zooplankton and fishes, the movement of the animals beneath the permanent pycnocline, and the release 
of fecal pellets at depth, with rapid sinking rates (Figure 6.6). In another study, Saba et al. (2021) 
calculated that fish contribute 16 percent ±13 percent to the global downward flux of carbon, equivalent 
to 1.5 ± 1.2 Gt C/yr. Whale falls, or cetacean carcasses that sink to the deep seafloor can sequester carbon 
for hundreds to thousands of years. Pershing et al. (2010) estimated that although relatively small in 
present numbers, especially when compared to the global C sink, whale falls would remove 1.9 x 105 t 
C/yr if baleen whale stocks were restored. Recently, gelatinous zooplankton, or jellyfish such as 
cnidarians, ctenophores, and tunicates, have received some attention as potentially fast and efficient 
conduits of carbon-rich organic biomass into the deep ocean (Lebrato et al., 2019). Luo et al. (2020) 
estimated that the sinking of jelly-falls and fecal matter below 100 meters equals about 1.6-5.2 Pg C/yr, 
and 0.6 to 3.2 Pg C reaches 1,000 meters, the generally accepted depth for long-term sequestration. 
 
Nutrient Subsidies and Fertilization 
 

Ocean fertilization—adding nutrients (usually iron) to the upper ocean to stimulate plankton 
blooms and remove CO2—is perhaps the most well-known and highly debated method of ocean CDR (see 
Chapter 3). Whereas artificial iron fertilization has been relatively well studied, research on the role of 
marine animals in nutrient fluxes (natural fertilization) and its potential impact on C storage and 
sequestration is for the most part still emerging. 

Relief of iron deficiency in areas of the sub-Antarctic Southern Ocean can enhance C export into 
the deep ocean and sediment (Pollard et al., 2009), and natural supplies of iron appear to result in much 
higher export efficiency than artificially added iron (see Chapter 3). Such findings on natural supplies of 
iron, along with recent research on the high iron content in the feces of whales, salps, and other marine 
animals, have prompted several efforts to quantify the role of marine animals in the iron cycle and other 
biogeochemical cycles, such as nitrogen and phosphorus (Lavery et al., 2010; Roman et al., 2014; 
Ratnarajah et al., 2018; Böckmann et al., 2021). For species that feed at the surface, such as many baleen 
whales, the recycling of iron and other nutrients likely aids in the retention of autochthonous, or recycled, 
iron, but does not necessarily support new production (e.g., Lavery et al., 2014). 

Animals such as large fishes, sea turtles, marine mammals, and seabirds might be specifically 
essential for the biogeochemical cycle of several elements because they are widespread, highly mobile, 
and globally distributed (Wing et al., 2014; Tavares et al., 2019). Sperm whales, for example, feed on 
deep-living prey and defecate at the surface, transporting allochthonous iron into the euphotic zone and 
raising the nutrient standing stock of surface waters (Lavery et al., 2010). Lavery et al. assumed that about 
75 percent of the total iron defecated by sperm whales persists in the photic zone, with iron in the beaks 
of cephalopod prey sinking. This nutrient contribution can enhance new production, increasing net uptake 
of CO2 from the atmosphere and C export to the deep ocean, though the amount of carbon that is stored, 
sequestered, or released back into the surface waters remains an area of active debate (for a review of 
marine vertebrates in the carbon cycle, see Martin et al., 2021; Roman et al., 2021). 

Many baleen whales are capital breeders, storing resources in highly productive high-latitude 
areas, for annual migration to lower-latitude and often oligotrophic systems where they breed. They can 
transport nutrients between these systems via urine, placentas, carcasses, and sloughed skin (Roman et al., 
2014). These can be considered external, or allochthonous, nutrient inputs that could ultimately lead to 
new production and C sequestration, because nutrients are released at locations thousands of kilometers 
from their origin, often in areas that are nutrient limited. (Areas that are not nutrient limited may not have 
a large impact on the global total.) Nitrogen released by the modern-day population of Southern Ocean 
blue whales on their calving grounds, for example, is estimated to result in the storage and sequestration 
of 5.1 x 102 t C/yr; yet before whaling greatly reduced this species, estimates would have been closer to 
1.4 x 105 t C/yr (Table 6.2; Roman et al., 2014).  
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Despite the attention given to marine mammals, it is likely that the far more abundant krill, salps, 
and other zooplankton play an important role in the biogeochemical cycles. Vertical movement by marine 
organisms has the potential to increase ocean mixing across pycnoclines, though these contributions 
might be small when compared to internal gravity waves (Kunze, 2019). A recent study found that fecal 
pellet material from salps released more bioavailable iron to Southern Ocean phytoplankton than krill 
pellets (Böckmann et al., 2021). One estimate suggests that about two-thirds of these salp pellets stay near 
the surface (Iversen et al., 2017). Phytoplankton communities took up to five times more iron from the 
salps’ fecal pellets than from krill feces. The variation in iron availability in different types of fecal pellets 
could influence biogeochemical cycles and C fixation of the Southern Ocean, potentially representing a 
negative feedback to climate change as salp populations increase with reduced sea-ice coverage 
(Böckmann et al., 2021). Such regime shifts are linked to changes in sea-ice coverage and are not 
considered part of an ecosystem recovery approach to CDR. 
 
Trophic Interactions 
 

Several studies have examined the food web dynamics of animals in the carbon cycle. 
Planktivorous fish and invertebrates can convert carbon into longer-lived biomass and rapidly sinking 
fecal pellets, increasing C export (Martin et al., 2021). At the same time, grazing animals such as dugongs 
and green turtles can decrease seagrass meadow structure and biomass, decreasing the quantity fated to 
the detrital pool (Scott et al., 2021). 

Predators also play a role in these systems. A few studies have examined the role of predators in 
enhancing C sequestration, including sharks (predation risk) and sea otters (consumptive trophic cascade). 
The risk of predation by sharks limits herbivore abundance to zones close to reefs, resulting in reduced 
grazing, increased algal biomass, and improved sedimentary C stocks and sequestration away from reef 
refuges (Atwood et al., 2018). In a classic example, sea otters are considered keystone predators in the 
North Pacific, consuming sea urchins and other benthic species, which can have a positive impact on kelp 
and C storage and sequestration. Wilmers et al. (2012) estimated that sea otter predation could increase 
the storage of 0.015-0.043 Gt C/yr and the sequestration of 0.0013-0.023 Gt C/yr by restoring kelp 
forests. Gregr et al. (2020) predicted a net benefit of CAD$2.2 million for the C sequestered by sea otters. 

In vegetated coastal systems, Atwood et al. (2015) noted that there was sufficient evidence to 
suggest that intact predator populations can be vital to preserving or increasing carbon reserves stored in 
coastal or marine ecosystems. As such, policy and management need to be improved to reflect these 
realities. Beyond these coastal systems, there is a need for a deeper exploration of the role in trophic 
interactions on macroalgae as well as in pelagic and offshore benthic ecosystems. 
 

Ecosystem-Based Solutions 
 

Ecosystem-based solutions, also known as nature-based solutions, have the potential to protect 
natural habitats and restore modified ecosystems while providing other societal benefits for humans, such 
as health and ecosystem services, and protecting other species (Solan et al., 2020). Ecosystem-based 
solutions to climate change rely largely on traditional conservation efforts to protect and restore marine 
ecosystems and native species. Roman et al. (2015), Duarte et al. (2020), and others have recently 
reported on the ongoing recovery of many large marine animals, including humpback whales, sea turtles, 
and elephant seals, after decades of overharvesting. A variety of measures, including reduction of direct 
and indirect take, expansion of protected areas, and improved enforcement have helped many of these 
species, and dedicated efforts have the potential to restore the diversity of marine life. 

Although the overriding theme of this chapter is CDR in the ocean, it would be counterproductive 
to ignore the role of marine conservation efforts to protect current stores and flows in the carbon cycle. 
Lovelock et al. (2018) noted that two steps are necessary for C sequestration in coastal systems such as 
mangroves, a process that likely holds true for pelagic and benthic systems: conservation is necessary to 
avoid additional CO2 emissions from further habitat loss, and restoration is used to restore C pools and, 
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during their buildup, act as CO2 sinks. Similar steps are in play in protecting benthic and pelagic systems: 
to avoid leakage, current C removal processes must be protected, while others are restored. Benthic algae 
and sediments are at risk from bottom trawling, for example. Leaving sediments undisturbed from bottom 
trawling can protect stored carbon and enhance anoxic remineralization, which in turn generates alkalinity 
and reduces pCO2. At the same time, new algal systems can be restored. 

One of the big questions for any ecosystem-based research agenda is how much additional carbon 
is expected to be removed as a result of habitat restoration and population recovery. Answering this will 
require tests of concepts for the CDR potential of restoring benthic and pelagic systems. Oreska et al. 
(2020) showed that restoring seagrass meadows in Virginia removed 9,600 tons of CO2 from the 
atmosphere over 15 years, but it also heightened CH4 and N2O production, releasing 950 tons of CO2 
equivalents. The meadow now offsets 0.42 t CO2 equivalents/ha per year. Similar efforts to examine the 
removal and release of CO2 and other greenhouse gases in different systems will be necessary to estimate 
the sequestration rates of restored marine ecosystems. In some cases, new methods for greenhouse gas 
accounting will likely be needed to calculate the net benefit of marine systems that include macroalgae, 
phytoplankton, metazoans, and microbes. 
 
Marine Protected Areas and Habitat Restoration 
 

The protection of marine ecosystems has typically followed two paths: (1) management of 
individual species or groups of species, such as the Marine Mammal Protection Act in the United States 
and protections under the International Union for Conservation of Nature (IUCN) and the International 
Whaling Commission, and (2) protection of habitats and communities through marine protected and 
conservation areas and other types of restrictions on habitat use. Developing effective marine protected 
areas (MPAs) for biodiversity and CDR requires identifying vulnerable habitats and restoring areas that 
will be the most effective inside and outside of protected areas. There is a rich literature on the value of 
spillover effects, networks, and dispersion capability for MPAs, but the focus on carbon is relatively new.  

Roberts et al. (2017) discussed the ability of protected areas to help ecosystems and people adapt 
to the impacts of climate change by helping to mitigate sea-level rise, intensification of storms, shifts in 
species distribution, and other expected changes. Protected areas can also play direct and indirect roles in 
the many processes discussed in this chapter: promoting the storage of carbon in biomass and carcasses, 
protecting the seafloor from trawling and mining, protecting and restoring food webs and reversing 
human-induced trophic cascades, and reducing the pressures of overharvesting.  

The push to protect more of the oceans was adopted by the IUCN World Conservation Congress 
in 2016, calling for 30 percent protection by 2030. This effort and similar ones proposed by the Biden 
administration in the United States and elsewhere provide an opportunity for researchers to examine the 
role of benthic and pelagic species in CDR. As populations and ecosystems change as a result of 
protections, expected increases in C sequestration can be measured using established and emerging 
technologies. To be effective, and to understand the role of protected areas in CDR, MPAs will need 
resources for monitoring and enforcement (see Monitoring and Verification below). 

In addition to MPAs and habitat restoration, restrictions on destructive benthic and deep-sea 
activities may be necessary to retain carbon already captured in the seafloor.  Marine sediments store 
approximately 2,322 Pg C in the top 1 meter, nearly twice that of terrestrial soils (Atwood et al., 2020). 
Seventy-nine percent of the global marine C stock is in abyss and basin zones that have largely been 
undisturbed. Areas that have been extensively modified have likely released a fair amount of carbon 
already. Only about 2 percent of C stocks is located in fully protected areas, where it is safe from legal 
disturbance of the seafloor (Atwood et al., 2020). Recognizing the need to protect deep-ocean ecosystems 
and biodiversity, the IUCN recently called for a moratorium on seabed mining.3 The restriction or 
prohibition of seabed mining and bottom trawling will likely help store and retain old carbon and 
sequester new carbon in the seafloor. 
                                                      

3 See https://www.iucncongress2020.org/motion/069. 
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Macroalgae Protection and Restoration 
 

Although there are no global estimates for loss of macroalgal habitats, one study showed declines 
in kelp forests in 38 percent of ecoregions, with other areas showing increases, indicating that there is 
high geographic variability (Krumhansl et al., 2016). Pessarrodona et al. (2021) showed a loss of forest-
forming seaweeds and rise of turf algae across four continents, resulting in the miniaturization of 
underwater habitat structure. Protection and restoration can avoid global losses in many of these 
ecoregions. Some losses of kelp, however, can be attributed to increasing water temperatures. In such 
cases, restoration and protection might not help retain kelp forests, and other methods such as assisted 
migration of kelp at the leading edge of their range might be necessary to increase kelp forests. Several 
other algae species, such as the commercially important Gelidium, a red seaweed that is the source of 
laboratory agar, have been overharvested and are subject to trade restrictions and regulations (Callaway 
2015). 

There are several approaches to restoring degraded seaweed habitats and protecting existing ones, 
with a focus on CDR. Each of the three items below focuses on CDR, but they all are expected to enhance 
biodiversity and some ecosystem services, such as tourism and finfish fisheries. 
 
Habitat Protection 
 

Protecting areas with extant macroalgae and restoring historic areas is the first step to enhancing 
algal growth and CDR. Measures can include MPAs, reduced nutrient loading, reduced disturbance of the 
seafloor, and bans on extraction of stones and rocks from sensitive areas. 
 
Protection of Carbon Sinks in Sediments Beyond the Habitats  
 

Carbon export and sequestration from macroalgae typically depends on POC export to the 
seafloor. Trawling and seafloor mining can release this carbon back to the surface, so protecting these 
areas from human disturbance is essential in the CDR process. 
 
Restoration of Macroalgae  
 

In addition to protection, restoration of disturbed macroalgal systems is essential to the CDR 
approach. Methods can include the control of herbivores, such as sea urchins (see Reversing Trophic 
Cascades and Restoring Food Webs below) and the seeding of macroalgae, including techniques such as 
“green gravel,” small rocks seeded with kelp (Fredriksen et al., 2020). 

Japan probably has the most experience in kelp restoration (Figure 6.7; Duarte et al., 2020). In the 
United States, kelp restoration is typically linked to the return of predators, such as sea otters (Wilmers et 
al., 2012). The U.S. seaweed and kelp industry is small compared to production in East Asia, but there is 
rising interest in the market for human consumption (Janasie and Nichols, 2018). A new partnership in 
British Columbia among the Haida Nation, Parks Canada, and Fisheries and Oceans Canada, academic 
institutions, nongovernmental organizations (NGOs), and commercial fishers is focused on two coastal 
restoration areas for recovery of kelp and sea otters (Goldman, 2019). 
 
Fish and Fisheries Management 
 

The discussion of food systems in relation to CO2 emissions has typically focused on terrestrial 
agriculture and land use changes (e.g., Crippa et al., 2021). In contrast, fisheries management has 
generally looked at the expected response of fish stocks to global change and related uncertainties (e.g., 
Howard et al., 2013). The potential global fisheries catches, for example, are expected to decrease by 
about 3 million tons for each increase per degree Celsius of global surface warming, with a high number 
of species turnover (Cheung et al., 2016).  

http://www.nap.edu/26278


A Research Strategy for Ocean-based Carbon Dioxide Removal and Sequestration

Copyright National Academy of Sciences. All rights reserved.

A Research Strategy for Ocean-based Carbon Dioxide Removal and Sequestration 

144  Prepublication Copy 

 
FIGURE 6.7 Rocky bottom after kelp loss (left) and kelp beds (Saccharina japonica) after restoration in 
Hokkaido, Japan. SOURCE: Duarte et al., 2020; photo credit, Nippon Steel Corporation. 
 
 

This discussion has recently begun to change. The majority of commercially targeted fish 
populations are predatory, and the removal of biomass and alteration of the ecological structure and 
function of the ocean, even under regimes that are considered sustainable such as maximum sustainable 
yield, are likely to have impacts on the ocean carbon cycle and storage (Yodzis, 2001; Spiers et al., 2016; 
Stafford, 2019). As such, strategies intended to increase harvest, by keeping populations at 50 percent of 
carrying capacity or lower, will likely be ineffective as a C strategy. In addition to the direct take from 
fisheries and habitat destruction, indirect take can affect whales and other marine mammals. Currently, 
about 11 percent of commercially captured fish is discarded (Gilman et al., 2020), and marine mammal 
bycatch endangers and limits the recovery of many populations (Read et al., 2006). 

Several new studies have estimated the potential role of rebuilding fish populations in the ocean 
carbon cycle. Marine fisheries have released at least 0.20 Gt of carbon into the atmosphere since 1950, 
with more than 43 percent of the carbon released by high seas fisheries coming from areas that would be 
economically unprofitable without subsidies (Mariani et al., 2020). These calculations include the amount 
of carbon that was extracted rather than sequestered by dead fish sinking to the deep sea (21.8 Mt C), the 
amount of carbon extracted from the ocean as living biomass (37.5 Mt C), and the carbon emitted from 
burning fossil fuels and processing fish on land (202.8 Mt C). Bianchi et al. (2021) estimated that fish 
cycled roughly 2 percent of global primary production (9.4 ± 1.6 Gt/yr) and produced 10 percent of 
surface biological export before industrial fishing. Sala et al. (2021) estimated that bottom trawling and 
dredging release 0.4 Pg C/yr. This rather large number needs to be reconciled with ocean inorganic CO2 
budget estimates from Gruber et al. (2019) and other researchers. By expanding the value of fish to 
include greenhouse gas mitigation and CDR, in the form of fishery industrial emissions, biomass, deadfall 
carbon, and trophic cascade carbon, it is possible that there will be a shift in values that can help restore 
wild fish populations, while also maintaining protein supplied by seafood. 
 
Restoring Populations of Large Marine Organisms 
 

Given their potential to store and sequester carbon, conserving large species, and the largest 
individuals within a species, should be a top priority (Pershing et al., 2010). Historical records, genetic 
studies, and food web models all suggest that apex predators, large fishes, and marine mammals were 
more abundant in the past (Ferretti et al., 2010; Magera et al., 2013; Christensen et al., 2014). Unlike 
terrestrial systems, marine ecosystems should be top-heavy because of complex food webs and top-down 
effects, with more biomass stored in large predators than in lower trophic levels; the current bottom-heavy 
trophic structure could be a result of widespread human defaunation of the ocean (Woodson et al., 2020). 
Marine organisms, including predatory fish and marine mammals, are especially vulnerable to human 
activities in the ocean. In addition to direct threats from commercial fishing, marine mammals and other 
vertebrates are also at risk from ship strikes, ocean noise, plastics, and other types of marine pollution 
(e.g., Rockwood et al., 2017; López‐Martínez et al., 2021). The reduction of these risks provides an 
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opportunity for restoration and experimentation. The restoration of large marine organisms, through 
fisheries management and mitigation, MPAs, pollution reduction, and other protective policies, can result 
in increased biomass, deadfall carbon, and nutrient transfer and subsidies. 
 
Reversing Trophic Cascades and Restoring Food Webs 
 

Animals perform a complex set of trophic and nontrophic interactions that can cascade through 
food webs and affect carbon processes (e.g., Schmitz et al., 2018). The conservation and recovery of 
marine keystone species have been proposed as one way of restoring and enhancing C sequestration in 
kelp forests and other habitats. The repair of trophic interactions between sea otters and sea urchins 
through otter recovery, for example, could lead to a 1,200 percent increase in kelp biomass carbon within 
the otter’s range in the North Pacific (Wilmers et al., 2012). The loss of predators such as sharks can have 
a large effect on C burial in coastal ecosystems, potentially reducing burial by up to 90 percent in some 
habitats (Atwood et al., 2015). The C stock of macroalgae growing in high-risk areas for herbivorous fish 
that are away from coral reefs is 24 percent higher than in areas close to reef refuges (Atwood et al., 
2018). 

The restoration of intact food webs and the reversal of human-induced trophic cascades can 
enhance or reduce C storage (Estes et al., 2011; Schmitz et al., 2018). The recovery of herbivorous 
species, while good for biodiversity conservation, might not increase carbon sequestration. The return of 
the green turtle to the Lakshadweep Archipelago in the Indian Ocean, for example, resulted in 
overgrazing of seagrass, reduced in seagrass fish diversity, biomass, and abundance, and major declines in 
sediment-stored carbon (Gangal et al., 2021). 
 

6.3 EFFICACY 
 

The protection of marine ecosystems—including protection, relocation, restoration, and the 
reduction of pollution and overexploitation—is feasible and durable (Gattuso et al., 2018). Yet there have 
been no comprehensive attempts to estimate the CDR potential of restoring entire marine ecosystems and 
only a few efforts to quantify the global impact of restoring and protecting taxa or functional groups: for 
example, for macroalgae (173 Tg C/yr, Krause-Jensen and Duarte, 2016) or restricting certain destructive 
practices such as bottom trawling (0.4 Pg C/yr; Sala et al., 2021). In contrast to terrestrial and coastal 
systems, with a large literature on natural climate solutions, there has been little quantitative research on 
the impact of management tools, such as protected areas and harvest restrictions, on C fluxes in marine 
ecosystems. 

Perhaps the most important step toward including ecosystem restoration in a CDR scheme is 
measuring the net greenhouse gas benefits for a given project. This would likely involve measuring the 
carbon that is stored in biomass, sequestered as deadfall or fecal carbon, or enhanced and sequestered via 
processes such as nutrient fertilization. The production of CH4 or N2O, or the release of CO2 through 
respiration should also be accounted for. 
 

Additionality 
 

Restoring marine ecosystems offers two clear and overlapping benefits: reducing biodiversity loss 
and restoring the role of marine organisms in the carbon cycle. Reduced harvest, restored habitat, and 
larger no-take zones will almost certainly sequester more atmospheric carbon, though the scale of many 
of these reductions remains debated and is an important area for new research. There trade-offs between 
commercial fishing, food security, and CDR will need to be considered in management plans. One 
challenge in quantifying additionality in the protection of marine fauna is that changes in protection in 
one area can result in increased fishing in others, and many fish and marine mammals are migratory, with 
their ranges shifting as temperatures change and prey populations move (Cheung et al., 2016). The 
monitoring of many migratory species will need to go beyond political boundaries.    
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TABLE 6.2 Estimated Amount of Carbon Fixed, Stored, or Sequestered in Pre-exploitation and Modern Cetacean Populations  

Mechanism Species Region 
Pre-exploitation C 
Estimate (N) 

Modern C Estimate 
(N, year) 

C Fixed, Stored,  
or Sequestered Reference 

Living biomass 
carbon  

Pantropical spotted 
dolphin (Stenella 
attenuata) 

Eastern Tropical 
Pacific 

5.9 × 104 t C  
(3.6 x 106) 

1.4 × 104 t C (8.6 × 105, 2006) Stored Martin et al., 2016 

Living biomass 
carbon 

Spinner dolphin  
(S. longirostris) 

Eastern Tropical 
Pacific 

2.4 × 104 t C  
(1.8 × 106) 

1.4 × 104 t C (1.1 × 106, 2006) Stored Martin et al., 2016 

Living biomass 
carbon 

8 baleen whale taxaa Global 2.0 × 107 t C  
(2.6 × 106) 

3.1 × 106 t C (8.8 × 105, 2001) Stored Pershing et al., 
2010 

Deadfall carbon  8 baleen whale taxaa Global 1.9 × 105 t C/yr  
(2.6 × 106) 

2.9 × 104 t C/yr (8.8 × 105, 
2001)  

Sequestered Pershing et al., 
2010 

Whale pump Sperm whale (Physeter 
macrocephalus) 

Southern Ocean 2.4 × 106 t C/yr  
(1.2 × 104) 

4 × 105 t C/yr (1.2 × 103, 2001) Fixed Lavery et al., 2010 

Whale pump Blue whale 
(Balaenoptera musculus) 

Southern Ocean 1.3 × 108 t C/yr  
(2.4 × 105) 

2.8 × 106 t C/yr (5.2 × 103, 
2012) 

Stored Lavery et al., 2014 

Great whale 
conveyor belt 

Blue whale Southern Ocean 1.4 × 105 t C/yr  
(3.4 × 105) 

5.1 × 102 t C/yr (4.7 × 103, 
2001) 

Stored and sequestered Roman et al., 2014 

NOTES: Mechanisms include storage in living biomass, sequestration in whale carcasses sinking to the deep sea, and nutrient transport (vertical pump and 
horizontal conveyor belt) via excretion and defecation of nitrogen, phosphorus, and iron. C values are gross and do not account for the amount of carbon respired 
by cetaceans. Exploitation refers to bycatch for dolphins and industrial whaling for all other cetaceans.  
aBalaenoptera acutorostrata, B. bonaerensis, B. borealis, B. brydei, B. musculus, B. physalus, Balaena mysticetus, Eschrichtius robustus, Eubalaena spp., 
Megaptera novaeangliae. 
SOURCE: Courtesy of Heidi Pearson, University of Alaska Southeast, and Roman et al., 2021.   
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Durability 
 

One of the advantages of ecosystem restoration is that marine organisms can self-perpetuate 
through reproduction, generating new biomass: carbon can be stored in stable populations “perhaps 
infinitely” (Martin et al., 2021). As biomass continues to stay relatively stable, more carbon would be 
stored through death and deposition, resulting in a long-term C drawdown. This process would happen 
naturally if humans were not continually altering biogeochemical cycles. Unfortunately, these cycles are 
expected to change as a result of rising temperatures, ocean acidification, and ocean deoxygenation, with 
the C capture and storage potential of the oceans, along with productivity and biomass, likely to decline 
(Gruber, 2011). Changes in surface nutrients and phytoplankton and zooplankton biomass could also 
reduce total biomass and body size of fish and other vertebrates (Boyce et al., 2010; Britten et al., 2016). 

One of the greatest risks to the CDR potential of marine ecosystems, and an existential risk to 
humans and many other animals, is the current extinction crisis combined with an increased atmospheric 
concentration of CO2. The fossil record shows major responses in the oceans during global C 
perturbations and mass extinctions. In benthic systems, responses include reduced diversity, decreased 
burrow size and bioturbation intensity, and extinction of trophic groups (Bianchi et al., 2021). Models 
developed by Tulloch et al. (2019) show predicted declines and local extinctions of baleen whales and 
krill in the Southern Ocean by 2100 as a result of climate change. In the case of widespread ecosystem 
shifts, there is a potential for rapid changes that could result in the reversal of CDR gains. 

There is some evidence, however, that diverse and abundant fish communities are more resilient 
in the face of warming waters and other climate shifts (Sumaila and Tai, 2020). MPAs could help build 
resilience to climate change for coral reefs and other ecosystems (e.g., Chung et al., 2019). In addition to 
the effects of increased greenhouse gases, management and protection regimes can be subject to changes 
in policy, which would affect the permanence of C removal.  

 
Monitoring and Verification 

 
Monitoring and verification are essential to protection efforts, especially when they have 

particular goals such as CDR and biodiversity protection. One concern about CDR is that an extensive 
monitoring and evaluation system would require large infrastructure for a relatively small return. Should 
there be a minimum requirement to invest in monitoring and evaluation? The current ocean uptake of 
anthropogenic carbon from physicochemical process is approximately 2.5 Pg C/yr; if the CDR approaches 
we discuss can increase uptake on a petagram scale, monitoring programs such as the Global Ocean 
Hydrographic Investigations Program, or GO-SHIP, should be able to detect these changes. 

All of the processes we discuss will require documenting that CDR is occurring. This process will 
require going beyond indirect calculation to demonstrate enhanced sequestration at sink sites (Krause-
Jensen et al., 2018). On land, the Verified Carbon Standard is the most commonly used standard. It 
includes several requirements: the emissions reduction or removal must be real, measurable, permanent, 
unique, and additional. Whether these measures, designed for terrestrial systems, will apply in marine C 
schemes remains to be seen (Krause-Jensen et al., 2018). Mesoscale nitrogen and iron enrichment 
experiments could test if marine mammal and seabird feces effectively modify phytoplankton processes, 
enhancing diatom biomass and increasing atmospheric CO2 drawdown (Boyd et al., 2000; Pollard et al., 
2009). 
 
Environmental Monitoring of Marine Protected Areas 
 
Solutions for Monitoring MPA Ecosystem Health 
 

Good monitoring and data collection are essential if MPAs are to deliver their intended 
biodiversity and CDR outcomes. Monitoring ecosystem health and environmental stressors in offshore 
and remote MPAs is particularly challenging because of limited access for data collection. Custom 
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solutions can be developed to fit individual geographic settings, environmental conditions, and 
conservation priorities. Satellite remote sensing approaches, for example, can be used to monitor the 
evolution and environmental conditions of new MPAs (Kachelreiss et al., 2014). 
 
Offshore and Remote MPAs 
 
Deep-ocean and seamount MPAs In the Northeast Pacific off Canada, there are deep-ocean cabled 
sensor networks that have provided real-time access to the Endeavour Hydrothermal Vents, which was 
Canada’s first MPA, established in 2009. Data products from this site were developed to support 
management of the Endeavour MPA (Juniper et al., 2019). Monitoring was geographically extended in 
2018 to support surveys of offshore Pacific seamount MPAs using remotely operated vehicles, 
autonomous sensor platforms, multibeam mapping, and vessel traffic data products (virtual automatic 
identification system, or AIS, fences). Although cable-based sensor networks are limited in their 
geographic extent, existing systems should be used to deliver monitoring data products. All of the remote 
technologies and data products could be made available for long-term, site-specific ecosystem health 
monitoring of deep-ocean and seamount MPAs. 
 
Regional-scale monitoring Management of other deep-ocean ecosystems requires monitoring of 
regional-scale threats, such as marine heat waves and ocean deoxygenation, in addition to site-specific 
monitoring. Regionally deployed flotillas of new-generation Argo profiling floats to monitor ocean 
temperature, dissolved oxygen, and other seawater properties could be used for delivering management 
data products. Ships of opportunity could be coordinated and engaged to ensure that the floats remain in 
the regions of interest (e.g., Smith et al., 2019a). The ships themselves could also provide data and data 
products. These autonomous-sensor platforms profile between the sea surface and ocean depths every few 
days, measuring water properties and relaying data via satellite. Data and data products from decades-
long “Line” surveys in regions (e.g., Line P in the Northeast Pacific) provide a historic framework for 
understanding long-term ocean change in areas where these surveys take place. 
 
Marine mammal activity in remote protected areas Cabled and autonomous mooring networks can 
deliver marine mammal monitoring solutions, using underwater hydrophone systems that record whale 
sounds and ship noise, and AIS data that track vessel movements with a focus on data products that 
inform long-term management by reporting on monthly and annual levels of marine mammal and large 
vessel activity in MPAs. In the case of real-time operational use, these data can be used for compliance 
and enforcement. In areas of known marine mammal activity, virtual AIS fences could be implemented to 
identify ship traffic and inform ships’ captains to reduce vessel strikes. 
 
Ecosystem Health Solutions: Coastal Zone MPA Monitoring 
 

Coastal zone MPA monitoring could be delivered in the United States through the existing 
regionally based Ocean Observing Systems (IOOS Strategic Plan 2018–2022; IOOS, 2018). The Strategic 
Plan already includes delivery of the benefit to “more effectively protect and restore healthy coastal 
ecosystems,” and this could be expanded to include observations and measurements of ocean CDR 
efficacy and environmental impacts. In areas not covered by IOOS, community-based monitoring 
programs could be implemented. These approaches are especially important in Indigenous communities 
(see, e.g., Kaiser et al., 2019).  
 
Ecosystem Health Solutions: MPA Data Products 
 
State of the ocean data products The collection of long time-series data by offshore and coastal 
observing systems provides critical information for evaluating local ocean health trends and their 
relationship to regional ocean change. Some permanent observatory installations host core sensors for 
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monitoring seawater properties and noise levels. These properties and their relationships to ecosystem 
health include 
 

● temperature—informs on long-term warming trends and marine heat waves; 
● salinity (salt concentration)—detects anomalies in freshwater input to coastal waters; 
● pressure (depth)—informs on sea-level rise, tsunami and storm surge events, tidal cycles; and 
● dissolved oxygen concentration—key to detecting hypoxia events and long-term oxygen 

depletion that can have deleterious impacts on marine ecosystems. 
 
Daily noise index data product Noise generated by surface vessels is well known to be harmful to 
marine mammals, and there is growing evidence of negative impacts on fish and invertebrates. To capture 
ship-source signature noise profiles, multihydrophone arrays are needed to ensure that the data meet 
ANSI standards. Once source signatures are captured, these data can be combined in real time to model 
the noise in heavily trafficked areas (Zhang et al., 2020) and potentially could be used to reduce noise 
through voluntary or mandatory measures. Long-term fixed hydrophone networks can provide a 
benchmark to assess increases or decreases in noise (Thomson and Barclay, 2020). 
 
Biodiversity and stock assessments Information on trends in species diversity and fish abundances is 
often a key metric for monitoring conservation objectives in MPAs and plays an important role in 
understanding the carbon dynamics of these systems. Imagery from fixed observatory underwater 
cameras and regular ship-based video transect surveys could be used to develop data products on species 
diversity and abundance to inform MPA management and CDR research. Manual, machine vision, and 
crowd sourcing tools are several approaches that extract biological information from video and photo 
archives to reveal trends in species numbers (Matabos et al., 2017). 
 
Solutions for Compliance and Enforcement Monitoring 
 

Tools that deliver summary and real-time data products of vessel and marine mammal activity in 
MPAs, using data from vessel AIS and passive acoustic monitoring (hydrophone) data from cabled and 
autonomous listening stations, are important tools to support monitoring for compliance and enforcement. 
Hydrophone systems are expensive to invoke in all regions, but research is under way to use satellite data 
for detection of some marine mammals that could fill large areas (Platonov et al., 2013). Summary data 
products will permit monthly review of vessel and marine mammal activity in remote and coastal MPAs, 
for compliance monitoring. Real-time vessel tracking from AIS data supports enforcement by providing 
alerts of vessels crossing a virtual fence. For those vessels not emitting AIS signals, real-time detection is 
possible using directional arrays of hydrophones, over-the-horizon radar, and satellite-based detectors. 

 
6.4 SCALABILITY 

 
It is well accepted that oceanic biological processes are an important component in the global 

carbon cycle (Table 6.1). But perhaps the biggest question surrounding ecosystem protection and 
recovery regarding carbon removal is whether such conservation efforts will scale to the level of other 
proposed C removal efforts in the oceans and on land. To date, many of the studies on marine carbon 
have been conducted on relatively small geographic and temporal scales, although there have been several 
efforts to examine global C budgets for macroalgae, benthic algae, marine sedimentary carbon, the 
mesopelagic pump, and whale and fish carbon. The opportunistic nature of several of these studies and a 
reliance on intricate food web models compounded by a scarcity of observations to constrain models on a 
global scale can result in large uncertainties (Bianchi et al., 2021). Below, we briefly discuss questions of 
geographic and temporal scalability. 
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Geographic Scalability 
 

The restoration of marine ecosystems could play an important role in the removal of carbon from 
the atmosphere, but to our knowledge, there have been no models addressing scalability on an ocean-
basin or ecosystem scale that cut across species and processes. There is a need to develop an ecosystem-
level approach to understanding the role of organisms and their ecosystem functioning in benthic, pelagic, 
tropical, temperate, and polar systems. New efforts to protect and restore the oceans, such as expanding 
MPAs and improving fisheries management, provide an ideal opportunity to study changes in C 
sequestration between degraded and restored ecosystems and between depleted and abundant marine 
species.  

Marine ecosystems are diverse, and distributions and productivity are patchy. Continental 
shelves, for example, have been argued to contribute disproportionately to the oceanic uptake of CO2 
(Fennel et al., 2018). There is a need to identify hot spots for C storage and sequestration. Locating 
connected macroalgal–sediment systems, for example, will be an important step toward including them in 
management actions aimed at carbon removal (Queirós et al., 2019). In the case of nutrient cycling by 
large vertebrates and other animals, models have been used to assess scale and the potential impact on the 
global carbon cycle, often focusing on the Southern Ocean or other HNLC regions (e.g., Martin et al., 
2021; see also the scalability section in Chapter 5). As with OIF, the upwelling of the nutrients and 
respired carbon trapped at depth in the Southern Ocean could offset a substantial fraction of the naturally 
mediated downward flux of POC (Jin et al., 2008). 

Even if the scale of some of these systems is relatively small, there could be an opportunity for 
island nations with limited land cover but large ocean Exclusive Economic Zones (EEZs) to offset their 
carbon emissions by protection efforts that explicitly value marine organisms and ecosystems in their 
waters. Similarly, the positive consequences of population, species, and habitat recovery and restoration 
could be substantial for ocean resilience and biodiversity on a global scale. 
 

Temporal Scalability 
 

Marine ecosystems have the potential to store carbon for long periods of time. Yet given current 
challenges, such as overfishing, pollutants, and climate change, what is the likelihood that they can be 
restored on a policy-relevant timescale? Duarte et al. (2020) suggest that substantial recovery of the 
abundance, function, and structure of marine life could be achieved by 2050 if major pressures are 
reduced. Response to protection efforts will vary by taxa and ecosystem, and some recovery efforts, such 
as the protection of coral reefs and endangered cetaceans such as North Atlantic and North Pacific right 
whales, will require substantial policy changes and sharp reduction in greenhouse gases. 

Just as there are hot spots of C sequestration, there are likely hot moments, with sequestration 
rates varying seasonally and annually. As C emissions approach net zero, a diverse portfolio of marine 
conservation efforts may have the potential to contribute to global CDR approaches. (See the section on 
Durability for further discussion of temporal aspects of C sequestration under current and future 
scenarios.) 
 

6.5 VIABILITY AND BARRIERS 
 

Many people have strong emotional connections to oceans (Spence et al., 2018). These 
connections can result in greater resistance to engineered solutions and greater attraction to ecosystem-
based solutions that endorse healthy and productive oceans while protecting marine wilderness (Cox et 
al., 2020). There is some support among the environmental NGO community for CDR efforts that involve 
ecosystem recovery on land and in the ocean. Social science research has indicated that ecosystem-based 
C removal efforts have greater public support than engineered approaches (Wolske et al., 2019). There is 
real value in conservation, yet the question of scale of ecosystem protection—how much carbon can be 
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stored and removed by conservation and restoration efforts—is an area of active debate, one that is ripe 
for research. 

Widespread efforts to protect and restore ecosystems could face barriers, because marine 
conservation can come into conflict with other uses, such as commercial fisheries, shipping, marine 
renewable energy, and mining. The designation of MPAs, for example, has faced opposition from 
fisheries and other industries. Conversely, the designation of large MPAs could reduce fossil fuel 
extraction, but also impede the expansion of renewables such as offshore wind. If the goal of establishing 
an MPA includes CDR, then managers should be open and honest about the objectives, uncertainties, and 
need for monitoring. Carbon benefits are just one of many ecosystem services that MPAs can provide, 
and they might need to be balanced against other objectives (Howard et al., 2017). 

Research on MPAs has documented how MPA development and stricter fisheries management 
can impact local ocean-dependent communities and island nations.  MPAs that do not incorporate local 
interests and priorities can cause impacts on food security, displacement, and economic strain.  Although 
MPAs can enhance food security, impacts vary among social groups (Mascia et al., 2010) and strategies 
must take this into account. Local perspectives are critical to understanding social impacts (Gollan and 
Barclay, 2020) and participatory approaches are one way to take small-scale fisheries into account 
(Kockel et al., 2020). 

Any attempt to use ecosystem protection and recovery for C removal would likely benefit from 
the four guidelines proposed by a large community of researchers and conservation practitioners based in 
the UK for nature-based solutions to climate change: (1) ecosystem-based C removal must not be an 
alternative to the rapid phaseout of fossil fuels and must not delay decarbonization, (2) it must include a 
diversity of landscapes and in this case marine ecosystems, (3) it must be employed with the full 
engagement and consent of local communities and Indigenous peoples and promote adaptive capacity, 
and (4) it must be designed to provide quantifiable benefits for biodiversity (Seddon et al., 2021). 
 

Environmental Impact  
 

Despite the many uncertainties surrounding ecological restoration as a CDR tool, a clear 
advantage is that the environmental impact is almost certain to be positive, at least from the perspective of 
environmental stewardship and ecosystem integrity. There is also high economic value in marine 
stewardship (Roman et al., 2018). The environmental impact of any research agenda, deployment of 
monitoring equipment or research cruises, is likely to be small compared to C offsets or other more active 
CDR approaches.  

In establishing a research agenda, it is important to acknowledge that we are not certain that there 
will be major C benefits, but we need to understand mechanisms and cycles at play. Such an approach 
could attract strong public support. 

 
Co-benefits 

 
Unlike some of the other ocean-based approaches considered in this report, there are considerable 

co-benefits in restoring ocean ecosystems, including biodiversity conservation and the restoration of 
many ecological functions and ecosystem services damaged by human activities such as pollution and 
overfishing. The recovery of kelp forests, for example, has C, biodiversity, and fisheries benefits (Duarte 
et al., 2020). The restoration of many species and habitats would also likely be beneficial for tourism and 
recreational and subsistence fishing; by encouraging the support of thriving marine life and habitats it is 
even possible that such restoration could mitigate the climate impacts of recreation. 

In addition to any C benefits, reversing trends of biodiversity loss also have important nonuse 
values such as existence and spiritual values. The loss of whales and whale-fall habitats as a result of 
commercial whaling, for example, likely caused the endangerment and extinction of species dependent on 
these lipid-rich carcasses in the deep sea (Smith et al., 2019b). In addition to protecting the whales 
themselves, the recovery of whale populations could have C benefits and help protect and restore deep-
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sea communities. In some cases, these co-benefits might be the primary advantage of ecosystem 
restoration, and the uncertainties surrounding the geographic and temporal scale of CDR suggest that 
research into the long-term viability of many ecosystem-based approaches is essential. 
 

Cost 
 

Relative to other interventions, ecosystem-based solutions have the potential to be cost-effective, 
providing many benefits beyond CDR (Dasgupta, 2021). Nonetheless, nature-based solutions have been 
undercapitalized, and this lack of finance has been one of the barriers to the implementation and 
monitoring of such projects (Seddon et al., 2020).Similar to coastal blue carbon initiatives, the costs of 
implementing ecosystem recovery efforts for CDR depend on project size, intervention type, and 
monitoring of C removal (NASEM, 2019). If the effort is initiated as part of broader policies such as the 
Marine Mammal Protection Act, 30x30,4 or international treaties, only the costs of measuring and 
monitoring CDR need to be considered, but these policy actions come with their own costs. Although 
many of these costs are likely to be borne by government as part of efforts to protect the ocean, there is 
increased interest among private financial investors to support restoration and conservation projects: 
approximately 3 percent of impact assets, or $3.2 billion, are associated with conservation, and interest is 
growing among investors (Bass et al., 2018; Dasgupta, 2021). 

Note that although direct costs are relatively low for the implementation of many ecosystem-
based natural climate solutions, there can be negative economic impacts to some industries, such as oil 
and gas, fisheries, and mining, that provide jobs and lease payments for use. 
 

Energy 
 

As is true with costs, under most of the scenarios presented here, the energy required for research 
activities would be restricted to measuring and monitoring CDR associated with ecosystem and species 
recovery. These studies would likely be focused on research cruises and equipment necessary to measure 
marine biogeochemistry and changes in the carbon cycle. 
 

Governance 
 

Conservation efforts, such as eliminating overexploitation, protecting habitats, and restoring 
extirpated species, are generally feasible, local, and have high global governability (Gattuso et al., 2018). 
In addition to the co-benefits and public acceptance of ecosystem-based approaches, one of the great 
advantages of focusing on the protection and restoration of marine habitats and species is that the goals 
tend to align with those of several broad-reaching international agreements and domestic laws. 

Chapter 2 provides an overview of the current state of the legal framework for ocean CDR. Many 
of the international and domestic laws discussed in that chapter could apply to the ecosystem recovery 
approaches discussed in this chapter. Several international agreements recognize the importance of 
protecting marine species and their habitats. Most notably: 
 

● Parties to the United Nations Convention on the Law of the Sea (UNCLOS) have an “obligation 
to protect and preserve the marine environment” and must, among other things, take steps to 
prevent pollution and other activities that “may cause significant and harmful changes” to the 
marine environment.5 UNCLOS further provides that, whereas parties have a “sovereign right to 

                                                      
4 See https://www.oceanunite.org/30-x-30/. 
5 Art. 192, 194, & 196, United Nations Convention on the Law of the Sea, 1833 U.N.T.S. 397, Dec. 10, 1982 

[hereinafter “UNCLOS”]. 
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exploit their natural resources,”6 they must adopt “proper conservation and management 
measures” to ensure that living resources within their EEZs are “not endangered by over-
exploitation.”7 Parties must also take steps to conserve the “living resources of the high seas.”8  

● The Convention on Biological Diversity (CBD) requires parties to “[d]evelop national strategies, 
plans or programmes for the conservation . . . of biological diversity.”9 To that end, parties must 
“[e]stablish a system of protected areas or areas where special measures need to be taken to 
conserve biological diversity” and take steps to “restore degraded ecosystems and promote the 
recovery of threatened species.”10 

 
A new international agreement, aimed at conserving marine biodiversity in areas beyond national 

jurisdiction, is also being developed by the UN General Assembly. 
Many U.S. laws similarly recognize the importance of protecting marine ecosystems; for example:   
 

● The Endangered Species Act (ESA) notes that many marine, freshwater, and terrestrial species 
have become extinct or at risk of extinction “as a consequence of economic growth and 
development untempered by adequate concern and conservation” (16 U.S.C. § 1531(a)). The ESA 
aims to reverse this trend by establishing a program for “the conservation of . . . endangered and 
threatened species” and “the ecosystems upon which they depend” (16 U.S.C. § 1521(b)). 

● The Marine Mammal Protection Act (MMPA) similarly recognizes that certain “marine mammals 
are, or may be, in danger of extinction or depletion as a result of man’s activities” (16 U.S.C. § 
1361(1)). The MMPA further declares that such species are an important resource that “should be 
protected” so as to “maintain the health and stability of marine ecosystems” (16 U.S.C. § 
1361(6)). The MMPA aims to maintain stocks of marine mammals at their optimum sustainable 
populations, such that they continue to be “significant functioning element[s]” of their 
ecosystems (16 U.S.C. § 1461(2)). 

● The National Marine Sanctuaries Act (NMSA) indicates that “certain areas of the marine 
environment” have “special national, and in some cases international, significance” and thus 
require special protection (16 U.S.C. § 1431(a)). The NMSA establishes a program through 
which such areas are identified and conserved (16 U.S.C. § 1431(b)(1)-(2)). A key goal of the 
program is to “maintain the natural biological communities in the national marine sanctuaries and 
to protect . . . natural habitats, populations, and ecological processes” (16 U.S.C. § 1431(b)(3)). 

 
The ecosystem recovery approaches proposed in this chapter are broadly consistent with the 

above goals. They are also in line with the goal set by President Biden in January 2021 of conserving at 
least 30 percent of U.S. land and waters by 2030.11 A preliminary report on pathways for achieving the 
goal was published by the Departments of Agriculture, Commerce, and Interior and the Council on 
Environmental Quality (National Climate Task Force, 2021). The report emphasizes the importance of 
restoring ocean ecosystems, while also recognizing the “need to fight climate change with the natural 
solutions that . . . the oceans provide” (National Climate Task Force, 2021, p. 6). The conservation efforts 
discussed in this chapter are able to do both.  
  

                                                      
6 Art. 193, UNCLOS. 
7 Art. 61, UNCLOS. 
8 Art. 117, UNCLOS. 
9 Art. 6(a), Convention on Biological Diversity, June 5, 1992, 1760 U.N.T.S. 79, June 5, 1992 (hereinafter CBD). 
10 Art. 8, CBD.  
11 Executive Order 14008 of January 27, 2021: Tackling the Climate Crisis at Home and Abroad, 86 Fed. Reg. 

7619, 7627 (Feb. 1, 2021). 
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6.6 SUMMARY OF CDR POTENTIAL 
 

The criteria for assessing the potential for ecosystem recover as a feasible approach to ocean 
CDR, described in Sections 6.2–6.5, is summarized in Table 6.3.  The assessment presented is considered 
conservative and may change with future research; for example, future research may indicate that upper 
limits are higher for both scalability and durability. 
 
TABLE 6.3 CDR Potential of Ecosystem Restoration Efforts  
Knowledge base 
What is known about the system (low, mostly 
theoretical, few in situ experiments; medium, lab and 
some fieldwork, few CDR publications; high, 
multiple in situ studies, growing body of literature) 

Low–Medium 
There is abundant evidence that marine ecosystems can uptake large 
amounts of carbon and that anthropogenic impacts are widespread, but 
quantifying the collective impact of these changes and the carbon dioxide 
removal (CDR) benefits of reversing them is complex and difficult. 

Efficacy 
What is the confidence level that this approach will 
remove atmospheric CO2 and lead to net increase in 
ocean carbon storage (low, medium, high)  

Low–Medium Confidence  
Given the diversity of approaches and ecosystems, CDR efficacy is likely 
to vary considerably. Kelp forest restoration, marine protected areas, 
fisheries management, and restoring marine vertebrate carbon are 
promising tools.  

Durability 
Will it remove CO2 durably away from surface ocean 
and atmosphere (low, <10 years; medium, >10 years 
and <100 years; high, >100 years) and what is the 
confidence (low, medium, high)  

Medium 
10–100 years 
The durability of ecosystem recovery ranges from biomass in macroalgae 
to deep-sea whale falls expected to last >100 years. 

Scalability 
What is the potential scalability at some future date 
with global-scale implementation (low, <0.1 Gt 
CO2/yr; medium, >0.1 Gt CO2/yr and <1.0 Gt 
CO2/yr; high, >1.0 Gt CO2/yr), and what is the 
confidence level (low, medium, high)  

Low–Medium 
Potential C removal <0.1–1.0 Gt CO2/yr 
(low–medium confidence) 
Given the widespread degradation of much of the coastal ocean, there are 
plenty of opportunities to restore ecosystems and depleted species. 
However, ecosystems and trophic interactions are complex and changing 
and research will be necessary to explore upper limits. 

Environmental risk 
Intended and unintended undesirable consequences at 
scale (unknown, low, medium, high) and what is the 
confidence level (low, medium, high) 

Low 
(medium–high confidence) 
Environmental impacts would be generally viewed as positive. 
Restoration efforts are intended to provide measurable benefits to 
biodiversity across a diversity of marine ecosystems and taxa. 

Social considerations 
Encompass use conflicts, governance-readiness, 
opportunities for livelihoods, etc. 

Trade-offs in marine uses to enhance ecosystem protection and recovery. 
Social and governance challenges may be less significant than with other 
approaches. 

Co-benefits 
How significant are the co-benefits as compared to 
the main goal of CDR and how confident is that 
assessment 

High 
(medium–high confidence) 
Enhanced biodiversity conservation and the restoration of many 
ecological functions and ecosystem services damaged by human 
activities. Existence, spiritual, and other non-use values. Potential to 
enhance marine stewardship and tourism. 

Cost of scale-up 
Estimated costs in dollars per metric ton CO2 for 
future deployment at scale; does not include all of 
monitoring and verification costs needed for smaller 
deployments during R&D phases Low, <$50/t CO2; 
medium, ~$100/t CO2; high, >>$150/t CO2 and 
confidence in estimate (low, medium, high) 

Low 
<$50/t CO2 
(medium confidence) 
Varies but direct costs would largely be for management and opportunity 
costs for restricting uses of marine species and the environment. No 
direct energy used. 

Cost and challenges of carbon accounting 
Relative cost and scientific challenge associated with 
transparent and quantifiable carbon tracking (low, 
medium, high) 

High 
Monitoring net effect on C sequestration is challenging. 
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Cost of environmental monitoring 
Need to track impacts beyond carbon cycle on 
marine ecosystems (low, medium, high) 

Medium 
(medium–high confidence) 
All CDR will require monitoring for intended and unintended 
consequences both locally and downstream of CDR site, and these 
monitoring costs may be substantial fraction of overall costs during R&D 
and demonstration-scale field projects.  This cost of monitoring for 
ecosystem recovery may be lower.  

Additional resources needed 
Relative low, medium, high to primary costs of  
scale-up 

Low 
Most recovery efforts will likely require few materials and little energy, 
though enforcement could be an issue. Active restoration of kelp and 
other ecosystems would require more resources.  

 
 

6.7 RESEARCH AGENDA 
 

We developed a research agenda that examines the potential role of protecting and restoring 
marine ecosystems in reducing additional C emissions and enhancing CDR. This agenda includes basic 
scientific research on the C removal potential and permanence of different organisms, ecosystems, and 
processes, an examination of the expected outcomes from different policy tools, and the socioeconomic 
and governance aspects of managing marine ecosystems and organisms for C removal. The framework 
for these studies combines experimental research, demonstration sites, and adaptive management.  
For each of these systems, there is a need for research to help understand historical baselines in the 
context of the carbon cycle, past habitat degradation and organism losses due to human activities, and the 
potential changes to the characteristics of these systems as a result of climate perturbation and ocean 
acidification. It would be helpful to estimate the current and historical contribution of different species 
across the entire size spectrum in terms of annual C flux. Although there have been some efforts to 
estimate the CDR potential of marine recovery, such as changes in fisheries management and kelp 
afforestation, to our knowledge, there have been no broad solicitations for proposals at the federal level to 
address this nascent field. 

Research will be required to follow the changes in C storage due to CDR as a result of 
management interventions such as the restoration of macroalgal habitats; the management of fish, whale, 
and other animal populations; and the establishment of MPAs. How much carbon is stored if ecosystems 
are restored? How much carbon is stored indirectly? These questions require more study. Given the 
somewhat piecemeal approach to studies of the coupling of oceanic ecosystems and carbon to date, there 
is a strong need for an ecosystems approach that combines both population dynamics, nutrient ecology 
and subsidies, and anthropogenic impacts.  The framework developed for this study should be an integral 
part of long-term ecosystem-based management for the oceans, including CDR, fisheries, and other 
human uses. 

This research agenda will likely require the development or use of current observing systems that 
can detect a change in C sequestration over a relatively short period of time (e.g., 10 years). A modeling 
effort will almost certainly be necessary to understand the C impacts of improved habitat and recovered 
populations over a measurable area. Indirect evidence from remineralized carbon and nutrients or 
associated oxygen consumption at the seafloor could help understand the role of animals and other marine 
organisms in these processes. For all of the approaches below, it will be essential to quantify the balance 
between C storage, burial, and release.  It will also be important to show changes in C accumulation over 
time, both in the short term and the expected retention over decades and even centuries. 

These efforts will require interdisciplinary work: the long separation of ecosystem ecology, 
population biology, and oceanography must end and go broader, expanding into economics, governance, 
and social science. Although each of the approaches below is not detail, it is expected that a full rollout 
would require several steps, including basic research, development, demonstration, deployment, and 
monitoring and verification (see NASEM, 2019). Key to the development of any place-based project is 
understanding the location and areal extent of the species or habitats considered below. More work is 
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needed to develop remote sensing approaches to estimate potential areas for restoration and protection for 
macroalgae and benthic algae, as well as marine animal carbon, with a deeper understanding of historic 
biomass and expectations for populations in a future altered by climate change and habitat modifications. 

In addition to determining the C sequestration potential of ecosystem restoration, this work is 
expected to make important contributions to marine ecology. Uniting researchers in ecosystem ecology, 
biological oceanography, population biology, and social science—disciplines that have long operated on 
separate paths—to examine marine CDR can provide co-benefits by coordinating research, analyzing and 
synthesizing information, and drafting and implementing management plans. 
 

Habitat Protection and Restoration 
 

The current push to increase MPAs provides a unique opportunity to examine the impacts of 
marine conservation and restoration on CDR. Policies such as 30x30, calling for 30 percent protection of 
the oceans in less than a decade, could provide research platforms to measure changes in C uptake and 
sequestration in relation to macroalgae, marine animal carbon, benthic algae, and sedimentary carbon. By 
protecting multiple sites, there will be opportunities to compare ecosystem functions across protected 
areas as well as inside and outside of protected areas. These could serve as experimental treatments that 
can be leveraged to test ideas about ocean CDR linked to ecosystems. As with coastal blue carbon 
systems, assessing the C stocks of offshore MPAs, and their changes over time, will require mapping, 
sample collection and analysis, monitoring C movement into and out of the system, and determining 
emissions avoided because of management activities (Howard et al., 2017). One potentially effective 
approach to understanding the CDR potential of restored ecosystems is to compare the present-day C fluxes 
in the ocean to preindustrial C transfer. By quantifying the human perturbations of C flux in the ocean, we 
can estimate the potential role of a restored ocean in the carbon cycle (see, e.g., Regnier et al., 2013). 

Historically, much of the ocean economy has been based on commercial extraction, such as 
hunting fisheries, whaling, and guano, though this has been changing in recent years (e.g., Roman et al., 
2018). A shift away from the overharvest of marine resources in the twentieth century is likely to result in 
changes in the carbon cycle: by reduction in the extraction of fish biomass, fuel consumption, and habitat 
disturbance and through changes in trophic structure. There have been many calls to halt the loss of 
biodiversity as fast as possible and to reach net positive results through restoration and regeneration of 
marine and terrestrial ecosystems (e.g., naturepositive.org). We strongly recommend that C accounting 
and research be a central aspect of the monitoring of MPAs and restoration efforts in the coming decades, 
including the examination of multiple systems with geographic, ecological, and taxonomic differences 
and varying levels of anthropogenic pressure. There is a need to develop consistent methodologies to 
conduct economic analyses and examine trade-offs between C benefits and other ecosystem services (e.g., 
Boumans et al., 2015). 

Community engagement is essential here. Social science research can help us understand the 
institutions, policies, and cultural practices that lead to community support and engagement in marine 
ecosystem recovery. It can also help determine why efforts sometimes fail and what can make them 
successful. A governance component could examine how the legal framework for MPAs could be 
structured to increase C benefits. Since almost 50 percent of sedimentary C stocks reside outside of EEZs, 
international cooperation will be required to prevent remineralization of C stored beneath the high seas 
(Atwood et al., 2020). Ultimately, a transdisciplinary research program that includes questions of 
governance, oceanographic, conservation, and ecological research activities, and stakeholder engagement 
is likely to result in the greatest success. 
 
Macroalgae 
 

Research is needed to address numerous ecological, social, and biogeochemical questions in 
relation to the protection and restoration of macroalgal communities. It is essential to quantify the balance 
between C burial and release. What is the permanence of this buried material, and how vulnerable is it to 
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rising temperatures and elevated climate change disturbances? Measurements of detritus production by 
whole macroalgal communities are needed to estimate how much released macroalgal particulate organic 
carbon is likely to become sequestered in deep, coastal sediment or other habitats (Queirós et al., 2019). 
Sequestration rates could be small if much of the POC is consumed and respired back to the surface ocean 
or if it settles on the seabed along the continental shelf. What is the natural mechanism for transporting 
POC away from the coast and then downward into the deep ocean? Stable isotopes and eDNA could be 
employed more widely to quantify and trace the contribution of macroalgae to deep-sea sediments, both 
in the past and present. 

There is also a need for improved estimates of the global area and production of macroalgae at 
the level of major functional groups (Krause-Jensen et al., 2018). There has been some progress on this 
front using high-resolution satellite imagery, such as efforts to map the distribution and persistence of 
giant kelp (Macrocystis pyrifera) forests across a 35-year time series (Arafeh-Dalmau et al., 2021). Such 
techniques could be applied to monitor kelp protection and restoration efforts. Modeling frameworks 
would also be essential to understand the spatial distribution of macroalgal biomass and its contribution to 
climate budgets and C sequestration (van Son et al., 2020). There is also a need to better understand the 
impacts of elevated temperatures and other climate impacts on macroalgal distribution and C storage. 

Natural and social science research on the actions that could be used for expanding natural 
macroalgae is needed, including studying the costs and benefits of deployment and if the actions are 
effective. Kelp restoration is becoming a prominent management intervention, but it can be quite 
expensive (more than $6,000 per hectare; Eger et al., 2020). Studying restoration success at appropriate 
spatial scales will be essential to encourage institutions to support kelp restoration. 
 
Benthic Communities 
 

There is a need to extend our understanding of the contributions that benthic communities make 
in relation to greenhouse gases, C sequestration and storage, and other climate change–related measures 
(Solan et al., 2020). Although there has been a substantial amount of work on shallow and intertidal 
benthic systems, such as mangroves and seagrasses, offshore and deep-sea benthic communities have 
largely been overlooked. Even shallow-water benthic communities, such as oyster reefs and other bivalve 
populations, could benefit from increased scrutiny: CaCO3 shell production decreases alkalinity and can 
act as a source for CO2, yet shellfish reefs contain significant pools of carbon and facilitate atmospheric C 
drawdown via filtration and biodeposition (Fodrie et al., 2017; Solan et al., 2020). Understanding the 
balance between these processes is essential to quantify the C dynamics of benthic communities. 

A research agenda that explores benthic protection and restoration would expand our 
understanding of these and surrounding areas. Benthic algae rarely occur in isolation: in designing a 
research agenda, it is important to move beyond individual species to consider ecosystem-level responses. 
Approaches should measure the balance of C release and burial, or net community calcification versus 
photosynthesis, at the ecosystem level. 

What is the extent of C removal at the ecosystem level as a result of human activities such as 
trawling and recreation? How can these activities be mitigated? An interdisciplinary approach that 
examines how these changes could affect key stakeholders is more likely to succeed from a carbon, 
conservation, and societal perspective. 
 
Marine Animals and Carbon Dioxide Removal 
 

Given the many uncertainties surrounding CDR and marine animals, quantifying the direct and 
indirect roles of marine fauna in the carbon cycle is a priority for further research (Stafford et al., 2021). 
Synthesis studies to identify the potential significance of marine vertebrates in regional and ocean basin 
scales is essential, to see if their functional impacts are greater than the relatively small biomass 
(compared to phyto- and zooplankton) and compare them to other carbon cycle components (Martin et al., 
2021). 
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Of perhaps equal value is examining the role of fisheries and other human activities, such as 
shipping, on marine populations and how the mitigation of some of the resulting environmental impacts 
could affect CDR. Essential in these studies is understanding the approaches necessary to ensure that 
reducing an activity such as bottom trawling in one area does not increase trawling in another, resulting in 
no net gain for carbon. An international and multistakeholder approach will likely be necessary here. A 
governance component of this research could examine how the legal framework for protecting marine 
mammals, seabirds, fish, and other large animals could be structured to increase C benefits. 

A recent report and workshop at the International Whaling Commission identified data gaps and 
research needs on the role of whales in the carbon cycle (Roman et al., 2021). Although several studies 
have examined the ecological role of cetaceans, understanding these mechanisms, especially regarding 
nutrient transport and cycling, in the context of CDR is still in its infancy. Empirical investigations and 
additional study sites are needed to enhance, support, or refute hypotheses regarding the role of cetaceans 
in the carbon cycle. Research on the vulnerability of different species and populations to rising sea 
surface temperatures and reduced sea ice will help determine which species and populations, along with 
their CDR potential, are likely to be affected by climate change in the next century (e.g., van Weelden et 
al., 2021). 
 
Marine Biomass and Deadfall Carbon 
 

The CDR potential of pelagic communities has not been as well examined as coastal and 
nearshore benthic systems. The development stage of research for the restoration of marine animals 
involves understanding historic numbers and ranges, but also projecting changes with altered habitats and 
climates. As biomass and population numbers change, it will be essential to look for signals, via changes 
in organic and inorganic C stocks, nutrients, or associated O2 consumption, in the water column and at the 
seafloor, on both local and larger scales. In addition to changes prompted by conservation, there is a need 
for further analyses of shifts in species habitat and the potential influence on food webs and the carbon 
cycle. Understanding the impacts of the expansion of salps into former krill ranges in the Antarctic and 
the potential biogeochemical changes, for example, will help track the role of animals in the carbon cycle 
now and in the future ocean (Böckmann et al., 2021). 

Among cetaceans, generalist feeders such as humpback whales appear to be thriving under 
protection regimes. Other species such as the North Atlantic right whale have not responded to 
restrictions on direct harvest and remain endangered. There is an urgent need to examine past population 
sizes, current trends in marine vertebrate populations, and expectations for species and ecological 
processes under climate change scenarios. With data on life history and population structure, it is possible 
to quantify the amount of carbon stored in living biomass and sequestered in deadfalls. The most robust 
quantification currently available was based on global population estimates from 2001 (Pershing et al., 
2010). This analysis could be updated with new population estimates and better understanding of pre-
exploitation and future numbers. 
 
Nutrient Cycling 
 

The role of iron and nitrogen in the ocean carbon cycle has been well established, yet much of the 
focus on nutrient fertilization has been on open ocean iron addition experiments and a few macronutrient 
(nitrogen and phosphorus) studies or schemes (see Chapter 3). There is a tendency to favor more natural 
approaches over engineered or artificial approaches; this preference could result in a dilemma between 
approaches with high C sequestration potential but low levels of acceptability and approaches with 
possibly low sequestration potential but high levels of acceptability (Bertram and Merk, 2020). At 
present, we do not know the sequestration potential of restoring historic populations of marine animals 
such as whales and seabirds or of shifting regimes under climate change, such as jellification, including 
salps. 
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There is a strong need for empirical data to test the role of nutrient cycling in the ocean carbon 
cycle. Although several models have been developed to look at the role of fecal nitrogen and iron in 
primary productivity (e.g., Lavery et al., 2010; Roman et al., 2014; Ratnarajah et al., 2016), it is unknown 
how closely these results approximate field conditions. Further quantification of cetacean diving behavior 
is needed to determine what proportion of foraging dives occur above or below the mixed layer and thus 
contribute to autochthonous or allochthonous nutrient cycling. It is also important to determine how 
available fecal plume nutrients are to phytoplankton and the impact of the microbial loop on nutrient 
uptake (Ratnarajah et al., 2018). Finally, it is critical to estimate what proportion of the carbon fixed as a 
result of whale fecal fertilization sinks below the mixed layer and becomes stored or sequestered (Roman 
et al., 2021). A spatial understanding of sequestration timescales is important here. For many areas of the 
ocean, it is likely that upper-ocean ecosystem productivity will be transported back to the surface within 
50 years, and thus will have only a short-term influence on atmospheric CO2 (Siegel et al., 2021). 
 
Predator and Prey Dynamics 
 

The loss of apex predators in ocean ecosystems has resulted in changes in marine food webs, 
ecosystems, and productivity. The restoration of these and other large animals has the potential to 
increase C sequestration (e.g., the trophic interactions between sea otters, sea urchins, and kelp in the 
North Pacific) or decrease C storage (green sea turtles feeding on seagrasses in the Indian Ocean). The 
examination of changes in C dynamics as these predator–prey dynamics are restored offers a unique 
opportunity for marine ecologists, population biologists, oceanographers, and social scientists to work 
together. They can help develop the tools necessary to prompt these changes and examine the shifts in 
biomass, ecological functions, ecosystem services, and C sequestration over time. 
 

6.8 SUMMARY 
 

Efforts to protect and restore marine ecosystems cannot be considered in isolation from the 
challenge of reducing the production of greenhouse gases. These goals of restoring habitats and 
recovering overharvested species are ambitious but necessary and could help reduce atmospheric carbon 
in coming decades, achieving other co-benefits along the way (Hoegh-Guldberg et al., 2019). This chapter 
identifies some of the approaches for marine ecosystem restoration that could contribute and the processes 
by which this restoration contributes to C removal, going beyond the current baseline of sequestration. 

Most of the signatories of the Paris Agreement have committed to nature-based solutions in their 
climate change programs (Seddon et al., 2019). A whole ecosystem perspective, which includes abundant 
species and protected ecosystems as well as those in need of restoration, will be essential to these 
approaches, along with better understanding of the ecological functions provided by marine species. 
Leveraging naturally occurring C fixation, storage, and sequestration interactions in the oceans and on 
land, can be a strategy with lower risk and cost than many geoengineering solutions (Griscom et al., 2017; 
Martin et al., 2021). 

Whether ecosystem restoration is scalable is a matter of perspective and timing. Although the 
CDR potential of ecosystem recovery in the oceans is relatively small in comparison to present GHG 
emissions, this is perhaps more a reflection of the magnitude of current global emissions than a 
diminished role in the seas. As emission rates come down, ocean CDR could rise in importance. In 
anticipation of that transition, ecosystem-based approaches merit discreet attention and funding now. 

The challenge for ecosystem-based CDR does not center around functionality—clearly animals, 
plants, and microbes all play an important role in the carbon cycle of the ocean—rather it is a question of 
scaling, verification, and concerns about reversibility. Restoring and protecting the ocean will likely 
remove a substantial amount of carbon from the atmosphere (though even approximate estimates remain 
challenging at this point) with relatively low costs for CDR verification above those already allocated for 
conservation efforts. As C emissions approach net zero, a diverse portfolio of marine conservation efforts 
could make a substantial contribution to global CDR approaches.   
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TABLE 6.4 Research and Development Needs: Ecosystem Recovery 

# Recommended Research Gap Filled 
Environmental 
Impact of Research 

Estimated Cost 
of Research 
($M/yr) 

Time Frame 
(years) 

6.1 Restoration ecology and carbon Estimate the change in C storage between natural and present-
day marine ecosystems 

Low 8 5  

6.2 Marine protected areas (MPA): Do 
ecosystem-level protection and 
restoration scale for marine CDR? 

Estimate the ability of ocean conservation and MPA protection 
to enhance the storage and sequestration of carbon per year 
until 2050 

Low 8 10  

6.3 Macroalgae: Carbon measurements, 
global range, and levers of protection 

Improve our understanding of the fate of macroalgal carbon, 
the range of different species and habitats, and the 
socioeconomic levers and costs of restoring kelp and other 
macroalgal habitats 

Low 5 10  

6.4 Benthic communities: disturbance and 
restoration 

Improve our understanding of the impacts of human disturbance on 
benthic communities and the potential rate of change under 
different protection scenarios 

Low 5 5  

6.5 Marine animals and CDR Carbon interactions and outcomes have been estimated for only 
a few marine species. Efforts will improve our understanding of 
the direct and indirect impacts of marine animals on CDR, 
including biomass, deadfall carbon, nutrient transfer, and 
trophic cascades 

Low 5 10  

6.6 Animal nutrient-cycling  Test of models of movement of iron (vertical) and nitrogen 
(horizontal) as mediated by whales and other air-breathing 
vertebrates 

Low 5 5  

6.7 Commercial fisheries and marine 
carbon 

Improve our understanding of fisheries emissions, fish populations 
and ecological function, and impacts on sedimentary carbon  

Low 5 5  

6.8 Community engagement with marine 
ecosystem recovery 

Understand what institutions, policies, and cultural practices lead to 
community support and engagement in marine ecosystem recovery; 
why efforts might fail; and what can make them successful 

Low 2 5 

NOTE: Bold type identifies priorities for taking the next step to advance understanding of ecosystem recovery as a CDR approach. 
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7 
Ocean Alkalinity Enhancement 

 
7.1 OVERVIEW 

 
Current concern about the accelerated rate of CO2 diffusion from the atmosphere into the surface 

ocean has prompted the marine scientific community to explore ocean carbon dioxide removal (CDR) 
approaches. Land-based CDR methods such as afforestation or bioenergy with carbon capture and storage 
have received much attention recently. However, meeting climate mitigation targets with land-based CDR 
alone will be extremely difficult, if not impossible, because the ocean governs the atmospheric CO2 
concentration and acts as the natural thermostat of Earth, simply because the ocean contains more than 50 
times as much carbon as the atmosphere (Sarmiento and Gruber, 2002). One proposed ocean-based CDR 
technique is ocean alkalinity1 enhancement (OAE) (Figure 7.1), also termed enhanced weathering (EW), 
proposed by Kheshgi (1995). This approach is broadly inspired by Earth’s modulation of alkalinity on 
geological timescales. Adding alkalinity via natural or enhanced weathering is counteracted by the 
precipitation of carbonate, which reduces alkalinity and, in today’s ocean, is driven almost entirely by 
calcifying organisms. For example, on geologic timescales, the dissolution of alkaline silicate minerals 
plays a major role in restoring ocean chemistry via addition of alkalinity to the ocean and conversion of 
CO2 into other dissolved inorganic carbon (DIC) species (Archer et al., 2009). To date, most attention has 
been paid to terrestrial EW applications (Köhler et al., 2010; Schuiling and Tickell, 2010; Hartmann et al., 
2013), with potential co-benefits in addition to CO2 removal including stabilization of soil pH, addition of 
micronutrients, and crop fertilization (e.g., Manning, 2010). When applied to the ocean, EW of minerals 
is achieved by adding large amounts of pulverized silicate or carbonate rock or their dissolution products, 
which adds alkalinity to the surface ocean and thereby “locks” CO2 into other forms of DIC, which is 
expected to promote atmospheric CO2 influx into the ocean. Specifically, following alkalinity addition, 
CO2 is converted into bicarbonate ions (HCO3

−) and carbonate ions (CO3
2−) and these chemical changes 

lead to a rise in pH (Kheshgi, 1995; Gore et al., 2019). Therefore, this approach has the potential to not 
only remove atmospheric CO2 but also counteract ocean acidification and thus contribute to the 
restoration of ecosystems threatened by it. 

OAE involves the dissolution of large amounts of naturally occurring silicate (Schuiling and 
Krijgsman, 2006; Köhler et al., 2010), carbonate minerals (Kheshgi, 1995; Rau and Caldeira, 1999; 
Caldeira and Rau, 2000; Harvey, 2008; Rau, 2011), and mineral derivatives or other alkaline materials, 
such as some industrial waste products (Figure 7.1). Dissolution may either occur in the ocean, following 
processing, grinding, and dispersal of mineral, or it might be achieved in chemical reactors on land or on 
board ships (Figure 7.1). Another OAE approach is the generation of sodium hydroxide (NaOH) 
electrochemically (electrodialytically or electrolytically) resulting in the drawdown of atmospheric CO2 
into bicarbonate (Rau, 2008). 

Natural increases in ocean alkalinity via rock weathering can lead to the removal of at least 1.5 
moles of atmospheric CO2 for every mole of dissolved magnesium (Mg)- or calcium (Ca)-based minerals 
(e.g., wollastonite, olivine, and anorthite) and 0.5 mole for carbonate minerals (e.g., calcite and dolomite) 
(see Dissolution of Naturally Occurring Minerals below). These processes are responsible for a net 
removal of 0.5 billion tons of CO2 per year from the atmosphere (Renforth and Henderson, 2017). 

                                                      
1 Alkalinity can be defined as the number of moles of hydrogen ion equivalent to the excess of proton acceptors 

over proton donors in seawater (Dickson, 1981). 
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FIGURE 7.1 Steps and potential impacts of ocean alkalinity enhancement in coastal and open-ocean 
environments. (Part 1) Mining and transportation and required infrastructure at ports for storage of alkaline 
products. (Part 2) Addition of minerals or alkaline seawater (via prior dissolution of minerals or addition of 
NaOH generated electrochemically) to coastal waters through pipelines and ships, and to open-ocean waters 
through ships; monitoring of the carbonate system through autonomous measurements on buoys and flow 
through systems aboard ships; potential impacts of alkalinity addition. 
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Based on modeling studies, adding large amounts of alkalinity globally could be an effective 
CDR method (Ilyina et al., 2013; Keller et al., 2014) that has the potential to promote CO2 uptake from 
the atmosphere while mitigating ocean acidification. Some of the proposed minerals are abundant in 
Earth’s crust, but the costs, logistics, and environmental footprints of mining, industrial transformation 
(e.g., the conversion of limestone into quicklime via calcination), pulverizing, and transporting minerals 
require careful consideration when designing OAE deployments in open ocean and coastal locations 
(Figure 7.1). Of particular concern are the local environmental impacts and the CO2 release associated 
with a considerable increase in mining, industrial transformation, and transportation activities required for 
large-scale deployments of minerals (see Sections 7.3 and 7.4). Like other CDR approaches and negative-
emissions technologies, OAE must be examined carefully after experimental validation to determine its 
potential benefits and environmental and social side effects (both intended and unintended), as well as 
assessment of the geographic boundaries for its deployment. The vast majority of results on OAE impacts 
on chemical and biological processes come from modeling studies, and there is therefore an urgent need 
to generate empirical data from laboratory and mesocosm studies, and to explore these questions in small 
field trials. This chapter brings together the state of knowledge on OAE and explores the feasibility 
potential and anticipated limitations of this CDR approach.   

According to criteria described in Chapter 1, the committee’s assessment of the potential for OAE 
as a CDR approach is discussed in Sections 7.2–7.7 and summarized in Section 7.8.  The research needed 
to fill gaps in understanding of OAE as an approach to durably removing atmospheric CO2 is discussed 
and summarized in Section 7.9. Although OAE and electrochemical approaches are explored in separate 
chapters, there are intrinsic commonalities in the methods. 
 

7.2 KNOWLEDGE BASE 
 

The ocean absorbs up to ~30 percent of the CO2 that is released to the atmosphere through 
physicochemical processes and, as atmospheric CO2 increases, equivalent levels of CO2 are measurable in 
the surface ocean within timescales of months to years, causing ocean acidification. Briefly, as CO2 
diffuses in seawater, it combines with H2O to form carbonic acid (H2CO3), which dissociates into 
bicarbonate ions (HCO3

−) and protons (H+), causing ocean acidification. A proportion of the excess 
protons combine with carbonate ions (CO3

2−) to form more HCO3
−. The concentration of carbonate in the 

ocean is governed by the global alkalinity cycle (Broecker and Peng, 1982). Essentially, the production of 
calcium carbonate (CaCO3) in the surface ocean exceeds the supply of alkalinity from rivers. To maintain 
the balance of alkalinity fluxes, only a fraction of carbonate production can be removed from the ocean by 
burial, which is governed by the depth of the saturation horizon (where precipitation equals dissolution, 
dictated by inorganic carbon thermodynamics2), defined as the depth where the saturation state of the 
carbonate mineral is 1 (7.1): 
 

Ω = [Ca2+] [CO3
2-]/Ksp       (7.1) 

 
Where Ksp is the solubility product constant. Ω values of 1 suggest a fluid in thermodynamic 

equilibrium with the mineral; Ω < 1 at greater ocean depths indicates undersaturation, and based on 
inorganic carbon thermodynamics, mineral dissolution should exceed precipitation. On the other hand, Ω 
> 1 at shallower depths indicates oversaturation, and mineral precipitation is promoted with respect to 

                                                      
2 In some CaCO3-producing organisms, some organisms have been found to maintain calcification in 

undersaturated waters (Ω < 1). In addition to mechanisms that promote low levels of H+ such as proton pumps and 
physical proximity of processes that remove H+, such as photosynthesis in calcifying algae (Bergstrom et al., 2019), 
the extent to which the shell or skeleton is covered by an organic layer can provide protection against dissolution 
(Ries et al., 2009). This is a common feature in most calcifiers; for example, the epicuticle in crustacea and 
echinoids, periostracum in mollusks, ectoderm in corals, and utricles in calcifying algae that cover the biomineral 
provide some protection against dissolution (Ries et al., 2009). 
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dissolution.  On timescales longer than millennia, carbonate compensation adjusts the alkalinity of the 
global ocean, counteracting any changes in atmospheric CO2. 

Carbonate chemistry conditions are critical to the functioning and ecological fitness of calcareous 
organisms, and this is exemplified in two water basins of contrasting carbonate properties: the Black Sea, 
with carbonate chemistry conditions comparable to those in the open ocean, and the Baltic Sea, which 
harbors low-alkalinity waters (Müller et al., 2016). Interestingly, while the Black Sea displays seasonal 
blooms of the calcareous plankton coccolithophores (Iglesias-Rodriguez et al., 2002; Kopelevich et al., 
2014) and the sediments are covered by thick layers of calcareous ooze (Hay, 1988), the Baltic Sea does 
not harbor coccolithophores. In the Black Sea, it is also possible that the selection for coccolithophores 
might be partially forced by the decline in silicate following the construction of a dam on the Danube and 
other rivers that deliver nutrients to the basin. This was reported as a likely factor shifting an ecosystem 
dominated by the silicate-dependent diatoms and dinoflagellates into a coccolithophore-dominated system 
(Mihnea, 1997). 

Only a small fraction of the total DIC pool in seawater is in the form of CO2 gas that can 
exchange with the atmosphere. Adding alkalinity to seawater can be beneficial because it shifts the 
partitioning of inorganic species, lowering the concentration of CO2 gas in seawater. Indeed, increasing 
alkalinity shifts CO2 into other DIC species such as HCO3

− and CO3
2−, the main forms of seawater 

alkalinity, consequently, decreasing the partial pressure of CO2 (pCO2). If this process occurs at the ocean 
surface, air–sea flux of CO2 will be enhanced, resulting in net oceanic CO2 uptake. Globally, atmosphere–
ocean upper mixed layer equilibration occurs on timescales of months to a year, although many factors 
(e.g., mixing and wind speed) will affect the exchange rate and there could be localized effects that 
accelerate this exchange. However, while alkalinity addition consumes CO2 from the ocean surface, 
replenishment via air–sea flux can take place very slowly, possibly on timescales of years, depending on 
the oceanographic properties of the location where deployments take place (Harvey, 2008; Feng et al., 
2017; Bach et al., 2019). Therefore OAE can possibly lead to severe carbonate chemistry perturbations 
until equilibration with air takes place. In the Mediterranean Sea, OAE simulations applying a constant 
and steadily rising discharge relative to the surface pH trend of the baseline scenario attaining comparable 
quantities of annual discharge by the end of the alkalinization period suggest nearly doubling the CO2 
uptake after 30 years (Butenschön et al., 2021). 

The implications are twofold—the method has the potential to promote atmospheric CO2 uptake 
by the ocean and mitigate acidification and its negative biological and long-term biogeochemical 
consequences. For example, an increase in CO3

2− concentrations increases the calcium carbonate 
saturation state of seawater, which is central to promoting and maintaining precipitation of calcium 
carbonate in organisms that produce shells, exoskeletons, and plates of carbonate such as some planktonic 
organisms, corals, and shellfish. OAE has potential benefits over other CDR schemes although empirical 
data are necessary to determine the effectiveness, risks, and side effects. Advantages include “permanent” 
CO2 sequestration on timescales of millenia or longer in the absence of processes that remove the added 
alkalinity; not requiring long-term storage of large quantities of CO2; and, in addition to its application as 
a CDR method, possible lessening of some of the effects of ocean acidification. OAE can also represent a 
source of nutrients (see Hartmann et al. 2013) including silicate and some beneficial (e.g., iron [Fe] and 
magnesium) micronutrients, although the potentially toxic effect of metals such as nickel (Ni) (Montserrat 
et al., 2017), leached from olivine, is of concern. The main unknown is how OAE deployments would 
alter the biogeochemical cycling of elements on local and planetary scales and the repercussions of these 
alterations on marine ecosystems given the permanence of these chemical changes. 
 

Learning from the Past 
 

The development of paleo proxies has enabled paleoreconstruction of seawater pH and the 
carbonate system (e.g., Foster, 2008; Wei et al., 2021); however, understanding the paleorecord of 
seawater alkalinity is challenging because alkalinity is poorly constrained. The balance between mineral 
weathering, which increases alkalinity, and the largely biotic precipitation of carbonate, which decreases 
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alkalinity, is the primary mechanism governing seawater alkalinity. The silicate rock weathering 
hypothesis postulates that over timescales of a million to hundreds of million years, there is a negative 
feedback between the tectonic uplift of mountains and the amount of CO2 in Earth’s atmosphere. The 
mechanism driving this process is the increasing tectonic uplift of mountains that intensifies erosion on 
steep slopes, thus enhancing the rate of chemical weathering, which consumes atmospheric CO2, thus 
cooling the Earth. Ocean drilling science programs aim to test this hypothesis to improve forecasts of how 
this negative feedback that regulates atmospheric CO2 can be used to predict whether the Earth system 
can regulate the rapid and vast amounts of anthropogenic carbon and over specific timescales (Koppers 
and Coggon, 2020). 

Two periods of apparent contrasting alkalinity—the Pleistocene and the Paleocene–Eocene—are 
discussed by Renforth and Henderson (2017) to illustrate past forcings leading to shifts in alkalinity. 
During the last glacial period, in the Pleistocene (20 kya ago), high alkalinity is expected to have 
increased oceanic CO2 removal and thus decreased atmospheric pCO2 (a significant cause of glacial 
cooling). A combination of factors including lower glacial sea level leading to less continental shelf area 
for carbonate reef formation, thus decreasing coastal CaCO3, and probable erosion and dissolution of old 
reefs (CaCO3 + CO2 → Ca2+ + CO3

2−), would increase CO3
2− and global ocean alkalinity (Opdyke and 

Walker, 1992). A physical process in the deep ocean driven by alterations in ocean circulation in the 
Atlantic resulting in slow-moving deep waters comprising significantly more remineralized CO2 would 
reduce deep-water pH, thus shoaling the lysocline, consequently adding alkalinity by dissolution of 
CaCO3 (Boyle, 1988; Sigman et al., 2010; Renforth and Henderson, 2017). 

The minor and trace element contents (ratioed to calcium) of biogenic carbonates have been used 
for paleoclimate reconstructions and, specifically, the uranium/calcium (U/Ca) ratio of biogenic 
carbonates has been used as a proxy for seawater CO3

2–, particularly for the deep ocean where 
temperature changes are modest. Experimental calibrations indicate that U/Ca in corals and foraminifera 
are negatively correlated with seawater [CO3

2−] or pH (Russell et al., 2004; Anagnostou et al., 2011; 
Inoue et al., 2011; Raitzsch et al., 2011; Keul et al., 2013; Raddatz et al., 2014; Allen et al., 2016). 
However, the correlation between U/Ca and seawater [CO3

2–] is largely an outcome of alterations in the 
rates of the alkalinity pump, but can be confounded by the calcification strategy used by individual 
calcifiers (Chen et al., 2021). At present, it appears that a multiproxy approach combining stable isotopes 
and trace element/Ca ratios can only provide partial understanding of the biological mechanisms to be 
able to use these tracers for paleoceanographic reconstructions. 
 

Dissolution of Naturally Occurring Rocks and Minerals 
 

The overall approach proposed with OAE is to accelerate the slow geological process of mineral 
dissolution in seawater by increasing the reactive surface area of the minerals through pulverizing the 
alkaline rock into small particles. The hope with this approach is to lock CO2 away from the atmosphere 
via conversion into proton acceptors (mainly HCO3

− and CO3
2−) over proton donors (Wolf-Gladrow et al., 

2007) in a semipermanent fashion. Three main methods, in addition to electrochemical approaches 
(reviewed in Chapter 8), are currently being considered to enhance alkalinity in seawater: the dissolution 
of naturally occurring silicate-based minerals such as olivine, accelerated limestone weathering (Rau and 
Caldeira, 1999), and dissolution of calcium carbonate derivatives—quicklime (calcium oxide, CaO) or 
portlandite (calcium hydroxide, Ca(OH)2)—in the surface ocean. Dissolution of other minerals such as 
chalk, calcite, or dolomite also affect seawater pH and total alkalinity on timescales of months. The 
impact of mineral addition is specific to the mineral itself and technology. The theoretical maximum 
potential of a rock or mineral (Epot, kg CO2/trock) to convert CO2 into bicarbonate can be estimated by 
equation 7.2 (see Renforth, 2019): 
 

E pot=
M CO2

100
 ൬α CaO

MCaO
+β MgO

MMgO
+ε Na2O

MNa2O
+θ K2O

MK2O
+γ SO3

MSO3
+δ P2O5

MCaO
൰ ⋅103⋅η    (7.2) 
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where CaO, MgO, SO3, P2O5, Na2O, and K2O are the elemental concentrations of calcium, 
magnesium, sulfur (S), phosphorus (P), sodium (Na), and potassium (K), expressed as oxides, Mx is the 
molecular mass of those oxides. Coefficients α, β, γ, δ, ε, and θ consider the relative contribution of each 
oxide (α, β, ε, and θ are equal to 1, γ is equal to −1, and δ is equal to −2 for the pH range of the ocean); η 
is molar ratio of CO2 to divalent cation sequestered during EW (equivalent to 1.4–1.7 for the ocean’s 
temperature, pressure, and salinity ranges). Epot values for common rock types is presented in Figure 7.2. 
Given the size of the rock resource, there may be scalable potential in the extremes of the distribution. 
 

 
FIGURE 7.2 Enhanced weathering potential of common rock types derived from oxide data from 
GEOROCK database (http://georoc.mpch-mainz.gwdg.de/georoc/Start.asp). Histogram frequency 
(vertical axis) bars were generated using 1,000 bins across the horizontal axis scale to generate frequency 
of carbon capture potential for each rock type.  Given that the total size of the samples varied (n =10,839, 
8,747, 10,337, 5,431, and 3,226, for granite, andesite, basalt, kimberlite, and peridotite, respectively) 
frequency was normalized to each total such that the vertical axis represents proportional frequency. The 
lines represent a Gaussian kernel density estimation fit of the histogram. The potentials for the pure 
minerals magnesite (MgCO3), calcite (CaCO3), dolomite [CaMg(CO3)2], forsterite (Mg2SiO4), anorthite 
(CaAl2Si2O8), quicklime (CaO), portlandite [Ca(OH)2], and brucite [Mg(OH)2] were calculated by 
expressing their Mg and Ca composition as oxides and using equation 2. The efficiency factor n (equation 
2) was assumed to be 1.5 for silicates and 0.75 for carbonates (Renforth and Henderson, 2017). 
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Silicate Minerals and Rocks (Olivine, Basalt) 
 

Alkaline, silicate rock dissolution is an important process that consumes excess CO2 and restores 
seawater chemistry on geologic timescales (Archer et al., 2009). This has inspired the idea of speeding up 
dissolution by crushing rock and pulverizing into small particles to enhance dissolution. The acceleration 
of silicate weathering generates stable dissolved calcium and magnesium bicarbonates accompanied by 
the release of metals. 

Olivine-rich rocks are abundant and vary in composition and are among the most abundant 
minerals–forsterite and fayalite (Fe2SiO4). The most abundant olivine-rich rocks contain 30–50 percent Fe 
(Deer et al., 2013). Forsterite is among the most desirable mineral constituents due to its high reactivity 
and relative high concentration in cations (e.g., Oelkers et al., 2018). The weathering of olivine in 
seawater can be described by 
 

(Mg, Fe)2 SiO4 + 4CO2 + 4H2O →  2(Mg2+/Fe2+) + 4HCO3
- + H4SiO4  (7.3) 

 
In the case of pure fayalite (equation 7.3) and forsterite (equations 7.4–7.6), the dissociation of 

olivine leads to the following products (see Griffioen, 2017, for details): 
 

Fe2SiO4 + 0.5O2 + 5H2O →  2Fe(OH)3 + H4SiO4     (7.4) 
Mg2SiO4 + 2CO2 +2H2O →  2MgCO3 + H4SiO4     (7.5) 
Mg2SiO4 + 2CO2 + 2Ca2+ + 2H2O →  2Mg2+ + H4SiO4 + 2CaCO3  (7.6) 
3Mg2SiO4 + 8CO2 + 71/2H2O →  ½Mg4Si6O15(OH)2 · 6H2O + 4Mg2+ + 8HCO3

− (7.7) 
 

Equations 7.5 and 7.6 describe weathering reactions in environments where carbonate 
precipitation occurs and have a 1:2 molar ratio of olivine to CO2 compared to 1:4 in equation 7.3. The 
secondary precipitates are important to consider because the efficiency of CO2 removal declines when 
secondary precipitates are developed. For instance, the rise of pH in response to the above reactions can 
result in calcite precipitation and the concomitant release of CO2 in the ocean via the following reaction: 
 

Ca2+ + 2HCO3
- → CaCO3 + CO2 + H2O      (7.8) 

 
The release of CO2 by this reaction diminishes the efficiency of OAE via olivine by roughly a 

factor of two compared to that without secondary precipitation. 
The effect of microbes appears to be unclear and likely minor, but some studies indicate 

decreasing dissolution rates. Possibly, this is because of the presence of mineral coatings, and the effect 
microbes have on the oxidation and/or complexation of metals (Seiffert et al., 2014; Oelkers et al., 2018). 
Numerous studies have illustrated that thin layers of amorphous silica can establish on the olivine surface, 
slowing its dissolution (e.g., Wang and Giammar, 2013). The selective colonization of minerals from 
experiments exploring aqueous environments seems to be governed by the need of specific microbes to 
harvest nutrients from the dissolving olivine (e.g., Shirokova et al., 2012). 

Although it is widely accepted that forsterite dissolution rates always exceed those of most other 
silicate minerals, this is a misconception because the relatively rapid dissolution rates are reported to 
occur under acidic conditions (Oelkers et al., 2018). Indeed there are limited options to enhance the rates 
of forsterite dissolution for EW, and the only processes that appear to significantly augment forsterite 
dissolution rates are increasing forsterite surface area (through grinding), decreasing seawater pH, and the 
presence of some organic ligands at neutral to basic conditions (Wogelius and Walther, 1991; Oelkers et 
al., 2018). In an analysis of the cost of grinding, Hangx and Spiers (2009) estimated over 60 kWh of 
energy would be required and >30 kg CO2 emitted when finely ground olivine is produced to consume 1 
ton of CO2. The effect of the aqueous organic species in an aqueous solution on dissolution rates can be a 
result directly from the interaction of the organic species with the bonds that need to be broken to dissolve 
the mineral (Olsen and Rimstidt, 2008), or indirectly by changing the pH of the water (see Oelkers et al. 
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(2018). It appears that because of very low dissolution rates per unit surface area, silicate minerals in 
general need to be pulverized to ≤1 µm to dissolve on relevant timescales as elevated ocean pH slows 
dissolution rates (GESAMP, 2019). The combination of secondary mineral precipitation and the limited 
routes to enhance dissolution rates of olivine are challenging issues in using EW of olivine as a CDR 
approach. 
 

Limestone  
 

Harvey (2008) proposed the idea of adding powdered calcium carbonate (CaCO3) mineral 
(limestone) to seawater as a CDR protocol. Similar to olivine, CaCO3 dissolution kinetics in seawater is 
expected to be slow for supersaturated conditions (Ω > 1) and the release of alkalinity on short timescales 
only takes place under CaCO3 undersaturation, and therefore this is an inefficient method to apply to the 
surface ocean. Limestone dissolution has been proposed as a potentially desirable method to apply to 
CO2-rich waste gas streams where seawater and elevated CO2 and limestone could facilitate the 
conversion of CaCO3 into bicarbonate: 
 

CaCO3 + CO2(gas) + H2O →  Ca2+ + 2HCO3
−  (7.9) 

 
The dissolution rates of whole-shell biogenic carbonates increase with decreasing CaCO3 

saturation state, decreasing temperature, and fluctuate predictably with respect to the relative solubility of 
the calcifiers’ polymorph mineralogy: (high-Mg calcite [mol% Mg > 4] ≥ aragonite > low-Mg calcite 
[mol% Mg < 4]) the implications being that OA and temperature will continue to increase dissolution of 
biogenic carbonate shells an skeletons (Ries et al., 2016). The role of physics on the fate of the particles is 
exemplified in an experiment releasing limestone particles smaller than 10 μm in surface waters, where 
horizontal eddy diffusion appeared to be the major factor affecting the dispersion of chalk to 
concentrations below detection limit (Balch et al., 2009). 
 

Carbonate Mineral Derivatives: Quicklime and Portlandite 
 

Given the poor solubility of CaCO3 in surface ocean seawater, Kheshgi (1995) investigated 
producing an alternative, quicklime (calcium CaO). Although the addition of 1 mole of CaO to seawater 
removes 2 moles of CO2 (equation 7.8), the use of CaO is a less efficient CDR method because CO2 is 
released in the production of quicklime by the thermal breakdown of limestone (equation 7.10). 
 

CaCO3 → CaO + CO2   (7.10) 
CaO +2CO2 + H2O → Ca2+ + 2HCO3

− (7.11) 

 
A by-product of CaO that is generated through slaker technology is portlandite (calcium 

hydroxide Ca(OH)2; equation 7.12). 
 

CaO + H2O → Ca(OH)2   (7.12) 
 

For average open-ocean pH, calcium hydroxide can react with CO2 to form calcium bicarbonate: 
 

Ca(OH)2 + 2CO2 →Ca(HCO3)2  (7.13) 
 

Similarly to CaO, while 2 moles of CO2 can be removed per mole of Ca(OH)2, there is only a net 
removal of 1 mole of CO2 because the generation of Ca(OH)2 releases 1 mole of CO2 under acidic 
conditions and through electrolysis: 
 

CaCO3 + 2H2O + direct current electricity → 0.5O2 + H2 + Ca(OH)2 + CO2 (7.14) 
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7.3 EFFICACY 
 

Dissolution Kinetics 
 

The dissolution kinetics of minerals have been studied through laboratory experimentation for 
decades. However, the two main approaches to the study of chemical weathering in the field 
(geochemical) and laboratory (individual mineral dissolution rates) rarely produce the same results 
(Brantley, 2008). There are also conflicting results regarding the effect of CO2 and carbonate ions on 
dissolution rates (Wogelius and Walther, 1991; Golubev et al., 2005). Nonstoichiometry and incomplete 
dissolution have also been reported, perhaps due to dissolution of impurities, precipitation of secondary 
minerals, or preferential leaching of elements from the mineral surface (Brantley, 2008). These 
discrepancies between field and lab observations, and the large uncertainties regarding which factors 
govern mineral dissolution (White and Brantley, 1995) highlight the urgent need for field 
experimentation. 

There are many choices of independent variables and expressions describing the dissolution rates 
of minerals as well as spatial and temporal variations in mineral properties and external influences such as 
diffusion and advection. Numerical simulations capable of handling this complexity would be required to 
address the observed variability. Ideally the dissolution kinetics of a mineral should reflect the underlying 
chemistry and physics of the reactions, although there are contrasting ideas explaining how solids 
dissolve such that there is no single rate equation that can be used to model natural and technological 
processes (Rimstidt et al., 2012). Along with temperature and pH, particle size and surface area are 
perhaps the most important factors governing dissolution rates (Rimstidt et al., 2012). A mineral surface 
is composed of sites with different surface properties that constitute the reactive (White and Peterson, 
1990) or the effective surface area (Aagaard and Helgeson, 1982; Helgeson et al., 1984). However, most 
studies use instead the total surface area (also referred to as the BET [Brunauer–Emmett–Teller] surface 
area) or the geometric surface (Liittge and Arvidson, 2008), which consider all the surface sites uniformly 
reactive (Grandstaff, 1978; White and Peterson, 1990). However, aggregation could lead to 
overestimation of the available surface area (when BET values are applied). 
 

Fate of Mineral Particles in the Surface Ocean 
 

A concern with the deployment of particles as one OAE approach (adding alkalinized seawater 
following mineral dissolution is also an option) is the fate of the particles spread on the ocean surface. 
Possible scenarios that are likely to result in increased export of particles to depth include removal of 
mineral grains by grazers and conditions leading to particle aggregation during deployment of the 
pulverized mineral (Figure 7.1). Therefore, timing of mineral deployment is expected to be hugely 
important. For example, the amount and type of organic matter associated with biological processes, such 
as the presence of high concentrations of phytoplankton and their associated mucus, can impact particle 
aggregation and increase the size of aggregates (see Hamm, 2002) promoting export to depths below the 
mixed layer. 

The effect of particle size on dissolution rates has been investigated with a focus on olivine 
(Figure 7.3). It appears that the most challenging aspect is the need to grind the mineral to ensure CO2 
removal in a timely manner and dissolution in the surface ocean. Calculations by Hangx and Spiers 
(2009) suggested that grained olivine between 2 and 6 mm is required to achieve significant steady-state 
CO2 uptake rates within a few decades. Grain sizes around 1 μm appear to be appropriate to facilitate 
dissolution before sinking out of the surface mixed layer (Köhler et al., 2013). Interestingly, for particles 
smaller than1 µm, Brownian motion appears to be the main mechanism driving aggregation (Köhler et al., 
2013). Indeed a study by Bressac et al. (2012) using mesocosms where a Saharan dust deposition event 
was simulated revealed partial aggregation resulting in high sinking velocities, orders of magnitude 
greater than calculations based on modeled data (Köhler et al., 2013). Given the mineral characteristics of 
the dust—40 percent quartz, 30 percent calcite, and 25 percent clays (in addition to micro- and macro-
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nutrients), and given that the finest dust fraction is <20 µm, this type of deposition event could be 
considered a natural analog for mineral deployments. 
 

 
FIGURE 7.3 Percentage of granular olivine dissolution (Xolivine) (left y axis) and CO2 uptake per tonne of 
dissolved olivine (right y axis) as a function of time (see Hangx and Spiers [2009], for details). Open 
symbols indicate reaction times to reach steady-state reaction, at constant olivine supply rate. The amount 
of CO2 removed per tonne of olivine was calculated assuming reaction 2, which results in the formation 
of soluble Mg bicarbonate salts and CO2:olivine uptake ratio of 1.25 t CO2 per tonne olivine. (a) Reaction 
time series at 25oC, assuming that the dissolution rate of olivine is 1.58 × 10−10 mol/m2·s. (b) Reaction 
progress at 15oC, with the olivine dissolution rate being 5.19 × 10−11 mol/m2·s (calculated using the 
dissolution rate at 25oC and an activation energy of 79.5 kJ/mol, following Wogelius and Walther (1992). 
SOURCE: Hangx and Spiers, 2009. 
 

7.4 SCALABILITY 
 

Durability 
 

Like other ocean CDR approaches, OAE is only effective if CO2 can be “locked” away from the 
atmosphere for long time periods. The permanence of an ocean CDR approach has been defined as one 
that leads to sustained CO2 sequestration over centennial timescales. Although this has not been extended 
to OAE (see Siegel et al., 2021), OAE can be considered as permanent when the conversion of CO2 into 
other inorganic carbon molecules (HCO3

- and CO3
2−) remains stable for periods of time exceeding a 

century. The extent of permanence of OAE is critically dependent on the properties of the water column, 
including:  (1) those that govern dissolution kinetics; (2) the abiotic (or biotic) precipitation of carbonate 
(an undesirable side effect because it leads to the release of CO2); (3) the amount and type of organic 
matter that leads to aggregation of mineral particles, for example, the adsorption of dissolved organic 
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matter onto dust particles or the effect of colloidal-size particles and gels on particle aggregation 
(Alldredge and Silver, 1988; Engel, 2000; Armstrong et al., 2001; Francois et al., 2002; Klaas and Archer, 
2002; van der Jagt et al., 2018); (4) the possible removal of particles by grazers (Banse, 1994); and (5) 
ocean physical processes such as advection and subduction (Itsweire et al., 1993), which dilute the local 
chemistry impacts from the site of deployment. 
 

Location and Frequency of Deployments 
 

Critical issues determine the ideal frequency and location of deployments. In terms of the efficacy 
in removing carbon from the atmosphere, it has been suggested that only when deployments are 
conducted continuously is atmospheric CO2 successfully reduced, although these reductions are modest 
because atmospheric CO2 from human sources continues to increase (Keller et al., 2014). Locations for 
mineral deployment (see Figure 7.4) have been evaluated in the open ocean (Köhler et al., 2013) and 
coastal zones (Hangx and Spiers, 2009). The main challenge is that mineral particles must be ground to a 
very small size to avoid the rapid sinking of particles out of the euphotic zone before being dissolved, to 
ensure rapid CO2 uptake at the surface (Meysman and Montserrat, 2017). It has been suggested that 
CaCO3 powder could be added to the surface layer in regions where the depth of the boundary between 
supersaturated and unsaturated water (saturation horizon) is relatively shallow (250–500 meters) and 
where upwelling velocity is high (Harvey, 2008). The much deeper saturation horizons (depths where Ωcal 
and Ωarag = 1) in the North Atlantic compared with those in the North Pacific and North Indian oceans 
(Jiang et al., 2015) could be important considerations when deciding deployments. 
 

 
FIGURE 7.4 Simulated anomalies (g C/m2 per year) from model runs representing scenarios when 
olivine is added with respect to a control without olivine (see Köhler et al., 2013). Values represent 
annual averages in 2009. (a) Diatom net primary production; (b) nondiatom net primary production; (c) 
export production of organic carbon at 87-meter depth. (d) CaCO3 export at 87-meter depth. SOURCE: 
Kohler et al., 2013 Licensed by Creative Commons CC BY 3.0. 
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Decisions on the scale of deployments will be determined by a range of factors (see (Caserini et 
al., 2021), including 
 

● accessibility of sources of sufficient mineral; 
● need for substantial upscaling of the current magnitude of mining and production of 

derivatives (and the associated environmental and other effects); 
● economics of rock mining, crushing, and transportation; 
● accessibility and adaptation of existing ships; 
● implementation of loading facilities in ports; 
● international and national laws or regulations; 
● restrictions that could limit mining, processing, transportation and/or discharge; 
● carbon removal efficiency; and 
● human elements, that is, persons’ and governments’ agreements to responsible intervention. 

 
Simulation studies on the behavior of mineral particles following their release in the wake of a 

ship using different methodologies and fluid dynamic modeling approaches suggest that key parameters 
governing mineral dissolution in the upper layers of the water include particle radius and density, 
diffusion potential, volume discharge rate, vessel speed, waterline length, time after disposal, flow 
velocity at the injection point, diameter of the circular area of discharge, with other parameters such as 
geometry and porosity also expected to be important (Caserini et al., 2021). 

The criteria for the choice of location of deployments remain to be determined. For coastal 
regions, ecosystems particularly susceptible to ocean acidification and upwelling zones could perhaps be 
good initial candidates for trials. For open-ocean deployments, in addition to new dedicated vessels, the 
use of existing vessels with modifications to transport and deploy mineral, when possible, would be 
financially, logistically, and energetically desirable. Long routes would be well suited for low discharge 
rates, and new designs would optimize mineral storage and deployment (Caserini et al., 2021). An 
important issue with mineral deployment is how to prevent loss of mineral to depth and the secondary 
precipitation of minerals (e.g., CaCO3 or Ca(OH)2 when deploying quicklime) (see Caserini et al., 2021). 

If deployments were to be conducted on a large scale, atmospheric pCO2 removal might cause the 
release of CO2 from ocean regions that are not subject to addition of CaCO3, consequently raising the pH 
and supersaturation in these regions (see Harvey, 2008). The addition of limestone powder in small 
particles would potentially increase albedo and thus induce a cooling effect while decreasing penetration 
of solar radiation into the mixed layer, reducing the strength of the biological carbon pump (Balch et al., 
1996; Harvey, 2008). 

An assessment of the potential for Ca(OH)2 discharge at a global scale estimates between 1.7 
Gt/yr (load at departure) and 4.0 Gt/yr (one or two intermediate reloads for bulk carriers and container 
ships, respectively) (Caserini et al., 2021) (Table 7.1). As an example, the global potential of CO2 
removal from quicklime discharge by existing cargo and container ships while also carrying freight is 1.5-
3.3 Gt CO2/yr. However, there are significant uncertainties about the feasibility of using existing 
commercial vessels and what model would be applied to address the trade-offs to substitute a fraction of 
the profit-making transportation for mineral deployment. While additional infrastructure would be needed 
at ports to load vessels, and vessels would need to be adapted so that they could unload while steaming, a 
key limitation of using spare capacity in existing freight is that the locations for alkalinity deployments 
would be constrained to sea lanes. Alternatively, there is an argument for the use of a dedicated fleet of 
ships for mineral addition. The addition of a billion tonnes of mineral per year will likely require ~1,000 
dedicated vessels (Harvey, 2008; Renforth et al., 2013; Caserini et al., 2021), a marginal, but substantial, 
increase on the 10,000 that are already operating. An increase in the fleet of vessels could cause 
environmental challenges including increase in ambient ocean noise levels (Kaplan and Solomon, 2016), 
potential transfer and establishment of nonindigenous species (Muirhead et al., 2015), and changes in 
concentrations and radiative forcing of short-lived atmospheric pollutants due to shipping emissions 
(Dalsøren et al., 2013). 
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TABLE 7.1 Example of an Assessment of Potential Global Ca(OH)2 Deployment from Bulk Carriers and 
Container Ships  

 
SOURCE: Caserini et al., 2020 Licensed by Creative Commons CC BY 4.0. 
 

Transportation 
 

All OAE approaches require the extraction, processing, and transport of rock. If OAE 
deployments at a scale to contribute a meaningful quantity of U.S. removal requirements (e.g., 100–500 
Mt CO2/yr), then dedicated rock extraction on the same order of magnitude (100–1,000 Mt/yr) would be 
required. The United States currently produces ~1.4 Gt/yr of crushed rock (USGS, 2021), 68 percent of 
which is limestone, shell, or dolomite, 7 percent is basic igneous rock, and the balance is made up of 
silica-rich igneous or sedimentary rock (granite or sandstone), metamorphic rock, or unidentified geology.  
Between 1990 and 2007, production capacity increased by nearly 800 Mt/yr to 1.8 Gt/yr (Figure 7.5). 
While annual fluctuations in production are likely driven by short-term variability in demand, a 10-year 
rolling average is possibly more representative of longer-term constraints for capacity increase. However, 
sustaining a 3 percent increase over 30 years would be sufficient to create an additional 2-Gt/yr extraction 
capacity. 

The deployment of alkalinity would necessitate the creation of local and regional management 
and monitoring structures as well as significant investment in adaptation and coordination of existing 
mining, industrial processing, and transportation schemes. A recent analysis of transportation based on the 
International Maritime Organization for bulk carriers and container ships concluded that the maximum 
slaked lime potential discharge from all active vessels worldwide is between 1.7 and 4.0 Gt/yr (Caserini et 
al., 2021). Because some of these operations are presently powered by fossil fuels, measures such as 
minimizing transportation by conducting operations on a local scale when possible will need to be 
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implemented to maximize the effectiveness of OAE. In addition to the effectiveness of atmospheric CO2 
removal, global deployments would require augmentation of the current fleet and a significant proportion 
of new dedicated ships, which would undoubtedly cause impacts due to enhanced maritime traffic, 
pollution, and noise. However, this would require the expansion of lime production (from ∼360 Mt/yr to 
>500 Mt/yr by 2100) to a scale comparable to the global cement industry (4.5 Gt/yr), with technologies 
that prevent or reduce the emission of the process CO2 (e.g., Hanak et al., 2017) such as electrochemical 
splitting of water, salt, or mineral powered by nonfossil electricity (e.g., House et al., 2007; Rau et al., 
2018). 
 

7.5 ENVIRONMENTAL AND SOCIAL IMPACTS 
 

A requirement for OAE is the expansion of mining operations (see Figure 7.1, Part 1). It is 
estimated that the additional mining effort needed to remove at least 1 Gt of CO2/yr is equivalent to the 
global cement industry, which currently extracts ~7 Gt of rock per year (Renforth and Henderson, 2017). 
Adverse environmental impacts of mining include ground vibration from blasting, noise pollution, poor 
soil and air quality as a result of dust, low quality and quantity of surface water and groundwater, air and 
water pollution, both on and off the mine site, increase in truck traffic transporting mineral, sedimentation 
and erosion, and land subsidence. All these factors have direct impacts on wildlife habitat, forestland and 
recreational land, human habitat, physical, mental, and social wellness, food security, and cultural and 
aesthetic resources (Sengupta, 2021). However, it has been argued that materials produced from the iron 
and steel industry could play an important role in meeting our climate targets. Specifically, the use of 
industrial metal slag, rich in alkaline compounds and Ca and Mg ions, has the potential to enhance CO2 
capture (Gartner et al., 2020; Li et al., 2020; Chukwuma et al., 2021). The presence of mineral carbonate 
phases such as calcite, magnesite, ankerite, and kutnohorite in the material demonstrates carbonation 
reaction has occurred after slag formation and therefore there is still carbonation potential to be realized 
(Chukwuma et al., 2021). 

Despite increasing efforts to minimize the negative impacts of mining on local communities, an 
expansion of the mining industry raises concerns not only about the environmental impact but also the 
local social landscape with implications for sustainability. Along with the promise of wealth and jobs, the 
expansion of mining can also bring negative social effects. Some examples include demographic changes 
resulting in a structural and functional transformation of the social environment including shifts in gender 
balance, increase in nonresident workforces, pressures on infrastructure, appropriation of land from the 
local communities, housing and services; social inequality, poor child development and education 
outcomes, pressures on families and relationships, drug and alcohol abuse, decline in community 
subsistence and lifestyles, and impacts on Indigenous communities (see Petrova and Marinova, 2013; 
Candeias et al., 2018; Sincovich et al., 2018). Significant impacts on workers’ health include cancer, 
respiratory diseases, injuries, long-term exposure to chemical agents, and ergonomic issues (Candeias et 
al., 2018). In addition to mining, the release of mineral particles into seawater, particularly those smaller 
than 10 µm,3 which can penetrate deep into the respiratory system, could be a concern for human health, 
and therefore deployment locations must be carefully selected (Daly and Zannetti, 2007).  

The deployment of alkalinity as pulverized rock or alkaline seawater where mineral dissolution 
has previously been conducted has multiple environmental impacts (see Figure 7.1, Part 2). These impacts 
will be more pronounced at the point of deployment, and the magnitude of these impacts will be critically 
dependent on mixing regimes affecting the rate of dispersal of added mineral or alkalinized water. In 
addition to rising pH, the deployment of alkalinity could raise the saturation state (Ω) of CaCO3 well 
above present-day levels near the injection site. Although saturation is strongly correlated with 
temperature, spontaneous precipitation of calcite or aragonite does not occur in seawater, even in the 
warmest tropical regions. Therefore, addition of alkalinity to cold waters should not lead to precipitation, 
                                                      

3See https://www.epa.gov/pm-pollution/health-and-environmental-effects-particulate-matter-pm; 
https://www.epa.gov/pm-pollution/particulate-matter-pm-basics. 
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at least if levels are kept at or below the saturation state of the current warmest ocean waters (see 
Henderson et al., 2008). 

Calcifying organisms are sensitive to changes in carbonate chemistry parameters including Ω, 
CO3

2− and HCO3
−. However, the impact of ocean alkalinization (which increases Ω, pH, and levels of 

CO3
2− and HCO3

− and decreases CO2) is largely unknown because most of the literature has focused on 
environmental responses associated with ocean acidification (decreasing Ω, CO3

2−, and pH and increasing 
CO2 and HCO3

−). Biological processes can alter expected responses to shifts in Ω that can make 
interpretation of biotic responses challenging. One of these processes is the formation of organic films 
covering the mineral, a mechanism that has been described in mussels, coccolithophores and corals (Ries 
et al., 2009; Tunnicliffe et al., 2009; Ho, 2013) and that appears to protect carbonate from dissolution. 
The biological effects of significant increases in both pH and carbonate and bicarbonate ion 
concentrations brought about by OAE methods remain unknown. 

An increase in Ω has the potential to increase abiotic or biologically mediated calcification at the 
ocean surface. While the precipitation of CaCO3 leads to the release of CO2, an increase in CaCO3 has the 
potential to increase ballast (Klaas and Archer, 2002) of particulate organic carbon (made up of fixed CO2 
via photosynthesis). Therefore, the hypothetical enhancement of calcification using some OAE protocols 
could have a positive or negative feedback on carbon removal, depending on the balance between the 
enhanced ballast feedback and the release of CO2 feedback as a result of CaCO3 precipitation (Riebesell 
et al 2009; Bach et al., 2019). These hypotheses need to be tested experimentally. 

Many technical, environmental, logistical, social, and ethical questions remain unanswered. If 
OAE was deployed at large scale, for ocean pH to be maintained above 8.0, on the order of 2–10 × 1014 
mol alkalinity/yr for cumulative emissions of 1,500–5,000 Pg C, respectively, would be required (Paquay 
and Zeebe, 2013). However, a research agenda should include driving models with realistic deployment 
scenarios. In the case of quicklime or slaked lime dissolution, the amount of carbon dioxide emitted from 
the mining, transformation of limestone into quicklime, and transport operations needs to be considered in 
the calculations. For example, just the transformation of limestone into quicklime releases ∼1.4 mol CO2 / 
mol limestone (Kheshgi,1995) including ∼0.4 mol resulting from the burning of coal during the mining 
operations of limestone plus 1 mol resulting from the transformation of limestone into quicklime 
(Kheshgi,1995). Therefore, producing large amounts of quicklime without carbon capture and storage 
would cause undesirable additional CO2 release (see Pacquay and Zeebe, 2013). Some possible scenarios 
need to be considered; for example, it is possible that abiotic precipitation of CaCO3 takes place following 
addition of CaO and so this scenario would result in additional CO2 release. Nevertheless, regionally 
deployed OAE has the potential to help with recovery of ecosystems impacted by OA; for example, it 
could be effective in protecting coral reefs against OA (Feng et al., 2016), a major stressor to corals in 
addition to warming and eutrophication. 
 

Biotic Impacts of Alkalinity Addition 
 

While the biological and ecological repercussions of OA have been extensively explored, the 
opposite process of alkalinization and how it impacts marine life remains largely unknown, and thus there 
is an urgent need to generate empirical data on the impacts of OAE on marine biota. It is likely that the 
effects of alkalinity enhancement of terrestrial systems, for example, through agricultural liming, are 
already affecting the biota of some coastal and estuarine systems (see Guo et al., 2015; Müller et al., 
2016), but these impacts remain unknown. It has been proposed that olivine dissolution will likely benefit 
silicifiers (diatoms) and possibly N2 fixers (cyanobacteria) and the release of additional Si, Fe, and Ni 
could increase productivity, promoting a “green ocean” (see Bach et al., 2019). There are, however, 
concerns about the potential negative impact of nickel and other metals leached during mineral 
dissolution on marine organisms and how micronutrient addition will affect the health and structure of 
marine communities. Indeed Ni toxicity could alter the success of marine organisms and their processes, 
although there are examples of Ni-limited cyanobacteria that could potentially benefit from Ni supply 
(Sakamoto and Bryant, 2001; Ho, 2013; Blewett and Wood, 2015b; Montserrat et al., 2017). 
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In contrast with the green ocean, a “white ocean” has been proposed as the scenario where 
calcifiers would profit from the addition of CaCO3 derivatives (Bach et al., 2019). In reality, experimental 
work needs to address these hypotheses and evaluate the consequences of mineral dissolution products. 
At present, assessing feasibility is hindered due to the complexities of navigating the legal framework to 
obtain permits for conducting exploratory research in the form of small-scale field deployments in parallel 
with monitoring and verification. Social acceptance and costs are important considerations. 

The release of metals to seawater and the effect on marine organisms is a serious concern. While 
the impurities in limestone are likely small and negligible in CaCO3 derivatives, the possibly toxic 
elements contained in some silicate rocks may alter the magnitude of primary production and the 
community structure of primary producers. An issue that has not yet been explored is the potential for 
bioaccumulation and biomagnification in the food chain, with potentially harmful impacts on food 
security. Another concern with adding powdered mineral on the ocean surface is that grazers 
(zooplankton, larvae of fish, echinoderms, etc.) might not discriminate between prey and mineral 
particles, with potentially damaging impacts. Ingestion of these particles could potentially enhance 
particle sinking via aggregation into feces, increasing sinking out of the euphotic zone and slowing 
dissolution (see Harvey, 2008). 

Optical impacts of mineral addition are an important consideration when designing mineral 
deployments. For example, it is known that “white waters” caused by the CaCO3 plates produced during 
coccolithophore blooms can have important ecological consequences including decreased visibility, 
which affects visual foragers such as seabirds and fish (Baduini et al., 2001) making it difficult to see prey 
at the surface and possibly excluding some prey from these white waters (Baduini et al., 2001; Lovvorn et 
al., 2001; Eisner et al., 2005). In an experiment releasing uniform CaCO3 particles into the surface mixed 
layer, the optical signature for kilometer-sized surface patches of mineral particles was short-lived, 
largely due to horizontal eddy diffusion (Balch et al., 2009). Mesocosm experiments following the fate of 
Saharan dust (an analog of pulverized mineral addition to seawater) indicated rapid settling velocities, 
nonlinear export of particulate matter, and the formations of organic-mineral aggregates (Bressac et al., 
2012). It is therefore expected that the optical signature associated with mineral deployment will be 
attenuated rapidly, within timescales of days (Balch et al., 2009). 

Experimentation must address optimal particle size, dissolution kinetics in various water bodies, 
and impacts of trace elements and metals leached into seawater as the mineral dissolves. In the case of 
olivine, the addition of pulverized mineral in surface ocean waters (see Köhler et al., 2010, 2013) has two 
main potential issues—the slow dissolution kinetics and the leaching of metals that might have unique 
impacts on different marine organisms. It has been proposed that olivine grain sizes of ~10 µm require on 
the order of 1-20 years (Hangx and Spiers, 2009; Schuiling and de Boer, 2011) while grain sizes on the 
order of 1 µm would sink slowly enough to guarantee a nearly complete dissolution within the mixed 
layer of the open ocean (Köhler et al., 2013), and the energy consumption for grinding might reduce the 
carbon sequestration efficiency by ∼30 percent.  

For olivine, the biological and ecological repercussions of an increase in nickel from its naturally 
occurring trace concentrations in seawater (0.002−0.16 μmol/kg; see IPCS, 1991; Burton et al., 1994) 
need to be evaluated. Ni toxicity is a concern for some marine organisms and processes including 
spawning in mysiid shrimps; DNA damage and metabolic and cytotoxic effects in the blue mussel Mytilus 
edulis; disruption of ionic balance in the green crab Carcinus maenas (Millward et al., 2012; Blewett and 
Wood, 2015a; Blewett et al., 2015). However, some cyanobacteria representatives might potentially 
benefit from Ni additions. For example, in the cyanobacterium Synechococcus, nitrogen assimilation can 
be limited by low Ni availability because urease appears to be limited by natural levels of nickel 
(Sakamoto and Bryant, 2001). In Trichodesmium, nickel appears to elevate superoxide dismutase (SOD) 
activities and nitrogen fixation rates, suggesting SOD protection of nitrogenase from reactive oxygen 
species inhibition of N2 fixation during photosynthesis (Ho, 2013). 

Large-scale dispersion of mineral could also affect elemental ratios. Specifically, Ca2+ and Mg2+ 
and other trace metals associated with minerals could affect biogeochemistry and organisms’ health. For 
example, increasing levels of Mg leaching from the mineral could result in increases in the Mg:Ca ratios 
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that could affect the stability of carbonate. Indeed, calcite with a higher Mg content has been shown to be 
less stable in aqueous solutions (Bischoff et al., 1987) and high-Mg calcite is more susceptible to 
dissolution than aragonite. The amounts of silica, calcium, magnesium, iron, and nickel added alongside 
alkalinity strongly depend on the impurities of rocks used for OAE (Bach et al., 2019). Metal interference 
might also be possible; for example, high Ca2+ and Mg2+ concentrations may interfere with the uptake of 
nutrients by microorganisms and this is exemplified in the freshwater cyanobacterium Microcystis 
aeruginosa, in which Ca and Mg levels can influence Fe uptake (Fujii et al., 2015). Fe and Ni enrichment 
from olivine deployment could promote primary production by N2-fixers until other nutrients (e.g., 
phosphorus) become limiting, leading to a more productive “green(er) ocean,” as depicted by Bach et al. 
(2019). 

Corals have also been studied in relation to Fe availability and although responses to Fe 
enrichment appear to be strongly dependent on local environmental conditions, particularly the 
availability of other nutrients (Rädecker et al., 2017), field observations suggest a negative impact of Fe 
enrichment or Fe toxicity at high concentrations. For example, Fe leaching from shipwrecks has been 
connected to the abundance of invasive Corallimorpharia and benthic fleshy algae (Schroeder et al., 
2008; Work et al., 2008; Kelly et al., 2014). Additionally, while modest increases in iron can promote 
growth, excess Fe concentrations were found to disrupt the coral–algal symbiosis through toxicity 
(Brown, 1989). 
 

Impacts of Biota on Weathering 
 

In addition to the impacts of weathering on marine biota, organisms can accelerate mineral 
dissolution and act as catalysts for alkalinization. The “benthic weathering engine” was described by 
Meysman and Montserrat (2017) as a mechanism of enhanced olivine weathering in marine sediments, 
fueled by microorganisms and invertebrate fauna in a low-pH environment. Indeed, the decomposition of 
organic matter by complex microbial consortia in the seabed releases CO2 and organic acids into the pore 
solution, resulting in acidification and thus promoting olivine weathering and the dissolution of 
carbonates, a process termed “metabolic dissolution” (Rao et al., 2012). In these environments, long, 
filamentous microbes called “cable bacteria” appear to be responsible for acidification (down to pH 5) of 
the top few centimeters of the sediment (Pfeffer et al., 2012), which promotes dissolution of acid-sensitive 
minerals (Riisgaard-Petersen et al., 2012; Meysman et al., 2015). In addition to microbes, macrofauna 
within the sediment can enhance olivine weathering through the process of bioturbation (Meysman et al., 
2006). The transit of mineral particles through the gut of benthic fauna such as lugworms under high 
enzymatic activity and low pH, combined with mechanical abrasion during ingestion and digestion, 
appear to increase silicate mineral dissolution rates (Mayer et al., 1997; Needham et al., 2004; Worden et 
al., 2006). A perhaps less-studied process is the natural source of alkalinity via anaerobic degradation of 
organic matter. For example, the generation of alkalinity in mangrove sediments takes place via sulfate 
reduction, CaCO3 dissolution, denitrification, and ammonification (Krumins et al., 2013). At global scale, 
alkalinity production in sediments could make a contribution of as much as ~15 percent of the CO2 
drawdown from the atmosphere in shelf and marginal seas (Thomas et al., 2009; Hu and Cai, 2011). 
 

7.6 MONITORING AND VERIFICATION 
 

The monitoring of alterations in ocean conditions on the spatiotemporal scales required to 
constrain carbon uptake and ecosystem impacts remains a challenge. The main mechanisms to monitor 
ocean carbonate chemistry are through monthly or seasonal time-series stations at single locations (Bates 
et al., 2014), discrete measurements on recurrent cruise transects every decade (see Gruber et al., 2007; 
Talley et al., 2016), and underway measurements of pCO2 from research vessels and ships of opportunity 
(Bakker et al., 2016). Existing programs have been instrumental in providing data to quantify air–sea CO2 
fluxes and the anthropogenic carbon inventories of the global ocean (Takahashi et al., 2009; Sabine and 
Tanhua, 2010; Bushinsky et al., 2019). There are, however, limitations for capturing trends and 
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spatiotemporal dynamics with a degree of certainty because ship-based observations typically have poor 
seasonal resolution driven by logistical issues (remote locations and harsh weather conditions preventing 
operation at sea, disproportion of data associated with summer months, etc.) (Bushinsky et al., 2019). The 
development of sensors has addressed this issue, and examples include the commercially available 
SeaFET pH sensor using Honeywell Durafet technology (Martz et al., 2010; 2015), the recently 
developed ocean robot uncrewed surface vehicle that operates autonomously and provides hourly CO2 
flux estimates (Sutton et al., 2019), and the Moored Autonomous DIC (MADIC) system available for 
field deployments (Fassbender et al., 2015). 

There is technological readiness to conduct all the measurements necessary to assess CDR 
potential. At least two of four parameters are required to fully describe the marine carbonate system 
(Millero, 2007). The choice of parameters (pH, partial pressure of CO2, DIC, and total alkalinity) depends 
on the specific process of interest. For example, anthropogenic carbon inventory determinations typically 
use DIC and total alkalinity while pCO2 is required to study the direction of air–sea CO2 fluxes and total 
alkalinity can be used to infer calcification and dissolution processes through the water column 
(Wanninkhof, 1992; Sabine et al., 2004). Protocols and best practice are already well established, and 
sensor technology is available in three out of the four parameters of the carbonate system with the 
exception of alkalinity sensors for which a suite and platform combination does not exist yet on a 
commercially available level. Current autonomous observational capabilities include surface moorings, 
fixed observatories, profiling floats, and emerging technologies including autonomous surface vehicles 
(gliders,autonomous underwater vehicles), which involves repackaging of systems rather than 
development of new sensors, and the use of wind and waves to power autonomous surface vehicles (see 
Bushinsky et al., 2019). 

 

 
FIGURE 7.5 Annual production of crushed stone in the United States (blue) and the 10-year rolling 
average change in production in the United States (red). SOURCE: USGS, mineral commodity 
summaries. 
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7.7 VIABILITY AND BARRIERS 
 

Co-benefits 
 

The main co-benefits of OAE are the potential mitigation of OA, which would have a positive 
impact on many organisms, particularly the CaCO3-producing community, and the potential for 
fertilization via the addition of metals such as iron. Assessing the impact of OAE deployments on 
calcification and the ecological fitness of calcifying organisms and other functional groups requires 
transitioning from laboratory experimentation and mesocosm-based trials to field deployments to 
determine the complexity of factors affecting the inorganic carbon chemistry. For example, the balance 
between ballasting of particulate organic carbon (enhanced by aggregation) and the contribution of 
calcification and its impact on CDR must be tested in the field under various seasonal and biological 
conditions (see Section 7.3). Similarly, the physical effect of particles (e.g., potential ingestion by grazers) 
and chemical impact of raised alkalinity on the physiology of organisms, which could alter important 
biogeochemical processes (e.g., calcification and silicification), must be explored in the field. For 
example, it has been suggested that a shift in phytoplankton functional group composition favoring 
diatoms could occur if silica-rich olivine is used to enhance alkalinity while coccolithophores might be 
promoted when carbonate-based minerals are used (Köhler et al., 2013; Bach et al., 2019). Additionally, 
specific regional sensitivities to OAE, for example, the Arctic Ocean and tropical oceans might become 
hot spots for biogeochemical changes following OAE (see González and Ilyina, 2016). 
 

Energy 
 

Proposals for OAE use a range of supply chains, technology options, and energy sources. All 
proposals involve the extraction, processing, transport, and dissolution of rocks or minerals and thus the 
energy costs of OAE include mining, transformation, grinding, transportation on land and at sea, 
monitoring and verification, and building of specialized vessels and pipes (see Figure 7.1). However, to 
date, a complete life-cycle analysis has not been conducted, and there are no empirical data for a scaled 
experiment or field trials with calculated energy budgets. This type of analysis is required and must be an 
element of OAE research schemes. 

Limited information on energy consumption includes mineral extraction and grinding. Operations 
typically use diesel for on-site transport, and either on-site power generation when sites are small and 
remote (diesel generators, renewables) or power-grid integration. The energy demands to extract a rock 
and process it to centimeter to millimeter particle sizes is relatively small and routine practice (requiring 
~5–20 kWh of electricity per ton CO2 (Renforth, 2012). However, three times more energy is required to 
grind particles to diameters of ~10 μm (Hangx and Spiers, 2009). Freight energy requirements and 
associated emissions depend on the method of transport and distance traveled (Table 7.2). However, 
transport distances of 10’s - 100’s of km could still be feasible for OAE schemes (Renforth 2012, 
Moosdorf et al., 2014). 
 
 
TABLE 7.2 Freight Energy Demands and Associated Emissions from Extracted and Processed Minerals  

Transport Method Gaseous CO2 Emissions, t/km Energy, MJ/(tonne/km)  
Operating Expense, 
$/(t/km) 

Heavy goods vehicle by road 62 1.3 0.07 
Rail freight 22 0.2 0.04–0.05  
Inland waterways 31     
Large ship distribution 7 0.2 0.001 
SOURCE: Adapted from Renforth (2012). 
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Processes that facilitate accelerated mineral dissolution typically have the largest energy demand 
within a supply chain. All OAE approaches require the extraction and processing of minerals. While it is 
relatively inexpensive to extract and crush rock (tens of kilowatt hours per tonne for size reduction to 
millimeters), fine grinding requirements depend on mineral dissolution rate (Kelemen et al., 2020). For 
instance, EW may require on the order of 150–900 kWh/t to create sufficiently micrometer-size (10 μm) 
particles (Renforth, 2012). Ocean liming (the creation of CaO or Ca(OH)2 for addition to the ocean) 
requires ~5 GJ/t of process heat and 150–300 kWh of electricity for the calcination of limestone, the 
distribution of lime into the ocean, and the geological storage of the produced gas (Kheshgi. 1995; 
Renforth et al., 2013).  Electrochemical approaches may require thousands of kilowatt hours per tonne of 
CO2 (examined in greater detail in Chapter 8). Movement of materials by large ocean-going vessels is 
relatively less carbon intensive than other methods of transport (Table 7.2). Renforth et al. (2013) 
estimate that approximately 100 MJ/t of bunker fuel would be required for the distribution of lime into the 
ocean (which includes both onboard material handling systems and fuel for steaming) from a 300k-
deadweight tonnage vessel. 

From the range of OAE approaches, only ocean liming has received formalized technoeconomic 
assessment. Renforth et al. (2013) estimate the cost of ocean liming to be ~$120/t CO2 for oxy-fuel flash 
calcination of limestone, but this may be reduced to ~$70/t CO2 using other systems or dolomite as the 
mineral feedstock.  Caserini et al. (2019) consider the potential integration of ocean liming with biomass 
energy and hydrogen production. The sale of hydrogen and greater carbon removal suggest costs could be 
as low as $64/t CO2. Preliminary calculations estimate that the operational costs of accelerated weathering 
of limestone may be only on the order of tens of dollars per tonne of CO2 (Langer et al., 2009), and that 
carbonate addition to upwelling regions may be on the same order of magnitude (Harvey, 2008). Costs 
associated with electrochemical approaches are considered in Chapter 8. 
 

Governance and Social Dimensions 
 

The legal framework for ocean CDR is discussed in Chapter 2. Many of the international and 
domestic laws discussed in that chapter could apply to OAE. 

With respect to the application of international law, researchers (e.g., Webb et al., 2021) have 
concluded that OAE would constitute “geoengineering” for the purposes of Decisions X/33, XI/20, and 
XIII/4, adopted by the parties to the Convention on Biological Diversity.4 The decisions recommend that 
parties to the Convention and other governments avoid geoengineering activities that may affect 
biodiversity, except for “small scale scientific research studies . . . conducted in a controlled setting.”5 
The decisions are not legally binding, however. Additionally, researchers (e.g., Brent et al., 2019; Webb, 
2020; Webb et al., 2021) have found that OAE may be considered a form of marine “pollution” under the 
United Nations Convention on the Law of the Sea and marine “dumping” under the London Convention 
and Protocol. 

As discussed in Chapter 2, in 2013, the parties to the London Protocol adopted an amendment 
governing “marine geoengineering,” the definition of which is likely to encompass OAE.6 The 2013 
amendment establishes a framework under which parties may approve certain marine geoengineering 
activities.7 However, at the time of writing, the framework applied only to activities relating to ocean 
                                                      

4 Report of the Conference of the Parties to the Convention on Biological Diversity on the Work of its Tenth 
Meeting, Decision X/33 on Biodiversity and Climate Change, Oct. 29, 2010 (hereinafter Decision X/33); Report of 
the Conference of the Parties to the Convention on Biological Diversity on the Work of its Eleventh Meeting, 
Decision XI/20 on Climate-related Geoengineering, Dec. 5, 2012 (hereinafter Decision XI/20); Report of the 
Conference of the Parties to the Convention on Biological Diversity on the Work of its Thirteenth Meeting, Decision 
XIII/4, Dec. 10, 2016 (hereinafter “Decision XIII/4”). 

5 Para 8(w), Decision X/33; Para 1, Decision XI/20; Preamble, Decision XIII/4. 
6 Resolution LP.4(8), Amendment to the 1996 Protocol to the Convention on the Prevention of Marine Pollution 

by Dumping of Wastes and Other Matter, 1972 to Regulate Marine Geoengineering, Oct. 18, 2013. 
7 Annex 4, Resolution LP.4(8). 
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fertilization. Researchers (e.g., Brent et al., 2019; Webb et al., 2021) have noted that the framework could 
be expanded to apply to OAE in the future. However, unless and until that occurs, OAE activities will be 
subject to the general requirements of the London Convention and Protocol. Both instruments require 
marine dumping to be permitted by the country under whose jurisdiction it occurs and impose restrictions 
on when permits can be issued. Webb et al. (2021) concluded that OAE projects could likely be permitted 
by parties to the London Convention, but not by parties to the London Protocol. 

The United States is a party to the London Convention and has implemented it domestically 
through the Marine Protection, Research, and Sanctuaries Act (MPRSA, 33 U.S.C. § 1401 et seq.). 
MPRSA applies to the “dumping” of “material” in the oceans (33 U.S.C. § 1411). The statutory definition 
of “dumping” has been interpreted as encompassing the discharge of ground rock for the purposes of 
OAE (e.g., Webb et al., 2021). Under MPRSA, OAE projects must be permitted by the Environmental 
Protection Agency (EPA) if the discharge occurs within the U.S. territorial sea, or if the rock is 
transported from the United States or on a U.S.-registered vessel (regardless of where the discharge 
occurs) (33 U.S.C. §§ 1411-1413). EPA must comply with various consultation and other procedural 
requirements before issuing permits (see Chapter 2). 

Previous research (e.g., Webb et al., 2021; Webb, 2020) has examined other domestic laws that 
could apply to OAE, as well as related onshore activities, such as mining and rock grinding. The domestic 
laws applicable to onshore activities are not discussed here. 
 

7.8 SUMMARY OF CDR POTENTIAL 
 

The criteria for assessing the potential for OAE as a feasible approach to ocean CDR, described 
in Sections 7.2–7.7, is summarized in Table 7.3. 
 

7.9 RESEARCH AGENDA 
 

Field trials are urgently needed in both coastal and open-ocean waters to monitor mineral 
dissolution kinetics, the dynamics of the DIC system, biogeochemical and biological impacts, and carbon 
sequestration potential, and to assess technological readiness and determine environmental and societal 
impacts of OAE both in marine systems and on land. 

Research consortia and philanthropic endeavors in coastal waters such as the nonprofit Project 
Vesta that proposes the EW of ground olivine on beaches to increase coastal carbon capture or the 
planning of pilot studies by the European Union-funded OceanNETs consortium, which includes offshore 
mesocosm experiments to assess the ecological impacts of OAE, are already under way. The location and 
characteristics of the offshore deployments remain open questions, although sites where upwelling 
velocities are high are likely desirable to prevent or delay export of mineral particles to depth. The 
importance of timing of deployment needs to be addressed in the field because seasonal properties of 
seawater, including those driven by biological events, alterations in community composition, and 
conditions leading to changes in dissolved organic matter could have major impacts on particle 
aggregation and export. 

As knowledge of the chemistry and technology for deploying alkalinity matures, monitoring and 
verification plans need to be implemented to assess site- and temporal-specific dissolution kinetics, rates 
of alkalinization, biological responses, the fate of particles and biogeochemical impacts through the water 
column, and the air–sea flux of CO2 through observations using manipulations in mesocosms and the 
field. The necessary elements of research and development are highlighted in Table 7.5. 
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TABLE 7.3 CDR Potential of Ocean Alkalinity Enhancement 
Knowledge base 
What is known about the system (low, mostly 
theoretical, few in situ experiments; medium, lab 
and some fieldwork, few CDR publications; high, 
multiple in situ studies, growing body of literature) 

Low–Medium 
Seawater–CO2 system and alkalinity thermodynamics are well understood. 
Need for empirical data on alkalinity enhancement; currently, knowledge 
is based on modeling work. Uncertainty is high for carbon dioxide removal 
(CDR) efficacy and possible impacts. 

Efficacy 
What is the confidence level that this approach will 
remove atmospheric CO2 and lead to net increase 
in ocean carbon storage (low, medium, high)  

High Confidence 
Need to conduct field deployments to assess CDR, alterations of ocean 
chemistry (carbon but also metals), how organic matter can impact 
aggregation, etc.  

Durability 
Will it remove CO2 durably away from surface 
ocean and atmosphere (low, <10 years; medium, 
>10 years and <100 years; high, >100 years) and 
what is the confidence (low, medium, high) 

Medium–High 
>100 years 
Processes for removing added alkalinity from seawater generally quite 
slow; durability not dependent simply on return time of waters with excess 
CO2 to ocean surface. 

Scalability 
What is the potential scalability at some future date 
with global-scale implementation (low, <0.1 Gt 
CO2/yr; medium, >0.1 Gt CO2/yr and <1.0 Gt 
CO2/yr; high, >1.0 Gt CO2/yr), and what is the 
confidence level (low, medium, high)  

Medium–High 
Potential C removal >0.1–1.0 Gt CO2/yr. 
(medium confidence) 
Potential for sequestering >1 Gt CO2/yr if applied globally. High 
uncertainty coming from potential aggregation and export to depth of 
added minerals and unintended chemical impacts of alkalinity addition. 

Environmental risk 
Intended and unintended undesirable consequences 
at scale (unknown, low, medium, high) and what is 
the confidence level (low, medium, high) 

Medium 
(low confidence) 
Possible toxic effect of nickel and other leachates of olivine on biota, bio-
optical impacts, removal of particles by grazers, unknown responses to 
increased alkalinity on functional diversity and community composition. 
Effects also from expanded mining activities (on land) on local pollution, 
CO2 emissions. 

Social considerations 
Encompass use conflicts, governance-readiness, 
opportunities for livelihoods, etc. 

Expansion of mining production, with public health and economic 
implications; general public’s potential for public acceptability and 
governance challenges (e.g., if perceived as “dumping”). 

Co-benefits 
How significant are the co-benefits as compared to 
the main goal of CDR and how confident is that 
assessment 

Medium 
(low confidence) 
Mitigation of ocean acidification; positive impact on fisheries. 

Cost of scale-up 
Estimated costs in dollars per metric ton CO2 for 
future deployment at scale; does not include all of 
monitoring and verification costs needed for 
smaller deployments during R&D phases Low, 
<$50/t CO2; medium, ~$100/t CO2; high, >>$150/t 
CO2 and confidence in estimate (low, medium, 
high) 

Medium–High 
>$100–$150/t CO2 
(low–medium confidence) 
Cost estimates range between tens of dollars and $160/tCO2. 
Need for expansion of mining, transportation, and ocean transport fleet. 

Cost and challenges of carbon accounting 
Relative cost and scientific challenge associated 
with transparent and quantifiable carbon tracking 
(low, medium, high) 

Low–Medium 
Accounting more difficult for addition of minerals and non-equilibrated 
addition of alkalinity, than equilibrated addition. 

Cost of environmental monitoring 
Need to track impacts beyond carbon cycle on 
marine ecosystems (low, medium, high) 

Medium 
(medium–high confidence) 
All CDR will require monitoring for intended and unintended 
consequences both locally and downstream of CDR site, and these 
monitoring costs may be substantial fraction of overall costs during R&D 
and demonstration-scale field projects.  

Additional resources needed 
Relative low, medium, high to primary costs of 
scale-up 

Medium–High 
Adaptation and likely expansion of existing fleet for deployment; 
infrastructure for storage at ports. Infrastructure support for expansion of 
mineral extraction, processing, transportation, and deployment. 
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TABLE 7.4 Costs and Energy Needs for Ocean Alkalinity Addition 
OAE Method, Material Cost ($/t CO2) Energy 
Land, silicate rock 50-150 100–1,000 kWh/t 
Coast, silicate rock No data ~100–1,000 kWh/t 
Ocean, silicate rock No data 100–1,000 kWh/t 
Ocean liming 70-130 5 GJ/t and 150-300 kWh 
Accelerated weathering of limestone 10-40 (Opex) No data 
Ocean, carbonate addition to upwelling 20 (Opex) ~100 MJ/t 
 
 

Specific elements of a research program include 
 

● Development of an empirical framework for OAE. Laboratory, mesocosm, and field 
experimentation in close collaboration with the engineering field to assess the technical 
feasibility and readiness level of OAE approaches (including the development of pilot-scale 
facilities). These should include assessments of short- versus long-term deployments under 
contrasting oceanographic conditions including locations of varying upwelling velocities, 
different DIC system properties. 

● Assessment of the relationship between approach and environmental impact. The 
environmental impact of OAE is closely related to the methods or technologies that promote 
alkalinity changes (e.g., the choice of rock or mineral and the mechanisms by which it is 
dissolved). An experimental program that considers the environmental response to OAE will 
be most effective if they were constrained by what might be practical. 

● Technology development and assessment. Few of the methods for OAE have been 
developed beyond bench scale. As such, the costs and feasibility of the approaches remain 
speculative, which can be substantially improved with a research program designed to 
accelerate technology development and demonstration of pilot-scale facilities. This would 
have maximum impact if it were integrated with rigorous technoeconomic and life-cycle 
assessment. 

● Assessment of the relationship between point of addition and global impact. All OAE 
approaches increase alkalinity at the point of addition, and mixing distributes that change 
across the surface, and, eventually, deep ocean. The impacts are likely to be largest around 
the point of addition, the magnitude of which will be controlled both by the rate of OAE and 
hydrodynamics. Research is needed to assess the dispersion or evolution of alkalinity, CO2 
gas exchange, and fate of dissolving particles at locations of OAE, and how these attenuate 
into regional and global waters. 

● Development of a strong monitoring program. This would be focused on particulate and 
DIC at the surface and through the water column at the site of deployment and adjacent 
waters. This would require a parallel development of protocols for transparent and verifiable 
deployment, monitoring, and carbon accounting schemes. 

● Research on governance of OAE research. Research into the legal framework of ocean 
CDR research and exploration of the legal framework relevant to obtaining permits to 
conduct field research. 
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● Development of strong educational programs. This would be achieved through transparent 
data repository management efforts and engagement with schools and the public and private 
sectors.  

● Development of life-cycle analyses. This would include costs such as expansion of mining, 
materials, transportation, environmental impact assessment, mineral deployment, and 
monitoring. 

● Development of strong collaborations. This would include those with social scientists, 
economists, and governance experts to gain knowledge on public perception, acceptability, 
and costs. 

 
7.10 SUMMARY 

 
Approaches to increase ocean alkalinity have been proposed since the mid-1990s but remain at a 

relatively early stage of development. OAE attempts to mimic natural weathering processes by adding 
crushed minerals either directly to the ocean, to coastal environments, or to terrestrial environments. 
Given that the surface ocean is supersaturated with common carbonate minerals, they cannot be directly 
added to the ocean. To facilitate mineral dissolution, the reaction of carbonate minerals with elevated CO2 
has been suggested, initially for reducing fossil fuel emissions, but potentially for CDR by coupling with 
direct air capture or biomass energy carbon capture and storage. Others have proposed converting 
carbonate minerals into more reactive forms (e.g., lime or hydrated lime) for addition to the ocean. 
Finally, electrochemical approaches may be used to create basic and acidic solutions at each electrode, the 
former could be used for OAE while the latter would need to be neutralized through reaction with silicate 
minerals. 

The two key mechanisms by which OAE could impact the environment are (i) elevated alkalinity 
that is “unequilibrated,” that is, high-pH, low-CO2 concentrations that may be more acute around the 
point of addition; and (ii) the addition of other biologically active elements (iron or silica, as in ocean 
fertilization, or nickel, chromium, or other trace metals). Research is needed to assess the ecological 
response to OAE. Although much can still be learned from laboratory-based and “contained” (mesocosm) 
experiments, including exploring the impacts of OAE on the physiology and functionality of organisms 
and communities, implementation pathways to responsible deployment will require field trials. Such trials 
will be essential to assess how euphotic and benthic biogeochemical processes are affected, the response 
from complex communities, the indirect effects of OAE, and optimal environments and treatment 
methods. Coupling this research to a rigorous monitoring program will be essential in accounting for 
CDR and the environmental impact of the experiments, but would help scope the requirements of 
monitoring of scaled-up OAE. 

The environmental impact of OAE would be closely related to the methods or technologies that 
promote alkalinity changes (e.g., the choice of rock or mineral and the mechanisms by which it is 
dissolved). An experimental program that considers the environmental response to OAE will be most 
effective if it were constrained by what might be practical. Research and development is required to 
explore and improve the technical feasibility and readiness level of OAE approaches (including the 
development of pilot-scale facilities). Research on social and governance considerations associated with 
contained and pilot-scale experiments and deployment (if any) is also required. 
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TABLE 7.5 Research and Development Needs: Ocean Alkalinity Enhancement 

# Research Needs Gap Filled Environmental Impact of Research  
Estimated Research 
Budget ($M/yr) 

Timeframe 
(years) 

7.1 Research and development to explore 
and improve the technical feasibility and 
readiness level of OAE approaches 
(including the development of pilot-
scale facilities) 

Can we develop optimized approaches 
to enhance alkalinity in seawater? 
 
What are the conditions leading to 
undesirable effects such as aggregation 
and reverse weathering? 

Low impact of pilot facilities. Initially, 
most of the work will be lab and 
mesocosm based. 

10 5  

7.2 Laboratory and mesocosm 
experiments to explore impacts on 
physiology and functionality of 
organisms and communities 

What are the physiological effects of 
rising alkalinity on marine biota? 
 
What are the effects of OAE on 
community structure? 

Negligible impacts 10 5 

7.3 Field experiments What are the optimal sites to deploy 
alkalinity? 
How are biogeochemical processes 
affected in the euphotic zone as at 
depth? 
 
How do complex communities 
respond to OAE? 
 
What are conditions to avoid (e.g., 
possibly high dissolved organic 
matter) and those desirable 
(upwelling regions or estuaries?) to 
conduct deployments? 

Modest impact for experiments 
conducted on a small spatial and 
temporal scale 

15 5–10 

7.4 Research into the development of 
appropriate monitoring and accounting 
schemes, covering CDR potential and 
possible side effects.  

Are ships of opportunity (coastal and 
open ocean) conducting measurements 
of the carbonate chemistry (through 
continuous systems) appropriate 
vehicles to detect change in alkalinity 
and carbonate chemistry? To what 
extent do they address CDR potential? 
 
In the mid to long term (>5 years), what 
are the most appropriate locations and 
depths to deploy alkalinity sensors? 

Modest impact because most of the 
research and technology supporting 
monitoring of the dissolved inorganic 
carbon system and biogeochemical 
impacts (e.g., calcification) are well 
established. 

10 5–10 

NOTE: Bold type identifies priorities for taking the next step to advance understanding of ocean alkalinity enhancement as an ocean CDR approach. 
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8 
Electrochemical Engineering Approaches 

 
8.1 OVERVIEW 

 
Electrochemistry considers chemical reactions that result in the production or consumption of 

electricity. Technologies use electrochemistry to take measurements of chemical systems, use chemical 
reactions to generate electricity, or use electricity to drive chemical reactions. Several approaches have 
been proposed that use electricity to promote or to drive reactions that ultimately result in CO2 removal 
from the atmosphere (House et al., 2007; Rau, 2008; de Lannoy et al., 2012; Datta et al., 2013; Rau et al., 
2013; Eisaman et al., 2018; Zhao et al., 2020; La Plante et al., 2021; Oloye et al., 2021). 
 

Direct CO2 Removal 
 

A range of approaches have been proposed to extract CO2 from seawater, analogous to methods 
that remove it directly from the atmosphere (Willauer et al., 2011; Eisaman, 2020). Acid approaches 
exploit acidic conditions created around the anode to shift the equilibrium of the carbonate system (see 
Box 8.1) toward a greater concentration of aqueous CO2, which is evolved/degassed from the solution and 
collected for permanent storage (de Lannoy et al., 2012; Datta et al., 2013). Basic approaches exploit 
high-pH conditions created around the cathode to shift the equilibrium of the carbonate system toward a 
greater concentration of bicarbonate and/or carbonate ions (La Plante et al., 2021). This creates conditions 
in which carbonate precipitation can occur and promotes an increase in aqueous CO2, which may be 
evolved and collected similarly to the acid approach (Rau, 2008; de Lannoy et al., 2012). Dissolved 
inorganic carbon is removed and collected as both solid carbonate residues and as evolved CO2 gas. Basic 
approaches that force the precipitation of solid carbonate without restoring alkalinity do not result in the 
net removal of CO2 from the atmosphere, although they reduce the concentration of CO2 that is dissolved 
in solution. In both approaches, the base and acid streams are recombined and discharged back into the 
ocean. 

Alkalinity Creation 
 

It is possible to use electrochemical processes to increase the alkalinity of seawater, and/or to 
force the precipitation of solid alkaline materials (i.e., hydroxide minerals). In the former process, 
reactions at the cathode increase the alkalinity of the surrounding solution, which can then be discharged 
into the ocean. In the latter, the reaction cell is separated by an ion-selective membrane, a physical barrier, 
or internal hydrodynamics, and seawater or brine is introduced into the cathode compartment (Rau et al., 
2013; Zhao et al., 2020; La Plante et al., 2021; Oloye et al., 2021). The potential difference across the cell 
promotes the migration of ions (usually sodium) across the barrier/cell, and ultimately promotes the 
formation of solid metal hydroxide residues (e.g., brucite, or portlandite) that could be added to the ocean 
to increase its alkalinity. 

These two broad categories of ocean CDR electrochemical engineering are, in some cases, not 
mutually exclusive, and could be deployed as a hybrid approach that both extracts carbon dioxide from 
seawater, in the form of a gas, or as mineral carbonates, while increasing the alkalinity of the effluent 
solutions. In this chapter we do not refer to applications for direct CO2 reduction (e.g., to produce syngas, 
fuels, or chemicals), but specifically focus on approaches for removing or absorbing CO2 from/into 
seawater. 

According to criteria described in Chapter 1, the committee’s assessment of the potential for 
electrochemical processes, as an approach to CDR, is discussed in Sections 8.2–8.5 and summarized in 
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Section 8.6. The research needed to fill gaps in understanding how electrochemical processes can be used 
as a mechanism for durably removing atmospheric CO2, is discussed and summarized in Section 8.7. 
 

8.2 KNOWLEDGE BASE 
 

Electrochemical Engineering 
 

The relationship between electricity and chemistry has been explored since the 18th century, with 
anatomists demonstrating movement of muscles with the application of electricity (Galvani, 1841). This 
was followed by a spate of new discoveries in the early 19th century including the production of 
hydrogen and oxygen through electrolysis (Grove, 1839), electroplating, and a chemical-based description 
of a galvanic cell. The first fuel cell was demonstrated in the 1830s (Grove, 1839), and the Hall-Heroult 
process for producing aluminum metal from bauxite ore was invented in the 1880s (Charles, 1889). 

In processes that use electricity to drive reactions, a potential difference is applied to a liquid 
using electrodes. Positively charged cations in the solution migrate to the cathode (negatively charged 
electrode) which promotes reduction reactions, and the negatively charged anions migrate to the anode 
(positively charged electrode) which promotes oxidation. Typically, these reactions are undertaken in a 
“cell,” and the electrodes are separated by a permeable separator Figure 8.1 shows a simplified schematic 
of a diaphragm cell used in the production of chlorine and sodium hydroxide, chlor-alkali.  

 
BOX 8.1. Fundamentals of Electrochemical Engineering 

 
The electrical charge (q, coulombs) transferred is proportional to the amount of electrons (n, moles) 

involved in the reaction. Work (ΔG, joules/mol) is done when charge moves through a potential difference (E, 
volts), such that 
 𝛥𝐺 =  𝑞𝐸 =  −𝑛𝐹𝐸 (8.1) 
 

Where F is the Faraday constant (9.649 × 104, C/mol of electrons). Electrons liberated through oxidation 
reactions flow from the anode to the cathode for incorporation in reduction reactions. ΔG is normalized to the 
mass of solid product and typically given in joules per mole. The work done is proportional to the potential 
difference applied across the electrolysis cell, which is related to the difference in thermodynamic potentials at 
each electrode (EC − EA), and the electric overpotentials at each electrode (ɳC, ɳA) and within the cell/circuit.  
 𝐸 =  𝐸 − 𝐸 − |𝜂| − |𝜂| − |𝜂cell| (8.2) 
 

For example, the chlor-alkali process uses a reaction cell containing aqueous sodium chloride (NaCl). The 
anode and cathode are separated by a semipermeable membrane that allows for the migration of Na ions. 
Chloride ions are oxidized at the anode to produce chlorine gas (equation 8.3). At the cathode, water is reduced 
to hydrogen gas and hydroxide ions (equation 8.4). The overall reaction results in the formation of sodium 
hydroxide (NaOH, equation 8.5) 
 

2Cl(aq)
- → + Cl 2 (g)  + 2𝑒 ି (8.3) 

2Na(aq)
+ + 2𝑒ି + 2H2O(l) → 2NaOH+H2 (g) (8.4) 

2NaCl (aq)+2H2O(l) → Cl 2 (g)+H2 (g)+2NaOH  (8.5) 
 

The Gibbs free energy of equation 8.5 is 483.24 kJ/mol, suggesting that a minimum potential difference of 
2.5 V is required to drive the forward reaction. Typically, chlor-alkali systems require 3-4 V due to 
overpotentials at the electrodes, overpotentials within the cell, or inefficiencies due to reverse reactions or by-
product formation. 
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FIGURE 8.1 A simplified schematic of a chlor-alkali electrolysis system consisting of an anode and 
cathode separated by a diaphragm. SOURCE: Adapted from Kroschwitz 1991; Brinkmann et al., 2014. 
Licensed under Creative Commons CC BY 4.0. 
 

The two largest industrial users of electrochemistry are in the production of aluminum, in which 
50 million tonnes (Mt) are produced annually (USGS, 2020) and chlor-alkali (sodium hydroxide and 
chlorine), in which 72, and 65 Mt are produced annually respectively (Egenhofer et al., 2014; Renforth, 
2019).  Innovation in these industries over the 20th century was largely concerned with improving energy 
efficiencies, reducing cell costs, and improving the purity of the final product. 
 

Design Choices in Electrochemical Engineering 
 

A range of design choices may be available in the construction and the operation of 
electrochemical reaction systems. These choices are made so that overpotentials at the electrodes or 
within the cell are minimized, while maximizing current and yield efficiency either when using electricity 
as an input, or in the case of multiple energy inputs such as electrons and photons/phonons (Nørskov et 
al., 2004). An exhaustive discussion of these technology options for ocean-based CDR is beyond the 
scope of this report, but a few possibilities are articulated below (Brinkmann et al., 2014; Paidar et al., 
2016; Yan et al., 2020). 
 
Choice of Electrolyte 
 

The electrolyte serves the dual purpose of conducting electric current between electrodes and as a 
reactant in the chemical processes. The ohmic overpotential (𝜂ohmic, mV) created by the electrolyte is 
inversely proportional to its conductivity (equation 8.6; Uhlig and Revie, 1985; O’Brien et al., 2005): 
 𝜂ohmic = ଵఱ ⋅ 𝑖 ⋅ 𝑑 (8.6) 
 
where, k is the specific conductivity (µS/cm), d is the spacing between electrodes (cm), and i is the 
current density (A/m2). A less conductive electrolyte will result in greater resistive losses for a given 
geometry and current density of an electrolysis cell. The composition of the electrolyte also influences 
resistive losses resulting from mass transport of ions across boundary layers at the electrodes and the cell 
divider, such that a limiting current (ilim) is imposed on the system (equation 8.7, O’Brien et al., 2005): 
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𝑖lim = [] ⋅⋅ ி ⋅ ఋ   (8.7) 
 
where, [X] denotes the concentration of either the cation or anion in bulk solution (mol/kg), δ is the 
diffusion layer thickness (m), and Dx is the diffusion coefficient of the anion or cation X (m2/s). Finally, 
the reaction of an electrolyte may create unwanted reaction products (e.g., hypochlorite ions in the chlor-
alkali process) or reverse reactions may occur (e.g., the production of water in alkaline electrolysis). 
These undesirable reactions consume some of the electrical energy of the process, resulting in an 
inefficiency (Bennett, 1980). The ratio of the theoretical electric current needed for creating the desired 
product to the total electric current used by the system is the Faraday or current efficiency (Bard et al., 
2001). With appropriate process engineering, current efficiencies of >95 percent have been reported in the 
chlor-alkali industry (Brinkmann et al., 2014).  

Table 8.1 shows the possible ohmic overpotential and limiting current density for a range of 
mineral-saturated electrolytes. For instance, use of an NaCl-saturated brine, a common feedstock in chlor-
alkali, results in low ohmic overpotential (<40 mV) and high limiting current densities (>100 kA/m2). 
While it may be desirable to exclude Cl from the electrolyte for the CO2 removal processes described 
below, an electrolyte based only on Ca/Mg carbonates or hydroxides would result in high ohmic 
overpotential and low current densities. For comparison, current densities of 1–6 kA/m are typical in 
chlor-alkali (Brinkmann et al., 2014). 
 
Choice of Cell Divider  
 

Early electrolysis experiments used electrolysis cells in which the cathode or anode were not 
separated (undivided cells; Konishi et al., 1983), as is commercial best practice for aluminum production 
(Haupin, 1983) or electrochemical wastewater treatment (Chen, 2004). However, to increase selectivity, 
limit unwanted reactions, and increase product purity (Paidar et al., 2016), the two halves of the 
electrolysis cell are often separated (or “divided”) by either a diaphragm or an ion-permeable membrane, 
the former allowing both ion and solvent transport, while the latter allows only ions. Diaphragm materials 
that are porous, thin, and chemically stable in the electrolyte and cell operating conditions are preferred, 
with asbestos being used extensively in the past, and polymer membranes finding use in more recent 
times (Strathmann, 2004). 
 
Choice of Electrode Material 
 

Electrode materials (i.e., herein referring predominantly to the active/electrocatalyst surface, and 
not the current collector) have been developed and used to improve the performance and to reduce the 
cost of electrolysis cells. The lowest exchange current densities and the highest catalytic properties for the 
lowest material cost are desirable. Nickel-based alloys are used extensively in alkaline water electrolysis 
(for both electrodes), and for the cathode in chlor-alkali (the anode is often composed of ruthenium-
titanium oxides; Brinkmann et al., 2014). Challenges associated with disposal of chlorine gas created 
during the electrolysis of seawater have promoted the development of oxygen-selective electrodes (e.g., 
Izumiya et al., 1997; Petrykin et al., 2010; Vos et al., 2018, 2019; Okada et al., 2020). Chlorine evolution 
at the anode involves fewer electrons and intermediary products compared with oxygen, and thus has a 
kinetic advantage such that chlorine is typically the only detected gas (Vos and Koper, 2018). Reduction 
in chlorine production could be essential in the development of some of the systems considered below, 
although oxygen evolution could accelerate electrode degradation (Kolotyrkin et al., 1988) and will also 
need to be carefully managed in systems that also evolve hydrogen. 
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Choice of Cell Configuration  
 

In electrodialysis the electrodes are separated by an ion-selective membrane, with the intention of 
separating the acid and base streams (Figure 8.2). It is possible to separate the electrodes with additional 
membranes that are selective for either anions or cations (bipolar membrane electrodialysis). A bipolar 
membrane configuration is intended to promote water dissociation into H+ and OH− ions (rather than ion 
transport in monopolar membranes) (Pärnamäe et al., 2021), producing separate streams of acid and base. 
 

Description of Proposed Systems 
 

A range of systems have been proposed for the removal of CO2 or ocean alkalinity enhancement 
(OAE), summarized in Table 8.2. For simplicity we represent the products of electrolysis as acid and 
base. Both CO2 removal processes “‘swing” alkalinity of seawater to extract the largest amount of 
dissolved inorganic carbon—whether as a gas or as mineral carbonate. However, there is no net impact on 
alkalinity when acid and base streams are recombined. 

Several systems have been proposed that do not use electrochemistry, but either remove CO2 
from seawater or increase its alkalinity. Willauer et al. (2009) considers a system that filters bicarbonate, 
and Willauer et al. (2011) investigated CO2 extraction using ion exchange resins. These experiments were 
conducted on solutions with elevated pCO2. Given that they do not modify alkalinity, the water 
requirements at ambient CO2 pressures may be prohibitive (see discussion in Section 8.3). Davies (2015) 
investigated the thermal decomposition of desalination rejected brine. Similar to seawater electrolysis, the 
products are solid Mg(OH)2 and liquid HCl, although the thermal energy requirements possibly limit wide 
application 
 
 

 
FIGURE 8.2 Simplified schematic of monopolar electrodialysis (left) and bipolar electrodialysis (right).  
NOTE: CEM = cation exchange membrane, BM = bipolar membrane, and AEM = anion exchange 
membrane. 
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TABLE 8.1 Comparison of Electrochemical Properties of a Range of Mineral-Based Electrolytes 

Electrolyte (equilibrium 
mineral phase) 

Saturated 
Cation 
Conc. (log10 
mol/kg) 

Saturated 
Anion Conc. 
(log10 mol/kg) Anion 

Ionic 
Strength 
(mol/kg) 

Conductivity 
(µS/cm) 

Electrolyte Ohmic 
Overpotentiala (mV) 

Mass Transfer 
Limit Current 
Density— 
Cationb (kA/m2) 

Mass Transfer 
Limit Current 
Density - Anionb 
(kA/m2) 

NaOHc 0.80 0.69 OH− 4.86 319,321 6 81 246 

KOHc 0.65 0.54 OH− 3.50 230,963 8 85 177 

Ca(OH)2 (portlandite) −1.82 −1.56 OH− 0.04 2,731 659 0.2 1.4 

Mg(OH)2 (brucite) −4.10 −3.80 OH− 0.0002 17 >100,000 <0.01 <0.01 

NaCl (halite) 1.12 1.12 Cl− 6.88 450,675 4 170 261 

CaCl2 (antarcticite) 0.93 1.23 Cl− 8.38 548,029 3 129 664 

MgCl2 (bischofite) 0.93 1.23 Cl− 11.85 773,002 2 116 664 

Na2CO3 (Na2CO3) 1.00 0.70 NaCO3− 7.25 474,900 4 127 53 

K2CO3 (K2CO3·1.5H2O) 1.10 0.80 CO32− 18.85 1,224,502 1 237 111 

CaCO3 (calcite) −3.92 −4.09 HCO3− 0.0004 26 >50,000 <0.01 <0.01 

MgCO3 (magnesite) −3.74 −3.95 HCO3− 0.0006 41 >40,000 <0.01 <0.01 

Na2SO4 (thenardite) 0.68 0.38 SO42− 3.84 253,241 7 61 49 

CaSO4 (gypsum) −1.80 0.20 SO42− 0.05 3,127 576 0.2 32 

MgSO4 (epsomite) 0.87 0.87 SO42- 3.38 223,119 8 101 150 

Seawater – –   0.64 43,119 42 - - 

NOTES: Solution saturation concentrations were calculated using PHREEQC v3 (Parkhust and Appelo, 1999) and the LLNL.dat database. Mineral phases (in 
parenthesis) were brought into equilibrium with deionized water at 25°C and 1 bar. 
aAssuming - mm electrode spacing and a current density of 6 kA/ m2 across 3-m2 cell divider. 
b Assuming a diffusion layer thickness of 0.01 mm. 
c Considers a solution of 25% w/w. 
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TABLE 8.2 Summary of Ocean-Based Electrochemical Approaches for CO2 Removal from the 
Atmosphere 
Direct CO2 removal—acid process The acid stream from the anode in the electrochemical cell is used to 

decrease the pH of seawater to evolve CO2. The base stream from the 
cathode is then mixed with the decarbonized seawater to capture 
additional CO2 from the air, resulting in a continuous closed cycle 
where CO2 is effectively removed from the air via seawater. 

Direct CO2 removal—base process The base stream from the cathode in the electrochemical cell is used 
to precipitate carbonate from seawater with or without the evolution 
of CO2.  

Ocean alkalinity enhancement (OAE)—
seawater/brine electrolysis 

Using seawater as the electrolyte, sodium hydroxide (NaOH) is 
concentrated at the cathode (which is added to the ocean to increase 
alkalinity; see Chapter 7). The acid stream from the anode is 
neutralized through reaction with silicate rocks. 

OAE—water electrolysis Similar to seawater/brine electrolysis but using an alternative non-
NaCl based electrolyte (e.g., based on Ca or Mg). 

OAE—salt recirculation Similar to seawater/brine electrolysis but the salt form, through 
reaction with silicates, is recycled back into the catholyte. 

Hybrid approaches A combination of electrochemical approaches that results in an 
increase in ocean alkalinity and the removal of CO2 from seawater; 
e.g., as a gas, or in mineral carbonates. 

 
 

Acid Process 
 

CO2 Removal 
 

This approach (Figure 8.3) uses electrolysis to create streams of acid (HCl, at the anode) and base 
(NaOH, at the cathode). When the acidic anolyte is mixed with CO2 “rich” seawater or brine, the 
acidification shifts the equilibrium of the carbonate system toward CO2, which is vented and can be 
subsequently pressurized and geologically stored. The acidified CO2-lean seawater is mixed with the base 
liquid stream and then released to the ocean where it absorbs CO2 from the atmosphere to an extent 
described by its alkalinity and temperature. 

In the system explored by Eisaman et al. (2012) and de Lannoy et al. (2018), a small proportion 
of influent seawater is treated or demineralized using nanofiltration, mineral precipitation, CO2 
desorption, and resin towers (e.g., as typical of a system used in the chlor-alkali process to limit electrode 
fouling) before being passed into a three-compartment bipolar membrane electrodialysis system. The acid 
generated in electrolysis (0.4–2 mol/kg) is used to acidify 160–800 times the volume of seawater. Prior to 
acidification, N2 and O2 are extracted at 30-mbar pressure, such that pure CO2 gas is extracted at 30–80 
mbar pressure (i.e., by vacuum stripping).  
 

Base Process 
 

In this approach the base liquid produced by electrochemistry is mixed with seawater/brine to 
force the precipitation of carbonate minerals. Like the acid process, carbonate precipitation shifts the 
equilibrium of the carbonate system toward CO2, which if not suitably compensated (e.g., by addition of 
base) would require venting, pressurization, and storage. The basic seawater is mixed with the acid stream 
from the electrodialysis unit before being returned to the ocean. Addition of base to seawater increases pH 
and potentially results in the oversaturation of a range of minerals. Relatively smaller additions of NaOH 
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would oversaturate carbonate minerals, leading to their precipitation. But, if the addition rate of NaOH 
was greater than the carbonate precipitation rate, then it is possible that a higher pH could also lead to the 
precipitation of calcium or magnesium hydroxide minerals, which would result in a net reduction in 
alkalinity of seawater if they were not redissolved (Figure 8.4). De Lannoy et al. (2018) suggest that 
maintaining a pH between 9.3 and 9.6 would prevent this. Figure 8.5 shows the effect of the progressive 
addition of NaOH to seawater at different rates (slow and fast) and the resulting saturation indices for 
brucite (Mg(OH)2), a hydrated magnesium carbonate mineral hydromagnesite (Mg5(CO3)4(OH)2·4H2O), 
and strontianite (SrCO3) for solutions equilibrated with calcite (Figure 8.5a, i.e., by slow addition of 
NaOH to allow calcite to precipitate) and those unequilibrated to a mineral phase (Figure 8.5b, i.e., by 
rapid addition of NaOH). 
 

 
FIGURE 8.3 Simplified schematic of the acid process to remove CO2 from seawater. Systems for 
precipitating sodium hydroxide (NaOH) are used in the chlor-alkali process, but it is also possible to 
sweep the catholyte tank with seawater or fresh water if a dissolved base is required (light green arrows). 
 
 

 
FIGURE 8.4 Simplified schematic of the base process to remove CO2 from seawater.  
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FIGURE 8.5 Impact on seawater chemistry from NaOH addition. Calculations were performed using 
PHREEQC v3 (Parkhurst and Appelo, 1999) at 25°C and a typical seawater composition (Pilson, 1998). 
The impact on brucite (Mg(OH)2) and hydromagnesite (Mg5(CO3)4(OH)2 4H2O) saturation if NaOH is 
added (a) at a rate equal to the precipitation rate of calcium carbonate (saturation index [SI] of calcite = 0) 
or (b) if NaOH is rapidly added without calcium carbonate precipitation (SI of calcite CaCO3 and 
strontianite SrCO3 is also shown). In the case of calcite, (c) shows how much of the original dissolved 
inorganic carbon and calcium in the solution are removed through precipitation, and (d) shows the impact 
on seawater pH for both cases. 
 
Production of Alkalinity by Seawater Electrolysis 
 

A system similar to that used in the chlor-alkali process could also be used for the production of 
solid or liquid bases for ocean alkalinity enhancement (Chapter 7). In these systems, seawater or brine are 
introduced into the anolyte/anode. A potential difference between cathode and anode encourages the 
migration of sodium across the cell divider such that an acid solution is produced at the anode and a basic 
solution at the cathode. In the system espoused by House et al., (2007) chlorine gas produced at the anode 
and hydrogen gas at the cathode are combined in a fuel cell to produce hydrochloric acid. The acid is then 
neutralized through the reaction with a silicate mineral to produce a salt and silica (equation 8.8), which will 
need to be disposed of, or could potentially be valorized in other industries. The base is discharged into the 
ocean (as a solid or a liquid) to increase ocean alkalinity (Figure 8.6). Davies et al. (2018) presents a system 
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that is coupled to the reject brines from reverse osmosis, where the alkalinity is removed as a solid MgOH2 
base. This system is simulated by Tan et al. (2019) who suggest that reverse osmosis water production could 
be carbon negative, providing an appropriate carbon incentive ($10–$100/t CO2) and/or revenue stream 
from HCl production if implemented and low-carbon electricity is used. 
 

4HCl(aq) +Mg2SiO4(s)→2MgCl2(s/aq)+SiO2(s)+H2O(l)  (8.8) 
 

 
FIGURE 8.6 Simplified schematic of seawater electrolysis for ocean alkalinity enhancement.  
 

Production of Alkalinity by Water Electrolysis 
 

A simplified version of a system proposed by Rau (2008) and Rau et al. (2013) is shown in 
Figure 8.7. In this system a basic or ultrabasic silicate mineral is reacted directly with the anolyte to 
produce a solution rich in cations (e.g., Ca and Mg), silicon, and other elements in the rock. This solution 
is passed to the anode chamber of an electrolysis cell, and the cations selectively migrate to the cathode 
across the cell divider. The base concentrated solution can be passed to a system for concentration and 
precipitation of Ca or MgOH2 for subsequent addition to the ocean, or the elevated alkalinity solution 
could be added directly to the ocean. A solution containing only Ca2+ or Mg2+ charge balanced by OH− 
ions will likely result in prohibitive ohmic losses in the electrolyte or mass transport losses at the 
electrode (Table 8.1). As such, the presence of a highly soluble salt (e.g., SO4

2− used by Rau et al., 2013) 
is essential. 
 

 
FIGURE 8.7 Simplified schematic of water electrolysis for ocean alkalinity enhancement.  
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Production of Alkalinity by Salt Recirculation 
 

This involves a system that promotes the migration of anions (e.g., Cl−, SO4
2−) across the 

electrolysis cell divider to form an acidic solution for neutralization through reaction with basic or 
ultrabasic (Ca, Mg) silicate minerals (hypothesized by Rau et al., 2013). The solid or aqueous salt is then 
added to the catholyte, resulting in an accumulation of Ca or Mg, and an increase in alkalinity (Figure 
8.8). 
 

 
FIGURE 8.8 Simplified schematic of a salt recirculation process for ocean alkalinity enhancement. 
 

8.3 EFFICACY 
 

Achievable Scale 
 

When considering electrochemical methods for ocean-based carbon removal, it is important to 
contextualize the scale that such processes could achieve if they were to be successful. As such, important 
considerations around achievable scale are based around (see Chapter 1 for discussion on scale)  
 

1. The need/consumable demand for stoichiometric additives (e.g., acids, bases, salts),  
2. The materials of construction of electrochemical systems (e.g., alloys),  
3. The net energy intensity of the life cycle of the process and its supply chain, and  
4. The grid emissions factor of electricity that is used to power the approach.  

 
In brief, first, unless reagents and additives are effectively perfectly reusable (i.e., the process 

features a vanishingly small consumable additive demand), independent of their cost, on account of their 
global production levels (e.g., NaOH is produced using the chlor-alkali process at a level of around 70 
Mt/yr (World Chlorine Council, 2017), and the energy intensity of their production (e.g., for NaOH, 2.5 
MWh/t (Chlistunoff, 2005), the use of or need for stoichiometric additives provides a means to estimate 
the practical viability of a CO2 removal process. In this context, electrochemical methods have a 
particular advantage because they may be capable of producing acidity/basicity, in situ, without a need for 
ancillary additives, synthetic electrolytes, etc.; in effect, the additive demand can be fulfilled by, ideally, 
zero-carbon electrons. Second, it is critical that the materials of construction, particularly the electrode 
materials and reactors are abundant and. These may include, but are not limited to, polymers, alloys, and 
or carbon composites, which feature a basis for widespread production today. 

Finally, since natural gas may continue to be a significant source of energy (electricity), generally 
in the short to medium term, it would be attractive if carbon removal processes featured a net (i.e., 
uncompensated by the potential embodied energy benefit of any co-produced hydrogen) energy 
intensity/demand of less than 2.4 MWh/t CO2 removed—to deliver a (net) negative carbon removal 
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outcome.1 Maximum (net) energy intensity is quantified by assessing the specific intensity ratio (SIR) of 
the energy source, that is, the reciprocal of the grid emissions factor (e.g., for natural gas combustion–
based electricity generation, this is around 0.42 tCO2 emitted per MWh of electricity produced;2 see 
Section 8.3). Of course, it is necessary that, in general, the net energy intensity be substantially inferior to 
the maximum value to realize the highest CO2 removal benefit for example, as ensured by use of 
renewable energy as far as possible, particularly during periods of excess generation capacity (i.e., when 
curtailment is ongoing). All that said, it is particularly desirable to develop electrochemical processes that 
have the potential to produce valuable co-products, for example, hydrogen, oxygen, and/or minerals (see 
Section 8.4). The former are particularly attractive because if these “clean fuel” co-products can partially 
power the electrochemical process, they in effect allow for reduced reliance on fossil fuel sources (e.g., up 
to 50 percent less fossil-fuel energy would be required depending on the co-produced hydrogen yield). 
Also, in an energy storage–constrained market, they offer a means to bridge the energy gap between time 
periods when renewable electricity may be in short supply (e.g., at night) while reducing the net carbon 
intensity of the fuel source that is used to power the CO2 removal process (e.g., when natural gas–based 
electricity may be a possible energy input). 
 

Additionality and Downstream Effects 
 

Despite their enormous potential, electrochemical processes that couple with the world’s oceans 
may exert unintended consequences. Such consequences include some that we can imagine today, and 
other nonlinear and downstream effects that may only be ascertained when electrochemical CDR 
processes are operated at the pilot or larger scales. In addition to general issues associated with ocean-
based CDR, electrochemical CDR processes seek to (a) remove dissolved CO2 from seawater as a means 
of reducing its acidity or (b) alkalinize seawater as a means of enhancing its capacity to absorb and store 
additional CO2 from the atmosphere in the form of bicarbonate species. Such acidification or 
alkalinization of seawater will, deliberately, affect the water chemistry (pH, distributions and 
concentrations of species such as CO2 and bicarbonate in solution and within mineral precipitates, 
turbidity, etc.). Such changes in water chemistry may affect ocean ecology and marine organisms (e.g., by 
changing the optimal pH for growth and reproduction) and should therefore be limited as much as 
possible.  
 

Permanence 
 

Electrochemical methods for ocean-based CDR seek to (a) extract dissolved CO2 in the form of a 
gas, after which it will be compressed and sequestered in geological formations; (b) stabilize dissolved 
CO2 in the form of aqueous bicarbonate (HCO3

−) species, for example, when alkalinity enhancement of 
the aqueous phase allows for the additional drawdown of atmospheric CO2; and/or (c) immobilize CO2 in 
mineral carbonates. If effectively implemented, particularly the latter approaches (b and c), can ensure the 
durable and effectively permanent sequestration of CO2 at Earth’s surface while eliminating the risk of 
accidental release (La Plante et al., 2021) due to, for example, fault activation in geological sequestration 
(Jahediesfanjani et al., 2018). Notwithstanding changes in sea-surface temperature, CO2 stabilized in the 
form of bicarbonate anions is expected to remain stable in surface waters (seawater) for periods on the 
order of 100,000 years (Falkowski et al., 2000; Caldeira et al., 2018). CO2 stabilized within mineral 
carbonates, as highlighted by the persistence of limestone deposits on Earth’s surface, is expected to 
remain stable for periods on the order of hundreds of millions of years (Lackner, 1995). 
  

                                                      
1 Here the term “removal” implies end-to-end carbon abatement including capture, sequestration, and 

immobilization for periods generally well in excess of 10,000 years). 
2 See https://www.eia.gov. 
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Monitoring and Verification 
 

Electrochemical methods, on account of being contained engineering processes, are readily 
amenable to assessments of mass, energy, and CO2 balances, that is, both embodied in and as related to 
CO2 removal, within the boundaries of the process. For example, processes that generate acidity or 
basicity can be readily instrumented to assess the extent of acid and base generation within a liquid stream 
(e.g., of the anolyte and catholyte), the amount of hydrogen, oxygen, and/or chlorine produced (e.g., in 
the case of seawater electrolysis), or CO2 evolved (in the case of CO2 stripping processes), the amount of 
solid precipitates formed (e.g., mineral carbonates and/or hydroxides), or minerals dissolved (e.g., silicate 
rock dissolution), and the consequent energy expenditures, and seawater fluxes. Such monitoring can be 
carried out by analysis of the influent and effluent compositions, typically within electrochemical cells or 
reactors, and of the gases evolved within a closed headspace. The challenge with electrochemical 
processes, however, is that their CO2 removal basis may often be indirect. For example, except in the case 
of CO2 stripping or solid carbonate mineral formation, these processes often rely on the alkalinization of 
seawater directly or by the dissolution of minerals within it (brucite, silicate rock, etc.) to enhance its CO2 
storage capacity. The enhancement of the CO2 storage capacity results in the additional dissolution of 
atmospheric CO2 in or its absorption into seawater, which in turn results in carbon dioxide removal. If 
mineral dissolution may occur within the system boundary, the temporal dynamics and the amount of 
atmospheric CO2 removal that will occur can be readily established. But, if mineral dissolution may occur 
slowly, and beyond the process boundaries (e.g., following discharge of the effluent into the ocean), it 
will be necessary to rely on an indirect basis of quantifying the CDR benefit.  
 

8.4 SCALABILITY 
 

Resource Availability 
 

A large, and practically unlimited, elemental reservoir is found in the ocean for the production of 
acid and base creation (HCl and NaOH). If all NaCl in seawater were split, the equivalent of 26 × 106 Gt 
of NaOH would be produced, which could capture 30 ×106 Gt of CO2 (equivalent to 1,000x more than 
carbon in the Earth system).3 Furthermore, terrestrial brines (e.g., produced water, desalination brines) 
could also provide resources for such acid and base production, although to a smaller extent. From 
stoichiometry and charge balance considerations, 2 mol of base (NaOH) are needed to neutralize 1 mol of 
CO2, or more than 1 mol of acid is needed to dissolve 1 mol of alkaline mineral (CaCO3, MgSiO3, etc.). 
So, to effect 500 Mt/yr of CO2 removal, an equivalent quantity of acid and base is needed. This is far 
larger than current scales of production ~70 Mt/yr for NaOH (and most future projections, see Figure 8.9) 
and ~300 Mt/yr for H2SO4.4 Mined salt is a common feedstock for chlor-alkali, but as such, this requires 
not only the development of new facilities for acid and base production but also requires new 
infrastructure to store, transport, or dispose of acid and base materials. 

The ocean offers a considerable resource for absorbing gaseous CO2. Systems designed to extract 
CO2 from seawater unavoidably create mass handling challenges. The ocean contains approximately 2 
mmol/kg (88 g CO2/m3) of dissolved inorganic carbon; aqueous CO2 constitutes only a small proportion 
of this (~10 µmol/kg at atmospheric pressure). The majority of the carbon is contained in the form of 
HCO3

- and CO3
2− ions. As such, without modifying alkalinity, it may only be possible to extract hundreds 

of milligrams of CO2 per cubic meter of seawater. While the prevalent volumetric concentration of CO2 in 
the ocean (>80 g CO2/m3) is greater than that in the atmosphere (<1 g CO2/m3), the mass concentration is 

                                                      
3 Assumes the sodium concentration of seawater is 0.4 mol/L (Pilson, 1998) and the volume of the ocean is 1.3 

× 109 km3 (https://ngdc.noaa.gov/mgg/global/etopo1_ocean_volumes.html). The Earth system contains 871, 1,400, 
450, 900, 700, 1,750, 37,100 (~43,000 in total) Gt C in the atmosphere, permafrost, soils, surface ocean, dissolved 
organic carbon in the ocean, shallow sediments, and deep ocean, respectively (Canadell et al., 2021).  

4 See https://www.essentialchemicalindustry.org/chemicals/sulfuric-acid.html. 
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less (0.09 and 0.6 gCO2/kg in the ocean and atmosphere, respectively). A facility designed to remove 0.1 
Mt CO2/yr from seawater would need to treat 1.3 Gt seawater /yr, or about 3 million m3/day, which is 5-
10 times greater than the world’s largest desalination facilities (Eke et al., 2020). In other words, treating 
a water flux as great as present-day global desalination would amount to around 1-2 Mt CO2/yr removal. 
Treating a similar seawater volume to increase its alkalinity could remove ~90 Mt CO2/yr. Thus, there 
may be advantages to processes that create a concentrated solid or liquid base, ex situ or in situ, and 
distribute this in the ocean.  
 

 
FIGURE 8.9 Historical production of NaOH and consumption of chlorine (chlorine production from 
Egenhofer et al., 2014; NaOH production calculated from chlorine). The estimated projections of NaOH 
production are based on the method in Renforth (2019) for a range of shared socioeconomic pathways 
(SSPs). SOURCE: Renforth (2019), Egenhofer et al. (2014). 
 

Some of the processes described above require the extraction, processing, and dissolution of rock 
either to increase alkalinity or to replenish alkalinity which is lost during carbonate precipitation. The 
scalability implications of rock extraction is discussed in Chapter 7. If CO2 is extracted from seawater, 
there is a need to store this fluid-state CO2, for example, either in terrestrial reservoirs or by pumping it 
into the very deep ocean.5 It is likely that large volumes of CO2 derived from either the atmosphere or 
captured emissions will need to be disposed of over the next century. This challenge was explored in a 
recent National Academies report (NASEM, 2019, Chapters 6 and 7) and elsewhere (Kelemen et al., 
2019).  
 
Low-Carbon Electricity 
 

Global annual electricity supply is currently 25,000 TWh and will possibly increase to ~35,000 
by 2040 (EIA, 2021). If an electrochemical approach consumed ~2 MWh/tCO2 removed (see below), then 
1 Gt CO2/yr would require around 2,000 TWh/yr (20 percent addition on the projected increase). The 
approaches described above will likely require low- or zero-carbon electricity to be feasible. While the 
supply and generation capacity of renewable electricity are increasing, current forecasts estimate that 
fossil fuels will contribute ~45 percent of electricity generation for the next three decades at least (EIA, 
2021). As such, it is necessary to reduce the energy intensity of CDR approaches to below 1.5–9.5 MWh/t 
CO2 (i.e., an inverse of the 105-680 kg CO2/MWh grid emissions intensity of electricity produced in the 
United States;6 Figure 8.10). 
                                                      

5 Note that the liquid CO2 relevant to a deep-ocean disposal approach relies on the basis that liquid CO2 is 
denser than liquid water). 

6 See https://www.epa.gov/egrid/data-explorer. 
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FIGURE 8.10 The relationship between electricity requirements per net tonne of CO2 removed (y axis), 
the emissions intensity of the electricity (x axis). The blue contours represent the energy requirements 
(MWh) of the system to remove 1 tonne of CO2 from the atmosphere (see Section 8.5 for estimated 
energy requirements). Arrows indicate current U.S. grid average emission intensity, projected emission 
intensity, or the EIA (a) AEO2020 reference scenario, (b) high-cost renewable energy scenerio, and (c) 
low-cost renewable energy scenarios (EIA, 2021), and the 2050 global average emission intensity of 
electricity projected by the Intergovernmental Panel on Climate Change. SOURCE: Bruckner et al., 2014. 
 

It may be possible to use excess electricity generation at times of the day in which demands of the 
grid are lowest, and thus the power is “cheap.” Such electricity is only available for no more than ~8 
hours when curtailment is in effect.7 To operate a capital-intensive facility using such electricity implies 
accepting a capacity factor of 30 percent, which produces a capital inefficiency (due to lack of operation 
for the majority of the day), and a need to oversize the plant to meet production goals. Although such 
reduced utilization could be remedied, it requires access to cheap long-duration electricity storage and/or 
for net emission technologies to produce their own fuels (e.g., hydrogen) to power operations when 
curtailment is not in effect or cheap renewable electricity is not available. 
 
Geospatial and Adjacent Infrastructure Considerations  
 

Unquestionably the need for seawater in electrochemical ocean CDR requires the siting of such 
processes and plants at sites that offer ready access to seawater. While the optimal attributes of siting, for 
example, in the open ocean, along the coast, or in river deltas are not fully clear, there are adjacent 
infrastructure considerations that are relevant: (1) seawater access, (2) low-carbon energy supply, (3) 
infrastructure for supply of raw materials and disposal of waste, and (4) labor.  

First, a significant cost associated with desalination plants (and other facilities that require 
seawater) is the infrastructure for seawater intake. Thus, colocation at sites that host water intake 
infrastructure (desalination plants, power plants, etc.) is valuable not only for reducing the overall capital 
costs of eventual commercial plants, but also conceivably for the potential to utilize operating water 
intake permits of existing facilities (see section on governance below). Second, the most effective means 
for CDR implies the use of renewable energy. Thus, it is important to locate eventual facilities in regions 
that feature substantial potential for renewable energy generation including wind and solar (either 
photovoltaic or concentrated solar power based). Third, if CO2 removal is accomplished in a manner that 
                                                      

7 See https://www.pge.com. 
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yields a fluid, or solid, it is necessary to build out infrastructure including pipelines (and compression 
stations) to convey the CO2 to sequestration sites, or to develop solid waste handling and valorization 
facilities (e.g., for the potential use of mineral carbonates and hydroxides as construction materials). 
Although some of these facilitiesalready exist (e.g., landfills for solid waste handling), given the 
enormous scale of CDR required, it would be necessary to expand such facilities considerably, to achieve 
scale relevance. 
 

8.5 VIABILITY AND BARRIERS 
 

Environmental Impact 
 

A comprehensive life-cycle assessment for electrochemical ocean-based approaches has yet to be 
completed. The following provides an overview of potential issues, summarized in Figure 8.11, for best 
available membrane processes. Mercury amalgam systems that were historically used for chlor-alkali 
typically yielded elevated Hg in effluent waters and surrounding sediments, accompanied by other 
potentially toxic metals (Arribére et al., 2003), and some early diaphragm systems that use asbestos for 
their cell divider report particle emissions to water and air. Many of these systems are being replaced by 
membrane or alternative diaphragm systems, such that their environmental impacts would not be 
applicable to future ocean-based electrochemical approaches. The environmental impact associated with 
rock extraction is discussed in Chapter 7. 
 

 
FIGURE 8.11 Potential sources of material environmental impact from a membrane seawater 
electrochemical/chlor-alkali process.  Herein, CO2 is considered an implicit input in the process. 
SOURCE: Redrawn from Brinkmann et al., 2014. Licensed under Creative Commons CC BY 4.0. 
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Gaseous Chlorine Production 
 

In seawater or brine electrochemical reactions (equation 8.5) as relevant to the chlor-alkali and 
conceptually similar processes, around 1 tonne of chlorine gas is produced for sufficient alkalinity to be 
generated to remove a tonne of CO2. There are approximately 23 Mt of gaseous chlorine in the 
atmosphere, most of which is derived from human sources (Khalil, 1999), which impacts atmospheric N, 
OH, and CH4 concentrations (Zhai et al., 2021). Given that the global chlorine market is on the order of 
60–70 Mt/yr (Figure 8.9), systems operating at climate-relevant scales will likely require a highly 
efficient method of managing and disposing of excess chlorine. It may be possible to reduce or eliminate 
chlorine emissions by using selective electrodes (i.e., that promote the oxygen evolution reaction as 
opposed to the chlorine evolution reaction), reaction of generated Cl2 with H2 to produce HCl and its 
reaction with cation-rich silicates to produce salt. In addition to chlorine, carbon dioxide is often reported 
in waste gases. 
 
Wastewater 
 

Table 8.3 presents ranges of emissions to water for best available technology from chlor-alkai 
processes. Wastewaters are generated in feedstock brine purification and depleted brine treatment, as 
condensates from product treatment, or bleach from the chlorine gas absorption unit. It is unclear how 
applicable these are to the CO2 removal or OAE systems considered in this chapter, but an industrial-scale 
plant will likely produce some wastewater, the generation and treatment of which is not explored in the 
literature. 
 
Energy Use 
 

The life-cycle impact of the chlor-alkali industry is dominated by energy consumption in 
electrolysis, which has implications for both the global warming potential impact and the impact on 
human health (Garcia-Herrero et al., 2017), with membrane-based processes performing favorably.  
 
Reduced DIC in Effluent Waters 
 

Processes that remove CO2 from seawater will, by intention, result in very low dissolved 
inorganic carbon concentrations. For instance, a process that removes 90 percent of the DIC while 
maintaining alkalinity would result in an aqueous CO2 concentration on the order of pmol/kg and a CO2 
partial pressure <1 nanonanoatmosphere. Low DIC levels are possibly detrimental to autotrophic 
organisms (Hansen et al., 2007) and may be impacted at the point of effluent addition. This water will 
eventually mix into the surface ocean and promote CO2 drawdown from the atmosphere. It may be 
possible to design discharge systems (active sparging or passive cascades) to promote gas exchange and 
limit these effects. 
 
Co-benefits 
 

In all of the approaches outlined above, hydrogen is a likely product of reactions at the cathode. 
Currently the United States consumes approximately 10 Mt of hydrogen per year, derived largely from 
steam methane reforming of natural gas or coal gasification, at costs of $1–$2.5/kgH2, with an emission 
intensity of 40-60 kg CO2/GJ (DOE, 2020). In the system proposed by Rau et al. (2013), 23 kg H2 is 
produced for every tonne of CO2 removed (or an emission intensity of −300 kg CO2/GJ, assuming no 
emissions associated with the process of its energy supply). The baseline shared socioeconomic pathways 
(Riahi et al., 2017) suggest hydrogen may constitute 2.5 to 4.2 EJ/yr by 2050, rising to possibly tenss of 
exajoules by 2100.  
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Processes that neutralize excess acid by reaction with crushed silicate rocks or /minerals will 
create a brine composed of dissolved elements from the rock. This brine is likely to contain high 
concentrations of silica (which is present in some basic silicate rock ~40–50 mass % as SiO2), aluminum 
(~15 mass % Al2O3), and iron (5–10 mass % iron oxide). Except for nickel and chromium in ultrabasic 
rocks, other elements are unlikely to be sufficiently concentrated to facilitate recovery. Some processes 
also promote mineral carbonate formation. Niche high-value markets exist for these precipitated minerals 
(i.e., fine precipitated silica as a pozzolan in concrete manufacturing, precipitated calcium carbonate as a 
paint filler). However, use as construction products may be the more scalable destination. 
 
TABLE 8.3 Emissions to Water from 1 tonne of Cl2 Production from Best Available Chlor-Alkali 
Electrochemical Technology  
Water Up to 2.7 m3 

Free chlorine 0.001–3.8 g 
Chlorate 0.9–3,500 g 
Bromate 50–300 mg 
Chloride 0.6–1,060 kg 
Sulfate 0.07–7.4 kg 
Organic carbon (as total organic carbon) 2.5–34 g 
Metals Cadmium, chromium, copper, iron, nickel, lead, and zinc (derived from 

impurities in salt or brine)  
SOURCE: Brinkmann et al., 2014. Licensed by Creative Commons CC BY 4.0. 
 

Energy 
 

Electricity consumption in the electrochemical cell dominates the energy balance of all described 
systems, and much of the reported values are normalized to mass of CO2 removed from the atmosphere, 
rather than net removal (which would account for CO2 emissions from electricity generation). The carbon 
intensity of the U.S. electricity grid is between 1.5 and 9.5 MWh/t CO2, 8 so a system that consumes 1 
MWh/t CO2 removed, may require between 1.1 and 3.0 MWh/net t CO2 removed. Processes that consume 
more electricity than the carbon intensity of the grid will emit more CO2 than they remove. 

Eisaman et al. (2012) suggest that approximately 1.5 MWh are required per tonne of CO2 
extracted from their acid bipolar membrane electrodialysis process. Their system uses a stack of nine cells 
operating at a current density of ~0.4–0.5 (mA/cm2)/Lpm to produce 0.1–0.4 liters per minute of CO2 (at 
standard temperature and pressure) from 3–6 Lpm of seawater. A technoeconomic assessment of an 
upscaled process (7 kt CO2/yr) suggests an energy requirement of 3.1 MWh for the acid process and 4.4 
MWh for the base process per tonne of CO2 removed.9  

There is no comprehensive technoeconomic assessment for processes that effect CO2 removal and 
use electrochemistry to increase ocean alkalinity. House et al. (2007) consider electrolysis of seawater and 
suggest energy requirements between 0.8 and 2.5 MWh/t CO2 removed, which is consistent with Rau 
(2008), Rau et al. (2013), Davies et al. (2018), and La Plante et al. (2021) who calculate 1.5–2.3 MWh/t 
CO2 for similar systems. 
  

                                                      
8 See https://www.epa.gov/egrid/data-explorer. 
9 Note that the final use or geological storage of the CO2 was not included within the assessment. 
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Cost 
 

Sodium hydroxide prices are sensitive to both energy costs and volatility in chlorine supply and 
demand. However, a typical price may be on the order of $300–$400 per tonne, typically delivered as a 
50 percent solution (HIS Markit, 2017). Table 8.4 presents a technoeconomic overview of chlor-alkali 
production. Although simplified, the levelized cost of NaOH is consistent with market prices. It suggests 
that using NaOH from current chlor-alkali methods may be on the order of $500–$700/t CO2 removed 
(without revenue from H2 and Cl2 sale) or $450–$600/t CO2 removed (with revenue). This does not 
account for acid disposal/neutralization, mineral extraction, valorization of precipitated products, 
seawater monitoring, or the emissions associated with the process or energy supply. 

While chlor-alkali systems are not directly comparable to those considered in this chapter, it 
demonstrates that electrochemical reaction processes are capital and energy intensive. Although it is 
possible that many of the components will be different (e.g., no, or smaller, gas handling equipment if the 
sale or processing of Cl2 or H2 is not a priority; a fuel cell for Cl2 or H2 reaction; or less storage if 
deployment is integrated). However, the largest single capital component is the electrolyzer (i.e., the 
reaction half cells and electrodes, equating to 30–50 percent of the capital cost), which is essential for all 
electrochemical reaction systems, although the relative cost of membranes for electrodialysis systems 
may be greater and electrode material costs lower. The bare module cost (i.e., without other system 
components, installation costs, owner costs, or contingency) of an aqueous electrolyzer is shown in Figure 
8.12. Those costs, incorporated into typical chlor-alkali process costs (Table 8.4) suggest that using a 
chlor-alkali system to produce NaOH for ocean alkalinity enhancement may cost on the order of $533–
$668/t CO2, without including costs associated with acid disposal. If additional revenue was generated 
from the sale of Cl2 and H2 gas, then the costs for CO2 removal may be 10-15 percent lower. The energy 
requirements of these systems are approximately 8.8 MWh/t CO2, which is much greater than ~2 MWh/t 
CO2 estimated by Rau (2008), Rau et al. (2013), and La Plante et al. (2021) (see Figure 8.13). Using this 
energy requirement together with lower capital requirements (removing rectifiers, boilers, and storage) 
and reducing raw material costs (e.g., by using seawater as feedstock brine), then the overall cost for OAE 
by seawater electrolysis could be further reduced to ~$150/t CO2, which is consistent with the preliminary 
assessments by Rau (2008), Rau et al. (2013), and La Plante et al. (2021). In the absence of cost 
improvements on conventional electrochemical systems, the cost of ocean alkalinity enhancement through 
electrochemical methods may be between $150 and $700/t CO2 removed. These estimates do not account 
for CO2 emissions from the process or supply chain. Powering an electrochemical system with ~2 MWh/t 
CO2 removed using current unabated U.S. grid average emissions (400 kg/MWh) would result in 0.8 t 
CO2 emitted (or a 5× cost increase for net removal). 

The technoeconomic assessment of removing CO2 as a gas from seawater through (acid and base) 
bipolar membrane electrodialysis was undertaken by Eisaman et al. (2018), who estimated costs on the 
order of $373–$2,355/t CO2 removed. This included an acid stand-alone process ($1,839–2,355/t CO2), an 
acid process colocated with seawater cooling ($727–$1,076/t CO2), or an acid process colocated with 
desalination ($436–$717/t CO2). Costs were also included for a base stand-alone process ($1,076–
$1,349/t CO2), a base process colocated with seawater cooling ($583–$899/t CO2), or a base process co-
located with desalination ($373–$604/t CO2). 

The above costs (summarized in Figure 8.13) do not include those associated with monitoring, 
verification, and reporting. For those processes that remove CO2 from seawater for injection and storage 
into geological reservoirs, costs are incurred for seismic baseline monitoring and the installation of 
monitoring wells prior to injection (both of which are initial capital expenditures). Additional geophysical 
monitoring, water column seawater chemistry analysis, and groundwater monitoring are required during 
and following (~30 years) injection. However, the estimated costs of this are relatively small <$1/t CO2 
(IPCC, 2005). A monitoring program for well-mixed effluent quality will be independent of volume, and 
daily water sampling and analysis may cost on the order of $50-$100k/yr (<1 percent of the operating 
costs of the systems in Table 8.4). A more comprehensive environmental monitoring program and 
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environmental impact assessment may form the basis of obtaining a permit for operating a plant within 
national jurisdictions (e.g., discussed in Chapters 2 and 9). 
 

 
FIGURE 8.12 Bare module costs for an aqueous electrolyzer for a given power capacity.  
 
 
TABLE 8.4 A Simplified Techno-Economic Overview of Diaphragm and Membrane Chlor-alkali 
Systems, and Then the Application of the Produced NaOH for CO2 Removal by Ocean Alkalinity 
Enhancement 
 Diaphragm Membrane 
System size (kt/yr)   
Chlorine production  179 
Sodium hydroxide production  197 
Hydrogen production  5 
Maximum CO2 removal  286 
Power (MW) 71 79 
Capital costs (M$)   
Cells  38 73 
Rectifiers  8 7 
Boiler  9 3 
Storage  12 12 
Sulfate removal  1 2 
Cell renewal  5 5 
Initial materials  61 49 
Total bare module costs a 134 152 
Total production costs b 154 175 
Total overnight costs b 172 195 

(Continued) 
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TABLE 8.4 Continued 
 Diaphragm Membrane 
Operating Costs (M$/yr)   
Energy costs c 118 83 
Raw material costs c 14 15 
Fixed running costs c 10 11 
Cost summary   
Levelized cost of CO2 removed ($/t CO2)d 668 533 
Possible H2 and Cl2 revenue (M$/yr)e 14 16 
Levelized cost of CO2 removed ($/t CO2) including revenue 608 466 
Levelized cost of NaOH ($/t) as 50% mass solution, including revenue  442 339 

a Bare module costs were summarized from Abam Engineers (1980) and converted into current prices using the 
Chemical Engineering Plant Cost Index (https://www.chemengonline.com). Mass flows were taken from Abam 
Engineers (1980). 
b Assuming 10% engineering procurement and contractor costs, 5% project contingency, 12% owner’s costs. 
c Cell power of 7,267–8,105 Mcal/ECU, motor power of 703–735 Mcal/ECU, produced hydrogen used in the boiler. 
In the diaphragm process, 625 Mcal/ECU of additional fuel is required. Raw material costs include salt ($50/t), 
sulfuric acid ($100/t), soda ash ($150/t), calcium chloride ($150/t). Labor costs include 40 shift and 25 day workers 
on an annual salary of $35k; 15% of labor as supervision; 35% of labor as administration and overheads; 2.5%, 1%, 
and 1% of production costs as maintenance, taxes, and insurance, respectively.  
d Assuming a capital charge factor of 7.5%, a plant capacity factor of 90%, an escalation rate of 2%, a discount rate 
of 8%, and a levelization period of 30 years. 
e Cl2 at $80/t and H2 at $800/t. 
 
 

 
FIGURE 8.13 Summary of cost estimates for CO2 removal from the atmosphere using the 
electrochemical methods described above. Downward lines show the ‘best-case” estimates for the 
processes. 
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Governance 
 

The legal framework for ocean CDR is discussed in Chapter 2. Many of the international and 
domestic laws discussed in that chapter could apply to ocean CDR electrochemical engineering, and 
specific issues associated with ocean alkalinity enhancement are discussed in Chapter 7. 

Previous research (Webb et al., 2021) has considered the application of international and 
domestic law to electrochemical approaches involving alkalinity creation. Webb et al. (2021) concluded 
that projects that employ alkalinity creation approaches for the purpose of mitigating climate change 
would likely constitute “geoengineering” for the purposes of Decisions X/33, XI/20, and XIII/4 under the 
Convention on Biological Diversity (CBD).10 The decisions recommend that parties to the CBD and other 
governments avoid geoengineering activities that may affect biodiversity, except for “small scale 
scientific research studies . . . conducted in a controlled setting.”11 The decisions are not legally binding, 
however. The CBD itself arguably does not prevent countries from undertaking or authorizing 
electrochemical engineering projects, provided that they comply with all applicable consultation and other 
requirements imposed by the Convention (Webb et al., 2021). 

Webb et al. (2021) further concluded that electrochemical engineering approaches that involve 
discharging materials into ocean waters could, in some circumstances, be considered “pollution” of the 
marine environment under UNCLOS and/or marine “dumping” under the London Convention and 
Protocol. As discussed in Chapter 2, the parties to the London Protocol have agreed to an amendment, 
dealing specifically with the discharge of materials into ocean waters for the purposes of “marine 
geoengineering.”12 The amendment, which has not yet entered into force, establishes a framework under 
which parties to the London Convention may approve certain marine geoengineering activities involving 
ocean discharges.13 While electrochemical engineering approaches could be considered a form of “marine 
geoengineering,” at the time of writing, the framework only applied to activities relating to ocean 
fertilization. It could be expanded to apply to other techniques in the future (Brent et al., 2019; Webb et 
al., 2021). However, even if that occurred and the amendment entered into force, it would not be legally 
binding on the United States which is not a party to the London Protocol (Webb et al., 2021).  

The United States is a party to the London Convention. That instrument requires ocean dumping 
to be permitted and imposes restrictions on when permits can be issued. Webb et al. (2021) concluded 
that parties to the London Convention could issue permits for ocean CDR electrochemical engineering 
approaches involving the production of alkalinity, at least in some circumstances. 

Webb et al. (2021) also reviewed the U.S. environmental laws potentially applicable to ocean 
CDR electrochemical engineering approaches involving the production of alkalinity. They concluded that 
the applicable laws will depend on the precise nature and location of each electrochemical engineering 
project. For example, projects involving the installation of structures in U.S. waters may require approvals 
from the U.S. Department of the Interior Bureau of Ocean Energy Management, U.S. Army Corps of 
Engineers, and/or other government agencies. Additionally, permits from the U.S. Environmental 
Protection Agency or state environmental agencies may be required for projects involving the discharge 
of materials into ocean waters, depending on where they occur. Projects in which CO2 is injected into the 
sub-seabed could present additional legal challenges (see, e.g., Webb and Gerrard, 2018, 2019). 
  

                                                      
10 Report of the Conference of the Parties to the Convention on Biological Diversity on the Work of its Tenth 

Meeting, Decision X/33 on Biodiversity and Climate Change, Oct. 29, 2010 (hereinafter Decision X/33)]; Report of 
the Conference of the Parties to the Convention on Biological Diversity on the Work of its Eleventh Meeting, 
Decision XI/20 on Climate-related Geoengineering, Dec. 5, 2012 (hereinafter Decision XI/20); Report of the 
Conference of the Parties to the Convention on Biological Diversity on the Work of its Thirteenth Meeting, Decision 
XIII/4, Dec. 10, 2016 (hereinafter Decision XIII/4). 

11 Para. 8(w), Decision X/33; Para. 1, Decision XI/20; Preamble, Decision XIII/4. 
12 Resolution LP.4(8), Amendment to the 1996 Protocol to the Convention on the Prevention of Marine 

Pollution by Dumping of Wastes and Other Matter, 1972 to Regulate Marine Geoengineering, Oct. 18, 2013. 
13 Annex 4, Resolution LP.4(8).  
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8.6 SUMMARY OF CDR POTENTIAL 
 

The criteria for assessing the potential of electrochemical processes as a feasible approach to 
ocean CDR, described in Sections 8.2–8.5, is summarized in Table 8.5. 
 
 
TABLE 8.5 CDR Potential of Electrochemical Processes  
Knowledge base 
What is known about the system (low, mostly theoretical, few in 
situ experiments; medium, lab and some fieldwork, few CDR 
publications; high, multiple in situ studies, growing body of 
literature) 

Low–Medium  
Processes are based on well-understood chemistry with a long 
history of commercial deployment, but is yet to be adapted for 
CO2 removal by ocean alkalinity enhancement (OAE) beyond 
benchtop scale.  

Efficacy 
What is the confidence level that this approach will remove 
atmospheric CO2 and lead to net increase in ocean carbon storage 
(low, medium, high)  

High Confidence 
Monitoring within an enclosed engineered system, CO2 stored 
either as increased alkalinity, solid carbonate, or aqueous CO2 
species.  Additionality possible with the utilization of by-products 
to reduce carbon intensity. 

Durability 
Will it remove CO2 durably away from surface ocean and 
atmosphere (low, <10 years; medium, >10 years and <100 years; 
high, >100 years) and what is the confidence (low, medium, high)  

Medium–High 
 >100 years  
Dynamics similar to OAE. 

Scalability 
What is the potential scalability at some future date with global-
scale implementation (low, <0.1 Gt CO2/yr; medium, >0.1 Gt 
CO2/yr and <1.0 Gt CO2/yr; high, >1.0 Gt CO2/yr), and what is the 
confidence level (low, medium, high)  

Medium–High  
Potential C removal >0.1–1.0 Gt CO2/yr 
(medium confidence) 
Energy and water requirements may limit scale. For climate 
relevancy, the scale will be double to an order of magnitude 
greater than the current chlor-alkali industry. 

Environmental risk 
Intended and unintended undesirable consequences at scale 
(unknown, low, medium, high) and what is the confidence level 
(low, medium, high) 

Medium–High  
(low confidence) 
Impact on the ocean is possibly constrained to the point of effluent 
discharge. Poorly-known possible ecosystem impacts similar to 
alkalinity enhancement.  Excess acid (or gases, particularly 
chlorine) will need to be treated and safely disposed. Provision of 
sufficient electrical power will likely have remote impacts. 

Social considerations 
Encompass use conflicts, governance-readiness, opportunities for 
livelihoods, etc. 

Similar to OAE and to any industrial site. Substantial electrical 
power demand may generate social impacts. 

Co-benefits 
How significant are the co-benefits as compared to the main goal 
of CDR and how confident is that assessment 

Medium–High  
(medium confidence) 
Mitigation of ocean acidification; production of H2, Cl2, silica. 

Cost of scale-up 
Estimated costs in dollars per metric ton CO2 for future 
deployment at scale; does not include all of monitoring and 
verification costs needed for smaller deployments during R&D 
phases Low, <$50/t CO2; medium, ~$100/t CO2; high, >>$150/t 
CO2 and confidence in estimate (low, medium, high) 

High 
>$150/t CO2 

(medium confidence) 
Gross current estimates $150–$2,500/t CO2 removed. With further 
R&D, it may be possible to reduce this to <$100/t CO2. 

Cost and challenges of carbon accounting 
Relative cost and scientific challenge associated with transparent 
and quantifiable carbon tracking (low, medium, high) 

Low–Medium 

Cost of environmental monitoring 
Need to track impacts beyond carbon cycle on marine ecosystems 
(low, medium, high) 

Medium 
(medium–high confidence) 
All CDR will require monitoring for intended and unintended 
consequences both locally and downstream of CDR site, and these 
monitoring costs may be substantial fraction of overall costs 
during R&D and demonstration-scale field projects.  

Additional resources needed 
Relative low, medium, high to primary costs of scale-up 

Medium–High 
High energy requirements (1–2.5 MWh/t CO2 removed) and build-
out of industrial CDR. 
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8.6 RESEARCH AGENDA 
 

Components 
 

Ocean-based electrochemical CDR approaches are promising in that (i) technologies that already 
exist (e.g., for alkaline electrolysis, in the chlor-alkali industry, and to a much smaller extent, involving 
electodialysis applications) could be adapted for the purpose, (ii) existing technologies have previously 
been scaled to ~0.1 Gt/yr of products over several decades suggests scalability of new technologies, and 
(iii) the environmental impact of the approaches that discharge effluent to ocean can be relatively easily 
monitored. However, electrochemical approaches present considerable challenges. For most proposed 
approaches, even best-case cost estimates are greater than other CDR approaches, which are primarily a 
result of capital expenditure and energy requirements. Given the energy requirements, these processes are 
unlikely to be feasible for CO2 removal without exploiting low-carbon electricity. Some proposals 
generate chlorine and/or acids which require treatment or disposal. An upscaled industry will likely 
require the movement of large volumes of seawater through the reaction system. Some of these proposals 
increase ocean alkalinity, and will share a research agenda that considers the wider social, environmental, 
and governance issues (Chapter 7). 
 

Cost Discovery and Demonstration 
 

Most processes have yet to be explored beyond bench-scale systems and/or early stage 
technoeconomic analysis. While useful in scoping the possible range of costs, accurate assessment of 
first-of-a-kind systems requires the development of pilot and demonstration facilities approaching scales 
on the order of tonnes per day. For accurate cost discovery, exploration of these at a scale of, at minimum, 
hundreds of tonnes per year is required.  
 

Electrode and Membrane Materials 
 

Novel electrode materials may be able to substantially reduce the generation of Cl2 gas from the 
anode favoring the production of O2. A research agenda may be able to significantly reduce the cost and 
improve the technical feasibility of electrochemical approaches by exploring durable, long-lasting, and 
cost-effective electrode materials and their optimum design and configuration with either membrane-
based or membraneless reaction systems. 
 

Acid Management and Environmental Impact Assessment 
 

At scale, the generation of large volumes of Cl2 gas or acids may be unavoidable. If 
electrochemical approaches are to be deployed at scale, then an important component of a research 
strategy includes how these wastes can be safely disposed of. Waste management strategies are most 
effective when they are part of a comprehensive environmental impact assessments or life-cycle 
assessments that consider not only the impact of the process, but also its supply chain. This work could 
assess what impacts are possible to mitigate, what operating protocols are needed, and what impacts are 
likely even in highly controlled systems. It would also be useful to explore worst-case impact scenarios. 
 
Coupling to Whole-Rock Dissolution Systems 
 

Optimum system design will likely require careful coupling between the electrochemical 
component and that which facilitates rock dissolution. Furthermore, large-scale electrochemical 
approaches would use a range of local rock resources, and research to assess the impact of real-world rock 
chemistries on system performance and/or effluent quality is needed, including the potential of using 
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waste rock (mine tailings, quarry fines, etc.) or alkaline materials (slag from the steel industry, concrete 
and demolition waste, etc.). 
 
Hybrid Approaches 
 

Processes that combine CO2 removal and alkalinity increase are sparse in the literature but could 
be particularly useful in maximizing removal for small changes in system operation. 
 
Resource Mapping and Pathways to Upscaling 
 

It is not yet clear if or how rapid a large-scale deployment of electrochemical approaches could be 
achieved. Research is needed to explore pathways and incentivization strategies for scale-up. These 
pathways could include integration within existing industries (desalination, power station cooling water, 
etc.), which may provide the most feasible, albeit niche, deployment for first-of-a-kind systems. It could 
also be possible to integrate products from these electrochemical systems into existing markets (e.g., 
hydrogen, chlorine, oxygen, silica) to lower the cost of initial systems. It is possible that the interaction 
between a growing electrochemical industry (and its supply chain) and existing industry, economies, and 
markets may have unintended consequences. A resource mapping exercise that identifies the colocation of 
low-carbon electricity, concentrated brine feedstocks, rock extraction, seawater, CO2 disposal, and 
product utilization would be essential in designing upscaling pathways. This activity should be 
undertaken with stakeholders in the supply chain. 
 

Cost and Time Frame of Research Agenda 
 

Demonstration projects could be commissioned relatively quickly (~24 months) and would 
require a similar operational time in which to test the systems. These would be most effective if they were 
underpinned by smaller-scale laboratory-based experimentation and materials and systems development. 
Multiple rounds of demonstrations over a 5- to 10-year time frame would allow for iterative development 
between stages. Within the initial 36 months, an assessment of resources and upscaling pathways will be 
critical in assessing the viability of the approaches. Research exploring the environmental impact, and 
acid management or reduction strategies would support the demonstration research (in the first 60 
months), but may not be necessary thereafter. In total the research agenda would cost ~$475 million over 
a 10-year period 
 

Environmental Impacts of Research Agenda 
 

The research described above could be undertaken with minimal environmental impact, and 
almost no impact on the ocean. Seawater may need to be collected as a feedstock for the processes 
(although artificial seawater could also be appropriate in some experiments). Depending on local 
regulations and the scale of the experiment, process effluents (brine, acids, and bases) could be 
neutralized and or diluted prior to disposal in municipal sewer systems. Volumes of solid wastes would be 
small and relatively inert. The research agenda described above considers the systems required to remove 
CO2 from seawater, or to increase its alkalinity. The wider ocean impacts from ocean alkalinity 
enhancement are included in Chapter 7. 
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TABLE 8.6 Research and Development Needs: Electrochemical Processes for Ocean Alkalinity Enhancement 

 # Recommended Research Gap Filled 
Environmental 
Impact of Research 

Estimated Research 
Budget ($M/yr) 

Time Frame 
(years) 

8.1 Demonstration projects including 
CDR verification and 
environmental monitoring 

What is the likely upscaled cost of the 
approach? 

Low 30 5 

8.2 Development and assessment of 
novel and improved electrode and 
membrane materials 

What is the minimal production possible of Cl2 
(or other waste gases) from electrochemical 
systems?  Can membranes be optimized for the 
unique constraints encountered in 
electrochemical ocean CDR approaches? 

Low 10 5 

8.3 Assessment of environmental impact 
and acid management strategies 

What is the life-cycle environmental impact of 
approaches? 

Low 7.5 10  

8.4 Coupling whole rock dissolution to 
electrochemical reactors and 
systems 

Is it possible to scale electrochemical approaches 
while managing waste acid production? 

Low 7.5 10  

8.5 Development of hybrid approaches Can approaches be optimized or combined for 
cost reduction? 

Low 7.5 10  

8.6 Resource mapping and pathway 
assessment 

Do we have sufficient resources in the right 
locations to upscale production? 

None 10 5  

NOTE: Bold type identifies priorities for taking the next step to advance understanding of electrochemical processes as an ocean CDR approach. 
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8.7 SUMMARY 
 

The research agenda for electrochemical processes focuses on activities that reduce the cost and 
environmental impact of the approaches. Presently, only a small number of system configurations have 
been investigated for either CO2 removal from seawater or as methods for increasing ocean alkalinity. 
These should be broadened to also consider novel designs of electrolyzers and electrochemical reactors, 
electrode materials that can minimize the production of unwanted by-products (e.g., Cl2 gas), 
electrochemical reactor architectures, and hybrid approaches that both remove CO2 and increase ocean 
alkalinity. Wider impacts on ocean ecosystems are included in the research agenda for Ocean Alkalinity 
Enhancement and are not repeated here. We recommend that meaningfully large demonstration-scale 
projects (>1,000 kg/day, and approaching the scale of several to tens of tonnes per day) be central to the 
research agenda. While part of this research agenda may focus on the development of specific 
technologies or materials (e.g., electrolyzer design or novel electrode materials), it should also focus on 
systems integration (particularly with rock dissolution processes) and scale-up strategies that allow for 
meaningful process cost reductions to be discovered. 

The processes explored by the research agenda will need to demonstrate pathways to large-scale 
deployment. As such, the research agenda should also include provision for resource mapping, 
stakeholder engagement, and wider economic impact from an ocean-based electrochemical CDR industry 
operating at a climate-relevant scale. The outcomes of the research should be transparently disseminated 
such that independent assessment of cost and environmental impact can be made. Social and governance 
considerations should also be addressed in the research. 
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9 
Synthesis and Research Strategy 

 
9.1 A GENERAL FRAMEWORK FOR OCEAN-BASED CDR STRATEGIES 

 
By acting to remove CO2 from the atmosphere and upper ocean and then store the excess carbon 

either in marine or geological reservoirs for some period of time, ocean carbon dioxide removal (CDR) 
approaches could complement CO2 emission reductions and contribute to the portfolio of climate 
response strategies needed to limit climate change and surface ocean acidification over coming decades 
and centuries. While rapid and extensive decarbonization and abatement of other greenhouse gases in the 
United States and global economies are the primary action required to meet international climate goals, 
ocean and other CDR approaches can help balance difficult-to-mitigate human CO2 emissions and 
contribute to mid-century to late-century net-zero carbon dioxide emissions targets. 

The present state of knowledge on many ocean CDR approaches is inadequate, based in 
many cases only on laboratory-scale experiments, conceptual theory, and/or numerical models.  
Given the inadequate knowledge base and lack of time to develop climate solutions, it will be important 
to pursue research on multiple approaches in parallel to progress understanding of ocean CDR as a 
contributor to climate targets. Expanded research including field research is needed to assess the 
techniques’ potential efficacy in removing and sequestering excess carbon away from the atmosphere and 
the permanence or durability of the carbon sequestration on timescales relevant to societal policy 
decisions. Research is also needed to identify and quantify environmental impacts, risks, benefits, and co-
benefits as well as other factors governing possible decisions on deployment such as technological 
readiness, development timelines, energy and resource needs, economic costs, and potential social, policy, 
legal, and regulatory considerations. Additionally, research on ocean CDR would greatly benefit from 
targeted studies on the interactions and trade-offs between ocean CDR, terrestrial CDR, 
greenhouse gas abatement and mitigation, and climate adaptation, including the potential of 
mitigation deterrence. 

Implementation of any ocean CDR strategy would require decision makers to make difficult 
trade-offs. Gathering and synthesizing as much information as possible can help to anticipate what those 
trade-offs will be. For example, it may seem premature to think about the social and livelihood 
implications of some of these techniques, or to assess their co-benefits to particular groups, when they are 
just in laboratory or demonstration stages. However, interest in ocean CDR approaches could move 
quickly as countries and companies seek to build roadmaps to the net-zero targets they have set.  Pilot 
projects are sites for both demonstrating new technologies and for social learning, and an integrated 
research strategy would involve social scientists working together with geoscientists and engineers early 
in the research process to provide a broader evidence base around what the trade-offs for different 
communities might be. 
 

Core Principles for Developing a Research Strategy 
 

Research on societal responses to climate change has been approached through a number of 
conceptual and science policy frameworks.  This report has not prescribed a single approach for policy 
makers, researchers, and stakeholders, but it has drawn from several complementary frameworks (see Box 
9.1). 
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BOX 9.1. Frameworks for Research on Ocean CDR 
 

Responsible research and innovation is an approach that aims to have multiactor and public engagement 
throughout the research process to ensure that science is guided by and serves the needs, values, and 
expectations of society.  It has been adopted by various funding agencies and programs, such as the European 
Union’s Horizon 2020 program and many of the United Kingdom’s Research Councils.  Responsible research 
and innovation involves not just public engagement, but anticipating social and environmental impacts of 
research, reflecting on the motivations and unknowns in the research, and applying these insights into the 
conduct of the research. 
 

Example Research Question: 
● How do communities and publics want to be engaged in the development of ocean CDR? 

Example of Research Activities: 
● Deliberative engagements to explore social and ethical concerns as part of assessment processes 
● Co-producing research and deployment scenarios with communities 

 
Sociotechnical systems is a perspective used in sustainability studies, innovation studies, and transition 

studies that analyzes both the social and technical elements of a system together, as mutually co-constitutive: the 
technological components (such as artifacts) and social components (networks, institutions, norms, regulations, 
and knowledge) shape each other. For an ocean CDR strategy, this could be everything from biological 
responses in the ocean and physical aspects of the infrastructure needed to the policies, institutions, supply 
chains, and communities involved in the approach. 
 

Example Research Questions: 
● How do the life-cycle analyses of ocean CDR techniques change under different deployment 

scenarios? 
● How do the perspectives, preferences, and norms of ocean CDR researchers and entrepreneurs 

influence the artifacts that are produced? 
● How can society avoid lock-in of particular CDR techniques and continue to innovate once vested 

interests have developed? 
Example of Research Activities: 

● Mapping out relationships between parts of the sociotechnical system 
● Ethnographies and critical discourse analyses of research practice 
● Case studies of analog sociotechnical systems 
● Collaborative research to understand the impacts of ocean CDR on other complex systems, such as 

food, water, energy, and material use 
 

Environmental justice is a movement, a goal, and a field of scholarship, but it can also be a lens through 
which to evaluate research and development activities.  That is, we can assess projects on their potential 
contributions to and incorporation of environmental justice, including dimensions of distributive, procedural, 
recognitive, and intergenerational justice. 
 

Example Research Questions: 
● Who bears the risks and reaps the benefits of ocean CDR technologies under different policy 

roadmaps and deployment scenarios? 
● What are the barriers to community involvement in decision making, and how might they be 

overcome? 
● What are the public health implications of increased manufacturing or new infrastructure for some 

ocean CDR techniques, and who bears any public health burdens? 
Example of Research Activities: 

● Deliberative workshops with communities to understand risks, benefits, and barriers to 
involvement in decision making 

● Interdisciplinary, spatially explicit analysis of new infrastructures and practices related to mining, 
manufacturing, transportation, etc. 

 

http://www.nap.edu/26278


A Research Strategy for Ocean-based Carbon Dioxide Removal and Sequestration

Copyright National Academy of Sciences. All rights reserved.

Synthesis and Research Strategy 

Prepublication Copy  215 

Recommendation 1: Ocean CDR Research Program Goals: To inform future societal decisions on a 
broader climate response mitigation portfolio, a research program for ocean CDR should be implemented, 
in parallel across multiple approaches, to address current knowledge gaps. The research program should 
not advocate for or lock in future ocean CDR deployments but rather provide an improved and unbiased 
knowledge base for the public, stakeholders, and policy makers.  Funding for this research could come 
from both the public and private sectors, and collaboration between the two is encouraged. The integrated 
research program should include the following elements: 
 

1. Assessment of whether the approach removes atmospheric CO2, in net, and of the durability 
of the CO2 removal, as a primary goal. 

2. Assessment of intended and unintended environmental impacts beyond CO2 removal. 
3. Assessment of social and livelihood impacts, examining both potential harms and benefits. 
4. Integration of research on social, legal, regulatory, policy, and economic questions relevant to 

ocean CDR research and possible future deployment with the natural science, engineering, 
and technological aspects. 

5. Systematic examination of the biophysical and social interactions, synergies, and tensions 
between ocean CDR, terrestrial CDR, mitigation, and adaptation. 

 
9.2 COMMON COMPONENTS OF ANY RESEARCH IMPLEMENTATION 

 
The suite of six ocean CDR approaches, defined broadly and addressed in detail in the report 

chapters, covers a wide range from ecosystem recovery and alteration of marine ecosystems to more 
industrial-based techniques. The knowledge base and readiness levels for the approaches differ 
substantially as do the carbon sequestration potential, environmental impacts and human dimensions. As 
such, the development of a comprehensive research strategy will require different emphasis for different 
approaches—no single research framework will be adequate for all CDR approaches. There are, however, 
several common components that are relevant to research into any ocean CDR approach. 
 

Research Code of Conduct 
 

The lack of a comprehensive international or domestic legal framework specific to ocean 
CDR research creates a risk that ill-considered projects, including projects that do little to advance 
scientific knowledge and/or present significant risks, will be pursued. Developing a code of conduct 
for ocean CDR research may help to mitigate that risk. To maximize participation by researchers, 
compliance with the code of conduct could be made a condition of government or private funding for 
ocean CDR research. 

Codes of conduct for geoengineering research have already been developed by academic 
researchers, in some cases with input from stakeholders (e.g., Leinen, 2008; Hubert and Reichwein, 2015; 
Hubert, 2017; Chhetri, 2018), but have not been widely adopted by the research community (NASEM, 
2021). Although not a full code of conduct, the so-called “Oxford Principles” for geoengineering do 
provide some guidance to researchers, and have been more widely accepted (see Box 9.2).1  
Scholars have also suggested four principles for CDR research in just climate policy: emission cuts must 
remain in the center of climate policy; social, economic, and environmental impacts matter; CDR projects 
and approaches should be assessed individually; and climate policy needs to be resilient against 
unexpected outcomes (Morrow et al., 2020).  However, neither the Oxford Principles nor the 
geoengineering codes of conduct specifically address ocean CDR research. Given the unique nature of 
such research, development of a specific code of conduct is likely to be useful. Some nongovernment 

                                                      
1 See http://www.geoengineering.ox.ac.uk/www.geoengineering.ox.ac.uk/oxford-principles/principles/ 

index.html.  
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organizations (NGOs) have recently advocated for the adoption of, and identified key principles that 
should be included in, an ocean CDR-specific code of conduct.2  
 

BOX 9.2. The Oxford Principles of Geoengineering Research 
 

The Oxford Principles were developed by academic researchers at the University of Oxford, University 
College London, and the University of Cardiff in 2009. Later that year, the UK House of Commons Science and 
Technology Select Committee on the Regulation of Geoengineering endorsed the principles as “provid[ing] a 
basis to begin the discussion of . . . the regulation of geoengineering,” and recommended that they be further 
developed (UK House of Commons Science and Technology Committee, 2010). Support for the principles was 
also expressed by geoengineering researchers at the International Conference on Climate Intervention 
Technologies in 2010. The principles are: 

 
Principle 1: Geoengineering to be regulated as a public good. While the involvement of private actors in 
the delivery of a geoengineering technique should not be prohibited, and may indeed be encouraged to 
ensure that deployment of a suitable technique can be effected in a timely and efficient manner, regulation 
of such techniques should be undertaken in the public interest by the appropriate bodies at the state and/or 
international levels. 
 
Principle 2: Public participation in geoengineering decision making. Wherever possible, those 
conducting geoengineering research should be required to notify, consult, and ideally obtain the prior 
informed consent of those affected by the research activities. . . . 
 
Principle 3: Disclosure of geoengineering research and open publication of results. There should be 
complete disclosure of research plans and open publication of results in order to facilitate better 
understanding of the risks and to reassure the public as to the integrity of the process . . . .  
 
Principle 4: Independent assessment of impacts. An assessment of the impacts of geoengineering 
research should be conducted by a body independent of those undertaking the research; where techniques 
are likely to have transboundary impact, such assessment should be carried out through the appropriate 
regional and/or international bodies. Assessments should address both the environmental and 
socioeconomic impacts of research, including mitigating the risks of lock-in to particular technologies or 
vested interests. 
 
Principle 5: Governance before deployment. Any decisions with respect to deployment should only be 
taken with robust governance structures already in place, using existing rules and institutions wherever 
possible.” 

 
Ideally, a code of conduct for ocean CDR research would be developed and maintained by an 

international body, with input from the research community and other stakeholders. Key issues to be 
addressed in the code of conduct would include (among other things): 
 

● the need for transparency in research planning, including ex ante review and disclosure of 
potential environmental and other impacts, and stakeholder and public engagement;  

● use of independent review panels to evaluate research plans and outcomes;  
● compliance with all applicable domestic and international laws, and associated guidelines 

(even if not legally binding) in conducting research;  
● use of open data systems with adequate metadata to evaluate data quality;  
● use of peer-reviewed literature for reporting results as well as open presentations to 

stakeholders and the public;  
                                                      

2 See e.g., https://oceanvisions.org/roadmaps/growing-public-support/first-order-priorities/#developacodeof 
conducttoguidescientificexperimentationandfieldtrials and https://www.youtube.com/watch?v=2K_J2uaX--I&t 
=372s.  
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● use of accepted carbon accounting methodologies, where available, for constraining CO2 
removal, permanence of CO2 sequestration, and net greenhouse gas emissions;  

● consideration and disclosure of other environmental and social impacts, both within and 
outside of the study area;  

● consideration of full life-cycle impacts and costs; and 
● responsibilities for post-research activities and site closure.  

 
Permitting of Research 

 
Significant permitting issues could arise in connection with ocean CDR research, particularly 

field trials and other in situ research. As discussed in Chapter 2, while there is no domestic legal 
framework specific to ocean CDR, research projects may be subject to a number of domestic 
environmental and other laws, which impose permitting requirements. Further study is needed to 
identify and analyze the full range of potentially applicable laws, explore gaps in and barriers 
created by the application of those laws to ocean CDR, and evaluate possible alternative approaches 
to regulation. 

Requiring ocean CDR research projects to be permitted ensures some level of government 
oversight which should, in turn, help to promote responsible research and minimize the risk of negative 
environmental and other outcomes. At the same time, however, unnecessarily burdensome or overly 
complex permitting requirements could create barriers to ocean CDR research. 

Some in situ research projects may require multiple permits from multiple federal, state, and/or 
local regulatory agencies. Due to the novelty of the research, regulatory agencies may lack established 
processes for evaluating projects and issuing permits, which could lead to delays and other costs. 
Members of the scientific community may lack the time, resources, and expertise to navigate the 
permitting process and ensure compliance with other regulatory requirements. 

The following actions can be taken by the research community, and by those funding or 
otherwise supporting research, to begin to address these complex permitting issues: 
 

1. Encourage interdisciplinary research. See description in the section, Research 
Collaboration. 

2. Share knowledge. It is imperative that government agency staff and other stakeholders, 
including the general public, have a solid understanding of ocean CDR techniques and the 
known and unknown benefits and risks that their use presents. To help build knowledge, 
researchers and other groups could offer briefings to agency staff and other stakeholders, or 
share information with them in other ways.  

3. Engage early. When a field trial or other in situ research is being considered, the researchers 
should engage with relevant government agencies and other stakeholders early in the project 
design process wherever possible, and continue to share information during and after the 
project as appropriate. A clear data management plan should also be articulated early on and 
complied with throughout the project. 

 
Government agencies can also play an important role, most notably by clarifying and, 

where possible, simplifying permitting processes. It is, however, important that any action taken not 
compromise existing safeguards designed to ensure that research is conducted responsibly and minimize 
the potential for negative environmental and other outcomes. 

 
Research Collaboration 

 
Co-production has been emphasized in marine sustainability science as a way of developing 

solutions that are adapted to local ecological, economic, and cultural contexts.  Through projects that 
work with communities and discuss the changing ocean, blue economy, and energy and conservation, we 
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can learn what other issues are informing how people think about ocean CDR and understand their 
priorities.  Having communities participate from the outset and guide the research can increase the 
likelihood of ocean CDR implementations that are compatible with environmental justice, and avoid 
ocean CDR implementations that would exacerbate environmental injustice.  Engagement with 
stakeholders from local government, business, NGOs, and other stakeholders as identified through 
stakeholder assessment will also be important.  

Traditional ecological knowledge and traditional land and resource management systems would 
have many insights for some of the techniques discussed in this report, such as ecological restoration and 
seaweed cultivation.  However, reversing the damage to marine ecosystems needs to be done with the 
permission, guidance, and collaboration of Indigenous peoples (Turner and Neis, 2020).  Research 
conducted without consent and outside of a collaborative framework can be a form of colonialism that can 
potentially harm Indigenous peoples (Ban et al., 2018).  Some of the challenges to doing this kind of 
research include the history of extractivist research by settler-colonial scholars; the fact that co-produced 
research takes more time, which can be in tension with the urgency of environmental and climate action; 
the fact that Indigenous resource offices are often under-resourced and swamped with other priority items; 
and the lack of scientists who are trained in co-production because it is at odds with publish-or-perish 
career incentives within science.  However, funders can address at least some of these challenges by 
funding co-produced research, consulting with Indigenous communities on what resources they 
would need to undertake such collaborations according to their existing research protocols, and 
developing a pipeline of researchers who have the capacity and skills to carry out such work. 

As well as being co-produced with communities, research into ocean CDR should also be 
interdisciplinary. Research into the scientific, social, legal, and other dimensions of ocean CDR tends to 
be highly siloed. Scientific research projects are, therefore, often designed without consideration of social 
or legal issues. Early engagement with those issues can avoid surprises and lead to improved project 
design. Examples of successful integration of legal and scientific research in the ocean CDR space 
include: 
 

• CDRmare,3 a project of the Germany Marine Research Alliance, which aims to determine 
whether and to what extent the oceans can be used to remove and store carbon dioxide from the 
atmosphere. The project is analyzing “individual actions that aim to enhance marine carbon 
sinks,” with a “[s]trong emphasis on non-natural science aspects,” including “legal, social, and 
ethical aspects.” 

• Solid Carbon,4 a project funded by the Pacific Institute for Climate Solutions, which is exploring 
the feasibility of capturing and storing CO2 in the sub-seabed. The project combines a study of 
key scientific and engineering questions with an analysis of potential regulatory and other 
challenges (Webb and Gerrard, 2021).  

 
With oceans as a global commons, it is critical that research in this area be international—for 

social legitimacy, for research that is applicable to multiple cultural and geographic contexts, and for 
research that addresses the priorities of communities where ocean CDR may be used.  Both prioritizing or 
mandating international collaborations and support of early-career researchers to build capacity can work 
toward the goal of supporting an international research community of ocean CDR research. 
 
Recommendation 2: Common Components of an Ocean CDR Research Program: Implementation of 
the research program in Recommendation 1 should include several key common components: 
 

1. The development and adherence to a common research code of conduct that emphasizes 
transparency and open public data access, verification of carbon sequestration, 

                                                      
3 See https://www.cdrmare.de/en/die-mission/. 
4 See https://pics.uvic.ca/projects/solid-carbon-negative-emissions-technology-feasibility-study. 
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monitoring for intended and unintended environmental and other impacts, and 
stakeholder and public engagement. 

2.  Full consideration of, and compliance with, permitting and other regulatory 
requirements. Regulatory agencies should establish clear processes and criteria for 
permitting ocean CDR research, with input from funding entities and other stakeholders. 

3. Co-production of knowledge and design of experiments with communities, Indigenous 
collaborators, and other key stakeholders.  

4. Promotion of international cooperation in scientific research and issues relating to the 
governance of ocean CDR research, through prioritizing international research 
collaborations and enhancement of international oversight of projects (e.g., by 
establishing an independent expert review board with international representation). 

5. Capacity building among researchers in the United States and other countries, including 
fellowships for early-career researchers in climate-vulnerable communities and 
underrepresented groups, including from Indigenous populations and the Global South. 

 
9.3 SUMMARY OF ASSESSED OCEAN CDR STRATEGIES 

 
Chapters 3 through 8 include detailed assessments of the current state of understanding of each of 

the six ocean-based CDR approaches examined within this report, as defined by the committee’s 
statement of task (Box 1.1).  The committee assessed the potential of each approach as a viable 
mechanism for CDR according to common criteria described in Chapter 1, and listed here: 
 

● Knowledge base: what do we know about the approach? 
● Efficacy: Can effective CO2 removal from the atmosphere be demonstrated? 
● Durability: How long would the excess carbon be stored? 
● Scale: How much CO2 could potentially be removed and what are the temporal and geographic 

constraints? 
● Monitoring and verification: What would be needed to monitor for both environmental impact 

and for carbon accounting? 
● Viability and barriers: What is the potential viability based on technical, scientific, economic, 

safety, and sociopolitical factors? What are the intended and unintended environmental impacts, 
and what are the co-benefits? 

● Governance and social dimensions:  What is the governance landscape for both research on and 
possible future deployment of the approach? 

● R&D opportunities: What needs to be done to fill the important gaps in understanding? 
 

As previously stated, the knowledge base and readiness levels for the six ocean CDR approaches 
examined differ substantially as do the carbon sequestration potential, environmental impacts, and human 
dimensions.  The committee’s assessment on potential of scale-up for each approach is described in the 
sections that follow and is also summarized in Table 9.1 (see Box 9.3 for specifics on estimating costs). 
This assessment is the result of literature review, a series of public workshops and meetings convened by 
the committee, as well as committee member expertise and judgment, where needed. Although the report 
addresses in detail only a subset of all possible ocean CDR approaches, the criteria above and the research 
program elements in Recommendations 1 and 2 provide a general framework applicable more broadly to 
other ocean CDR approaches. 

The following text describes research priorities to focus on, in parallel, as next steps to increasing 
understanding of each of the six approaches as a viable and responsible mechanism for durably removing 
CO2 from the atmosphere. Tables 9.2 and 9.3 then summarize the research needed, including rough time 
frame and cost estimates.  Table 9.2 summarizes the foundational research identified in Chapters 2 and 9 
as research priorities common across ocean CDR approaches on potential social, policy, legal, and 
regulatory considerations.  The research included in Table 9.2 is meant to inform the framework for any 
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future ocean-based CDR effort. Table 9.3 then summarizes research needs identified within Chapters 3–8, 
with bolded text indicating research needed as next steps to better understanding the feasibility of that 
particular approach.  The research costs listed in Tables 9.2 and 9.3 are approximate and were compiled 
by the committee based on publicly available information, experience, and judgment (see Box 9.3). Some 
caveats are appropriate, particularly when comparing across different research fields from ocean science 
and social science to more engineering and technological research. Further, these cost estimates are 
primarily for research and early development work, and costs could grow for some demonstration-phase 
projects. 
 

BOX 9.3 Estimating Research Costs of Scale-up of Ocean CDR Approaches 
 

When looking across ocean CDR methods, policy makers and investors may be looking for the lowest costs 
and minimal risk.  Huesemann (2008) suggests, however, that it is “intrinsically impossible to conduct a truly 
objective, comparative cost-benefit analyses of different climate change mitigation technologies'' due to the lack 
of data on the consequences, but also due to the political nature and different value judgments of the 
stakeholders.  In any case, more basic research studies and assessments of the engineering costs will be needed 
to compare different ocean CDR approaches. Such assessments need to include not just deployment costs, but 
also costs associated with monitoring for verification of long-term storage costs and fair accounting of costs to 
track carbon. Do we know, for example, if these C accounting costs would be similar for ocean fertilization and 
upwelling tubes?  And any CDR approach would need to assess the full range of ecological impacts, especially 
when done at scale. At this stage it is easier to consider the relative cost differences between these CDR 
approaches without assigning a specific dollar-per-ton value; however, the committee used publicly available 
information, experience, and judgment to come up with the costs included in Table 9.1.  It should be noted that 
these numbers are rough estimates and should not be taken for anything more. 

Despite the uncertainty in costs associated with deployment of ocean CDR at scale, a qualitative comparison 
can be made given the proposed effort and consequences of each approach.  Most cost assessments that are 
reported on a per-ton CO2 basis consider primarily the costs for deployment only (i.e. operational and capital 
costs of materials, energy, and structures needed to implement a given amount of CO2 removal).  This often 
extends across the ocean–land boundary as minerals and energy production and distribution are largely land-
based activities needed to support ocean CDR.  In general, the abiotic or more heavily engineered CDR 
approaches have higher deployment costs (Table 9.1, row 8).  However, a full accounting of any CDR approach 
when brought to implementation will need to include costs for transparent and verifiable carbon accounting 
(Table 9.1, row 9).  These costs are likely higher for biotic approaches, particularly during the research and early 
pilot and demonstration phases. The carbon accounting costs could potentially decline later if accepted standard 
methodologies are developed and agreed upon. 

All ocean CDR approaches will also need to consider the costs associated with monitoring environmental 
and social impacts including assessment of nonlocal downstream effects on the environment and the ocean 
carbon cycle. In this regard, a research program on ocean CDR will benefit greatly from existing and expanding 
ocean observational capabilities being conducted for other purposes. Substantial leveraging opportunities exist, 
but only if these other ocean observing systems remain robust and adequately funded into the future. Examples 
include ocean climate, carbon cycle, and biogeochemistry observing programs (GO-SHIP, Bio-Argo, surface 
underway CO2 observations, etc.), the Integrated Ocean Observing System (IOOS), satellite remote sensing of 
ocean color and biology, National Marine Fisheries Service ecosystem surveys, and emerging Marine 
Biodiversity Observing Networks.   

 
Social and regulatory acceptability is likely to be a barrier to many ocean CDR approaches, both 

at the research and possible deployment stages, particularly ones requiring industrial infrastructure either 
in the ocean or on the coasts or ones involving restructuring of marine ecosystems.  There will be both 
project-specific and approach-specific social, political, and regulatory discussions, as well as the 
possibility for diverging perspectives around the role of CDR broadly.  Field-scale trials are likely to be a 
site of wider debates within the scientific community and in society around decarbonization and climate 
response strategies. 
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Ocean CDR approaches are already being discussed widely, and in some cases promoted, by 
some scientists, NGOs, and entrepreneurs as potential climate response strategies. At present, society and 
policy makers lack sufficient knowledge to fully evaluate ocean CDR outcomes and weigh the trade-offs 
with other climate response approaches and with environmental and sustainable development goals. 
Research on ocean CDR, therefore, is needed whether or not society moves ahead with deployment, 
and/or to assess at what scales and locations the consequences would be acceptable. Research would also 
provide a framework for evaluating under what conditions various ocean CDR projects may be acceptable 
and thereby enable the development and implementation of an effective regulatory framework for 
deployment (if any). 
 

Ocean Nutrient Fertilization 
 

Ocean fertilization has received the most attention of any ocean CDR approach due to fieldwork 
that began over 25 years ago focused on iron and its unique role as a micronutrient that is limiting 
phytoplankton growth, and hence CO2 uptake, in large parts of the ocean.  Those experiments were not 
large enough or long enough (<5 tons of iron, weeks to just over a month of observations) to observe the 
full cycle of carbon uptake and loss to the deep sea via the biological pump.  Because of these limitations, 
carbon sequestration efficiencies are still poorly constrained, and concerns about unintended 
consequences, such as harmful algal blooms or production of other greenhouse gases such as nitrous 
oxide, along with models demonstrating downstream impacts and permanence issues led to a cessation of 
follow-on open-ocean iron fertilization experiments.  However, studies of naturally iron-rich systems, for 
example, around Southern Ocean islands, and the biological response to episodic iron inputs, such as 
volcanic eruptions, suggest higher sequestration efficiencies and little harmful side effects with the 
possible co-benefit of enhanced fisheries. 

With this background in mind, continued research is warranted, building on these earlier results to 
address key remaining issues related to how carbon uptake and sequestration efficiencies could be 
enhanced, and how carbon transport could be more readily tracked and thus accounted for.  Some of this 
would be laboratory and mesocosm based, but a more complete understanding will require demonstration-
scale field experiments—>100 tons of iron added over >10,000 km2 and full seasonal and annual 
sampling of impacts.  Monitoring for a full suite of geochemical and ecological shifts is needed using 
advanced autonomous platforms with sensors and samplers that would allow a continuous presence to 
observe changes.  These demonstration-scale studies would need to be conducted in several ocean 
regimes, not just high-nutrient, low chlorophyll areas, but low-nutrient settings and considering ocean 
regions where the depth of permanent, >100-year sequestration is shallower.  Remote sensing and 
complementary measurements from ships will be needed to fully track the consequences.  Models to plan 
out the best strategies for inducing blooms and measurement strategies for quantifying impacts are 
needed, as well as three-dimensional ocean ecosystem and Earth system models to extrapolate the 
regional impacts to areas outside of the immediate study site. 

In part due to early and unsupported optimism by commercial interests in this CDR approach, 
many in the public and scientific community have urged caution on proceeding with ocean iron 
fertilization research. One response to these concerns was the development of a framework for evaluating 
and permitting research under the London Convention and Protocol. This is a necessary step in moving 
ahead and could possibly provide a model for regulating some other types of ocean CDR research.  
However, a broader investment in gathering stakeholders and regulatory agencies together is needed to 
assess the implications of CDR research and deployment at scale.  The development of frameworks to 
assess CDR magnitude and durability as well as environmental impacts would need to be site- and scale-
specific and include a delineation of responsibilities before, during, and after deployment for those 
deploying ocean fertilization and those regulating it.  This is complicated in that those receiving the most 
benefit in terms of carbon credits or markets may not be the ones facing the greatest impact.  Providing 
information for policy makers and the public about the trade-offs between ocean fertilization and other 
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land- and ocean-based CDR approaches and the consequences of doing nothing for negative C emissions 
also needs attention. 

The largest cost for research would be the demonstration-scale field experiments, which if 
upscaled from prior studies would be on the order of $25M/yr for 10 years to complete work at multiple 
sites.  In parallel, laboratory/mesocosm studies to optimize conditions and methods to improve carbon 
accounting and the technologies to do so would total $18M/yr, which along with modeling ($5M/yr) and 
social and governance aspects ($4M/yr) would round out a comprehensive ocean fertilization research 
agenda.  
 

Artificial Upwelling and Downwelling 
 

The vertical movement of water in the ocean, termed upwelling and downwelling, acts to transfer 
heat, salt, nutrients, and energy between the well-lit surface ocean and the dark, nutrient-, and CO2-rich 
deep ocean. Since the 1950s, researchers have sought to artificially simulate these physical transport 
processes to geoengineer localized regions of the ocean using a variety of technologies including wave 
pumps, airlift pumps, and salt fountains each of which has varying pumping mechanisms, efficiencies, 
and energy requirements. Several field deployments have proven that at least some of these technologies 
can indeed deliver deep water to the surface ocean, and in some cases there is a measurable biological 
response. To date, however, in situ experiments with artificial upwelling have been short (generally less 
than weeks), limited in scale (a small number of pumps in smaller-than-kilometer regions, mostly coastal) 
and have not measured and/or demonstrated any net enhancement of carbon flux even though mesocosm 
studies and small-scale enrichment experiments do confirm that nutrient delivery via deep water can 
stimulate primary production.  

In principle, as a CDR approach, artificial upwelling provides a means to supply growth-limiting 
nutrients to the upper ocean and generate increased primary production and net carbon sequestration. For 
this reason, it has been proposed as a potentially effective component of a portfolio of CDR approaches, 
either stand-alone or in concert with aquaculture.  The important caveat for artificial upwelling is that to 
achieve the durable drawdown of atmospheric CO2, the net enhancement of the biological production of 
carbon must exceed the delivery of dissolved inorganic carbon from the upwelled source water. This is an 
important distinction, because deep water contains relatively high levels of CO2 that have been generated 
over time as sinking organic matter is remineralized, and so any stimulation of carbon export must exceed 
upwelled CO2.  Determination of where in the ocean this is feasible requires knowledge of the ratio 
(stoichiometry) of elements (carbon:nitrogen:phosphorus:trace elements) in source waters relative to the 
elemental needs of biological communities. This knowledge is not well constrained in the global ocean, 
and hence there is significant uncertainty as to where and when upwelling could generate net carbon 
sequestration. Moreover, natural analogs where upwelling occurs are generally net sources of CO2 to the 
atmosphere (Takahashi et al. 1997) versus net sinks.  In the particularly well-studied site of the Hawaii 
Ocean Time-series in the oligotrophic North Pacific Subtropical Gyre, Karl and Letelier (2008) estimate 
that artificial upwelling could only generate net carbon sequestration if the process of biological nitrogen 
gas fixation were stimulated to draw down residual nutrients not consumed by non-nitrogen gas–fixing 
phytoplankton. This hypothesis has not been proven or disproven, but it does illustrate that careful 
consideration must be paid to carbon accounting between deep-water sources and the long-term (> weeks 
to years) response of biological communities. In practice, as opposed to ocean iron fertilization, there 
exists no-proof-of concept sea trials that have demonstrated that artificial upwelling could act to sequester 
carbon below the ocean pycnocline. Lacking field demonstrations of the CDR efficacy (or lack thereof) of 
artificial upwelling, continued research is warranted to address key remaining issues related to regions 
where net CO2 uptake could occur, how sequestration efficiencies could be enhanced, and how carbon 
transport could or should be tracked and thus accounted for.  

In silico, the potential efficacy of artificial upwelling as a means of CDR has been assessed via 
simulations of the biological impact of large-scale (millions of “ocean pipes”) global deployments 
operating efficiently over years to decades. As a composite, these models suggest that artificial upwelling 

http://www.nap.edu/26278


A Research Strategy for Ocean-based Carbon Dioxide Removal and Sequestration

Copyright National Academy of Sciences. All rights reserved.

Synthesis and Research Strategy 

Prepublication Copy  223 

would be an ineffective means for large-scale carbon sequestration (Dutreuil et al., 2009; Yool et al., 
2009; Oschlies et al., 2010; Keller et al., 2013) and would require a persistent and effective deployment of 
tens of million to hundreds of million functional pumps across the global ocean (Yool et al., 2009) 
operating at upwelling velocities generally in excess of what has been demonstrated in limited sea trials 
(Figure 4.3). Redistributing large amounts of deep ocean water is also expected to affect density and 
pressure fields in the surface ocean. If artificial upwelling (and the concomitant downwelling that will 
take place) is to be scaled up, research will need to investigate possible long-term changes in ocean 
circulation as well as dynamical termination effects once or if the millions of pumps are turned off.  

Only targeted, regulated, and transparent field studies can help to minimize current uncertainties 
and determine if this strategy could be an effective component of an ocean CDR portfolio. The largest 
cost for research would be the demonstration-scale field experiments in addition to the cost of materials, 
fabrication, and maintenance for pumping systems. Using ocean iron fertilization cost estimates as an 
analogy, field studies at multiple sites could be on the order of $25M/yr for 10 years to complete work at 
multiple sites, whereas current commercial estimates of instrumented wave pumps are on the order of 
$60,000 per pump.5 “Cradle to grave” carbon-based life-cycle analyses for the pumping technology used 
would of course also be needed. A robust research agenda would also include parallel 
laboratory/mesocosm studies to address potential biological responses to deep-water additions of varying 
stoichiometry as well as modeling efforts to refine deployment scaling in space and time. Social and 
governance aspects would also be added as per any comprehensive ocean CDR research agenda. 
 

Seaweed Cultivation 
 

Seaweed cultivation and sequestration appears to be a compelling ocean CDR strategy. There is a 
good understanding of the underlying biology of seaweeds, their interactions with the ocean and its 
biogeochemistry, and decades of experience in farming seaweed. Seaweed cultivation has advantages 
over some other biotic CDR strategies as the fixed carbon biomass could be, in principle, conveyed to a 
known durable reservoir, which will increase the permanence of the sequestered carbon and in turn should 
simplify the carbon accounting. However, there remains uncertainty about how much productivity and 
carbon export that seaweed cultivation would displace as well as the durability of the sequestered carbon 
when conveyed to depth or the seafloor. Scaling to CDR-worthy levels will be challenging due to the 
large amount of farmed area required (many millions of hectares). However, much has been learned 
already from ongoing U.S. agency research programs, and the scale of the engineering and logistic efforts 
are similar to the many marine engineering accomplishments made by the marine engineering and oil and 
gas industries. The costs and energy expenditures should be small relative to some other CDR strategies. 
On the other hand, there will be environmental impacts where the farming occurs and where the seaweed 
biomass will be sequestered that are potentially detrimental, yet uncertain. There are both positive and 
negative social impacts from seaweed cultivation and sequestration CDR. If conducted at scale, seaweed 
cultivation will clearly enhance aspects of the blue economy associated with macroalagal farming (while 
perhaps diminishing other marine economic activities if there is competition for coastal space and 
resources), and it is an open question about the extent of net benefit for both coastal communities and 
many marine industries. There may also be several co-benefits from placing farms adjacent to other uses 
(fish farming, etc.) that could help mitigate some of the potential environmental damages conducted by 
these practices. On the negative side, the vast farms could represent hazards to navigation, and they may 
displace fishing and other uses of the ocean due to the implementation of farm infrastructure or the 
reduction in planktonic productivity and trophic exchanges that large-scale cultivation of seaweed 
biomass would create. 

A decadal-scale research agenda for seaweed cultivation CDR should be focused on reducing the 
uncertainties outlined here as well as deploying demonstration-scale cultivation (several square 
kilometers in scale) and sequestration infrastructure. The accomplishment of these two elements will 
                                                      

5 See https://ocean-based.com/frequently-asked-questions-faqs-about-our-autonomous-upwelling-pumps-aups/. 
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involve developing a predictive understanding of the entire process from farming on demonstration scales 
(many square kilometers) and its environmental and social impacts, to engineering conveyances to bring 
farmed biomass to depth, to understanding the biogeochemical fates, permanence, and environmental 
impacts of the farmed biomass and its by-products, to validating the end-to-end performance. In situ, in 
the laboratory, mesocosm experimentation and, in particular, numerical modeling will be required with 
the goal of creating modeling systems that can assess the potential of and impacts on local to global 
scales. Social and governance considerations would also need to be addressed in any research program. 
This research agenda should logically occur in phases (as mentioned in Section 4.6) and, based on present 
investment levels, will require approximately $25M per year. 
 

Ecosystem Recovery 
 

The research agenda for ecosystem recovery includes basic scientific research on the carbon 
removal potential and permanence of different organisms, ecosystems, and processes; an examination of 
the expected outcomes from different policy tools; and the socioeconomic and governance aspects of 
managing marine ecosystems and organisms for carbon removal. As with seaweed cultivation, there 
remains uncertainty in how much net carbon sequestration would result from protecting and restoring 
marine ecosystems. There are trade-offs to marine conservation efforts, with potential winners and losers 
if the focus of the ocean economy shifts from extraction to rebuilding marine life, with an emphasis on 
CDR and other services. Understanding of net carbon sequestration could be gained if carbon accounting 
and research became a central aspect of the monitoring of marine protected areas in the coming decades, 
including the examination of multiple systems, with geographic, ecological, and taxonomic differences, 
and varying levels of anthropogenic pressure.  

For each of the systems discussed in Chapter 6, such as macroalgae reforestation, benthic algae 
and sediment protection, and animals in the carbon cycle, it is essential to understand the impact of 
human perturbation, which requires estimating the current and historical contribution of different species 
across the size spectrum in terms of annual carbon flux. Note that this agenda only focuses on the 
restoration of degraded ecosystems and recovery of depleted species to determine the respective CDR 
potential. In the absence of effective management, human activities will continue to threaten marine 
habitats, and any loss in ecosystem function and services via further marine degradation could have large 
consequences for the uptake of carbon by the oceans. 

A logical next step to this work would be analysis of the best tools that could enhance marine 
ecosystem CDR, such as marine protected areas and habitat restoration, fish and fisheries management, 
and the restoration of food webs and large marine organisms. Kelp forest restoration, in particular, has 
been promoted for its CDR potential. All of these activities could have biodiversity and research co-
benefits, such as improving the status of endangered or depleted species and enhancing the monitoring of 
marine mammals, fish, and other species. Research on the vulnerabilities of marine species and 
ecosystems, and their CDR potential, to rising sea-surface temperatures and reduced sea ice would also be 
valuable. Social and governance considerations would also need to be integrated into the research agenda. 
A budget of at least $20 million per year would be required to comprehensively examine the carbon 
impacts of marine ecosystem-based recovery in the United States. Unlike several of the other approaches 
in this report, however, individual tools, such as macroalgal reforestation or MPAs, could be funded 
individually. 
 

Ocean Alkalinity Enhancement 
 

Approaches to increase ocean alkalinity have been proposed since the mid-1990s but remain at a 
relatively early stage of development. Ocean alkalinity enhancement attempts to mimic natural 
weathering processes either by adding crushed minerals directly to the ocean, to coastal, or to terrestrial 
environments. Given that the surface ocean is supersaturated with common carbonate minerals, they 
cannot be added directly to the ocean. To facilitate mineral dissolution, the reaction of carbonate minerals 

http://www.nap.edu/26278


A Research Strategy for Ocean-based Carbon Dioxide Removal and Sequestration

Copyright National Academy of Sciences. All rights reserved.

Synthesis and Research Strategy 

Prepublication Copy  225 

with elevated CO2 has been suggested, initially for reducing fossil fuel emissions, but potentially for CDR 
by coupling with direct air capture or biomass energy carbon capture and storage. Others have proposed 
converting carbonate minerals into more reactive forms (e.g., lime or hydrated lime) for addition to the 
ocean. Finally, electrochemical approaches may be used to create basic and acidic solutions at each 
electrode; the former could be used for ocean alkalinity enhancement while the latter would need to be 
neutralized through reaction with silicate minerals. 

The two key mechanisms by which ocean alkalinity enhancement could impact the environment 
are (i) elevated alkalinity that is “unequilibrated,” that is, high-pH, low-CO2 concentrations that may be 
more acute around the point of addition; and (ii) the addition of other biologically active elements (iron, 
silica, as in ocean fertilization, or nickel, chromium, or other trace metals). Research is needed to assess 
the ecological response to ocean alkalinity enhancement. Although much can still be learned from 
laboratory-based and “contained” (mesocosm) experiments, including exploring the impacts of ocean 
alkalinity enhancement on the physiology and functionality of organisms and communities. Pathways to 
responsible deployment will require field trials. Such trials will be essential in assessing how euphotic 
and benthic biogeochemical processes are affected, the response from complex communities, the indirect 
effects of ocean alkalinity enhancement, and optimal environments and treatment methods. Coupling this 
research to a rigorous monitoring program will be essential in accounting for CDR and the environmental 
impact of the experiments, but would help scope the requirements for monitoring of scaled-up ocean 
alkalinity enhancement. 

The environmental impact of ocean alkalinity enhancement would be closely related to the 
methods or technologies that promote alkalinity changes (e.g., the choice of rock or mineral and the 
mechanisms by which it is dissolved). An experimental program that considers the environmental 
response to ocean alkalinity enhancement will be most effective if it were constrained by what might be 
practical. Research and development is required to explore and improve the technical feasibility and 
readiness level of ocean alkalinity enhancement approaches (including the development of pilot-scale 
facilities). Research on social and governance considerations associated with contained and pilot-scale 
experiments and deployment (if any) is also required. 
 

Electrochemical Processes 
 

The research agenda for electrochemical processes focuses on activities that reduce the cost and 
environmental impact of the approaches. Presently, only a small number of system configurations have 
been investigated for either CO2 removal from seawater or as methods for increasing ocean alkalinity. 
These should be broadened to also consider novel designs of electrolyzers and electrochemical reactors, 
electrode materials that can minimize the production of unwanted by-products (e.g., chlorine gas), 
electrochemical reactor architectures, and hybrid approaches that both remove CO2 and increase ocean 
alkalinity. Wider impacts on ocean ecosystems are included in the research agenda for ocean alkalinity 
enhancement and are not repeated here. Meaningfully large demonstration-scale projects (>1,000 kg per 
day, and approaching the scale of several or tens of tonnes per day) are central to the research agenda. 
While part of this research agenda may focus on the development of specific technologies or materials 
(e.g., electrolyzer design or novel electrode materials), it also focuses on systems integration (particularly 
with rock dissolution processes) and scale-up strategies that allow for process cost reductions to be 
discovered. 

The processes explored by the research agenda will need to demonstrate pathways to large-scale 
deployment and thus include provisions for resource mapping, stakeholder engagement, and wider 
economic impact from an ocean-based electrochemical CDR industry operating at a climate-relevant 
scale. Transparent dissemination of the research outcomes would allow independent assessment of cost 
and environmental impact. Social and governance considerations are also important components of the 
research program. 
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TABLE 9.1 Summary of Scale-Up Potential of Ocean-Based CDR Approaches (summarized from Chapters 3–8)  

 
Ocean Nutrient 
Fertilization 

Artificial 
Upwelling/Downwelling Seaweed Cultivation Ecosystem Recovery 

Ocean Alkalinity 
Enhancement 

Electrochemical 
Processes 

Knowledge base 
What is known about 
the system (low, 
mostly theoretical, 
few in situ 
experiments; 
medium, lab and 
some fieldwork, few 
CDR publications; 
high, multiple in situ 
studies, growing 
body of literature) 

Medium–High 
Considerable experience 
relative to any other 
ocean carbon dioxide 
removal (CDR) approach 
with strong science on 
phytoplankton growth in 
response to iron, less 
experience on fate of 
carbon and unintended 
consequences.  Natural 
Fe-rich analogs provide 
valuable insight on larger 
temporal and spatial 
scales. 

Low–Medium  
Various technologies have 
been demonstrated for 
artificial upwelling (AU), 
although primarily in coastal 
regimes for short duration. 
Uncertainty is high and 
confidence is low for CDR 
efficacy due to upwelling of 
CO2, which may counteract 
any stimulation of the 
biological carbon pump 
(BCP). 

Medium–High 
Science of macrophyte 
biology and ecology is 
mature; many mariculture 
facilities are in place 
globally. Less is known 
about the fate of 
macrophyte organic 
carbon and methods for 
transport to deep ocean or 
sediments. 

Low–Medium 
There is abundant 
evidence that marine 
ecosystems can uptake 
large amounts of carbon 
and that anthropogenic 
impacts are widespread, 
but quantifying the 
collective impact of 
these changes and the 
CDR benefits of 
reversing them is 
complex and difficult. 

Low–Medium 
Seawater CO2 system 
and alkalinity 
thermodynamics are 
well understood. Need 
for empirical data on 
alkalinity enhancement; 
currently, knowledge is 
based on modeling 
work. Uncertainty is 
high for CDR efficacy 
and possible impacts. 

Low–Medium 
Processes are based on 
well-understood 
chemistry with a long 
history of commercial 
deployment, but is yet to 
be adapted for CO2 
removal by ocean 
alkalinity enhancement 
(OAE) beyond benchtop 
scale.  

Efficacy 
What is the 
confidence level that 
this approach will 
remove atmospheric 
CO2 and lead to net 
increase in ocean 
carbon storage (low, 
medium, high)  

Medium–High 
Confidence 
BCP known to work and 
productivity 
enhancement evident.  
Natural systems have 
higher rates of carbon 
sequestration in response 
to iron but low 
efficiencies seen thus far 
would limit effectiveness 
for CDR.  

Low Confidence 
Upwelling of deep water 
also brings a source of CO2 
that can be exchanged with 
the atmosphere. Modeling 
studies generally predict that 
large-scale AU would not be 
effective for CDR. 

Medium Confidence 
The growth and 
sequestration of seaweed 
crops should lead to net 
CDR.  Uncertainties 
about how much existing 
net primary production 
(NPP) and carbon export 
downstream would be 
reduced due to large-scale 
farming. 

Low–Medium 
Confidence  
Given the diversity of 
approaches and 
ecosystems, CDR 
efficacy is likely to vary 
considerably. Kelp forest 
restoration, marine 
protected areas, fisheries 
management, and 
restoring marine 
vertebrate carbon are 
promising tools.  

High Confidence 
Need to conduct field 
deployments to assess 
CDR, alterations of 
ocean chemistry (carbon 
but also metals), how 
organic matter can 
impact aggregation, etc.  

High Confidence 
Monitoring within an 
enclosed engineered 
system, CO2 stored 
either as increased 
alkalinity, solid 
carbonate, or aqueous 
CO2 species.  
Additionality possible 
with the utilization of 
by-products to reduce 
carbon intensity. 

Durability 
Will it remove CO2 
durably away from 
surface ocean and 
atmosphere (low, 
<10 years; medium, 
>10 years and <100 
years; high, >100 
years) and what is the 
confidence (low, 
medium, high)  

Medium 
10–100 years 
Depends highly on 
location and BCP 
efficiencies, with some 
fraction of carbon flux 
recycled faster or at 
shallower ocean depths; 
however, some carbon 
will reach the deep ocean 
with >100-year horizons 
for return of excess CO2 
to surface ocean. 

Low–Medium  
<10–100 years 
As with ocean iron 
fertilization (OIF), 
dependent on the efficiency 
of the BCP to transport 
carbon to deep ocean. 
  

Medium–High 
>10–100 years 
Dependent on whether 
the sequestered biomass 
is conveyed to 
appropriate sites (e.g., 
deep ocean with slow 
return time of waters to 
surface ocean). 

Medium 
10–100 years 
The durability of 
ecosystem recovery 
ranges from biomass in 
macroalgae to deep-sea 
whale falls expected to 
last >100 years. 

Medium–High 
>100 years 
Processes for removing 
added alkalinity from 
seawater generally quite 
slow; durability not 
dependent simply on 
return time of waters 
with excess CO2 to 
ocean surface. 

Medium–High 
 >100 years Dynamics 
similar to OAE. 
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Scalability 
Potential scalability 
at some future date 
with global-scale 
implementation (low, 
<0.1 Gt CO2/yr; 
medium, >0.1 Gt 
CO2/yr and <1.0 Gt 
CO2/yr; high, >1.0 Gt 
CO2/yr), and what is 
the confidence level 
(low, medium, high)  

Medium–High 
Potential C removal 
>0.1–1.0 Gt CO2/yr. 
(medium confidence) 
Large areas of ocean 
have high-nutrient, low 
chlorophyll conditions 
suitable to sequester >1 
Gt CO2/yr.  Co-limitation 
of macronutrients and 
ecological impacts at 
large scales are likely. 
Low nutrient, low 
chlorophyll areas have 
not been explored to 
increase areas of possible 
deployment. (Medium 
confidence based on 13 
field experiments). 

Medium 
Potential C removal >0.1 Gt 
CO2/yr and <1.0 Gt CO2/yr. 
(low confidence) 
Could be coupled with 
aquaculture efforts. Would 
require pilot trials to test 
materials durability for open 
ocean and assess CDR 
potential. Current model 
predictions would require 
deployment of tens of 
millions to hundreds of 
millions of pumps to 
enhance carbon 
sequestration. (Low 
confidence that this large-
scale deployment would 
lead to permanent and 
durable CDR). 

Medium 
Potential C removal >0.1 
Gt CO2/yr and <1.0 Gt 
CO2/yr. 
(medium confidence) 
Farms need to be many 
million hectares, which 
creates many logistic and 
cost issues. Uncertainties 
about nutrient availability 
and durability of 
sequestration, seasonality 
will limit sites, etc. 

Low–Medium 
Potential C removal 
<0.1–1.0 Gt CO2/yr. 
(low–medium 
confidence) 
Given the widespread 
degradation of much of 
the coastal ocean, there 
are plenty of 
opportunities to restore 
ecosystems and depleted 
species. However, 
ecosystems and trophic 
interactions are complex 
and changing and 
research will be 
necessary to explore 
upper limits. 

Medium–High 
Potential C removal 
>0.1–1.0 Gt CO2/yr. 
(medium confidence) 
Potential for 
sequestering >1 Gt 
CO2/yr if applied 
globally. High 
uncertainty coming 
from potential 
aggregation and export 
to depth of added 
minerals and unintended 
chemical impacts of 
alkalinity addition. 

Medium–High Potential 
C removal >0.1–1.0 Gt 
CO2/yr.  
(medium confidence) 
Energy and water 
requirements may limit 
scale. For climate 
relevancy, the scale will 
be double to an order of 
magnitude greater than 
the current chlor-alkali 
industry. 

Environmental risk 
Intended and 
unintended 
undesirable 
consequences at scale 
(unknown, low, 
medium, high) and 
what is the 
confidence level 
(low, medium, high) 
 

Medium 
(low to medium 
confidence) 
Intended environmental 
impacts increase NPP 
and carbon sequestration 
due to changes in surface 
ocean biology.  If 
effective, there are deep-
ocean impacts and 
concern for undesirable 
geochemical and 
ecological consequences.  
Impacts at scale 
uncertain. 

Medium–High  
(low confidence) 
Similar impacts to OIF but 
upwelling also affects the 
ocean’s density field and 
sea-surface temperature and 
brings likely ecological 
shifts due to bringing colder, 
inorganic carbon and 
nutrient-rich waters to 
surface. 
 

Medium–High  
(low confidence) 
Environmental impacts 
are potentially 
detrimental especially on 
local scales where 
seaweeds are farmed (i.e., 
nutrient removal due to 
farming will reduce NPP, 
carbon export, and 
trophic transfers) and in 
the deep ocean where the 
biomass is sequestered 
(leading to increases in 
acidification, hypoxia, 
eutrophication, and 
organic carbon inputs). 
The scale and nature of 
these impacts are highly 
uncertain. 

Low 
(medium–high 
confidence) 
Environmental impacts 
would be generally 
viewed as positive. 
Restoration efforts are 
intended to provide 
measurable benefits to 
biodiversity across a 
diversity of marine 
ecosystems and taxa. 

Medium 
(low confidence) 
Possible toxic effect of 
nickel and other 
leachates of olivine on 
biota, bio-optical 
impacts, removal of 
particles by grazers, 
unknown responses to 
increased alkalinity on 
functional diversity and 
community 
composition. Effects 
also from expanded 
mining activities (on 
land) on local pollution, 
CO2 emissions. 
 

Medium–High  
(low confidence) 
Impact on the ocean is 
possibly constrained to 
the point of effluent 
discharge. Poorly-known 
possible ecosystem 
impacts similar to 
alkalinity enhancement.  
Excess acid (or gases, 
particularly chlorine) 
will need to be treated 
and safely disposed. 
Provision of sufficient 
electrical power will 
likely have remote 
impacts. 

 (Continued) 
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TABLE 9.1 Continued 

 
Ocean Nutrient 
Fertilization 

Artificial 
Upwelling/Downwelling Seaweed Cultivation Ecosystem Recovery 

Ocean Alkalinity 
Enhancement 

Electrochemical 
Processes 

Social 
considerations 
Encompass use 
conflicts, 
governance-
readiness, 
opportunities for 
livelihoods, etc. 

Potential conflicts with 
other uses of high seas 
and protections;  
downstream effects from 
displaced nutrients will 
need to be considered; 
legal uncertainties;  
potential for public 
acceptability and 
governance challenges 
(i.e., perception of 
“dumping”). 

Potential conflicts with other 
uses (shipping, marine 
protected areas, fishing, 
recreation); potential for 
public acceptability and 
governance challenges (i.e., 
perception of dumping). 

Possibility for jobs and 
livelihoods in seaweed 
cultivation; potential 
conflicts with other 
marine uses. Downstream 
effects from displaced 
nutrients will need to be 
considered.  

Trade-offs in marine 
uses to enhance 
ecosystem protection and 
recovery. Social and 
governance challenges 
may be less significant 
than with other 
approaches. 

Expansion of mining 
production, with public 
health and economic 
implications; general 
public’s potential for 
public acceptability and 
governance challenges 
(e.g., if perceived as 
“dumping”). 

Similar to OAE and to 
any industrial site. 
Substantial electrical 
power demand may 
generate social impacts. 

Co-benefits 
How significant are 
the co-benefits as 
compared to the main 
goal of CDR and 
how confident is that 
assessment 

Medium 
(low confidence) 
Enhanced fisheries 
possible but not shown 
and difficult to attribute.  
Seawater dimethyl 
sulfide increase seen in 
some field studies that 
could enhance climate 
cooling impacts. Surface 
ocean decrease in ocean 
acidity possible.  

Medium–High 
(low confidence) 
May be used as a tool in 
coordination with localized 
enhancement of aquaculture 
and fisheries. 

Medium–High 
(medium confidence) 
Placing cultivation 
facilities near fish or 
shellfish aquaculture 
facilities could help 
alleviate environmental 
damages from these 
activities. Bio-fuels also 
possible. 

High 
(medium–high 
confidence) 
Enhanced biodiversity 
conservation and the 
restoration of many 
ecological functions and 
ecosystem services 
damaged by human 
activities. Existence, 
spiritual, and other non-
use values. Potential to 
enhance marine 
stewardship and tourism. 

Medium 
(low confidence) 
Mitigation of ocean 
acidification; positive 
impact on fisheries. 
 

Medium–High 
(medium confidence) 
Mitigation of ocean 
acidification; production 
of H2, Cl2, silica. 
 

Cost of scale-up 
Estimated costs in 
dollars per metric ton 
CO2 for future 
deployment at scale; 
does not include all of 
monitoring and 
verification costs 
needed for smaller 
deployments during 
R&D phases Low, 
<$50/t CO2; medium, 
~$100/t CO2; high, 
>>$150/t CO2 and 
confidence in estimate 
(low, medium, high) 

Low 
<$50/t CO2 

(low–medium 
confidence) 
Deployment of <$25/t 
CO2 sequestered for 
deployment at scale are 
possible, but need to be 
demonstrated at scale 

Medium–High.  
>$100–$150/t CO2 

(low confidence) 
Development of a robust 
monitoring program is the 
likely largest cost and would 
be of similar magnitude as 
OIF. Materials costs for 
pump assembly could be 
moderate for large-scale 
persistent deployments. 
Estimates for a kilometer-
scale deployment are in the 
tens of million dollars.  

Medium 
~$100/t CO2  
(medium confidence) 

Costs should be less than 
$100/t CO2. No direct 
energy used to fix CO2. 

Low 
<$50/t CO2 
(medium confidence) 
Varies but direct costs 
would largely be for 
management and 
opportunity costs for 
restricting uses of marine 
species and the 
environment. No direct 
energy used. 
 

Medium–High 
>$100–$150/t CO2 
(low–medium 
confidence) 
Cost estimates range 
between tens of dollars 
and $160/tCO2. 
Need for expansion of 
mining, transportation, 
and ocean transport 
fleet. 
 

High 
>$150/t CO2 

(medium confidence) 
Gross current estimates 
$150–$2,500/t CO2 
removed. With further 
R&D, it may be possible 
to reduce this to <$100/t 
CO2. 
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Cost and challenges 
of carbon 
accounting 
Relative cost and 
scientific challenge 
associated with 
transparent and 
quantifiable carbon 
tracking (low, 
medium, high) 

Medium 
Challenges tracking 
additional local carbon 
sequestration and 
impacts on carbon fluxes 
outside of boundaries of 
CDR application 
(additionality). 

High 
Local and additionality 
monitoring needed for 
carbon accounting similar to 
OIF. 

Low–Medium 
The amount of harvested 
and sequestered carbon 
will be known. However, 
an accounting of the 
carbon cycle impacts of 
the displaced nutrients 
will be required 
(additionality).   

High 
Monitoring net effect on 
carbon sequestration is 
challenging. 

Low–Medium 
Accounting more 
difficult for addition of 
minerals and non-
equilibrated addition of 
alkalinity, than 
equilibrated addition. 

Low–Medium 

Cost of 
environmental 
monitoring 
Need to track impacts 
beyond carbon cycle 
on marine 
ecosystems (low, 
medium, high) 

Medium 
(medium–high confidence) 

All CDR will require monitoring for intended and unintended consequences both locally and downstream of CDR site, and these monitoring costs may be 
substantial fraction of overall costs during R&D and demonstration-scale field projects.  This cost of monitoring for ecosystem recovery may be lower. 

Additional 
resources needed 
Relative low, 
medium, high to 
primary costs of 
scale-up 

Low–Medium 
Cost of material: iron is 
low and energy is 
sunlight.  

Medium–High 
Materials, deployment, and 
potential recovery costs. 

Medium 
Farms will require large 
amounts of ocean (many 
million hectares) to 
achieve CDR at scale. 

Low 
Most recovery efforts 
will likely require few 
materials and little 
energy, though 
enforcement could be an 
issue. Active restoration 
of kelp and other 
ecosystems would 
require more resources.  

Medium–High 
Adaptation and likely 
expansion of existing 
fleet for deployment; 
infrastructure for 
storage at ports. 
Infrastructure support 
for expansion of 
mineral extraction, 
processing, 
transportation, and 
deployment. 

Medium–High 
High energy 
requirements (1–2.5 
MWh/t CO2 removed) 
and build-out of 
industrial CDR. 
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TABLE 9.2 Foundational Research Priorities Common to all Ocean-Based CDR  

Research Priority 
Estimated 

Budget 
Duration 
(years) Total 

Model international governance framework for ocean CDR 
research 

$2M–$3M/yr 2–4 $4M–$12M 

Application of domestic laws to ocean CDR research $1M/yr 1–2 $1M–$2M 

Assessment of need for domestic legal framework specific to 
ocean CDR 

$1M/yr 2–4 $2M–$4M 

Development of domestic legal framework specific to ocean 
CDR  
Mixed methods, multisited research to understand community 
priorities and assessment of benefits and risks for ocean CDR as 
a strategy 

$5M/yr 4 $20M 

Interactions and trade-offs between ocean CDR, terrestrial 
CDR, adaptation, and mitigation, including the potential of 
mitigation deterrence 

$2M/yr 4 $8M 

Cross-sectoral research analyzing food system, energy, 
sustainable development goals, and other systems in their 
interaction with ocean CDR approaches 

$1M/yr 4 $4M 

Capacity-building research fellowship for diverse early-career 
scholars in ocean CDR 

$1.5M/yr 2 $3M 

Transparent, publicly accessible system for monitoring impacts 
from projects 

$0.25M/yr 4 $1M 

Research on how user communities (companies buying and 
selling CDR, nongovernmental organizations, practitioners, 
policy makers) view and use monitoring data, including 
certification 

$0.5M/yr 4 $2M 

Analysis of policy mechanisms and innovation pathways, 
including on the economics of scale-up 

$1M–2M/yr 2 $2M–$4M 

Development of standardized environmental monitoring and 
carbon accounting methods for ocean CDR  

$0.2M/yr 3 $0.6M 

Development of a coordinated research infrastructure to 
promote transparent research 

$2M/yr 3-4 $6M–$8M 

Development of a publicly accessible data management strategy 
for ocean CDR research 

$2M–3M/yr 2 $4M–$6M 

Development of a coordinated plan for science communication 
and public engagement of ocean CDR research in the context of 
decarbonization and climate response 

$5M/yr 10 $50M 

Development of a common code of conduct for ocean CDR 
research 

$1M/yr 2 $2M 

Total Estimated Research Budget 
(Assumes all six CDR approaches moving ahead) 

~$29M/yr 2-10 ~$125M 
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TABLE 9.3 Research Needed to Advance Understanding of Each Ocean CDR Approach 

 
Estimated 
Budget  

Duration 
(years) Total Budget  

Ocean Fertilization  
Carbon sequestration delivery and bioavailability $5M/yr 5 ~$25M 
Tracking carbon sequestration $3M/yr 5 ~$15M 
In field experiments- >100 t Fe and >1,000 km2 initial patch size 
followed over annual cycles 

$25M/yr 10 ~$250M 

Monitoring carbon and ecological shifts $10M/yr 10 ~$100M 
Experimental planning and extrapolation to   global scales $5M/yr 10 ~$50M 

Total Estimated Research Budget  $48M/yr 5–10  $440M 

Estimated Budget of Research Priorities $33M/yr 5–10  $290M 
Artificial Upwelling and Downwelling  

Technological readiness: Limited and controlled open-ocean trials to 
determine durability and operability of artificial upwelling technologies  
(~100 pumps tested in various conditions) 

$5M/yr 5 $25M 
 

Feasibility Studies $1M/yr 1 $1M 
Tracking carbon sequestration $3M/yr 5 $15M  
Modeling of carbon sequestration based upon achievable upwelling 
velocities and known stoichiometry of deep-water sources. Parallel 
mesocosm and laboratory experiments to assess potential biological 
responses to deep water of varying sources  

$5M/yr 5 $25M    

Planning and implementation of demonstration-scale in situ experimentation 
(>1 year, >1,000 km) in region sited-based input from modeling and 
preliminary experiments   

$25M/yr 10 $250M 

Monitoring carbon and ecological shifts $10M/yr 10 $100M  
Experimental planning and extrapolation to global scales 
(early for planning and later for impact assessments) 

$5M/yr 10 $50M 

Total Estimated Research Budget ~$54/yr 5–10  $466M 

Estimated Budget of Research Priorities $5M/yr 5–10  $25M 
Seaweed Cultivation  

Technologies for efficient large-scale farming and harvesting of seaweed 
biomass 

$15M/yr 10 $150M 

Engineering studies focused on the conveying of harvested biomass to 
durable oceanic reservoir with minimal losses of carbon  

$2M/yr 10 $20M 

Assessment of long-term fates of seaweed biomass and by-products $5M/yr 5 $25M 
Implementation and deployment of a demonstration-scale seaweed 
cultivation and sequestration system 

$10M/yr 10  $100M 

Validation and monitoring the CDR performance of a demonstration-scale 
seaweed cultivation and sequestration system 

$5M/yr 10  $50M 

Evaluation of the environmental impacts of large-scale seaweed farming 
and sequestration 

$4M/yr 10  $40M 
 

Total Estimated Research Budget $41M/yr 5–10 $385M 

Estimated Budget of Research Priorities $26M/yr 5 $235M 

(Continued) 
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TABLE 9.3 Continued 

 
Estimated 
Budget  

Duration 
(years) Total Budget  

Ecosystem Recovery 
Restoration ecology and carbon $8M/yr 5 $40M  
Marine protected areas: Do ecosystem-level protection and restoration 
scale for marine CDR? 

$8M/yr 10  $80M 

Macroalgae: Carbon measurements, global range, and levers of 
protection 

$5M/yr 10  $50M 

Benthic communities: disturbance and restoration $5M/yr 5  $25M 

Marine animals and CO2 removal $5M/yr 10  $50M 
Animal nutrient cycling  $5M/yr 5  $25M 
Commercial fisheries and marine carbon $5M/yr 5  $25M 

Total Estimated Research Budget $41M/yr 5–10  $295M 

Estimated Budget of Research Priorities $26M/yr 5–10  $220M 
Ocean Alkalinity Enhancement   

Research and development to explore and improve the technical feasibility 
and readiness level of ocean alkalinity enhancement approaches (including 
the development of pilot-scale facilities) 

$10M/yr 5 $50M 

Laboratory and mesocosm experiments to explore impacts on 
physiology and functionality of organisms and communities 

$10M/yr 5 $50M 

Field experiments $15M/yr 5–10 $75M–$150M 
Research into the development of appropriate monitoring and accounting 
schemes, covering CDR potential and possible side effects. 

$10 5–10 $50M–$100M 

Total Estimated Research Budget $45M/yr 5–10  $180M–
$350M 

Estimated Budget of Research Priorities $25M/yr 5–10  $125M–
$200M 

Electrochemical Processes   
Demonstration projects including CDR verification and environmental 
monitoring 

$30M/yr 5 $150M 

Development and assessment of novel and improved electrode and 
membrane materials 

$10M/yr 5 $50M 

Assessment of environmental impact and acid management strategies $7.5M/yr 10 $75M 

Coupling whole-rock dissolution to electrochemical reactors and systems $7.5M/yr 10 $75M 
Development of hybrid approaches $7.5M/yr 10 $75M 
Resource mapping and pathway assessment $10M/yr 5 $50M 

Total Estimated Research Budget $73M/yr 5–10  $475M 
Estimated Budget of Research Priorities $55M/yr 5–10  $350M 

NOTE: Bold type identifies priorities for taking the next step to advance understanding of each particular approach. 
 

9.4 PROPOSED RESEARCH AGENDA 
 

As summarized in this report, the state of knowledge and uncertainty surrounding ocean CDR 
varies greatly among and within different CDR approaches, with knowledge gaps remaining in 
determining carbon sequestration efficiencies, scaling, and permanence, as well as environmental and 
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social impacts and costs. At present, the current state of scientific understanding precludes choosing 
among different ocean CDR approaches, and there are opportunities and benefits from pursuing 
research along multiple pathways in parallel.  The resulting increased understanding and confidence 
will allow for more informed choices on the viability of ocean CDR relative to other climate change 
response options, given the ever-increasing and visible impacts of climate change. 

Based on the present state of knowledge, there are substantial uncertainties in all of the ocean 
CDR approaches evaluated in this report. The knowledge gaps differ among the CDR approaches as 
highlighted by the research elements and priorities (marked in bold) in Table 9.2. The best approach for 
reducing knowledge gaps will involve a diversified research investment strategy that includes both 
crosscutting, common components (Table 9.2) and coordination across multiple individual CDR 
approaches (Table 9.3) in parallel (Figure 9.1). The development of a robust research portfolio will 
reflect a balance among several factors: common elements and infrastructure versus targeted studies on 
specific approaches; biotic versus abiotic CDR approaches; and more established versus emerging CDR 
approaches. The research cost values in Table 9.2 and 9.3 are only rough estimates, and as an ocean CDR 
research program develops and priorities are refined with time, improved cost estimates will likely 
become clearer. 

Crosscutting foundation research priorities listed in Table 9.2 include research on international 
governance and the domestic legal framework of ocean CDR research. Other priorities include the 
development of a common code of conduct for ocean CDR research and coordinated research 
infrastructure including components on standardized environmental monitoring and carbon accounting 
methods, publicly accessible data management, and science communication and public engagement. 

The research priorities in Table 9.3 for each of the four biotic ocean CDR approaches (Chapters 
3–6) differ based on the current knowledge base, extent of previous research, and distinctions in the 
underlying biological processes. As discussed above, evaluation of research needs across CDR 
approaches is more challenging, suggesting some investment in all methods; however, a first-order 
attempt at prioritization can be constructed based on current knowledge using the CDR criteria outlined at 
the beginning of Section 9.3. Among the biotic approaches, research on ocean iron fertilization and 
seaweed cultivation offer the greatest opportunities for evaluating the viability of possible biotic 
ocean CDR approaches; research on the potential CO2 removal and sequestration permanence for 
ecosystem recovery would also be beneficial in the context of ongoing marine conservation efforts. 

For abiotic ocean CDR approaches (Chapters 7 and 8), the research agenda (Table 9.2) will be 
most impactful if it combines a thorough understanding of potential environmental impacts alongside 
technology development and upscaling efforts. Based on present understanding, there is considerable 
CDR potential for ocean alkalinity enhancement, which spans a number of approaches including, but not 
restricted to ocean liming, accelerated rock weathering, and electrochemical methods for alkalinity 
enhancement, among others. Next steps for alkalinity enhancement research offer large opportunities for 
closing knowledge gaps but include the complexity of undertaking large-scale experimentation to assess 
whole-ecosystem responses across the range of technologies and approaches for increasing alkalinity. 
Therefore, among the abiotic approaches, research on ocean alkalinity enhancement, including 
electrochemical alkalinity enhancement, have priority over electrochemical approaches that only 
seek to achieve carbon dioxide removal from seawater (also known as carbon dioxide stripping). 

Early research findings might indicate a low viability for particular approaches. The approach 
advocated in the research agenda below is to be adaptive, meaning that decisions on future investments in 
research activities will need to take into account new findings on the efficacy and durability of a 
technique, whether the social and environmental impacts outweigh benefits, or face social and governance 
challenges. This is in line with a responsible research and innovation approach (Box 9.1).  Generally 
speaking, we can anticipate that there may be showstoppers for some approaches from factors both 
internal and external to the research.  Internal showstoppers include findings that indicate that the viability 
is so low as to not warrant further research investments.  For example, there are questions about whether 
artificial upwelling/downwelling technologies will be operable at sufficient scales; this is why the 
technique has a priority item to better evaluate technological readiness (Table 9.3), recommending limited 
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and controlled open ocean trials to determine durability and operability of artificial upwelling 
technologies. 

There may also be external showstoppers to the research, such as lack of social license or 
governance actions, which preclude further investigation. Given that climate change governance and 
politics are dynamic, it is impossible to predict what these showstoppers will be. However, there are 
examples of research that was deemed too risky or unnecessary by social stakeholders. For example, in 
the early 2000s, scientists were researching injecting CO2 directly into the mid-depth ocean using small-
scale experiments. In 1997 in Kyoto, during UNFCCC COP-3, an international project agreement was 
signed for the study of direct CO2 injection, with sponsors from the U.S. Department of Energy, the New 
Energy and Industrial Technology Development Organization of Japan, and the Norwegian Research 
Council; researchers from Australia, Canada, and Switzerland also joined. However, the research faced 
criticism from local civil society organizations as well as larger organizations such as Greenpeace, and 
planned experiments off the coasts of Hawaii and Norway were halted, with the Norwegian 
Environmental Minister stating that using deep marine areas as future storage places for CO2 required 
more international discussion and the clarification of legal implications (de Figueiredo, 2003).  Within the 
scientific community, there was discussion of what research could be done to identify potential harms to 
deep-sea biology, with some recommending very aggressive research to provide information on impacts 
on deep-sea organisms within a relevant time frame (Seibel and Walsh, 2003). In other words, direct 
deep-sea CO2 injection faced external social showstoppers and may have also faced potential scientific, 
internal showstoppers, should it have proceeded further. Scientists must be alert and responsive to 
potential showstoppers.  Early investment in public engagement and governance activities may help 
advance understanding of what external showstoppers may be, and structuring the research agenda 
to focus on priority items can help advance understanding of internal showstoppers. 
 

 
FIGURE 9.1 Conceptual timeline of ocean-based CDR research based on Tables 9.2 and 9.3. Stops 
included on the diagram represent possible internal and external showstoppers or barriers to a particular 
approach. 
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Recommendation 3: Ocean CDR Research Program Priorities. A research program should move 
forward integrating studies, in parallel, on multiple aspects of different ocean CDR approaches, 
recognizing the different stages of the knowledge base and technological readiness of specific ocean CDR 
approaches. Priorities for the research program should include development of: 
 

1. Overarching implementation plan for the next decade adhering to the crosscutting strategy 
elements in Recommendation 1 and incorporating from its onset the common research 
components in Recommendation 2 and Table 9.2.  Achieving progress on these common 
research components is essential to lay a foundation for all other recommended research. 

2. Tailored implementation planning for specific ocean CDR approaches focused on reducing 
critical knowledge gaps by moving sequentially from laboratory-scale to pilot-scale field 
experiments, as appropriate, with adequate environmental and social risk reduction measures 
and transparent decision-making processes (priority components bolded in Table 9.3).  

3. Common framework for intercomparing the viability of ocean CDR approaches with each 
other and with other climate response measures using standard criteria for efficacy, 
permanence, costs, environmental and social impacts, and governance and social dimensions. 

4. Research framework including program-wide components for experimental planning and 
public engagement, monitoring and verification (carbon accounting), and open publicly 
accessible data management. 

5. Strategy and implementation for engaging and communicating with stakeholders, policy 
makers, and publics. 

6. Research agenda that emphasizes advancing understanding of ocean fertilization, seaweed 
cultivation, and ocean alkalinity enhancement. 
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Acronyms and Abbreviations 

 
AD artificial downwelling 
AIS automatic identification system 
ANSI American National Standards Institute 
aOIF artificial ocean iron fertilization 
AU artificial upwelling 
  
BBNJ Biodiversity Beyond National Jurisdiction 
BCP biological carbon pump 
  
C carbon 
Ca(HCO3)2 calcium bicarbonate 
Ca(OH)2 portlandite or calcium hydroxide 
CaAl2Si2O8 anorthite  
CAB coastal area of benefit 
CaCO3 calcium carbonate or calcite 
CaMg(CO3)2 dolomite 
CaO quicklime or calcium oxide 
CBD Convention on Biological Diversity 
CCBS Climate, Community, and Biodiversity Standards 
CCS carbon capture and storage 
CDR carbon dioxide removal 
CH4 methane 
CO2 carbon dioxide 
CO2 (aq) aqueous carbon dioxide 
CO3

2− carbonate ion 
CREATE Carbon Removal, Efficient Agencies, Technology Expertise 
CWA Clean Water Act 
CZMA Coastal Zone Management Act 
  
DA domoic acid 
DIC dissolved inorganic carbon 
DMS dimethyl sulfide 
DOC dissolved organic carbon 
DOE Department of Energy 
  
EEZ Exclusive Economic Zone 
EIA environmental impact assessment 
ENSO El Niño–Southern Oscillation 
EPA Environmental Protection Agency 
ESA Endangered Species Act 
EW enhanced weathering 
EZ euphotic zone 
  
Fe iron 
Fe2SiO4 fayalite  
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GHGs greenhouse gases 
GO-SHIP Global Ocean Hydrographic Investigations Program 
  
H+ hydrogen ion 
H2CO3 carbonic acid 
H2O water 
HABs harmful algal blooms 
HCO3

- bicarbonate 
HNLC high nutrient, low chlorophyll 
  
IODP International Ocean Discovery Program 
IOOS Integrated Ocean Observing System 
IUCN International Union for Conservation of Nature 
  
LC/LP London Convention and London Protocol  
LNLC low nutrient, low chlorophyll 
  
Mg(OH)2 brucite 
Mg2SiO4 forsterite  
MgCO3 manganesite 
MgO periclase/magnesia 
MMPA Marine Mammal Protection Act 
MPAs marine protected areas 
MPRSA Marine Protection, Research, and Sanctuaries Act 
MSFCMA Magnuson-Stevens Fishery Conservation and Management Act 
  
N nitrogen 
N2O nitrous oxide 
NaOH Sodium hydroxide 
NBS nature-based solutions 
NDC nationally determined contribution 
NEPA National Environmental Policy Act 
NETs negative emissions technologies 
NIMBY not in my backyard 
NMFS National Marine Fisheries Service 
NMSA National Marine Sanctuaries Act 
nOIF natural ocean iron fertilization 
NPP net primary productivity 
NPSG North Pacific Subtropical Gyre 
NRC National Research Council 
NSTC National Science and Technology Council 
  
O2 oxygen 
OA ocean alkalinity 
OAE ocean alkalinity enhancement 
OCCAM Ocean Circulation and Climate Advanced Modeling 
OCSLA Outer Continental Shelf Lands Act 
OF ocean fertilization 
OIF ocean iron fertilization 
OMF ocean macronutrient fertilization 
OOI Ocean Observatories Initiative 
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OTEC ocean thermal energy conversion 
  
P phosphorus 
pCO2 partial pressure of carbon dioxide 
PDO Pacific Decadal Oscillation 
POC particulate organic carbon 
  
REDD+ Reducing Emissions from Deforestation and Forest Degradation 
RHA Rivers and Harbors Act 
  
Si silica 
SLO social license to operate 
SOD superoxide dismutase 
  
TZ twilight zone 
  
UNCLOS United Nations Convention on the Law of the Sea 
UNFCCC United Nations Framework Convention on Climate Change 
VCS Verified Carbon Standard 
  
WHOI Woods Hole Oceanographic Institute 
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from 1991to 1993, and he served as a scientist at the National Center for Atmospheric Research from 
1993 to 2002 and then the Woods Hole Oceanographic Institution from 2002 to 2017 before moving to 
the University of Virginia. Dr. Doney’s expertise spans oceanography, climate, and biogeochemistry, 
with particular emphasis on the application of numerical models and data analysis to global-scale 
questions. His research focuses on how the global carbon cycle and ocean ecology respond to natural and 
human-driven climate change and ocean acidification. His previous experience with the National 
Academies of Sciences, Engineering, and Medicine includes membership on a number of committees in 
association with the Space Studies Board, Board on Atmospheric Sciences and Climate, and Ocean 
Studies Board. He has also served as an external reviewer for several National Academies reports. Dr. 
Doney graduated with a B.A. in chemistry from the University of California, San Diego in 1986 and a 
Ph.D. in chemical oceanography from the Massachusetts Institute of Technology/Woods Hole 
Oceanographic Institution Joint Program in Oceanography in 1991. 
 
Holly Buck is an assistant professor of Environment and Sustainability at the University at Buffalo. She 
is an interdisciplinary social scientist who works across rural sociology, human geography, and science 
and technology studies to understand the social and environmental dimensions of emerging technologies. 
Her Ph.D. in development sociology from Cornell University in 2017 focused on public engagement with 
emerging environmental technologies, with chapters on carbon removal, solar geoengineering, and 
emerging “blue revolution” marine technologies.  Dr. Buck’s recent and current research involves the 
social dimensions of technologies to remove carbon from the atmosphere. Specific to marine carbon 
removal, she has authored a book chapter on an ocean fertilization event off the coast of Haida Gwaii, 
based on stakeholder interviews she conducted in Haida Gwaii and Vancouver in 2013. Her book After 
Geoengineering (2019) also discusses marine bioenergy with carbon capture and storage and draws on 
interviews with people working in the field. She also has experience with public engagement on solar 
climate intervention strategies, and presented some of this research to a National Academies committee 
on solar climate intervention at a meeting at Stanford in 2019, as part of that committee’s information 
gathering process. Dr. Buck’s work relating to climate intervention more broadly has focused on themes 
such as the governance of stopgap measures (Nature Sustainability), public engagement in research 
(Geoforum), and possible harms to ocean life (chapter in edited volume Blue Legalities: The Life and 
Laws of the Sea). 
 
Ken Buesseler is a marine radiochemist and member of the Ocean Twilight Zone Project at the Woods 
Hole Oceanographic Institution. He is best known for work using natural and manmade isotopes in the 
ocean to study processes such as the movement of carbon and iron from the surface to deep ocean, as well 
as studies of the fate and transport of radioactive contaminants in the ocean. Dr. Buesseler participated in 
two ocean iron fertilization (OIF) experiments, leading one of three research vessels during the last major 
U.S. OIF experiment off Antarctica. In 2009 he was elected a Fellow of the American Geophysical 
Union; in 2013 selected as foreign member of the Dutch Academy of Sciences, and in 2018, was elected 
as a Fellow of the American Association for the Advancement of Science. He is author of more than 175 
research publications with 10 papers focused on OIF. In 2011 he was noted as the top-cited ocean 
scientist by the Times Higher Education for the decade 2000-2010. Dr. Buesseler received his Ph.D. from 
Massachusetts Institute of Technology and Woods Hole Oceanographic Institute in 1986. 
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M. Debora Iglesias-Rodriguez is professor of biological oceanography and vice-chair of the Department 
of Ecology, Evolution, and Marine Biology at the University of California, Santa Barbara. Dr. Iglesias-
Rodriguez has worked for 20 years on diversity and function in marine phytoplankton, combining 
molecular approaches, carbon physiology, and biogeochemistry in the lab and in the field. She has broad 
interest in mechanisms controlling diversity and function in marine biota and the effect of ocean 
acidification (OA) on marine plankton. She has contributed to several white papers on OA, was a speaker 
at the 2011 IPCC workshop on OA, and one of her papers (Science 320:336-340) was identified by 
Thomson Reuters as “fast breaking paper” and at the top 0.01 most cited papers in Geoscience in 2008. 
Dr. Iglesias-Rodriguez has a B.Sc. in biology and biochemistry (University of Santiago de Compostela, 
Spain) and a Ph.D. (1996) on carbon utilization in phytoplankton (Swansea University, UK). 
 
Kathryn Moran joined the University of Victoria in September 2011 as a professor in the Faculty of 
Sciences and as director of NEPTUNE Canada. In 2012, she was promoted to the position of president 
and CEO, Ocean Networks Canada. Since then, she has led and grown the organization following the 
vision of enhancing life on Earth by providing knowledge and leadership that deliver solutions to science, 
society, and industry. Dr. Moran’s interests include topics related to the Arctic, ocean drilling, ocean 
observing, and climate change including ocean carbon sequestration methods and offshore renewable 
energy. She previously served on three National Academies committees: the Committee on Emerging 
Research Questions in the Arctic; the Gulf Research Program Advisory Board; and the Standing 
Committee on Understanding Gulf Ocean Systems. Dr. Moran holds degrees in marine science and 
engineering from the University of Pittsburgh, the University of Rhode Island, and Dalhousie University. 
 
Andreas Oschlies is of Marine Biogeochemical Modelling at GEOMAR and the University of Kiel, 
Germany. His research interests include the global carbon, nitrogen and oxygen cycles, their sensitivities 
to environmental change, and the development and quality assessment of numerical models appropriate to 
investigate these. He was head of the Collaborative Research Centre "Climate-Biogeochemistry 
Interactions in the Tropical Ocean" (SFB754) running from 2008 to 2019, is a founding member of the 
Global Ocean Oxygen Network (GO2NE), member of the GESAMP Working Group 41 on Marine 
Geoengineering, and currently leads the Priority Program on Climate Engineering: Risks, Challenges, 
Opportunities? (SPP1689) funded by the German Research Foundation. He has contributed to a number 
of assessment reports, such as Large-Scale Intentional Interventions into the Climate System? Assessing 
the Climate Engineering Debate for the German Ministry of Education and Research (2011), The 
European Transdisciplinary Assessment of Climate Engineering (EuTRACE) for the European 
Commission (2015), the GESAMP High Level Review of a Wide Range of Proposed Marine 
Geoengineering Techniques (2019), and the IPCC Special Report on the Oceans and the Cryosphere 
(2019). Dr. Oschlies studied theoretical physics at Heidelberg and Cambridge (P. Phil. 1990) and received 
his Ph.D. in Oceanography from the University of Kiel (1994). 
 
Phil Renforth is an associate professor for the School of Engineering and Physical Sciences, Institute of 
Mechanical, Process and Energy Engineering at Heriot-Watt University, Edinburgh, UK. He is an 
engineer and geochemist interested in understanding how reacting carbon dioxide with rocks and minerals 
may be able to help prevent climate change. His research expertise and interests include enhanced 
weathering, negative emission technologies, and alkaline waste, and he is also interested in understanding 
geochemical carbon sequestration in the ocean by increasing ocean alkalinity. Dr. Renforth serves on the 
Scientific Committee for the international conference on negative CO2 emissions, the Geological 
Society’s Engineering Geology Committee, Scientific Council for the UK Carbon Capture and Storage 
Research Centre, and on several editorial boards. He presented to the National Academies Committee on 
Developing a Research Agenda for Carbon Dioxide Removal and Reliable Sequestration. Dr. Renforth 
earned his Ph.D. in geoenvironmental engineering from the University of Newcastle-upon-Tyne (2011). 
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Joe Roman is a fellow in conservation biology and marine ecology at the Gund Institute for 
Environment, University of Vermont. His research focuses on the ecological functions and services 
provided by whales and other marine mammals. His team’s work shows that great whales, the largest 
animals ever to have lived, play important ecological roles in the ocean—from enhancing primary 
productivity to providing habitat for more than 80 endemic species when their carcasses sink to the deep 
sea. Dr. Roman is dedicated to science policy, scientific diplomacy, teaching, and research. He received 
his A.B. from Harvard College in visual and environmental studies (1985), his M.S. from the University 
of Florida in wildlife ecology and conservation (1999), and his Ph.D. in organismic and evolutionary 
biology from Harvard University (2003). 
 
Gaurav N. Sant is a professor and Henry Samueli Fellow at the University of California, Los Angeles 
with appointments in the Departments of Civil and Environmental Engineering and Materials Science and 
Engineering, and a member of the California Nanosystems Institute and the director of the Institute for 
Carbon Management. Dr. Sant’s research interests include interfacial solid–liquid, solid–vapor, and solid–
liquid–vapor reactions including dissolution, precipitation, and electrochemical reactions with 
applications to (i) cement, concrete, and porous media; (ii) hard biological tissues; (iii) metals and alloys; 
(iv) natural and synthetic minerals; and (v) glasses. In his research, special focus is placed on 
decarbonizing construction, the development of carbon mitigation technologies, and promoting 
manufacturing disruptions in entrenched heavy-industry sectors. In 2021, CarbonBuilt, a team led by Dr. 
Sant, was selected as the Grand Prize Winner of the NRG COSIA Carbon XPRIZE, the first university 
team to win an XPRIZE, and he has participated on the National Academies committee, Gaseous Carbon 
Waste Streams Utilization: Status and Research Needs. Dr. Sant received his Ph.D. in civil engineering 
from Purdue University in 2009. 
 
David A. Siegel is presently a Distinguished Professor in the Department of Geography and chair of the 
Interdepartmental Graduate Program in Marine Science at the University of California, Santa Barbara. 
His research focuses on aquatic ecosystems and their functioning on local to global scales. He has worked 
extensively in marine bio-optics, satellite ocean color remote sensing and oceanographic observations, 
and numerical modeling on a wide range of problems from assessing marine biodiversity, quantifying the 
ocean’s biological carbon pump, measuring and modeling giant kelp spatial population dynamics, and 
understanding the efficacy of nearshore fisheries management scenarios. Dr. Siegel has served as a 
member of the National Academies Committee on Assessing Requirements for Sustained Ocean Color 
Research and Operations (2011), and most recently was a member on the Ecosystems Panel of the 
National Academies 2018 Committee on the Decadal Survey for Earth Science and Applications from 
Space. He is a fellow of both the American Geophysical Union and the American Association for the 
Advancement of Science. Dr. Siegel received a B.A. in chemistry and a B.S. in engineering sciences from 
the University of California, San Diego (1982) and M.S. (19860 and Ph.D. (1988) in geological sciences 
from the University of Southern California. 
 
Romany Webb is an associate research scholar at Columbia Law School and senior fellow at the Sabin 
Center for Climate Change Law. Her research focuses on climate change mitigation, exploring how legal 
and policy tools can be used to drive reductions in greenhouse gas emissions and support efforts to 
remove greenhouse gases from the atmosphere. Much of Ms. Webb’s work centers on legal issues 
associated with the use of oceans for carbon dioxide removal and storage. She is a member of the Pacific 
Institute for Climate Solutions’ “Solid Carbon” research study, which is assessing the feasibility of 
removing carbon dioxide from the ambient air using direct air capture facilities located on offshore 
platforms, and injecting the captured carbon dioxide into sub-seabed basalt rock formations. Ms. Webb 
received an LL.M., with a certificate of specialization in environmental law, from the University of 
California, Berkeley in 2013. She also holds an LL.B., awarded with first class honors, from the 
University of New South Wales (Australia). 
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Angelicque White is an associate professor in the School of Ocean and Earth Science and Technology at 
the University of Hawaii. Her primary research interests involve understanding how specific organisms 
acquire the elements necessary for growth and how different nutrient sources impact primary productivity 
and particle export. She is also working on the development of stochastic optimization models that can 
allow for more realistic simulations of the taxonomic and biogeochemical diversity of the phytoplankton 
community in the upper water column of the North Pacific. Dr. White received her B.S.(1998) and M.S. 
(2001) in biology  from the University of Alabama in Huntsville and her Ph.D. in biological 
oceanography (2006) from Oregon State University. 
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Appendix B 
Workshop and Meeting Public Presentations to the Committee 

 
Sponsor Briefings 

Jan Mazurek, ClimateWorks Foundation 
Antonius Gagern, CEA Consulting 

 

Current Activities in the Ocean-Based CDR Space 
 Brad Ack, Ocean Visions 

Joseph Hezir, Energy Futures Initiative 
Gyami Shrestha, UGSCRP Carbon Cycle Interagency Working Group 
Dwight Gledhill, National Oceanic and Atmospheric Administration  
Marc von Keitz, Department of Energy  
Shuchi Talati, Carbon180 
Jill Hamilton, Legislative Assistant, Senator Sheldon Whitehouse (D-RI) 

 K. John Holmes, National Academies of Sciences, Engineering, and Medicine 
 

Legal and Political Aspects of Ocean-Based CDR 
William Burns, American University  
Anna-Maria Hubert, University of Calgary  
Lisa Suatoni, Natural Resources Defense Council  
Oliver Geden, German Institute for International and Security Affairs 

 

Social Acceptance and Ethical Considerations to Ocean-Based CDR 
David Morrow, American University 
Sarah Cooley, Ocean Conservancy 
Terre Satterfield, University of British Columbia 
Emily Cox, Cardiff University Bill Collins, Cascadia Seaweed  

 

Financial and Economic Considerations to Ocean-Based CDR 
Juan Moreno Cruz, University of Waterloo 
Ryan Orbuch, Stripe Climate 
Barbara Haya, University of California, Berkeley 
Julio Friedmann, Columbia University 

 

Parallel Efforts in Advancement of Ocean-Based CDR Strategies 
David Keller, GEOMAR 
Mark Preston, Bellona Foundation 
Phillip Williamson, University of East Anglia 
Filip Meysman, University of Antwerp 

 

Technological Approaches to Increase Alkalinity/Remove CO2 
Greg Rau, University of California, Santa Cruz 
Heather Willauer, U.S. Naval Research Laboratory 
Matt Eisaman, Stony Brook University 
David Babson, Advanced Research Projects Agency–energy 
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Robert Zeller, Occidental Petroleum Corporation 
Niall Mac Dowell, Imperial College 
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Rosalind Rickaby, Oxford University  
Lennart Bach, University of Tasmania  
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