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Executive Summary 

To help combat climate change it is essential to explore all possible options for enabling atmospheric CO2 
removal, including both terrestrial and ocean-based processes. Whilst terrestrial CDR has a well-
developed scientific research base with many commercial-scale projects worldwide, ocean-based CDR 
(OCDR) is much less developed overall.  

Evaluating the technical readiness of OCDR approaches requires further comparative characterization of 
material and energy flows, process pathways and additional aspects such as cost and carbon balances. 
Here we summarise the flows, pathways, costs and carbon balances for the major OCDR processes, 
including electrochemical approaches, ocean alkalinity enhancement, ocean nutrient fertilization, 
seaweed cultivation for CDR, artificial upwelling and downwelling, ecosystem restoration and offshore 
CCS (CDR specific), to provide a comprehensive overview of the field.  

The notable parameters for each OCDR approach are presented in comparative tables, including their key 
process inputs, outputs, environmental impacts, benefits, limitations, costs and technology readiness 
levels. Many similarities are identified between the processes, including uncertainties relating to CO2 
storage durability, the ability to do accurate monitoring reporting and verification, and environmental 
impacts. It is also evident that the current lack of economic case studies creates an unclear picture of the 
anticipated cost of conducting OCDR ($ t-1 CO2 removed).  

Process flow diagrams illustrating the major pathways of these approaches provide a visual representation 
of where materials and energy flows are required during the operation of such OCDR operations. The 
consistent “stage-by-stage” structure suggested allows for a simple comparison between different 
approaches as each approach is broken down into “Material Production”, “Material Transport to Ocean”, 
“Operation of CDR Approach” and “Monitoring, Reporting and Verification” stages. The approach also 
provides increased transparency of the background assumptions and methods of calculation for each 
OCDR technique, which results in the ability to accurately compare final cost values between process 
stages and different case studies.  

The information and comparative structure presented in this deliverable will be used to explore the 
techno-economic performance of various OCDR approaches through the rest of the activities within WP2 
of the SEAO2-CDR project (Deliverable 2.2); the “stage-by-stage” structure will help ensure consistency 
and ease of comparison between approaches, aiding companies, regulators and decision-makers when 
considering their potential for implementation. 
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1 List of Abbreviations 

Abbreviation Term 

AD Artificial Downwelling 

AU Artificial Upwelling 

AWL Accelerated Weathering of Limestone 

BECCS Bioenergy with Carbon Capture and Storage 

BiCRS Biomass Carbon Removal and Storage 

CCS Carbon Capture and Storage 

CDR Carbon Dioxide Removal 

DAC Direct Air Capture 

DOC Direct Ocean Capture 

EW Enhanced Weathering 

FOAK First of a Kind 

HWU Heriot-Watt University 

LCA Life Cycle Assessment 

mCDR* Marine-based Carbon Dioxide Removal 

MRV  Monitoring, Reporting and Verification 

NOAK  Nth of a Kind 

OAE  Ocean Alkalinity Enhancement 

OCDR Ocean-based Carbon Dioxide Removal 

OF / ONF Ocean Nutrient Fertilization 

OL Ocean Liming 

TEA Techno-economic Analysis 

TRL Technology Readiness Level 

ULEI University of Leiden 

WP Work Package 

 
*OCDR will be used exclusively instead of mCDR in this report for consistency. 
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2 Introduction 

Deliverable 2.1, an “OCDR technical readiness review”, is part of Task 2.1, “The conceptual design of 
idealised OCDR projects”, led by HWU in collaboration with ULEI under work package 2 (WP2) of the 
SEAO2-CDR project. This deliverable summarises how some of the major ocean-based carbon dioxide 
removal (OCDR) approaches operate and establishes the basis on which the techno-economic assessment 
and life cycle assessments conducted through WP2 will help evaluate the technical readiness of such 
approaches.   

One of the main objectives of the SEAO2-CDR project is to assess the processes and mechanisms required 
for the environmentally safe and economically viable implementation of OCDR technologies. In support 
of that objective, this report characterises the main pathways by which OCDR approaches operate and 
their associated technology readiness levels. It constrains material and energy flows, process pathways 
and cost and carbon balances for 7 major OCDR processes via tabular characterisation and structured 
process flow diagrams. The major OCDR processes included are electrochemical approaches 
(electrochemical ocean carbon dioxide removal), ocean alkalinity enhancement, ocean nutrient 
fertilization (microalgae cultivation), seaweed cultivation for CDR (macroalgae cultivation and carbon 
sequestration), artificial upwelling and downwelling, ecosystem restoration (restoring living blue carbon) 
and offshore CCS (CDR specific, deep sea storage). These can be seen below in Figure 1. 

Figure 1 - Ocean-Based Carbon Dioxide Removal [1] 

Constraining how these OCDR approaches operate and utilising a consistent “stage-by-stage” structure 
ensures increased transparency and comparability between processes. Outlining the important details for 
each approach and characterising their process flows is the first stage in conducting accurate and 
comparable techno-economic analyses. Therefore, the outcomes of this report will establish the basis of 
accurate and consistent techno-economic analyses within subsequent deliverables and tasks of the 
SEAO2-CDR project.  
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3 Summary Tables – OCDR Approaches 
3.1 Overview of Summary Tables 

The OCDR summary tables presented in this deliverable provide an overview of the process pathways, material and energy flows, technical and 
operational limitations/benefits, environmental impacts, deployment costs and technology readiness levels (TRLs) for each approach. Keywords 
have been used consistently to show similarities between approaches/technologies. The information is non-exhaustive and aims to cover the main 
aspects of each approach highlighted in the reviewed literature. In many cases there is uncertainty surrounding ocean-based CDR approaches as 
some approaches have a limited research base. Therefore, all perspectives for each OCDR approach may not be covered. 

The TRLs presented in this report take into account the entire system including the technology and carbon removal aspects. Whilst unconventional, 
a representation of CDR approaches may be inaccurate if the technology is solely considered. For example, a CDR approach that is technologically 
feasible for current-day deployment (e.g. seaweed/macroalgae cultivation), may be uncertain scientifically in relation to measurement and 
verification of the carbon removed (e.g. via sinking biomass). Nearly all CDR approaches can be deployed current day (high TRL), but their efficacy 
and durability for carbon removal is generally uncertain (low TRL). Therefore, considering the system as a whole, an approach may not be ready 
for large scale deployment and carbon credit generation (medium TRL). 

In addition, CCS is only included for processes that can be classed as negative emissions (i.e. the CO2/C source is not from point source fossil fuels). 
This includes direct ocean capture (DOC),  direct air capture (DAC), bioenergy with carbon capture and storage (BECCS) and biomass carbon 
removal and storage (BiCRS). 
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There are many uncertainties and similarities shared by all or most of the approaches considered in this report. These are summarised by Table 1. 
The list is compiled based on the results of the approach-specific Tables (2-13) and is non-exhaustive. 
 

Table 1 - Similarities identified between all reviewed OCDR approaches 
Raw material input (e.g., 
minerals, brines) 

Energy input (electricity, 
heat) 

Technical & Operational 
challenges/ 
limitations 

Technical & Operational 
benefits/ opportunities 

Environmental impacts  Cost / cost drivers Technology readiness level  
(TRL) and pilot scale 

Key 
references 

Process Specific Process Specific There is uncertainty in CO2 

storage durability. The fate 
and timescale of carbon 
storage in the ocean 
system is uncertain 
(excluding CCS). 
 
There is uncertainty in the 
ability to conduct accurate 
MRV. Given the vastness of 
the ocean system, it is 
difficult to directly measure 
and thus verify models 
used to quantify carbon 
removal (excluding CCS). 
 
Carbon credit generation 
will be difficult as a result 
of MRV uncertainties. 
 
 
 

Use of the vast potential of 
the ocean to store carbon 
dioxide. 
 
 

There is uncertainty in the 
environmental impacts of 
large-scale deployment. 
The ocean is a vastly 
complex system and it is 
difficult to predict the 
impact of large-scale 
deployment, even with 
approaches that mimic or 
work within natural 
systems.  

Costs are extremely 
variable between different 
OCDR approaches and case 
studies of the same 
approaches. 
 
MRV costs will be part of 
operational costs for all 
processes. 

Process Specific Process 
Specific 
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3.2 Electrochemical Approaches (Electrochemical Ocean Carbon Dioxide Removal) 

The main types of electrochemical approaches discussed in this report (electrolysis/electrodialysis) are shown by Figure 2. These approaches 
produce an acid and/or a base, via the electrochemical splitting of seawater, that is subsequently used for CO2 removal. 

 
Figure 2 - Electrochemical Approaches ( Electrochemical Ocean Carbon Dioxide Removal) [86] 
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3.2.1 Electrolysis 

Concentrated brines (e.g. chloride salts, NaCl) are split using electricity and an anode/cathode separated by a membrane. The system produces a 
concentrated alkaline solution/base (e.g. NaOH), a less concentrated brine, and gases (e.g. Cl2 and H2). The alkalinity (base) is added to the ocean 
and reacts with CO2 to form aqueous carbonates and bicarbonates. The reduction in dissolved CO2 drives the influx of atmospheric CO2 into the 
seawater. Alkalinity may also be equilibrated with air and diluted before addition to the ocean. 

Table 2 - Electrolysis Overview 
Raw material input (e.g., 
minerals, brines) 

Energy input (electricity, 
heat) 

Technical & Operational 
challenges/ 
limitations 

Technical & Operational 
benefits/ opportunities 

Environmental impacts  Cost / cost drivers Technology readiness level  
(TRL) and pilot scale 

Key 
references 

Seawater / Brines – E.g. 
Chlorides, sulfates, 
carbonates or nitrates 
(NaCl, Na2SO4). 
 
Base/Sodium hydroxide 
(NaOH) – Additional 
required for startup. 
 
Water. 
 
Transport, deployment and 
MRV fuel. 
 

Energy (electricity) for 
electrolyser units. 
 
Energy for pretreatment 
processes (e.g. chemical 
softening). 
 
Energy for pumping 
seawater/brines. 
 
Energy (fuel/electricity) for 
the transport and 
distribution of materials. 
 
Energy (fuel/electricity) for 
any MRV activities 
undertaken. 
 
 

The approach is 
technology-intensive (i.e. 
requires more complex 
process equipment). 

There are high energy 
requirements to operate 
the electrolyser and pump 

seawater. 

Hazardous Cl2 gas is 
produced which must be 
transferred into a more 

stable form (e.g. HCl).  

Uses for by-product acids 
(e.g. HCl) must be 
identified if they are not 
utilised within the process. 

Alkalinity must be added 
carefully to avoid 
precipitating CaCO3 
(reduced CO2 removal 
efficiency) or Mg(OH)2 
(increased turbidity) upon 
dissolution/dilution in 
seawater. 

For some pathways MRV 
could be difficult due to the 
many complex interactions 
between materials, 
organisms and ocean 
conditions (e.g. pH, metal 
ion availability).  

The approach has almost 
limitless potential given 
that it rectifies ocean 
acidification and can be 
deployed globally. 
 
Potential for long-term 
(>100yr) storage of CO2 
within natural ocean 
systems.  
 
 
 

Surrounding ecosystems 
may experience benefits 
from increased alkalinity 
counteracting ocean 
acidification. 
 
The addition of any metal 
salts produced within the 
process could have an 
impact on marine 
ecosystems. 
 
Impurities from the 
feedstocks or those 
produced in the process 
could be released into the 
ocean, causing unintended 
environmental damage. 
 
Due to the increased 
alkalinity/pH, seawater 
chemistry/properties such 
as particulates, turbidity 
and optical factors may 
change, impacting existing 
ecosystems. 
 
Marine life could be 
destroyed by pumping 
large quantities of 
seawater as a feedstock. 

Capital costs: 
Process plants for 
electrolysis processes. 
Port facilities and ships or 
pipelines for 
loading/transport/ 
deployment of material. 
MRV equipment. 
 
Operational Costs: 
Energy (electricity) for 
electrolyser units and 
pumps/process equipment. 
Transport/deployment fuel, 
labour, MRV. 
 
Estimated Costs 
(Electrochemical 
Generally):  
>150 USD t-1 CO2 
 
 

TRL 5-6 
 
Electrolysis is a mature 
technology. 
 
Research is more limited 
for CDR applications. 
 
Several smaller-scale 
companies are working on 
pilot-scale demonstrations 
for CDR. 
 
 

[2] 
[3] 
[4] 
[5] 
[6] 
[7] 
[8] 
[9] 
[10] 
[11] 
[12] 
[13] 
[14] 
[15] 
[16] 
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3.2.2 Electrodialysis 

Concentrated brines are split using electricity and an anode/cathode separated by multiple membranes. The system produces a concentrated 
alkaline solution/base (e.g. NaOH), a concentrated acid solution (e.g. HCl), and a less concentrated brine. Some gases will also be produced (e.g. 
H2, O2). One of the main types of electrodialysis is bipolar membrane electrodialysis (BPMED). 
There are various options for the concentrated acid/base streams. Some of the main configurations are: 

1. The alkalinity (base) is added to seawater and reacts with CO2 to form aqueous carbonates (CO3
2- and bicarbonates HCO3

-). The reduction 
in dissolved CO2 drives the influx of atmospheric CO2 into the seawater. Alkalinity may also be equilibrated with air and diluted before 
addition to the ocean. 

2. The concentrated acid is added to remove CO2 from seawater in a closed system. The CO2 released is stored geologically and the seawater 
is neutralised with the alkaline stream/base before it is returned to the ocean. The seawater is able to capture more CO2 from the 
atmosphere. This process is used in CDR approaches such as direct ocean capture (DOC) and is linked to offshore CCS (Table 13). 

3.  The alkalinity/base is used to precipitate carbonates in a seawater stream. The carbon is stored in mineral form and the alkaline stream 
is returned to the ocean for additional CO2 uptake. 

Table 3 - Electrodialysis Overview 
Raw material input (e.g., 
minerals, brines) 

Energy input (electricity, 
heat) 

Technical & Operational 
challenges/ 
limitations 

Technical & Operational 
benefits/ opportunities 

Environmental impacts  Cost / cost drivers Technology readiness level  
(TRL) and pilot scale 

Key 
references 

Seawater / Brines – E.g. 
Chlorides, sulfates, 
carbonates or nitrates 
(NaCl, Na2SO4). 
 
Base/Sodium hydroxide 
(NaOH) – Additional 
required for startup. 
 
Acid/Hydrochloric acid 
(HCl) - Additional required 
for startup. 
 
Water. 
 
Transport, deployment and 
MRV fuel. 
 
 
 

Energy (electricity) for 
electrodialysis units. 
 
Energy for pretreatment 
processes (e.g. chemical 
softening). 
 
Energy for pumping 
seawater/brines. 
 
Energy (fuel/electricity) for 
the transport and 
distribution of materials. 
 
Energy (fuel/electricity) for 
any MRV activities 
undertaken. 
 

The approach is 
technology-intensive (i.e. 
requires complex process 
equipment). 
 
High energy requirements 
for pumping seawater. 
 
Uses for by-product acids 
(e.g. HCl) must be 
identified if they are not 
utilised within the process. 
 
Alkalinity must be added 
carefully to avoid 
precipitating Mg(OH)2 or 
CaCO3 upon 
dissolution/dilution in 
seawater. 
 
Further research is 
required to address fouling 
from precipitates and 
impurities. 
 

The approach has almost 
limitless potential given 
that it rectifies ocean 
acidification and can be 
deployed globally. 
 
Potential for long-term 
(>100yr) storage of CO2 
within natural ocean 
systems.  

Surrounding ecosystems 
may experience benefits 
from increased alkalinity 
counteracting ocean 
acidification. 
 
The addition of any metal 
salts produced within 
process could have an 
impact on marine 
ecosystems. 
 
Impurities from the 
feedstocks, or those 
produced in the process 
could be released into the 
ocean, causing unintended 
environmental damage. 
 
Due to the increased 
alkalinity/pH, seawater 
chemistry/properties such 
as particulates, turbidity 
and optical factors may 

Capital costs: 
Process plants for 
electrodialysis processes. 
Port facilities and ships or 
pipelines for 
loading/transport/ 
deployment of material. 
MRV equipment. 

Operational Costs: 
Energy (electricity) for 
electrodialysis units and 
pumps/process equipment. 
Transport/deployment fuel, 
labour, MRV. 

Estimated Costs 
(Electrochemical 
Generally):  
>150 USD t-1 CO2 
 

TRL 5-6 
 
Electrodialysis is used as a 
commercial technology in 
various industries (e.g. 
desalination and acids 
recovery). 
 
Research is more limited 
for CDR applications. 
 
Several smaller-scale 
companies are working on 
pilot-scale demonstrations 
for CDR. 
 
  
 

[2] 
[3] 
[4] 
[5] 
[6] 
[7] 
[8] 
[9] 
[10] 
[11] 
[12] 
[13] 
[14] 
[15] 
[16] 
[17] 
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Raw material input (e.g., 
minerals, brines) 

Energy input (electricity, 
heat) 

Technical & Operational 
challenges/ 
limitations 

Technical & Operational 
benefits/ opportunities 

Environmental impacts  Cost / cost drivers Technology readiness level  
(TRL) and pilot scale 

Key 
references 

For some electrochemical 
OAE pathways, MRV of the 
process could be difficult 
due to the many complex 
interactions between 
materials, organisms and 
ocean conditions (e.g. pH, 
metal ion availability).  
 
 
 

change, impacting existing 
ecosystems. 
 
Marine life could be 
destroyed by pumping 
large quantities of 
seawater as a feedstock. 
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3.3 Ocean Alkalinity Enhancement 

3.3.1 General OAE Description 

Alkaline materials are added to the ocean to increase alkalinity and store CO2 in more stable forms, as shown by Figure 3. This can be carried out 
using ships, but there is the potential for aerial or pipeline delivery of the materials to the ocean.  

 
Figure 3 - Ocean Alkalinity Enhancement [25] 
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3.3.2 Silicate addition to open ocean/Carbonate addition to upwelling regions* 

Fine particles of carbonate and silicate rocks and minerals are added to the surface ocean and undergo dissolution. Dissolved CO2 is converted into 
dissolved inorganic carbon (i.e. carbonate, bicarbonate). The resulting decrease in dissolved CO2 in the seawater increases the air-sea CO2 flux 
from the atmosphere. 

*Carbonate rocks and minerals must be added to areas where there is an upwelling of seawater with an undersaturation of calcium carbonate 
forms (calcite, aragonite). Calcium carbonate is normally supersaturated in the surface ocean. 

Table 4 – OAE – Silicate/Carbonate Addition Overview 
Raw material input (e.g., 
minerals, brines) 

Energy input (electricity, 
heat) 

Technical & Operational 
challenges/ 
limitations 

Technical & Operational 
benefits/ opportunities 

Environmental impacts  Cost / cost drivers Technology readiness level  
(TRL) and pilot scale 

Key 
references 

Silicate rocks/minerals (e.g. 
basalt, peridotite, olivine). 
 
Carbonate rocks (e.g. 
limestone (CaCO3), 
dolomite ((CaMg(CO3)2). 
 
Transport, deployment and 
MRV fuel. 
 

Energy (fuel/electricity) for 
the mining/production of 
materials and equipment. 
 
Energy (fuel/electricity) for 
the transport and 
distribution of 
rock/minerals. 
 
Energy (fuel/electricity) for 
any MRV activities 
undertaken. 
 

Fine particle sizes (high 
surface area) may be 
required to ensure more 
efficient material 
dissolution in the ocean.  
 
Creating small particle sizes 
requires considerable 
amounts of energy. 
 
There is the potential that 
carbonate precipitation 
could be increased via 
organisms (pH change) or 
carbonate oversaturation, 
under the increased 
alkaline conditions. This 
would consequently 
release CO2. 

 
Field experiments are 
required to further 
characterise dissolution 
rates. 
 
MRV of the process is 
difficult due to the many 
complex interactions 
between materials, 
organisms and ocean 
conditions (e.g. pH, metal 
ion availability).  

Potential for long-term 
(>100yr) storage of CO2 
within natural ocean 
systems. 
 
Requires limited 
technology ((i.e. requires 
less complex, proven 
process equipment such as 
ships). 
 
 

Surrounding ecosystems 
may experience benefits 
from increased alkalinity 
counteracting ocean 
acidification. 
 
Possible increases in 
metallic and other 
impurities (e.g. trace/heavy 
metals – Fe, Ni, Cr and SiO2) 
upon dissolution of 
rocks/minerals could pose 
risks to marine ecosystems, 
notably altering 
phytoplankton 
communities. 
 
The extent of positive or 
negative impacts highly 
depends on the minerals 
used. It has been 
hypothesized that silicate 
could stimulate silicification 
in silicifiers and N2 fixation 
by cyanobacteria, hence 
increasing primary 
production.  
 
Limestone could benefit 
carbonaceous species. 
 
Uncertainties surrounding 
the impact (positive or 
negative) of materials on 
marine biota. More 

Capital costs: 
Process plants/mines for 
large-scale should demand 
exceed supply. 
Port facilities and ships or 
similar for 
loading/transport/ 
deployment of material. 
MRV equipment. 
 
Operational Costs: 
Alkaline materials. 
Transport/deployment fuel 
use, labour, MRV. 
 
Estimated Costs (OAE 
generally):  
>100–150 USD t-1 CO2 
 

TRL 2-4  
 
Enhanced weathering is a 
rapidly developing 
terrestrial CDR strategy.  
 
Despite increases in 
operational and scientific 
research, further research 
is required on CDR 
effectiveness. 
 
Whilst similar in theory, 
open ocean enhanced 
weathering and adding 
carbonates to upwelling 
regions has yet to be 
widely deployed.  

[1] 
[2] 
[3] 
[14] 
[18] 
[19] 

[20] 
[21] 
[22] 

[23] 
[24] 
[25] 
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Raw material input (e.g., 
minerals, brines) 

Energy input (electricity, 
heat) 

Technical & Operational 
challenges/ 
limitations 

Technical & Operational 
benefits/ opportunities 

Environmental impacts  Cost / cost drivers Technology readiness level  
(TRL) and pilot scale 

Key 
references 

laboratory and field 
experiments are required. 
 
There could be a potential 
increase in mining-related 
issues (e.g. land use, 
air/water/noise pollution) 
due to requirements for 
rock/minerals. 
 
Creating and spreading 
small particulates could 
cause human health issues 
(respiratory). 
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3.3.3 Hydrated carbonate addition to the surface ocean 

Particles of hydrated carbonate minerals (e.g. Ikaite (CaCO3•6H2O), Monohydrocalcite (MHC: CaCO3•H2O)) are artificially produced and dispersed 
in the open ocean. Due to undersaturation, the minerals will spontaneously dissolve and convert dissolved CO2 into dissolved inorganic carbon 
(i.e. carbonate, bicarbonate). The resulting decrease in dissolved CO2 in the seawater increases the air-sea CO2 flux from the atmosphere. 

Table 5 - OAE - Hydrated Carbonate Addition Overview 
Raw material input (e.g., 
minerals, brines) 

Energy input (electricity, 
heat) 

Technical & Operational 
challenges/ 
limitations 

Technical & Operational 
benefits/ opportunities 

Environmental impacts  Cost / cost drivers Technology readiness level  
(TRL) and pilot scale 

Key 
references 

Materials such as 
limestone, water and CO2 
to produce hydrated 
carbonates. 
 
Hydrated carbonate 
examples: 
Ikaite (CaCO3 • 6H2O)  
 
Monohydrocalcite (MHC: 
CaCO3 • H2O) 
 
Nesquehonite 
(MgCO3 • 3H2O) 
 
Hydromagnesite 
(Mg5(CO3)4(OH)2 • 5H2O) 
 
Amorphous calcium 
carbonate (ACC, 
CaCO3•H2O) 
 
Transport, deployment and 
MRV fuel. 
 

Energy (fuel/electricity) for 
the mining/production of 
materials and equipment 
(e.g. mixing reactors, 
pumps, turbines). 
 
Energy (fuel/electricity) for 
the transport and 
distribution of minerals. 
 
Energy (fuel/electricity) for 
any MRV activities 
undertaken. 
 

Materials can be unstable 
and may break down into 
more stable minerals 
within short timescales 
(e.g. several days for 
ikaite). This could 
potentially limit the 
deployment options or 
cause a decrease in 
alkalinity. Mitigations such 
as a fast supply chain and 
transport via a controlled 
environment would need 
to be put in place. 

Field experiments are 
required to further 
characterise dissolution 
rates. 

There is the potential that 
carbonate precipitation 
could be increased via 
organisms (pH change) or 
carbonate oversaturation, 
under the increased 
alkaline conditions. This 
would consequently 
release CO2. 

MRV of the process is 
difficult due to the many 
complex interactions 
between materials, 
organisms and ocean 
conditions (e.g. pH, metal 
ion availability).  

Potential for long-term 
(>100yr) storage of CO2 
within natural ocean 
systems. 
 
Energy requirements to 
produce hydrated 
carbonates could be lower 
than other alkaline 
materials (e.g. lime). 
 
The addition of high-purity 
materials may reduce 
contamination from the 
presence of bioactive 
components such as Fe, Ni 
or Si.  

Surrounding ecosystems 
may experience benefits 
from increased alkalinity 
counteracting ocean 
acidification. 
 
There are uncertainties 
surrounding the impact 
(positive or negative) of 
materials on marine biota. 
More laboratory and field 
experiments are required. 
 
 
 

Capital costs: 
Process plants/mines for 
large-scale should demand 
exceed supply. 
Port facilities and ships or 
similar for 
loading/transport/ 
deployment of material. 
MRV equipment. 
 
Operational Costs: 
Hydrated minerals 
production (energy/ 
electricity for mixing 
reactors, pumps, turbines). 
Transport/deployment fuel 
use, labour, MRV. 
 
Estimated Costs (OAE 
generally) – 
>100–150 USD t-1 CO2 

 
Estimated Costs (Ikaite) –
650 USD t-1 CO2 FOAK. 
<310 USD t-1 CO2 NOAK.  
<90 USD t-1 CO2 NOAK 
million tonne scaled. 
 

TRL 1-3 
 
The approach is currently 
at laboratory scale. 

[2] 
[3] 
[18] 
[19] 

[21] 
[26] 
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3.3.4 Ocean liming (OL) / Mineral carbonation & ocean liming 

Addition of materials such as lime (CaO) and calcium hydroxide (Ca(OH)2) to the surface ocean for subsequent dissolution. The dissolved materials 
convert dissolved CO2 into dissolved inorganic carbon (i.e. carbonate, bicarbonate). The resulting decrease in dissolved CO2 in the seawater 
increases the air-sea CO2 flux from the atmosphere. The same process can also be completed using Mg(OH)2, but with the addition of a mineral 
carbonate step to produce Mg(OH)2 (mineral carbonation). 

Table 6 - OAE - Ocean Liming / Mineral Carbonation Overview 
Raw material input (e.g., 
minerals, brines) 

Energy input (electricity, 
heat) 

Technical & Operational 
challenges/ 
limitations 

Technical & Operational 
benefits/ opportunities 

Environmental impacts  Cost / cost drivers Technology readiness level  
(TRL) and pilot scale 

Key 
references 

Lime (CaO), calcium 
hydroxide (Ca(OH)2) 

(produced from limestone). 
 
Mg(OH)2 (produced from 
e.g. MgO/ silicate 
minerals). 
 
Transport, deployment and 
MRV fuel. 
 

Energy (fuel/electricity) for 
the mining/production of 
materials and equipment 
(e.g. limestone, calcination 
processes for lime 
production). 
 
Energy (fuel/electricity) for 
the transport and 
distribution of minerals. 
 
Energy (fuel/electricity) for 
any MRV activities 
undertaken. 
 

There are questions 
surrounding CaCO3 

dissolution reducing the 
overall amount of 
sequestered carbon. 

There is the potential that 
carbonate precipitation 
could be increased via 
organisms (pH change) or 
carbonate oversaturation, 
under the increased 
alkaline conditions. This 
would consequently 
release CO2. 

Field experiments are 
required to further 
characterise dissolution 
rates. 

The process is CO2 
intensive. To ensure net 
CO2 removal, CCS must be 
used to store CO2 from 
limestone decomposition 
during the production of 

lime (CaO). 

MRV of the process is 
difficult due to the many 
complex interactions 
between materials, 
organisms and ocean 
conditions (e.g. pH, metal 
ion availability).  

Potential for long-term 
(>100yr) storage of CO2 
within natural ocean 
systems. 
 
The process could utilize 
existing technology. 
 
Large quantities of raw 
materials are available. 
 
Rapid dissolution of lime 
(CaO or Ca(OH)2) in the 
surface ocean would drive 
atmospheric CO2 uptake.  
 
 
 
 

Surrounding ecosystems 
may experience benefits 
from increased alkalinity 
counteracting ocean 
acidification. 
 
There are questions 
surrounding the ecosystem 
impact of increased 
localised pH. 
 
Potential increase in 
mining-related issues (e.g. 
land use, air/water/noise 
pollution) due to 
requirements for 
limestone.  
 
Limestone calcination 
produces other airborne 
emissions (e.g. SOx and 
NOx). 
 
 

Capital costs: 
Process plants/mines for 
large scale should demand 
exceed supply. 
Port facilities and ships or 
similar for 
loading/transport/ 
deployment of material. 
MRV equipment. 
 
Operational Costs: 
Alkaline materials or 
alkaline materials 
production (energy/ 
electricity for kilns, CCS 
process). 
Transport/deployment fuel 
use, labour, MRV. 
 
Estimated Costs (OAE 
generally) –  
>100–150 USD t-1 CO2 
Estimated Costs (Ocean 
liming)-  
~70-160        
USD t-1 CO2 

TRL 3-4 
 
The approach is still mainly 
at the laboratory scale, but 
has been validated. 

[2] 
[3] 
[18] 
[19] 

[21] 
[27] 
[28] 
[29] 

[30] 
[31] 



D2.1 – OCDR Technical Readiness Review  
 
 

Public  - Page 18 of 51 - 
 

3.3.5 Accelerated weathering of limestone (AWL) 

The dissolution of calcium carbonate in an elevated CO2 environment converts CO2 to bicarbonate ions in solution (via spontaneous reaction). The 
bicarbonate-rich solution is added back to the ocean to store the carbon. 
 

Table 7 - OAE - Accelerated Weathering of Limestone Overview 
Raw material input (e.g., 
minerals, brines) 

Energy input (electricity, 
heat) 

Technical & Operational 
challenges/ 
limitations 

Technical & Operational 
benefits/ opportunities 

Environmental impacts  Cost / cost drivers Technology readiness level  
(TRL) and pilot scale 

Key 
references 

Limestone / calcium 
carbonate (CaCO3). 
 
Concentrated CO2 source 
(e.g. Direct air capture 
(DAC), emissions from 
biomass respiration/energy 
production /gasification). 
 
Seawater. 
 
Transport, deployment and 
MRV fuel. 
 

Energy (heat, fuels) for 
limestone calcination and 
CCS particularly. 
 
Energy (fuel/electricity) for 
the mining/grinding, 
transport, and deployment 
stages of the process. 
 
Energy (fuel/electricity) for 
any MRV activities 
undertaken. 
 

A concentrated source of 
non-fossil fuel CO2 is 
required close to carbonate 
minerals and seawater. 
 
Large volumes of seawater 
and limestone are required. 
 
Some stored CO2 will be 
lost from the solution 
before discharge to the 
ocean, upon equilibration 
with the air. 
 
MRV of the process is 
difficult due to the many 
complex interactions 
between materials, 
organisms and ocean 
conditions (e.g. pH, metal 
ion availability).  

Potential for long-term 
(>100yr) and stable CO2 
storage once bicarbonate 
ions are added to the 
ocean.  
 
There are suggestions that 
alkaline carbon could be 
stored on the same 
timescales as natural 
alkaline carbon (~100,000 
yr), under the assumption 
that additional carbonate 
precipitation does not 
occur.  
 
MRV would be simpler if 
the solution is carbonated 
before release to the 
ocean. 
 

Surrounding ecosystems 
may experience benefits 
from increased alkalinity 
counteracting ocean 
acidification. 
 
Potential increase in 
mining-related issues (e.g. 
land use, air/water/noise 
pollution) due to 
requirements for carbonate 
minerals. 
 
If the released seawater is 
warmer than the local 
environment there is the 
potential to affect 
surrounding ecosystems. 
 
Impurities (e.g. metals) in 
carbonate and CO2 
feedstocks could be 
released with seawater. 
This could have adverse 
effects on surrounding 
ecosystems. 
 

Capital costs: 
Process plants/mines for 
large-scale (required in the 
scenario where demand of 
limestone exceeds supply). 
Port facilities and ships or 
similar for 
loading/transport/ 
deployment of material. 
MRV equipment. 
 
Operational Costs: 
Alkaline materials 
production (e.g. energy for 
seawater pumping, 
limestone calcination, CCS).  
Transport/deployment fuel 
use, labour, MRV. 
 
Estimated Costs (OAE 
generally) – 
>100–150 USD t-1 CO2 

 
Estimated Costs 
(Accelerated limestone 
weathering)-  
USD <~66  
USD t-1 CO2 

TRL 3-4 
 
The approach has been 
validated at a laboratory 
scale with an initial pilot 
scale trial and feasibility 
study. 
 
 

[2] 
[3] 
[18] 

[19] 

[21] 
[27] 
[32] 
[33] 

[34] 
[35] 
[36] 
[37] 
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3.4 Ocean Nutrient Fertilization (Microalgae Cultivation) 

The main types of ocean nutrient fertilization discussed in this report (macronutrient/micronutrient fertilization) are shown by Figure 4. These 
approaches involve adding key nutrients to areas of the ocean lacking in these elements to increase the biological production of phytoplankton 
and enhance primary productivity. The carbon-rich biomass sinks to the deep ocean for long-term storage. 
 

 
Figure 4 – Ocean Nutrient Fertilization (Microalgae Cultivation) [87] 



D2.1 – OCDR Technical Readiness Review  
 
 

Public  - Page 20 of 51 - 
 

3.4.1 Macronutrient Fertilization 

Key nutrients (e.g. nitrogen (N), phosphorus (P), silicon (Si)) are added to areas of the ocean lacking in these elements to increase the biological 
production of phytoplankton and enhance primary productivity. The carbon-rich biomass then sinks to the deep ocean for long-term storage. 
Several Methods have been proposed for delivering nutrient-rich materials into the ocean: 

1. Pipeline delivery (theoretical) 
2. Ship-based delivery (pilot scale) 

Table 8 - Ocean Nutrient Fertilization - Macronutrient Fertilization 
Raw material input (e.g., 
minerals, brines) 

Energy input (electricity, 
heat) 

Technical & Operational 
challenges/ 
limitations 

Technical & Operational 
benefits/ opportunities 

Environmental impacts  Cost / cost drivers Technology readiness level  
(TRL) and pilot scale 

Key 
references 

Nutrient-rich materials 
(examples): 
1. Ammonium hydroxide 
(NH4OH)  
2. Synthesised 
combinations (E.g. N, P, Fe, 
Si) 
 
Transport, deployment and 
MRV fuel. 
 
Other process materials. 
 

Energy (fuel/electricity) for 
the mining/production of 
materials and equipment. 
 
Energy (fuel/electricity) for 
the transport and 
distribution of materials. 
 
Energy (fuel/electricity) for 
any MRV activities 
undertaken. 

Limited deployment 
options have been tested 
at a large scale, hence the 
most efficient process is 
unclear. 
 
Carbon export efficiency 
and subsequent durability 
are yet to be effectively 
constrained. 
 
The most cost-effective and 
accurate MRV methods 
need to be established for 
large-scale deployment. 
 
 

Limited technology is 
required for deployment. 
 
Potential for large-scale 
sequestration of CO2. 

There could be changes in 
species composition due to 
phytoplankton blooms 
which affects the wider 
ecosystem. 
 
Possible rise in toxin-
releasing phytoplankton 
abundance. 
 
The approach will reduce 
ocean acidification in upper 
waters, but increase ocean 
acidification in deep waters 
due to higher levels of CO2 
sequestration. 
 
The approach could result 
in oxygen depletion in mid-
depth waters, 
consequently leading to a 
rise in marine species 
mortality. 
 
There is the potential for 
far-field effects such as 
reduction of natural CDR 
potential due to nutrient 
robbing and variations in 
fisheries production,    
occurring far (>100-1000 
km) from the CDR 
deployment site in the 
months to decades after 
deployment.  
 

Capital costs: 
Process plants for materials 
production.  
Ships or similar for 
transport/deployment of 
material. 
MRV equipment. 
 
Operational Costs: 
Nutrients/raw materials. 
Transport/deployment fuel 
use, labour, MRV. 
 
Estimated Costs (Ocean 
Fertilization generally): 
<50 USD t-1 CO2 

 

Estimated Costs 
(Synthesized 
Combinations/ Engineered 
Nanoparticles): 
<50-1600 USD  t-1 CO2 

 

Estimated Costs (Nitrogen 
Fertilization): 
~7-32 USD t-1 CO2

 

 
 

TRL 3-4 
 
Principes of phytoplankton 
growth due to nutrient 
addition have been 
observed on laboratory 
scale, but large-scale 
deployment feasibility for 
CDR is not proven or 
tested. 
 
 

[2] 
[38] 
[39] 
[40] 
[41] 
[42] 
[43] 
[44] 

[45] 

[46] 

[47] 
[48] 
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Raw material input (e.g., 
minerals, brines) 

Energy input (electricity, 
heat) 

Technical & Operational 
challenges/ 
limitations 

Technical & Operational 
benefits/ opportunities 

Environmental impacts  Cost / cost drivers Technology readiness level  
(TRL) and pilot scale 

Key 
references 

There is the potential for 
unpredictable impacts on 
ecological systems. 
 
Decomposition of sunk 
biomass in deep waters 
could increase the 
production of nitrous oxide 
(N2O) and methane (CH4) in 
mid- and deep waters. 
These emissions both have 
greater global warming 
potentials than CO2 which 
could offset carbon 
sequestered. Large 
uncertainty remains 
regarding this process. 
 
An increase in biomass 
sinking and reaching the 
seafloor could impact 
deep-sea ecosystems 
positively or negatively.  

  



D2.1 – OCDR Technical Readiness Review  
 
 

Public  - Page 22 of 51 - 
 

3.4.2 Micronutrient Fertilization 

Key nutrients (e.g. Iron (Fe)) are added to areas of the ocean lacking in these elements to increase the biological production of phytoplankton and 
enhance primary productivity. The carbon-rich biomass then sinks to the deep ocean for long-term storage. 
Several methods have been proposed for delivering these materials into the ocean: 

1. Aerial delivery (theoretical) 
2. Ship-based delivery (trialled) 

 
Table 9 – Ocean Nutrient Fertilization - Micronutrient Fertilization 

Raw material input (e.g., 
minerals, brines) 

Energy input (electricity, 
heat) 

Technical & Operational 
challenges/ 
limitations 

Technical & Operational 
benefits/ opportunities 

Environmental impacts  Cost / cost drivers Technology readiness level  
(TRL) and pilot scale 

Key 
references 

Nutrient-rich materials 
(examples): 
1. Iron sulfate (FeSO4•X 
H2O) 
 
Transport, deployment and 
MRV fuel. 
 
Other process materials 
(e.g. HCl for iron 
fertilization with iron 
sulfate). 
 

Energy (fuel/electricity) for 
the mining/production of 
materials and equipment. 
 
Energy (fuel/electricity) for 
the transport and 
distribution of materials. 
 
Energy (fuel/electricity) for 
any MRV activities 
undertaken. 

Limited deployment 
options have been tested 
at a large scale, hence the 
most efficient process is 
unclear. However, 14 
different ocean trials for 
iron fertilization have 
demonstrated the potential 
for ship-based deployment. 
 
Carbon export efficiency 
and subsequent durability 
are yet to be effectively 
constrained. 
 
The most cost-effective and 
accurate MRV methods 
need to be established for 
large-scale deployment. 
 

Limited technology is 
required for deployment. 
 
Potential for large-scale 
sequestration of CO2 with 
limited material inputs. 

There could be changes in 
species composition due to 
phytoplankton blooms 
which affects the wider 
ecosystem. 
 
Possible rise in toxin-
releasing phytoplankton 
abundance. 
 
The approach will reduce 
ocean acidification in upper 
waters, but increase ocean 
acidification in deep waters 
due to higher levels of CO2 
sequestration. 
 
The approach could result 
in oxygen depletion in mid-
depth waters, 
consequently leading to a 
rise in marine species 
mortality. 
 
There is the potential for 
far-field effects such as 
reduction of natural CDR 
potential due to nutrient 
robbing and variations in 
fisheries production,    
occurring far (>100-1000 
km) from the CDR 
deployment site in the 
months to decades after 
deployment.  

Capital costs: 
Process plants for materials 
production.  
Ships or similar for 
transport/deployment of 
material. 
MRV equipment. 
 
Operational Costs: 
Nutrients/raw materials. 
Transport/deployment fuel 
use, labour, MRV. 
 
Estimated Costs (Ocean 
Fertilization generally): 
<50 USD t-1 CO2 

 

Estimated Costs (Iron 
Fertilization): 
~2-1200 USD t-1 CO2 
 
 

TRL 3-5 
 
The principles of 
phytoplankton growth due 
to nutrient addition have 
been observed on the 
laboratory scale, but large-
scale deployment feasibility 
for CDR has not been 
comprehensively proven.  
 
Limited pilot-scale 
deployments have taken 
place in the Equatorial 
Pacific, Subarctic North 
Pacific, Subtropical North 
Atlantic and Southern 
Oceans. Several of these 
trials have shown potential 
for CDR via biomass export, 
but have yet to constrain 
this parameter. 

[2] 
[38] 
[39] 
[40] 
[41] 
[43] 
[47] 
[48] 
[49] 
[50] 
[51] 
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Raw material input (e.g., 
minerals, brines) 

Energy input (electricity, 
heat) 

Technical & Operational 
challenges/ 
limitations 

Technical & Operational 
benefits/ opportunities 

Environmental impacts  Cost / cost drivers Technology readiness level  
(TRL) and pilot scale 

Key 
references 

There is the potential for 
unpredictable impacts on 
ecological systems. 
 
Iron fertilizations lead to an 
increase in the production 
of climate-relevant gases in 
the upper ocean due to 
phytoplankton growth 
(e.g., cloud formation 
influencing dimethyl 
sulphide (DMS)) which 
could indirectly impact 
climate, either offsetting or 
increasing carbon 
sequestration. 
 
Decomposition of sunk 
biomass in deep waters 
could increase the 
production of nitrous oxide 
(N2O) and methane (CH4) in 
mid- and deep waters. 
These emissions both have 
greater global warming 
potentials than CO2 which 
could offset carbon 
sequestered. Large 
uncertainty remains 
regarding this process. 
 
An increase in biomass 
sinking and reaching the 
seafloor could impact deep 
sea ecosystems positively 
or negatively.  
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3.5 Seaweed Cultivation for CDR (Macroalgae Cultivation and Carbon Sequestration) 

3.5.1 Macroalgae Cultivation with Sinking 

Macroalgae is grown on lines, in paddocks, or off floating platforms within the ocean to capture carbon through photosynthesis and biomass 
generation. Biomass is subsequently harvested and sunk into the deep ocean for long-term storage as shown by Figure 5. 

 

Figure 5 - Seaweed Cultivation for CDR (Macroalgae Cultivation and Carbon Sequestration) [61] 
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Table 10 – Seaweed Cultivation for CDR (Macroalgae Cultivation with Sinking) Overview 
Raw material input (e.g., 
minerals, brines) 

Energy input (electricity, 
heat) 

Technical & Operational 
challenges/ 
limitations 

Technical & Operational 
benefits/ opportunities 

Environmental impacts  Cost / cost drivers Technology readiness level  
(TRL) and pilot scale 

Key 
references 

Select seaweed species for 
initial growth. 
 
Growth medium for 
macroalgae. 
 
Ballast for intentional 
macroalgae sinking. 
 
Transport, deployment and 
MRV fuel. 
 

Energy (fuel/electricity) for 
the production of materials 
and equipment. 
 
Energy (fuel/electricity) for 
the cultivation and 
harvesting of seaweed 
biomass. 
 
Energy (fuel/electricity) for 
any MRV activities 
undertaken. 

There is uncertainty about 
whether sinking seaweed 
will durably sequester CO2, 
as scientific knowledge on 
the fate of carbon from 
sinking biomass in the deep 
ocean is limited.   
 
There is uncertainty 
surrounding the impact 
that sinking seaweed will 
have on existing net 
primary production. 
 
Variable/seasonal factors 
such as species growth 
conditions of specific 
macroalgae species (e.g. 
nutrients, salinity, 
temperature, integration 
with local ecosystems) may 
limit the area available for 
aquaculture. 
 
Constraints such as the use 
of oceans for other 
industries (e.g. shipping, 
fishing) will further limit 
where macroalgae 
cultivation can be further 
developed at scale. 
 
The legalities of operating a 
seaweed cultivation/sinking 
operation in international 
waters needs to be 
determined. 
 
Carbon accounting of the 
CDR process must be 
developed. 

The process is simple and 
requires minimal direct 
material inputs, assuming 
existing oceanic nutrients 
are used.  
 
The basis for macroalgae 
cultivation (including 
biogeochemistry, biology, 
and ecology) is well 
understood. 
 
The scale of CO2 removal 
could be significant if large 
areas of the ocean were 
utilised for aquaculture. 

Nutrients may be used for 
artificial CDR instead of 
natural oceanic processes. 
This would reduce the 
natural CDR potential of 
phytoplankton and other 
species. (“Nutrient 
Robbing”/ Nutrient 
Reallocation) 
 
Seaweed sinking in large 
amounts could alter food 
webs in the ocean and 
further lead to ecosystem 
alterations and rise in 
mortality rates.  
 
Seaweed sinking can lead 
to seaweed dispersal across 
oceans due to currents, 
possibly resulting in 
seaweed colonization and 
invasion. 
 
There may be potential 
impacts on deep-sea 
ecological systems and 
oxygen budgets.  
 
There is high uncertainty of 
the ecological impact of 
large-scale seaweed 
sinking. Potential risks are 
seafloor life smothering, 
water and sediment 
chemistry alteration, 
increased deoxygenation 
and anoxia, as well as 
enhanced hydrogen 
sulphide and methane 
release. 
 
Macroalgae cultivation has 
beneficial impacts such as 
reducing wave intensity 
(shoreline protection), 
enhancing local marine 

Estimated Costs (Seaweed 
cultivation generally): 
~100 USD t-1 CO2 

 

Estimated Costs (Seaweed 
cultivation/ sinking): 
~40-480 USD t-1 CO2 

 

Some locations could incur 
costs of ~3000 USD t-1 CO2. 
 

TRL 3-5  
 
Macroalgae cultivation is 
well understood, but there 
has been limited 
demonstration of CDR 
durability and effectiveness 
with in-situ ocean trials. 

[1] 
[2] 
[52] 
[53] 
[54] 
[55] 
[56] 

[57] 
[58] 
[59] 
[60] 
[61] 
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Raw material input (e.g., 
minerals, brines) 

Energy input (electricity, 
heat) 

Technical & Operational 
challenges/ 
limitations 

Technical & Operational 
benefits/ opportunities 

Environmental impacts  Cost / cost drivers Technology readiness level  
(TRL) and pilot scale 

Key 
references 

biodiversity, and improving 
nutrient recycling and 
water oxygenation of 
nearby mariculture. 
 
Loss of cultivation material 
may pollute and harm 
marine life.  
 
Macroalgae cultivation can 
also reduce the impacts of 
ocean acidification and de-
oxygenation by raising pH 
and oxygenating waters. 
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3.6 Artificial Upwelling / Downwelling  

3.6.1 Artificial Upwelling (AU) & Artificial downwelling (AD) 

Artificial Upwelling (AU): Pumping cold nutrient-rich water from the deep ocean to the surface ocean to enhance the growth of phytoplankton 
(primary productivity). This additional biomass would then sink into the deep ocean for long-term storage. 

Artificial downwelling (AD): Pumping warm surface waters rich in CO2 to the deep ocean for long-term storage. Some authors have also suggested 
using electrochemically produced acid pumped to depth to dissolve natural carbonate deposits (CaCO3) to achieve enhanced ocean weathering. 

Both mechanisms involve deploying large pipes within the ocean to achieve CDR as shown by Figure 6. 

 

Figure 6 - Artificial Upwelling and Downwelling [70] 
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Table 11 - Artificial Upwelling/Downwelling Overview 
Raw material input (e.g., 
minerals, brines) 

Energy input (electricity, 
heat) 

Technical & Operational 
challenges/ 
limitations 

Technical & Operational 
benefits/ opportunities 

Environmental impacts  Cost / cost drivers Technology readiness level  
(TRL) and pilot scale 

Key 
references 

Raw materials for the 
construction of floating 
pipes/associated pumps 
and structures. 
 
Transport, operational (e.g. 
for fossil fuel-based 
generator and pump 
systems) and MRV fuel. 
 

Energy (fuel/electricity)  for 
the mining/production of 
materials and equipment. 
 
Energy for operating 
upwelling/ downwelling 
pumps. 
 
Energy (fuel/electricity) for 
any MRV activities 
undertaken. 

AU: Uncertainty about 
whether carbon is exported 
effectively to the deep 
ocean and stored long term 
(>100yr). 
 
AU: Indications that 
stopping AU after 
deployment could result in 
overall increased CO2 levels 
and surface temperatures 
compared to a no-
deployment scenario. 
 
A large initial capital 
expenditure (CAPEX) is 
required for the 
construction of pipes, 
pumping devices and 
energy production systems. 
 
More field trials are 
required to test AU and AD 
as approaches for CDR. 
Further work is required in 
the following areas: 
1. Technical feasibility: 
How can open ocean 
structures be created cost-
effectively to withstand 
harsh conditions? 
2. CDR feasibility: Will 
carbon be stored 
effectively and durably 
(>100 yr) for both 
approaches? Will CO2 
upwelled result in a net CO2 
release? 
3. MRV effectiveness: How 
can MRV be conducted on 
a system which may also be 
changing in response to 
wider oceanic parameters? 

The process is simple and 
does not rely on the 
production of additional 
minerals/nutrients. This 
could reduce material costs 
(OPEX). 
 
AU: Potential 
improvements to fisheries 
yields. 

Approaches may affect 
stratification of water and 
natural biochemical cycle 
processes. 
 
Potential effects on 
phytoplankton 
communities due to 
changes in seawater 
temperature and salinity. 
For AU, this effect could be 
positive, by increasing 
primary production. 
 
AU and AD can potentially 
decrease hypoxia. AD could 
reduce hypoxia in bottom 
coastal waters. However, 
for AU, more research is 
needed. 
 
Variation in seawater 
temperature could also 
affect weather. 
 
Pumping colder water to 
the surface or warmer 
water to the ocean depths 
could damage delicate 
ecosystems that survive in 
specific conditions of pH, 
temperature (density) and 
nutrient concentration.  
 
AU: The approach could 
disturb upper and seafloor 
ecosystems by changing 
the composition, 
abundance, and 
metabolism of species. 
 
AU: The approach could 
exacerbate ocean 
acidification at the surface 
by bringing more acidic 
water from the deep 
ocean. 

Capital costs: 
Pipes, pumping equipment, 
energy production systems. 
Boats/ helicopters for 
personnel transport. 
MRV equipment (sensors). 
 
Operational Costs: 
Energy system (pump) fuel 
use, labour, MRV. 
 
Estimated Costs 
(Upwelling/ downwelling 
generally): 
>100-150 USD t-1 CO2 

 

Estimated Costs (Artificial 
Upwelling –calculated 
from quote): 
~240 USD t-1 CO2 
 
Estimated Costs (Artificial 
Downwelling): 
~130-250 USD t-1 CO2 
 

TRL 2-4 
 
To a greater extent for AU, 
the technology has been 
tested experimentally in 
terms of operational 
feasibility (experimental/in-
situ pumping), but CDR 
effectiveness is yet to be 
constrained. CDR must be 
constrained for technology 
to be validated in relevant 
environment (TRL 5). 
 

[1] 
[2] 
[38] 
[62] 
[63] 
[64] 
[65] 
[66] 
[67] 
[68] 
[69] 
[70] 
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Raw material input (e.g., 
minerals, brines) 

Energy input (electricity, 
heat) 

Technical & Operational 
challenges/ 
limitations 

Technical & Operational 
benefits/ opportunities 

Environmental impacts  Cost / cost drivers Technology readiness level  
(TRL) and pilot scale 

Key 
references 

AD: The approach could 
cause resuspension of 
sediment, causing water 
turbidity. 
 
There are large 
uncertainties and more 
research is needed to 
evaluate the possible 
environmental impacts of 
large-scale deployment. 
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3.7 Ecosystem Recovery (Restoring Living Blue Carbon) 

3.7.1 Restoration of Marine Ecosystems  

Maintaining and restoring coastal and marine ecosystems such as mangrove forests, salt marshes, seagrass meadows, macroalgae, benthic algae 
and marine animal populations (in particular large organisms). Carbon would be stored within living animals/ organisms or potentially sequestered 
via transport of their waste/debris to the deep ocean and sediment layers. Carbon may also be sequestered via natural nutrient fertilization 
processes and cycles as shown by Figure 7. 

  
Figure 7 - Ecosystem Recovery (Blue Carbon Restoration and Carbon Sequestration) [72] 
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Table 12 - Ecosystem Recovery Overview 
Raw material input (e.g., 
minerals, brines) 

Energy input (electricity, 
heat) 

Technical & Operational 
challenges/ 
limitations 

Technical & Operational 
benefits/ opportunities 

Environmental impacts  Cost / cost drivers Technology readiness level  
(TRL) and pilot scale 

Key 
references 

Inputs are variable 
depending on the project. 
Examples: 
1.Restoration materials: 
Select seaweed species for 
initial growth. 
Food/nutrients for animal 
breeding programs. 
2.Transport, deployment 
and MRV fuel (movement 
between land and ocean 
restoration areas). 
 

Energy (fuel/electricity) for 
moving people or resources 
to the ocean to restore or 
maintain habitats. 
 
Energy (fuel/electricity) for 
any MRV activities 
undertaken. 

Changes in ocean systems 
due to e.g. increased CO2 
concentrations add 
uncertainty to whether the 
additional carbon “stored” 
in organisms will remain in 
the ocean. Species’ 
numbers could decline due 
to the effects of climate 
change or other factors.  
 
There is debate about the 
amount of carbon storage 
and scaling potential.  
 
There is potential for 
conflicting interest with 
other industries such as 
fishing, shipping, marine 
renewables, mining, and oil 
and gas. 
 
MRV of the process is 
difficult due to the many 
complex interactions 
between materials, 
organisms and ocean 
parameters. Carbon credit 
generation could be 
difficult, as the CDR 
benefits would need to be 
constrained within the 
resorted systems. 

Carbon storage could be 
permanent if carbon cycles 
through ecosystems via 
living organisms. 
 
There is the potential to 
improve biodiversity, ocean 
resilience and ecosystem 
services (e.g. fish stocks).  

Given the main goal is to 
regenerate, maintain and 
protect degraded 
ecosystems, there should 
be an overall positive 
environmental impact.  
 
The approach promotes 
biodiversity by providing 
habitat to marine species 
(as well as terrestrial 
species in the case of 
coastal ecosystems). 
 
Coastal ecosystem recovery 
also provides shoreline 
protection from storms, 
erosion, and sea level rise.  
 
Should credit generation 
drive development, other 
ecosystems may be 
damaged inadvertently. 
 

Costs are variable as these 
will be based on the 
specific conditions and 
aims of a project.  
 
Capital Costs:  
Ships/vehicles for 
transport. 
MRV equipment. 
 
Operational Costs:  
Fuel/electricity for project 
activities (e.g. ships). 
Restoration materials (E.g. 
additional kelp), labour, 
MRV. 
 
Estimated Costs 
(Ecosystem Restoration 
generally): 
Deployment is potentially 
low cost: <50 USD t-1 CO2) 
 

TRL 5-7 
 
Ecosystem restoration is an 
emerging field and 
constraining the ocean CDR 
potential requires further 
work. This is especially true 
for carbon stored in larger 
marine organisms. 

[1] 
[2] 
[71] 
[72] 
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3.8 Offshore Carbon Capture and Storage (CDR Specific, Deep Sea Storage) 

3.8.1 Offshore CCS for CDR Processes 

CO2 is captured via non-fossil processes such as Direct Ocean Capture (DOC), Direct Air Capture (DAC), Bioenergy with Carbon Capture and Storage 
(BECCS), and Biomass Carbon Removal and Storage (BiCRS). 

The CO2 source (e.g. liquid CO2 stream) is transported via pipeline or ships to be stored in ocean geological storage or the deep ocean (>1000m 
below the sea surface) as shown by Figure 8. 

Figure 8 - Offshore Carbon Capture and Storage (CDR Specific, Deep Sea Storage)[88] 
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Table 13 - Offshore Carbon Capture and Storage (CDR Specific) Overview 
Raw material input (e.g., 
minerals, brines) 

Energy input (electricity, 
heat) 

Technical & Operational 
challenges/ 
limitations 

Technical & Operational 
benefits/ opportunities 

Environmental impacts  Cost / cost drivers Technology readiness level  
(TRL) and pilot scale 

Key 
references 

Source of CO2 (depending 
on technology chosen for 
capture). 
 
Fuel for transportation, 
deployment (e.g. platform 
operations) and MRV. 
 

Energy (fuel/electricity) for 
the operation of the CO2 
capture processes. 
 
Energy (fuel/electricity) for 
any transport, deployment 
or MRV activities 
undertaken. 
 

Large investment will be 
required to develop 
capture infrastructure and 
efficient transport 
mechanisms (e.g. vessels, 
pipelines). 
 
Large energy expenditures 
are required within CCS to 
separate, compress, 
transport and inject CO2 
streams. This is assumed to 
be the same case for 
bioenergy CCS plants. 
 
Regulatory and safety 
frameworks/standards 
worldwide must be 
harmonised to ensure 
consistent safe operation 
of offshore carbon capture 
and storage technologies 
given the high pressures 
and potential for impurities 
in systems such as CO2 
pipelines. 

Potential for large-scale 
global storage of CO2 for 
long timescales (>100 yr). 

Solvents and waste streams 
(gas, solid or liquid) from 
CO2 capture facilities have 
the potential to cause 
environmental harm if they 
are not properly handled or 
disposed. 
 
CO2 injection under the 
seabed has the potential to 
cause earthquakes and 
displace toxic materials 
such as brines. This could 
have detrimental marine 
ecosystem implications. 
 
There is the potential for 
CO2 leakage, during the 
injection process and at the 
final storage site, especially 
when repurposed oil and 
gas wells are utilised. This 
poses localised risks to 
surrounding ecosystems by 
increasing ocean acidity 
and reducing biodiversity 
and nutrients. 
 

Costs are variable as these 
will be based on the 
specific capture technology 
and location chosen. 
 
Capital Costs:  
Ships/pipelines for 
transport. 
MRV equipment such as 
composition analysers, 
metering skids, and subsea 
flow meters. 
 
Operational Costs:  
Fuel/electricity for project 
activities (e.g. pumping, 
ship transport), labour, 
MRV. 
 
Specific costs are not 
provided given the 
potential variance of 
capture and storage 
method combinations.    
 

TRL 6-8 

Technology feasibility is 
demonstrated in specific 
locations, with certain 
capture technologies more 
developed than others.  

CO2 storage has varying TRL 
levels. Storage within saline 
formations (TRL 9) and old 
oil and gas reservoirs (TRL 
5-8) is mature. 

Transport mechanisms 
range from mature 
(pipelines ~TRL 8-9) to 
potentially less mature 
(ships/infrastructure ~TRL 
3-9). 

More unconventional 
storage options are being 
researched, including 
basalt/ ultra-mafic rocks 
(TRL 2-6), and enhanced 
coal bed methane (TRL 2-

3). 

CO2 capture technologies 
are at various development 
stages (TRL 3-9). 

[73] 
[74] 
[75] 
[76] 
[77] 
[78] 
[79] 

[80] 
[81] 
[82] 
[83] 
[84] 
[85] 
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4 Process Flow Diagrams - OCDR Approaches 

4.1 Summary of Diagrams 

The diagrams below, as with the summary tables, are meant to provide an overview of the chosen OCDR approaches. As such they only contain 
the major inputs, outputs and process flows. 

It should be noted that unless specified otherwise emissions from natural or other sources, shown as “Emissions (CO2e)”, are not captured. It is 
assumed electricity utilised has no direct emissions and thus these are not shown on the diagrams. There may be indirect emissions from fossil 
fuel sources in grid electricity. It is assumed that all fuel used is from conventional fossil fuel-based sources. Emissions will be reduced if this is not 
the case in future deployment scenarios. 

Each diagram has two headings. The “General Stage” heading is the same for all diagrams and provides a consistent framework to compare stages 
between the OCDR approaches. In future studies, this will allow for easier comparison of e.g. techno-economic assessment data as is explained 
below. The “Technology Stage” sub-heading provides more detail on what each stage individually encompasses for each OCDR approach.  

To ensure consistency and allow for greater comparison between process stages and different OCDR approaches each flow diagram is split into 
the same major stages. This “stage-by-stage” framework is broken down into “Material Production”, “Material Transport to Ocean”, “Operation 
of CDR Approach” and “Monitoring, Reporting and Verification” stages. Where a stage is not relevant for a specific approach it is excluded. 

This structure has also been created to allow for simple comparison between techno-economic analysis case studies of CDR approaches in future 
TEA research. This is currently difficult due to the variance in methods, assumptions and data transparency between TEA case studies. The 
proposed framework allows for increased transparency of background assumptions and methods of calculation, which results in the ability to 
accurately compare final cost values between process stages and different case studies. 
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4.2 Electrochemical Approaches (Electrochemical Ocean Carbon Dioxide Removal) 

4.2.1 (Electrolysis / Electrodialysis) 

 

Figure 9 - Electrochemical Approaches PFD 
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4.3 Ocean Alkalinity Enhancement 

4.3.1 Silicate/Carbonate Rocks and Minerals, Hydrated Carbonates, Ocean Liming (OL), Accelerated 
Weathering of Limestone (AWL) 

Figure 10 - Ocean Alkalinity Enhancement PFD 
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4.4 Ocean Nutrient Fertilization (Microalgae Cultivation) 

4.4.1 Macronutrient / Micronutrient Fertilization 

 

 
Figure 11 - Ocean Nutrient Fertilization PFD 
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4.5 Seaweed Cultivation for CDR (Macroalgae Cultivation and Carbon Sequestration) 

4.5.1 Macroalgae Cultivation with Sinking 

 

 
Figure 12 - Seaweed Cultivation for CDR PFD 
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4.6 Artificial Upwelling / Downwelling 

4.6.1 Artificial Upwelling 

  

Figure 13 - Artificial Upwelling PFD 
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4.6.2 Artificial Downwelling 

  

Figure 14 - Artificial Downwelling PFD 
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4.7 Ecosystem Recovery (Restoring Living Blue Carbon) 

4.7.1 Restoration of Marine Ecosystems 

 

Figure 15 - Ecosystem Recovery PFD 
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4.8  Offshore Carbon Capture and Storage (CDR Specific, Deep Sea Storage) 

4.8.1 Offshore CCS for CDR Processes 

 

Figure 16 - Offshore Carbon Capture and Storage (CDR Specific) PFD 
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5 Conclusions 

One of the main objectives of the SEAO2-CDR project is to assess the processes and mechanisms 
surrounding the environmentally safe and economically viable implementation of OCDR technologies and 
guide climate policy. This report directly contributes to this goal by characterising the main pathways 
through which OCDR approaches operate and defining their associated technology readiness levels.  

Summary tables provide an overview of the conceptual design of 7 archetypal OCDR processes and 
highlight the main parameters for each technique, including their key process inputs, outputs, 
environmental impacts, benefits, limitations, costs and technology readiness levels. Many similarities are 
identified between OCDR approaches, including uncertainty in CO2 storage durability, the ability to 
conduct accurate monitoring reporting and verification (MRV), and environmental impacts of large-scale 
deployment, all of which require future research. Although this research is on-going (as indicated in the 
summary tables), the large uncertainty in all aspects of OCDR approaches currently limits their 
deployment potential. Furthermore, the lack of data on all topics means that the available information 
must be used carefully to prevent unintentional bias between different approaches. For example; aspects 
of one approach may be shared by another, even if they are not stated explicitly in the literature (e.g. 
nutrient robbing due to nutrient fertilization may also occur with the recovery of marine animal 
populations). Further research into the environmental impacts as well as the cost of operations will be 
key to estimating the upscaling potential of OCDR and minimizing unintentional bias.  

Defining the key parameters for each OCDR process in this manner enables the associated mass and 
energy flows to be translated into process flow diagrams with a consistent “stage-by-stage” structure to 
improve transparency and comparability between processes. These first-of-a-kind diagrams provide a 
comprehensive overview of the major OCDR processes, enabling future studies to accurately characterise 
the process flows and reduce assumptions about process pathways.  The diagrammatic similarities shared 
by the OCDR approaches, including notably the potential use of fossil-based fuels and the requirement 
for multiple types of MRV, demonstrate that deployment considerations are just as essential as 
technological considerations for any future studies (e.g. TEA, LCA), to accurately determine the feasibility 
of such OCDR approaches.  

Detailing the main parameters of each OCDR approach via tabular characterisation and process flow 
diagrams provides the basis for conducting transparent, consistent and accurate TEA case studies of 
approaches within Deliverable 2.2 of the SEAO2-CDR project. Background data and assumptions will be 
defined or estimated using the identified tabular parameters (e.g. material/energy inputs, cost 
drivers/equipment requirements) to provide consistent TEA model inputs. TEA models will be created 
based on the main process pathways from the “stage-by-stage” process flow diagrams to provide 
structured calculations and results. 

Future work should involve a detailed analysis of all OCDR approaches considered in this report 
supplemented with the individual work package outcomes of the SEAO2-CDR project, notably TEA, LCA, 
MRV, public/stakeholder perceptions, governance frameworks, commercial frameworks and IAMs. By 
combining past literature with current research, a consistent comparison matrix/framework for OCDR 
technologies should be developed as a supplement to this report. This would provide additional 
comprehensive guidance to companies, regulators and decision-makers on the implementation potential 
of OCDR approaches. 
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6 Deviations from Annex 1 

The due date for deliverable 2.1, OCDR Technical Readiness Review, was moved from May 31st 2024 
(M12) to July 31st 2024 (M14). The additional time was required as the team at HWU was not able to start 
work until October 2nd 2023. 
 
Parts of the deliverable are intended for publication in a scientific peer-reviewed journal.   
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