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S1 Ocean alkalinity enhancement methods screening 

A variety of methods to enhance ocean alkalinity have been proposed in the literature. However, 
so far, it was not clear which idea might be the most promising. Here, we discuss the methods 
in terms of feasibility, scalability, and the status of their technological development. We start 
with the simplest approach, which involves introducing alkalinity to the surface ocean in the form 
of powdered natural rocks, which are dissolved, a process similar to the chemical weathering of 
rocks on land. Then we look into generating an alkaline solution in a reactor and by 
electrochemical splitting. Lastly, we investigate the use of synthetic alkaline materials for ocean 
alkalinity enhancement (OAE), focusing on the spreading of calcium hydroxide in surface ocean 
waters, a process known as ocean liming (OL). 

S1.1 Rock powder distribution 

Two typically evaluated materials for increasing the ocean’s alkalinity are silicate and carbonate 
rocks, both highly abundant in the Earth's crust.1,2 As they dissolve in the ocean, CO2 is 
consumed and alkalinity is created, leading to a flux of CO2 from the atmosphere to the ocean. 
The amount of CO2 sequestered depends on the dissolution speed of alkaline materials, which, 
in turn, primarily depends on the type and grain size of the material, water temperature, salinity, 
and ocean chemistry. An alkaline material distributed in the ocean must dissolve within the 
mixed surface layer to maximize the atmospheric CO2 uptake, thus has to be either ground to 
appropriate grain sizes to maximize the residence time in the surface waters of the open ocean, 
3 or be distributed in coastal zones4,5.  

Silicate rocks, e.g., dunite or peridotite, which are rich in olivine minerals, such as forsterite 
(Mg2SiO4), can be efficient in sequestering CO2 but contain trace elements like nickel, 
chromium, and cobalt that are released during dissolution,6 which may have harmful effects on 
the marine ecosystem.7,8 In addition, due to the material’s comparably low dissolution speed, it 
is estimated that it would have to be ground to a grain size of 1 µm3,9 to fully dissolve within the 
mixed layer (that increases the electricity demand to 300–350 kWh t−1 10). Besides the significant 
energy requirements to achieve this, such a small grain size would be difficult to handle and 
comes with potential health hazards from respiration. When spreading olivine in coastal regions, 
grains could be larger than in the case of the open ocean distribution because coastal wave and 
tidal action facilitate grain collisions and, therefore, mineral dissolution.5,11 However, materials 
spread in coastal areas might be buried in the sediment, which would slow down or cease 
dissolution and lead to an accumulation of trace metals.6,7 Silicate rocks containing lower 
amounts of olivine such as basalt could reduce the risk of trace metals but have about 2/3 lower 
carbon capture potential compared to dunite.12 Also, as basalt powder is used as a fertilizer in 
agriculture, the released potassium, phosphorus, and other micronutrients could lead to an 
elevated nutrient supply and therefore fuel algae blooms, thus directly impacting marine food 
webs.13 

Nickel, in particular, can be harmful to many marine organisms, even in small quantities. The 
concentration of nickel in seawater is on average 5.4 µmol/kg and 4.5 µmol/kg seawater in 
coastal areas (< 200 m water depth) respectively14 but olivine spreading could significantly 
increase the levels of nickel and other trace elements in the surrounding water. Meanwhile, the 
impacts of elevated marine nickel concentrations are yet not understood as many marine 
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organisms are sensitive to elevated trace element concentrations8 but other studies do not show 
sensitivities of single phytoplankton species did not occur15. Further, the long-term effects as 
well as effects on benthic species in marine sediments have not been studied so far and need 
to be understood before olivine spreading can be considered a viable option for large-scale 
CDR.  

Carbonate rocks. An alternative to silicate rocks containing olivine could be using carbonates, 
e.g., limestone,16–18 which dissolves several orders of magnitude faster than forsterite and is not 
expected to contain potentially toxic trace metals. 

However, dissolving carbonates increases the carbonate concentration in seawater, which is 
already supersaturated with respect to carbonate minerals.19 When limestone dissolves in 
seawater and is not counterbalanced by CO2 uptake (CO2-equilibration) fast enough, the 
crossing of critical thresholds of the saturation indices of calcite and aragonite lead to rapid 
precipitation of carbonates, the so-called runaway precipitation.20 The precipitation of 
carbonates, in turn, leads to the release of CO2 and significantly reduces the efficiency of CO2 
removal or even results in a net release of CO2.19,20 

S1.2. Reactor-produced alkalinity 

Using an alkaline solution that is equilibrated with CO2 instead of powdered minerals could 
minimize the risk of post-deployment precipitation.19 The alkaline solution could be generated 
by mixing minerals and CO2 with seawater in a reactor, where temperature, pressure, and CO2 
concentration can be controlled. An alkaline solution could be diluted and distributed in rivers 
and oceans to store the CO2 on a geological timescale.18 Although extensive literature in this 
field is still lacking, few pilot studies have attempted to investigate this approach.21–23 

Olivine and limestone dissolve faster in water that is exposed to a CO2-rich gas stream leading 
to a pH decrease that accelerates the chemical reaction.18,24,25 With limestone as feedstock, the 
method is called accelerated weathering of limestone (AWL). AWL could utilize a gas stream 
from a direct air capture (DAC) or a biomass plant (to store the CO2, an alternative to geological 
storage), as well as an industrial process, such as cement production, for emissions avoidance. 
If combined with DAC or bioenergy with carbon capture, the system would be a long-term CDR, 
however, OAE is rather a storage part of the operation. For this method to be considered CDR 
alone, ambient air would have to be used in the reactor. However, under ambient conditions, 
the time required for the reaction to occur would be significantly longer, leading to very low 
efficiency. 

Increasing alkalinity via ground minerals highly depends on the dissolution as shown in S1.1. 
The dissolution could be accelerated by mixing minerals with seawater in a reactor, where the 
temperature, pressure, and CO2 concentration can be regulated. That being the case, the 
resulting alkaline solution could be diluted and disposed of into the ocean to store the CO2 
permanently. Few pilot studies have attempted to investigate this approach. However, the 
literature regarding the process is still lacking. 

It has been shown that olivine and limestone dissolve faster in water that is exposed to a CO2-
rich gas stream, which has a much higher concentration of CO2, leading to a pH increase that 
drives the chemical reaction.18,24 If limestone is used, the method is referred to as accelerated 



4 
 

weathering of limestone (AWL). AWL could utilize a gas stream from a direct air capture plant 
(to store the CO2, alternatively to geological storage), or an industrial process, such as cement 
production, for emissions avoidance. However, in both cases, AWL is a carbon storage method, 
not carbon dioxide removal, thus we will not consider it further in this study. For this method to 
be considered CDR, the gas stream would have to be the ambient air. 

Raising the partial pressure of CO2 to >5000 μatm (at a total pressure of 1 atm) in contact with 
seawater creates the conditions in which carbonate minerals can spontaneously dissolve. 

S1.3 Electrochemical splitting 

Adding limestone to an acidic anolyte, part of a water electrolysis cell, increases the mineral’s 
dissolution as well as the water’s alkalinity.18 This leads to a drawdown of CO2 and durable 
storage if the solution is released into the ocean. The technology requires a significant amount 
of electricity (8 GJ per tCO2 consumed). However, 45 kg of hydrogen is produced per 1 tCO2 
captured, which corresponds to 5.4 GJ of energy.26 Additionally, electrochemical splitting does 
not require carbon storage (CCS), unlike several other CDR technologies such as DACCS, 
BECCS, or further discussed ocean liming. The advantages of no carbon storage requirements 
and low additional energy requirements on top of the hydrogen production could make 
electrochemical splitting an attractive OAE option. Despite the advantages, we do not consider 
the method in this study as more research is needed to reduce uncertainties around costs and 
potential limitations as well as the need for technological development. 

S1.4 Ocean Liming 

The reaction of CaO in contact with water is quick and exothermic, thus the transportation of 
quicklime must be handled carefully. Dissolving one mol of CaO in 1kg of water at 20°C 
increases the water’s temperature by 15.5°C. However, such a temperature increase would not 
occur, as the reaction is limited by the saturation of Ca(OH)2, which limits the temperature 
increase to 0.36°C. The resulting rise in water temperature is thus negligible. 

Lime could be distributed as a powder if a safe concentration that avoids precipitation is not 
exceeded. Another option is to distribute the alkalinity as a slurry of Ca(OH)2 since rock powder 
(order of 10 µm) might be hazardous to human health and the environment.27 The rapid, 
exothermic, and volume increasing hydration reaction results in physical decomposition of the 
material such that commercially produced hydrated lime has a small particle size (typically 2-5 
µm, but <1 µm possible) and a large surface area (7 – 15 m2 g-1).28,29 For comparison, particles 
of sizes 40-60 µm are used in the literature.19,20,30 To minimize the weight loaded on the ship, 
the slurry could be created shortly before the discharge. Ships already pump significant amounts 
of water, which could be used to create the slurry, for their cooling system to remove the unused 
heat from the ships' engines and other machinery. The slurry would have to stay away from 
contact with the atmosphere to avoid precipitation on deck. The discharge rate should not 
exceed the safe limit above which precipitation might occur. The dilution would happen in the 
ocean as the ship moves. 

There exist ways to avoid geological storage if OL is combined with other processes. For 
instance, an alternative approach to ocean liming couples ocean liming with mineral carbonation 
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(MC-OL),31 which allows for CO2 recycling (described below). Alternatively, CO2 emissions from 
calcination in OL could be utilized in a reactor (Note S1.2) also avoiding geological storage.  

An alternative is to inject alkalinity within coastal areas using networks of pipes. This method 
has been proposed to lower the cost of distribution, however, at the same time, it limits the 
destined area significantly. For large-scale deployment, the utilization of ships might be 
necessary to avoid excessive local pH and aragonite saturation increases in the coastal areas.32 

Combined Mineral Carbonation and Ocean Liming 

An alternative approach to ocean liming couples ocean liming with mineral carbonation (MC-
OL).31 Its advantage over OL is that it doesn’t require CCS for the emissions from the chemical 
process (0.44 tCO2 per 1t of limestone). In the first step, called mineral carbonation, silicate 
rocks are reacted with CO2 to form stable carbonate minerals, i.e., magnesite (MgCO3) 
(Reaction 1). The second step is the calcination of MgCO3, which decomposes to CO2 and 
brucite (Mg(OH)2) (Reaction 2), the latter used as the feedstock to ocean liming instead of 
quicklime (Reaction 3). The MC process could use the CO2 produced during calcination, thus 
recycling emissions from the chemical decomposition and avoiding CCS. MC-OL would 
therefore be preferred over ocean liming in scenarios with limited CCS availability. 

𝑀𝑀𝑔𝑔2𝑆𝑆𝑆𝑆𝑂𝑂4 + 4𝐶𝐶𝑂𝑂2 + 4𝐻𝐻2𝑂𝑂 → 2𝑀𝑀𝑀𝑀𝑀𝑀𝑂𝑂3 + 𝑆𝑆𝑆𝑆𝑂𝑂2 + 2𝐶𝐶𝑂𝑂2 + 4𝐻𝐻2𝑂𝑂  (1) 

2𝑀𝑀𝑀𝑀𝑀𝑀𝑂𝑂3 + 2𝐻𝐻2𝑂𝑂 + ℎ𝑒𝑒𝑒𝑒𝑒𝑒 → 2𝑀𝑀𝑀𝑀(𝑂𝑂𝑂𝑂)2 + 2𝐶𝐶𝑂𝑂2 (2) 

2𝑀𝑀𝑀𝑀(𝑂𝑂𝑂𝑂)2 + 4𝐶𝐶𝑂𝑂2 → 2𝑀𝑀𝑔𝑔2 + +4𝐻𝐻𝐻𝐻𝑂𝑂3− (3) 

The MC-OL steps consist of olivine extraction, grinding, mineral carbonation, and calcination 
(no CCS required), comminution, and production and distribution of the alkaline solution. Olivine 
deposits are estimated to be in the order of hundreds of gigatons, while 8.4Mt of olivine and 
1.5Mt of brucite are produced globally every year.2 

S2 Distribution in coastal areas 

Alkaline material distributed as powder in coastal areas might lead to excessive local pH and 
aragonite saturation increases, which limits the potential significantly.32 To minimize the local 
mineral concentration when alkalinity is added to coastal areas, which are often characterized 
by slow mixing could be using reactors. An example of a reactor exists in Lausitz, Germany, 
and has been used to neutralize acid-mining lakes. The reactor is included in a closed system 
made of four major components: a standard slake lime production unit, a carbon dioxide 
dissolution reactor, a gas recovery reactor, and an injection system. The alkalinity is produced 
by mixing a stream of CO2-enriched water coming from the carbon dioxide dissolution reactor 
with pit lake water and a lime suspension.  

Previously, the treatment of coal mine drainage had been addressed in 33, using almost similar 
instrumentation but intermittently fluidized beds of limestone as alkalinity reactors. The main 
components of the system were a packed column to mix CO2 with acidic lake water, a fluidized 
bed reactor to allow the reaction between calcite and CO2 exiting the carbonator, and a system 
of air stripping column and tanks to remove the excess CO2 from the treated water. Overall, at 
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its simplest, an alkalinity reactor can be thought of as a tubular flow reactor equipped with an 
agitator or a circulation device to maintain turbulence. Achieving an adequate degree of 
agitation is crucial as different reaction phases (i.e., atmospheric CO2 usually mixed with water 
before entering the reactor, a slurry of alkaline material, and water) must be properly blended 
to generate a suitable CO2-equilibrated alkaline solution.  

The maximum concentration of CO2, alkaline material, and seawater flow rate introduced in the 
reactor and the production time (i.e., residence time to allow the mixing plus required time to 
achieve the equilibration of the solution) affect the efficiency with which all the processes are 
carried out. To make this method a CDR alone, the stream would have to come from ambient 
air, so the CO2 concentration would be much lower than used thus far. Using limestone in this 
case would result in a low efficiency due to slow dissolution. Quicker dissolving materials, e.g., 
CaO might be used instead. However, this method has not been tested yet. To create water 
equilibrated with the atmosphere, the alkalinity added should be the result of precalculated ratios 
of HCO3

- and CO3
2- instead of the pure form of OH-.19 However, the way and the magnitude with 

which factors such as the quality of particle surface and the amount of surface area per volume 
of water to be chosen, and the dilution rate of treated and untreated water representative of the 
application site, contribute to triggering the alkalinity loss remain unclear and under 
investigation.19 

S3 Distribution on ships 

The use of a fleet completely devolved to CDR purposes instead of an existing and partially 
dedicated fleet allows a list of advantages. Among them, flexibility in the management and 
higher discharge rates are the most relevant. In addition, if the fleet was composed of existing 
and unutilized ships, the purchase capital expenditures could be curtailed by the total cost of 
the spreading. Such a decision is also supported by other legal and practical reasons.  

Using existing ships nowadays implies compliance with the new environmental regulations 
imposed by IMO in terms of Energy Efficiency Existing Ship Index (EEXI) and Carbon Intensity 
Indicator (CII). Such obligations came into force on 1st January 2023 and set limitations on the 
sailing speed (reduced) to save fuel. In the future, this may entail some ships being retrofitted, 
some others (the oldest ones) being put out of the market, and overall, a reduction of the fleet 
capacity.34 The average age of bulk carriers is 11-14 years.34 

Betting on newly built ships instead of recycling or re-organizing the existing ones, seems to be 
an easy way to cope with both environmental restrictions and implementation of OAE. However, 
uncertainties on future fuel and carbon prices, as well as on which technology is the most 
dominant could add complexity to the decision process. Moreover, even when the decision has 
been made, the required time for a shipping line to get new ships is not short; it could take from 
two to four years.34 Adding new dedicated fleets may also have an impact on the ports’ capacity. 
Expanding the current capacity may require building new terminals, providing additional 
highway lanes, rail service, new and larger cranes, dredging equipment, reinforced quay walls, 
and increasing the number of berths at terminals.35 

Building new ports, on the other hand, takes years or decades to carry through due to the 
establishment of inland connections and compliance with local and/or global environmental and 
trade regulations.34 Examples of local limiting factors may be the tariff increases imposed by some 



7 
 

countries, labor shortages, and shortage of infrastructures and facilities such as ship loading 
and unloading platforms, onshore storage, and warehouse spaces.  

Table S1. Spreading alkalinity by different types of maritime fleets. 

Type of fleet Advantages Disadvantages 

Existing and 
partially designed 

No purchase cost of the ship Limited space onboard 
Competition in the transport of 
goods onboard 
Fixed trade routes to follow 
Fixed discharge rate 
Need of intermediate reloads to 
increase the amount of alkaline 
material onboard 
Need of better logistics 
Cost of utilization of the ship  

Existing and 
specifically 
designed 

No space-saving problem 
No competition in the transport of goods 
onboard 
Flexible management   
No fixed trade routes to follow 
Flexible discharge rate 
Higher discharge rate 
No purchase cost of the ship 

Possible ship retrofitting cost 
Competition with the trade shipping 
Cost of utilization of the ship 

New dedicated 
No space-saving problem 
No competition in the transport of goods 
onboard 
Flexible management  
No fixed trade routes to follow 
Flexible discharge rate 
Higher discharge rate 
No ship retrofitting cost 

Purchase cost of the ship 
Increase of the ship traffic 
Possible port congestion 
Need to increase the current ports’ 
capacity 
Need of better management to 
mitigate port congestion 
No cost of utilization of the ship 

A strategy to avoid the installation of pumping and piping systems on purpose could be the 
functional use of ballast water tanks to store and discharge the alkaline solution.9,30 Ballast water 
inside a ship is commonly used to provide stability to the ship and accounts for around 30%-
40% of the dwt of a bulk carrier or a container ship.30 Its utilization produces harmful organisms 
(e.g., bacteria, microbes, small invertebrates) and substances (e.g., mud, silk), requiring specific 
treatments across the route and a controlled discharge at arrival. Alkaline solutions could be 
adopted in the treatment, thereby avoiding the installation of additional equipment for the 
discharge. The main problem is that the use of alkaline solutions for ballast water treatment is 
not regulated yet and the real benefit and practical limitations induced (e.g., the effective amount 
of water required to avoid precipitation of the alkaline solution inside the ballast water tank) need 
to be evaluated. 
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According to the work done by 30, the most suitable ships to spread alkalinity into the ocean are 
bulk carriers and container ships because of technical and logistic reasons. Between them, the 
former, in particular, has a lower average emission factor and is almost twice the latter in terms 
of the number of operative ships on the sea. 

S4 Precipitation 

According to 20, the total alkalinity (TA) generation of about 500 µM by Ca(OH)2 is possible w/o 
following precipitation if diluted 1:1 after Ca(OH)2 addition. We derive the safe concentration to 
avoid precipitation as follows: 500 µM TA increase requires 250 µM Ca(OH)2, which 
corresponds to 18.5 mg Ca(OH)2 L-1 (~20 g Ca(OH)2 m-3). The concentration limit of 20 g 
Ca(OH)2 m-3 is used throughout the paper. 

S5 Discharge Rate 

The discharge rate is the multiplication of the ship’s speed, the discharge area, and the 
concentration limit to avoid precipitation. Detailed calculations can be found the excel sheet 
attached to the manuscript. 

S6 Efficiency 

The efficiency (uptake of CO2 per unit of material or alkalinity added) depends on temperature 
and atmospheric pCO2 (Figures S1, S2). From these, we derive that the efficiency varies 
between 1.6-1.8 molCO2 molCaO-1 (Figures S1, S2). Since model exercises report that the 
actual efficiency is lower (1.3-1.6 molCO2 molCO2

-1),32 in our study, we consider values between 
1.2-1.8 molCO2 molCaO-1, which correspond to 0.9-1.4 tCO2 tCaO-1. 

 

Figure S1. Uptake efficiency vs temperature. 
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Figure S2. Uptake efficiency vs atmospheric partial pressure. 

S7 Energy 

 

Figure S3. Energy demand vs discharge rate. 

Detailed and step-specific data on energy and costs can be found in sheets “Production of 
Ca(OH)2” and “Distribution of 1Gt Ca(OH)2” in the excel sheet attached to the manuscript. 
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Previous studies assign a CO2 penalty to the electricity demand associated with grinding.9,10 
However, if OAE is to be deployed on a large scale later in the century, as expected in the 
transformation pathways, electricity generation is expected to be decarbonized.36 

S8 Sensitivity analysis 

 

Figure S4. Sensitivity analysis of the total cost. Parameters with a change smaller than 0.04% were filtered 
out for figure’s clarity. 

The potential CAPEX of the distribution system has not been included in the estimates, as it is 
not yet known. However, the cost of DACCS might serve as an upper limit of the total cost for 
OAE to be cost-competitive. For instance, for a discharge rate of 30 tCa(OH)2 h-1 and the 
efficiency of 1.5 molCO2 molCa(OH)2

-1, the additional capital cost could be 73-144 $ tCO2
-1 

(natural gas case) and no larger than 80 $ tCO2
-1 (electricity case) for the method to be cost-

competitive with DACCS under an optimistic learning rate and fully decarbonized energy 
system. 
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