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Proposals to increase ocean alkalinity may make an important contribution to meeting climate change net emission targets, while also helping to ameliorate the effects of ocean acidification. However, the practical feasibility of spreading large amounts of alkaline materials in the seawater is poorly understood. In this study, the potential of discharging calcium hydroxide (slaked lime, SL) using existing maritime transport is evaluated, at the global scale and for the Mediterranean Sea. The potential discharge of SL from existing vessels depends on many factors, mainly their number and load capacity, the distance traveled along the route, the frequency of reloading, and the discharge rate. The latter may be constrained by the localized pH increase in the wake of the ship, which could be detrimental for marine ecosystems. Based on maritime traffic data from the International Maritime Organization for bulk carriers and container ships, and assuming low discharge rates and 15% of the deadweight capacity dedicated for SL transport, the maximum SL potential discharge from all active vessels worldwide is estimated to be between 1.7 and 4.0 Gt/year. For the Mediterranean Sea, based on detailed maritime traffic data, a potential discharge of about 186 Mt/year is estimated. The discharge using a fleet of 1,000 new dedicated ships has also been discussed, with a potential distribution of 1.3 Gt/year. Using average literature values of CO2 removal per unit of SL added to the sea, the global potential of CO2 removal from SL discharge by existing or new ships is estimated at several Gt/year, depending on the discharge rate. Since the potential impacts of SL discharge on the marine environment in the ships' wake limits the rate at which SL can be applied, an overview of methodologies for the assessment of SL concentration in the wake of the ships is presented. A first assessment performed with a three-dimensional non-reactive and a one-dimensional reactive fluid dynamic model simulating the shrinking of particle radii, shows that low discharge rates of a SL slurry lead to pH variations of about 1 unit for a duration of just a few minutes.
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INTRODUCTION

Purposefully increasing the alkalinity of the ocean is gaining mounting attention for the potential to mitigate ocean acidification, a major threat for some marine ecosystems, while simultaneously removing atmospheric CO2. After Kheshgi (1995) first proposed to add alkaline materials to the ocean surface for removing atmospheric carbon and storing it in the seawater, some authors (Keller et al., 2014; Renforth and Henderson, 2017; Lenton et al., 2018; Rau et al., 2018) indicated a large potential for carbon removal by “ocean alkalinity enhancement,” via spreading Ca(OH)2 (commonly named slaked lime, SL) or NaOH in seawater, as well as for mitigating ocean acidification and enhancing the net calcification of reef (Albright et al., 2016).

However, technological challenges and potential side effects must be assessed, such as the impact on the ecological and biogeochemical functioning of the ocean. While chemical reactions of ocean alkalinity enhancement are theoretically known, and some processes to produce SL without CO2 emissions into the atmosphere have been proposed (Renforth and Henderson, 2017; Caserini et al., 2019), less is known regarding the practical aspects of spreading large amounts of alkaline materials in the seawater for ocean alkalinity enhancement.

Many studies (i.e., IPCC, 2018; Nemet et al., 2018) shows that achieving the Paris Agreement goal of limiting warming to well below 2°C or even 1.5°C may require 10-20 gigatonnes (Gt) of CO2 removed from the atmosphere per year by 2100, in addition to a rapid global economy-wide reduction in greenhouse gas emissions through “conventional” mitigation. The magnitude of the task and the rates required to achieve net carbon removal suggests that a portfolio of options should be implemented, and in the race to remove this tremendous amount of CO2 research should be devoted not only to current frontrunners, i.e., bioenergy and carbon capture and storage, but also to approaches less formally evaluated in terms of cost, effectiveness, resource availability, and acceptability (Rau, 2019).

Previous research (Keller et al., 2014; Lenton et al., 2018) have simulated the spreading of 10 Gt/y (~0.25 Pmol/y of alkalinity) in the period 2020–2100; this amount represents the total transport capacity of all large cargo ships and tankers assessed by Köhler et al. (2013), considering 0.33 Gt as the total deadweight tonnage (dwt) and an average of 32 ports called per ship per year.

Renforth et al. (2013) assessed the need of 101 dedicated 300,000 dwt bulk carriers to discharge 1 Gt/y of SL, assuming a discharge time of ~3.5 days (at a discharge rate of 1 ton per second), within a discharge cycle length (including the loading and the time for reaching the open ocean and return) of ~11 days. Harvey (2008) considered the addition of calcium carbonate to upwelling regions using smaller vessels, and suggested 750–3000 ships would be required to deliver 4 Gt of CaCO3 per year. While the use of dedicated ships to spread SL offers greater control of the application area and distribution rates, the use of existing shipping capacity and routes would access a larger area and offer pathways to more rapid scalability.

In the present study, we have undertaken a detailed analysis of the potential of SL discharge for the Mediterranean Sea, a closed basin where maritime transport routes are denser than the global average, and precise data on navigation are available. Alternative scenarios that consider new dedicated ships, purchased or built for the purpose, and the use of ballast water tanks to carry and discharge the SL are also discussed. Conservative values of discharge rates of SL (≤25 kg/s) have been considered, in order to minimize the risk of impacting the marine environment in the ships' wake.

The assessment of the localized impact produced by SL at the discharge point, due to a temporary increase of pH and alkalinity, is necessary to evaluate the environmental side effects of this practice. A pH increase (leading to a decrease in aqueous CO2 and an increase in bicarbonate ion concentrations), as well as the co-dissolution of other elements, could have a detrimental impact on marine ecosystems (Bach et al., 2019). Pedersen and Hansen (2003) and Locke et al. (2009) demonstrate the low probability, for different kinds of organisms, to survive when exposed to high pH level, over several days or weeks. Cripps et al. (2013) point out to acid-base balance alterations in Carcinus maenas once again in response to acute exposure to Ca(OH)2 concentrations. Bach et al. (2019), recognize how a pH increase, whilst leading to benefits such as the decrease in aqueous CO2, the increase in bicarbonate ion concentrations, the co-dissolution of other elements, could, conversely, shift the current ecological equilibrium, with detrimental consequences for some organisms rather than others depending on the alkaline mineral used. Hence, a better understanding of the ecological implications of ocean liming requires additional dedicated experimental studies.

The local impact where SL is applied is related to the mineral composition (i.e., % of Mg) and to the technology of discharge chosen (Renforth and Henderson, 2017; Bach et al., 2019). The discharge of CaCO3 in specific areas in the deep ocean (below 200 m) characterized by lower biodiversity (Costello and Chaudhary, 2017), favorable mixing conditions and upwelling currents, has been studied by Harvey (2008), and has the disadvantage that can only be applied in isolated upwelling regions of the world's ocean (Garcı̀a-Reyes et al., 2015) in order to impact climate. SL dispersion in the wake of a ship may be a more efficient technique since it allows it to dissolve quickly within the rapidly mixed wake while the ship is cruising. The dispersion is strongly dependent on the rate of dissolution within the mixed wake of the ship, influenced by vessel's waterline length, speed, and the discharge rate; accurate modeling and ad hoc experiments are needed to establish a relationship between the amount of SL discharged and the impact produced, i.e., to define application limits useful to avoid or minimize the environmental impact. An overview of modeling approaches for the assessment of SL concentration in the wake of the ships are presented here, and an initial assessment is performed with two modeling approaches: the first was a three-dimensional non-reactive computer fluid dynamics (CFD) model, where turbulent diffusion conditions have been applied to understand particles and concentrations behavior. Then, a one-dimensional reactive model was applied to provide an initial simplified method of incorporating chemical parameters into previous CFD modeling results.



MATERIALS AND METHODS


Potential Discharge at the Global Scale

Existing maritime vessels could be used for transporting SL and discharging it along the route. The equipment for SL loading and discharge could be easily designed, and a share of the capacity and loading space could be dedicated to the transport of pulverized SL; the latter could be discharged in the form of a slurry, also called “milk of lime,” which can be prepared on board by mixing pulverized Ca(OH)2 with water. The necessity of using milk of lime and not just limewater (the aqueous solution of calcium hydroxide) is due to the poor solubility of calcium hydroxide (1.73 kg/m3 at 25°C), that would require a very relevant amount of seawater to dilute SL. Minimizing the volumes of water allows to speed up the discharge and to decrease the energy consumption for water management; the use of water from the engine cooling system could reduce the need of fresh seawater for mixing, reducing the interactions with seawater environment and saving energy for the pumping. The design of the solids handling system, and the optimum water content, is beyond the scope of this work.

The potential of SL discharge by existing maritime traffic depends on several factors, such as:

• fleet size and capacity;

• length of navigation at sea;

• fraction of the existing capacity that can be dedicated to SL transport;

• SL supply chain.


Existing Maritime Fleet Size and Capacity

Data regarding the number and use of the different types of ships, subdivided by type and size classes, are reported by the Greenhouse Gas Studies of the International Maritime Organization (IMO–International Maritime Organization, 2014), which refers to the year 2012, shown in Supplementary Table 1. Data on the number of vessels relate to both the total registered and the active ships circulating as detected by the AIS (Automatic Identification System); the latter is used to estimate the average sailing days, of interest for the discharge potential. The total equivalent hours of navigation per year could be calculated by multiplying the number of active ships by the number of average equivalent days at sea.

Table 1 shows the summary values for different categories of ships. The average values are calculated by weighting the different size classes based on the number of annual sailing days.


Table 1. Main characteristics of the existing maritime fleet (Data source: IMO–International Maritime Organization, 2014).
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Figure 1 shows that 92% of the total active capacity, in terms of deadweight tonnage (the measure of how much weight a ship can carry), is related to two ship categories, cargo (bulk carrier, container, general cargo) and tanker (chemical tanker, oil tanker), although they represent only about 40% in terms of vessel number. Bulk carriers and container ships, directly suitable for SL discharge because of their structure and for logistic reasons (Panarello, 2020), have been considered for the assessment of SL discharge worldwide. They represent only 17% of the total commercial global fleet in terms of number, but 53% in terms of total active tonnage (Table 1).
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FIGURE 1. Main characteristics of existing passenger, cargo and thanker ships (Data source: IMO–International Maritime Organization, 2014).




Length of Navigation at Sea

Longer navigation at sea allows to either maximize or minimize the discharge rate of a fixed amount of SL. Container ships and bulk carriers have relevant average days of navigation (218 and 181 respectively), as well as about 70% of the total distance covered by vessels worldwide. A significant fraction of the registered fleet is not used, albeit this fraction is lower for bulk carriers and container ships. Although detailed data on the average distance traveled per typical sea-leg are not available, the average distance covered by commodities (6,278 km for dry bulk carriers, 8,938 km for Container ships, see Supplementary Table 2) was calculated using the ratio between the world seaborne trade in cargo in ton-miles and the total global trade (UNCTAD–United Nations Conference on Trade Development, 2018, 2019a).



Existing Ships Tonnage Dedicated to the Transport of Slaked Lime

The transportation of SL would obviously compete with the transportation of goods, and the convenience of SL transport could be increased by revenue that can be obtained from SL spreading (i.e., due to carbon credits for CO2 removal generated). However, it must be considered that, for logistical reasons, ships dedicated to the transport of goods from the place of production to the place of consumption, are often sailing not fully loaded, in particular in the return trip (Narula, 2019). The space used for slaked lime storage and for all the equipment for making the slaked lime will be permanently not available for transporting goods, but will allow the discharge also during the return trip.

According to information gathered from a ship designer (Panarello, 2020), it may be assumed that some 10–20% of the net cargo capacity of the container ships could be used for carrying slaked lime, since in many routes containers ships can store SL in the hold. Although adding weigh on board would reduce the ship performances, and requires space permanently dedicated for SL storage in the hold, as well as pipes and pumps is subtracted for other uses, this option would not impair significantly the use of the ship and the intended operations. In this scenario, it would not be necessary to carry out extensive modifications to the ships as it would be just a matter of arranging dedicated tanks and suitable pumping and conveying systems, while much greater efforts would be required to install dedicated SL loading facilities at calling ports.

Bulk carriers could also be used for carrying SL during sea passages in ballast, i.e., trip with no cargo on board to get a ship in position for the next loading port or docking (see Use of Ballast Water Tanks of Existing Ships). SL should be more conveniently loaded in the ship as a powder and then mixed with water on board, so to produce a slurry, called “milk of lime,” which is discharged in the sea. In order to limit the amount of water for SL dilution, it is assumed to use 2% of water dilution compared to saturation, equivalent to a SL concentration of 86.5 g/l (=1.73/0.02) or 11.6 liter per kilogram of SL discharged, which is typical for slurry management systems.



Slaked Lime Supply Chain

The possibility to transport the quantities of SL required does not only depend on the tonnage but also on the frequency of reload. If ships are loaded with SL only at the departure and arrival ports, the ships will discharge the load during the whole trip, thus the discharge rate will depend on the tonnage of the vessels and on the sea-leg length. The discharge potential increases if case reloading of SL is assumed during intermediate stops. Bulk carriers and container ships usually make several stops during their trips, when SL could be refilled during the standard loading and unloading operations in the ports. The analysis of several bulk carriers' routes via different platforms (Marinetraffic, 2019; Vesselfinder, 2019) shows that bulk carriers usually make one intermediate stop. For container ships, an average of four intermediate stops has been assessed by analyzing the main routes identified by UNCTAD–United Nations Conference on Trade Development (2019a), (Transpacific, Intra-regional, Europe-Asia, East-West, South-South, Europe-North America), and the data on routes lengths available in Marinetraffic (2019) considering the ports along the route (see Supplementary Table 3 for details). Logistic constraints might limit the possibility of loading SL in each stop, for instance additional time required for loading or the lime manufacturing infrastructure.




Potential Discharge at the Local Scale—Mediterranean Sea

A more detailed assessment of the potential SL discharge is possible at the local scale, where maritime traffic data are available. Here a case study of the Mediterranean Sea is considered, where monthly data of traffic density in the year 2017 are available from the EMODnet-Human Activities Project (EMODnet, 2019a), as monthly hours of permanence in the cells of a 1 km x 1 km grid for the whole Mediterranean Sea (EMODnet, 2019b). Two vessel categories (cargo and tanker), have been considered. According to IMO–International Maritime Organization (2014) they represent about 56% of all commercial vessels circulating in the world and 92% in terms of active tonnage. Other categories have limited navigation hours or operate near to the coast, thus they are less suitable for spreading SL.


EMODnet Data

EMODnet vessel traffic density data consider the hours when ships are at berth in the proximity of ports, which are clearly not of interest for the purpose of spreading SL. As an example, Supplementary Figure 1 shows the detail of the original cargo and tanker traffic around Malta.

In order to exclude these data, the cumulative distribution of monthly hours of navigation for each cell and for each vessel category has been assessed; the maximum number of monthly hours in the cells has been limited to a threshold value of 10, thus assuming a limit value of 10 h/km2/month for vessels density. The percentile of the distribution which corresponds to the threshold value 10 is quite similar for the two categories of vessels considered (99.3rd for the category Cargo, 99.7th for the category Tanker). The value chosen for the threshold, 10 h/month, is very close to the inflection point of the curves that represent the cumulative distribution of density values for the two categories of vessels (see Supplementary Figure 2). By means of visual comparison between the original traffic density maps and the maps after the application of the threshold, it has been verified that this choice of limitation to 10 h/month of the permanence of the ships in the cells, clearly identified as berth areas, did not substantially affect the cells in the routes of ships for the two categories of vessels.

Although the number of cells applicable is very low (<0.7% of the total cells of the grid) the application of the threshold leads to a drastic reduction of the total hours of navigation, respectively 51 and 53% for cargo and tanker ships. Monthly hours of navigation in the Mediterranean Sea before and after the application of the threshold are available in Supplementary Table 4.

Further processing has also been carried out to eliminate the cells of the EMODnet grid whose centroid is <5 km from the coast. The further reduction in the total hours of navigation, is−12.6 % for Cargo and−13.6% for Tanker. The total annual hours of navigation are shown in Supplementary Table 5.

The traffic density of cargo effectively exploitable for SL discharge is shown in Figure 2.


[image: Figure 2]
FIGURE 2. Maritime traffic density (hours/year) for cargo exploitable for slaked lime discharge.




Comparison of Vessel Traffic in the Mediterranean Sea and Worldwide

A comparison between the annual hours of navigation in the Mediterranean Sea and the hours of navigation worldwide could be done considering for the IMO data reported in Table 1; it assesses the total equivalent navigation hours/year as the product of the number of vessels for the number of average equivalent days at sea (calculated by IMO considering the actual engine running hours and assuming 24 h per day). Results in Table 2 show that the vessel traffic in the Mediterranean Sea accounts for 4.9% (cargo) and 5.8% (tanker) of the global traffic. This highlights that traffic density in the Mediterranean Sea is greater than the global average, since the surface of the Mediterranean Sea represents only 0.7% of the global ocean surface (2.51 Mkm2 compared to 361 Mkm2).


Table 2. Hours of navigation in the Mediterranean Sea and worldwide.
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EDGAR Data

The Emission Database for Global Atmospheric Research (EDGAR) is a product of the Joint Research Center (JRC) and the PBL Netherlands Assessment Agency and contains inventories of global emissions of greenhouse gases and air pollutants (Wang et al., 2008; Alessandrini et al., 2017; EDGAR, 2018; Crippa et al., 2020). CO2 emissions from maritime traffic for 2018 are shown in Supplementary Figure 3. EDGAR assesses emissions from ship traffic globally on the basis of the fuel consumption data used disaggregating them on a grid using LRIT (Long Range Identification and Tracking) data signals provided by the ships flying the flag of the European Union (EU) member states, Iceland, Norway and the overseas territories of the EU member states. Emissions downscaling is also carried out using LRIT signal density data by ship category, i.e., assuming the same emission factor worldwide for the same ship category. Focusing on the Mediterranean Sea, the percentage of LRIT signals in the Mediterranean Sea compared to the global total (that also represents the percentage of hours of navigation) of two categories of ships is shown in Table 3.


Table 3. CO2 LRIT signals of cargo and tanker maritime traffic in the Mediterranean Sea and worldwide (Source: EDGAR, 2018).

[image: Table 3]

The percentages of maritime traffic in the Mediterranean Sea compared to global traffic (in terms of hours of navigation) estimated on the basis of EDGAR data for 2010 are substantially lower than those previously evaluated by EMODnet/IMO data for 2017/2012. This difference can only be partially due to the different years considered, since the average variation of CO2 emissions from shipping traffic in the period 2012–2015 shows a very small increase (IMO–International Maritime Organization, 2014; ICCT–International Council on Clean Transportation, 2017); a more remarkable reason is that EDGAR's dataset covers ships flying the flag of States contributing to the EU LRIT Cooperative Data Center (CDC), namely all EU Member States, Iceland, Norway, and Overseas Territories of EU Member States. Nominally, the LRIT vessel positions are refreshed every 6 h, while there is significant traffic in the Mediterranean Sea of ships flying the flags of non-European States.

As shown in Table 4, according to UNCTAD data (UNCTAD–United Nations Conference on Trade Development, 2019a), commercial ships flying the flag of a European state (including Norway) account for 14% of the world's commercial fleet in terms of numbers (21% in terms of gross tonnage); instead, ships belonging to shipping companies based in a European state (including the Principality of Monaco and the overseas territories of European states such as Bermuda Islands) account for 29% of the world's total commercial fleet (41% in terms of dead weight tonnage), 86% of which fly a foreign flag (i.e., a flag of a country other than that of the owner shipping company's headquarters). These numbers are congruent with numerous studies (e.g., Luo et al., 2013; European Commission, 2015; Deloitte, 2017) which have shown the relevance of the practice of “flagging out,” where European shipping companies are using flags of convenience of non-European countries, such as Panama, Marshall Islands, Liberia, etc., in order to obtain tax benefits, reducing the costs of the crew and social security.


Table 4. Number of ships and total deadweight tonnage registered within the European Union and worldwide (Source: UNCTAD–United Nations Conference on Trade Development, 2019a).
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For example, the Mediterranean Shipping Company (MSC), Europe's leading CO2 emissions company (Transport Environment, 2019), is reported to use the Panama flag for a large part of its fleet. As regards the countries, 52% of the ships belonging to shipping companies based in Greece, which make up about 9% of the world commercial fleet, fly the Liberian, Panamanian or Marshallese flag (UNCTAD–United Nations Conference on Trade Development, 2019b). In addition, a sample analysis of ships sailing in the Mediterranean Sea registered on marinetraffic.com (Marinetraffic, 2019) shows a significant proportion of ships flying the flags of non-European countries. It seems therefore very plausible that a significant part of the CO2 emissions of ships is not represented by the EDGAR database, thus underestimating the maritime traffic in the Mediterranean Sea.




The Fluid Dynamics of Slaked Lime Discharge at Sea

The simulation of the behavior of SL particles after their release in the wake of a ship could be done with several methodologies and fluid dynamic modeling approaches.

Research on dilution rates in the wake of ships has initially considered the discharge of liquids (Delft, 1970; Delvigne, 1987; Byrne et al., 1988) and a model that describes the dependence of the dilution on the speed, dimensions and specific resistance coefficient of the ship has been proposed by Lewis (1985). A simplified formula (1), valid for the disposal of liquids, has been adopted in 1975 by the former International Maritime Consultative Organization, known today as International Maritime Organization (Renforth and Henderson, 2017).

[image: image]

where:

D: dilution factor

c: constant equivalent to 0.0030 for a single discharge orifice or 0.0045 for two discharge orifices

Q: volume discharge rate

U: vessel speed

L: waterline length

t: time after disposal

Further field testing (Byrne et al., 1988; Chou, 1996), however, showed that this formula underestimates the dispersal rate by 3 to 10 times. Other studies considered the dilution following discharges from large cruise ships (US-EPA, 2002; Loehr et al., 2006). Katz et al. (2003) simulated the dilution of pulped waste materials into the wake of a US Navy frigate, carrying out field measurements and computer modeling. Situ and Brown (2013) studied the fluctuations of surrogate pollutants concentrations released in the wake of an outboard motor within a small waterway, assessing experimentally the dispersion constant, aka the exponent of time t in formula (1). Chou (1996) identified three different behaviors of the flow within the ship wake development (Figure 3), considering the ratio between the distance from the ship (x) and the ship's width (B).


[image: Figure 3]
FIGURE 3. Schematic subdivision of the ships' wake (adapted from Chou, 1996).


In the long-term diffusion region (x/B>100) and its influence on the dilution process of the lime, the flow motion is governed only by the ocean currents and the ambient turbulence. In the far wake (7<x/B<100) it is independent both on the geometry and configuration of the problem; as a consequence, the mean velocity profiles in the transversal direction present similar behavior at different distances from the ship, as theoretically proposed (Pope, 2000) and experimentally verified by numerous authors (Naudascher, 1965, Chen and Rodi, 1980). Moreover, in this region the dilution rate can be easily obtained, since non-reactive quantities, advected by the flow, behave similarly (Chou, 1996). The near wake (x/B < 7), wherein lower dilution rate and thus higher SL concentration in seawater could be expected, may not have a simple and universal solution. Indeed, in this region the flow strongly depends on the ship geometry and on the velocity induced by the propeller.

In recent years, thanks to the development of accurate numerical models and the improvements of computational resources, the Computational Fluid Dynamics (CFD) is frequently employed to investigate applicative problems of engineering interest. Especially for the naval and ocean research field, CFD has become a powerful tool because of the multiple difficulties that can be faced in producing experimental data both in the model and at the full scale. This is the case of the SL release, where a better understanding of SL dispersion in the near field of the wake of a ship could be derived from CFD.


Three-Dimensional Non-reactive CFD Model

A simulation of the flow behavior in the wake of a ship has been performed through a three-dimensional bi-phase CFD model, where SL discharged has been treated as a passive non-reactive substance (inertial article) advected by the flow. The aim is to attain a first assessment of how particles behave and what their dilution rate is. As the massive fluid stream is assumed to be found around the keel, all calculations have been made considering the wake raised by the ship in the region located in the back of the hull.

Numerical simulations have been performed using the free CFD Open-Source library called OpenFOAM (Open Field Operation and Manipulation) given the wide range of features that provides for the most various problems such as combustion, heat transfer, complex, and multi-phase flows. In the numerical code, the Unsteady Reynolds Averaged Navier-Stokes (URANS) equations are solved by using the transient PimpleFoam solver and the k-ω-SST turbulence model. Effects due to gravity (SL particle sinking) and the wave motion are considered negligible, with respect to the flow induced by the propeller in the wake. The propeller was modeled as an actuator disk (Hough and Ordway, 1964).

A Kriso container ship (KCS, Length 232.5 m; width 32 m; depth 19 m; speed 6 m/s or 21.6 km/h), one of the most widespread large ship model, has been chosen, being a valuable geometry for a real application of this process. A slurry of Ca(OH)2 particles with 45 μm radius and initial concentration C0 = 86.5 g/l is discharged by a circular nozzle, injected just above the screw where the velocity induced by the propeller is higher. Two flow rates, 10 kg/s and 100 kg/s have been considered, corresponding to nozzle diameters (d0) of 0.27 and 0.86 m, respectively.

Although multiple injection points could be used to reduce the maximum load in the wake, a single injection point has been considered for the sake of simplicity. Mean velocity, relative to the ship reference frame, and the particle fields in the wake of the ship are shown in Supplementary Figure 4. Particle dispersion is mainly influenced by the advection of the mean flow. In this region, provided that particles are advected by the high velocity induced by the propeller, the flow can be described by a round jet model (Rajartnam, 1976) with axis aligned with the streamline of maximum velocity. This assumption is confirmed by the results of numerical simulations: the mean velocity of the flow is constantly equal to the value at the injection point (U0), 10 m/s, as long as the distance, namely s, is <6 times d0. From this distance on, the mean velocity varies well approximated by the following equation (2) (Kundu et al., 2012), that considers the streamline starting at the center of the circular discharging area with maximum velocity and particles concentration:

[image: image]

where:

U(s): mean flow velocity along the axis of a turbulent round jet, with respect to the absolute reference frame [m/s];

U0: flow velocity at the injection point, with respect to the absolute reference frame [m/s];

d0: diameter of the circular area of discharge [m];

s: curvilinear abscissa along the streamline starting at the injection point [m].

As in round jets, diffusion and dilution begin for s > 6d0, and thus particle concentration is constant until s≈6d0. Furthermore, the particle concentration along the streamline starting at the injections point, obtained by the numerical simulations, is in good agreement with the jet model (Kundu et al., 2012) following the equation:

[image: image]

where:

Cnr: concentration of a non-reactive substance [g/l];

C0: initial concentration [g/l].



One-Dimensional Reactive Model

A simplified one-dimensional reactive model for the dispersion of SL particles advected by the mean flow along the streamline starting at the injection point, is here formulated. The aim is now to assess SL particle radius and concentration along the wake, including dynamic chemical reaction between SL and the seawater. It is considered that particle settling velocity is not relevant compared to the velocity of the stream.

Fluid velocity is approximated by equation (2), and each calcium hydroxide particle is assumed to be solid and perfectly spherical. According to Tannenberger and Klein (2009), particle radius rp is expected to shrink with the following expression:

[image: image]

where:

rp: radius of the particle [μm];

rpI: initial radius of the particle [μm];

ϕ0: diffusion potential [-];

σ: seawater calcium ion diffusivity coefficient [m2/s]

t: elapsed time [s].

As can be seen, radius particle is a function of a chemical parameter known as diffusion potential; it is a dimensionless number linked to two important chemical parameters, α and χ0, as follows:

[image: image]

where:

χ0: difference between the saturation concentration of calcium at the particle surface and the calcium concentration in the bulk liquid [kg/m3];

α: dimensionless ratio between mass transfer to the bulk and mass loss of the particle, known as a factor that should be taken into account for non-pure substances dissolution (Csanady, 1986).

The elapsed time from the injection of the particle located at s, is calculated integrating the reciprocal of the velocity given by Equation (2):

[image: image]

The rate of dissolution as expressed by Csanady (1986), depends on the mass flow M from the spherical particle to the water by this correlation:

[image: image]

where:

Ṁ: loss of mass of the particle [kg/s];

ρp: density of Ca(OH)2 particle [kg/m3].

Assuming that particle shrinking is mainly caused by the total mass transfer to the liquid phase, under diffusion and advection conditions, M can be modeled as proposed by Levich (1992):

[image: image]

where:

Pe: dimensionless Peclet number which represents the ratio between convective and diffusive terms, assessed as:

[image: image]

Moreover, assuming that particles are advected by the fluid and drag effects are neglected, its velocity coincides with the fluid velocity, U (s). Given the above, the relation held for particle concentration, in terms of time derivative, is calculated as the mass flow of a single particle, divided by the particle mass and multiplied by the local calcium hydroxide concentration. This leads to the following equation:

[image: image]

where:

C(s): Ca(OH)2 concentration along the streamline, as a function of the distance s [g/l].

Hence, provided that a time interval dt = ds/U(s) corresponds to a fluid element displacement ds [m] divided by the local fluid velocity, one can transform the equation (10) as follows:

[image: image]

Finally, substituting Ṁ and the Peclet number in the equation (11) yields:

[image: image]

which can be integrated in space to obtain C as a function of the distance s.

While the concentration derivative is always negative, its absolute value increases with the particle radius reduction. Indeed, reducing the radius, the ratio between surface exchange and the mass of the particle increases, thereby accelerating the dilution process. Concentration reduction due to the particle size shrinking is thus applied to the concentration obtained by the advection of the fluid motion and by turbulent diffusion given by equation (2). Starting from the initial condition C(0) = 86 g/l, equation (12) is integrated numerically using a four-step explicit Runge-Kutta scheme (Quarteroni et al., 2014), discretized on 2201 computational nodes equally distributed along the independent variable 0 ≤ s ≤ 1100 m.

Parameters needed for the methodology presented here should derive from experimental works and be related to the local context where SL discharge happens. In this first analysis, all parameters have been taken from the literature, as reported in Table 5.


Table 5. Constants quantities used in the one-dimensional bi-phase model.

[image: Table 5]

As diffusion potential appears to be an important parameter controlling the dilution rate of calcium hydroxide, since it combines the effect of α, χ0 and ρp (see Equation 5), a preliminary analysis of its influence on the results has been performed by varying ϕ0 within the range identified by Tannenberger and Klein (2009), from 0 to 2.09·10−4.




pH Variation

Since the detailed evaluation of seawater pH increase due to Ca(OH)2 dissolution requires chemical modeling which is outside the scope of this paper, a simplified approach has been used, based on a series of quadratic relationship between Ca(OH)2 input and pH variation, assessed for different values of seawater pH through the software PHREEQC, developed by the U.S. Geological Survey to perform a wide variety of aqueous geochemical calculations (USGS, 2019).

A standard water composition (Supplementary Table 6, taken from Lyman and Fleming, 1940), with a pH of 8.12 (Butenschön et al., 2020) and a temperature of 20 °C has been considered. The continuous discharge has been divided into 50 meters steps, calculating input of dissolved Ca(OH)2 in seawater in every step by the difference between Ca(OH)2 particle concentration in seawater and the concentration of a non-reactive substance:

[image: image]

where:

It: input of dissolved Ca(OH)2 at the step t [g/l];

Cnrt: concentration of a non-reactive substance at the step t [g/l]—see Equation 3;

Ct: concentration of solid Ca(OH)2 in seawater at the step t [g/l]—see Equation 12.

The pH increase in each step has been calculated with the quadratic relationship:

[image: image]

for different initial pH levels (Supplementary Figure 5); the fitting of the non-dimensional parameters a and b for the different pH initial levels proved the following equations (Supplementary Figure 6):

[image: image]
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The final pH in every step is assessed by the following equation that considers the average pH due not only to the input of alkalinity, but also to the dilution in the wake (represented by Equation 2), that could be seen as an addition of “clean” water:

[image: image]

where:

pH0 = initial pH of seawater.

Dt = dilution during the step, calculated from the variation of a non-reactive substance along the streamline, [image: image]. Considering Equation 3, it becomes [image: image], where s is the distance from the discharge calculated along the streamline.

The reaction of SL with CO2 to produce calcium bicarbonate has not been considered since is the CO2 uptake and hydration is potentially slower than the dissolution of SL. As such, this is a conservative assumption that predicts the largest impact on seawater pH since the reaction with CO2 could reduce the pH spike.

Given that carbonate precipitation in natural seawater can take several dozens of minutes even at high pH (Chave and Suess, 1970; Pytkowicz, 1973), it was assumed that no CaCO3 precipitation occurs in the ships' wake because of the rapid mixing time that leads to a short pH spike.




RESULTS


Potential Slaked Lime Discharge and CO2 Removal Worldwide

Based on the existing global fleet size data and length of shipping route, the potential global discharge of SL has been assessed considering:

• The existing global fleet of bulk carriers and container ships;

• Fifteen percent of the ships' cargo capacity, resulting in the 13% of the average ships' tonnage, used for SL load;

• Ship discharge SL along existing routes, assuming an average distance of about 6,300 km for bulk carriers and 8,900 for container ships;

• Single load scenario, with SL loading at the departure; multiple loads scenario, with SL loading at one stop along the route for bulk carriers and two stops for container ships.

• As shown in Table 6, the total potential SL discharge at a global scale is assessed between 1.7 Gt/year (load at departure), to 4.0 Gt/year assuming one intermediate reload for the bulk carriers and two for the container ships. It is worth noting that the discharge rate, estimated considering a uniform spreading of the load along the route, varies between 5 and 18 kg/s in the different cases analyzed.


Table 6. Assessment of potential Ca(OH)2 discharge from bulk carriers and container ships at the global scale.

[image: Table 6]

Although atmospheric CO2 removal should be evaluated by using biogeochemical cycle models through (particularly considering rebound effects from the ocean), it is possible to estimate the CO2 removed from the atmosphere based on the amount of CO2 absorbed per mole of Ca(OH)2 added to seawater. The stoichiometric value suggests that 2 mol of CO2 taken up per 1 mol of added Ca(OH)2 (i.e., 2 mol of alkalinity neutralize 2 mol of carbonic acid, with 2 mol of atmospheric carbon dioxide dissolving into the ocean to reestablish the equilibrium). However, the reaction between a small proportion of the hydroxyl and bicarbonate ions to form carbonate and water, as well as vertical mixing of SL that could limit the actual availability of the alkaline water at the ocean's surface, reduce the efficiency of the uptake, thus a conservative value of 1.4 mol of carbon dioxide absorbed per each mole of Ca(OH)2 added has been assessed by Keller et al. (2014). Considering this 1.4 mol/mol ratio, a range of total additional CO2 uptake between 1.5 Gt/year and 3.3 Gt/year is assessed for single load and multiple loads.



Potential Slaked Lime Discharge in the Mediterranean Sea

The higher traffic density in the Mediterranean basin, compared to the global average, leads to a potential of SL discharge far higher than what requested for counteracting ocean acidification. Considering only the existing 5.15 million of hours of navigation of cargo ships, a low SL discharge rate of 10 kg/s leads to a total annual discharge of 186 Mt/year. Considering a conservative value of CO2 absorbed per each mole of Ca(OH)2, assessed as 1.1 mol/mol for the Mediterranean Sea (Butenschön et al., 2020), leads to a range of CO2 additional uptake of about 122 MtCO2/year, that is similar to the average annual baseline uptake of 120 MtCO2/year assessed for the Mediterranean Sea in the period 2000–2019 by Butenschön et al. (2020). In other words, the discharge of SL by existing cargo ships along the Mediterranean route could provide a significant CO2 removal and contrast to the ongoing seawater acidification trend.

Even a low discharge rate of 10 kg/s, the SL loaded in 15% of the ships' cargo capacity would be discharged in about 3300 km, without the need of any additional stops to reload along the majority of the routes in the Mediterranean Sea (See Supplementary Table 7). A discharge rate of 10 kg/s leads also to a volume of water of 416 m3/h, that is similar to the water used for engine cooling in a 75,000 dwt bulk carrier ship, since main engines have a seawater flow rate of 0.06 m3/h per kW of power (see Supplementary Table 8 for details).

The same considerations apply for existing tanker ships, that also have a relevant discharge potential. The potential of passenger ships (i.e., cruise ship) is limited by their low capacity, as space use is already highly optimized. Assuming that 5% of dead weight cruise capacity is used for SL transport, SL would need to be reloaded daily if a discharge rate of only 1 kg/s is used. As such, the induced CO2 removal by enhanced ocean alkalinization could only compensate no more than the CO2 emitted by the vessel (see Supplementary Table 7).



Alternative Scenarios of Discharge
 
New Dedicated Ships

New dedicated ships built with the only purpose of spreading SL into seawater, with an average tonnage of 75,000 dwt, have been considered. Although this scenario allows flexibility in the choice of the discharge parameters (i.e., location and SL discharge rate), a discharge rate of 50 kg/s has been assumed. Since its discharge rate is five times higher than the one considered for existing ships in the Mediterranean Sea (see Alternative Scenarios of Discharge), specific works could be undertaken during the construction or renewal of the vessels in order to increase the points of discharge and to minimize the impact in the wake of the ship. The discharge rate is calculated assuming an average speed at sea of 25 km/h. Discharge is assumed to take place continuously throughout the route in the form of a slurry, using the power of additional engines and seawater for the mixing of the SL transported in pulverized form. The selection of the routes could be made in order to maximize the efficiency of CO2 removal and the contrast to the ocean acidification, and avoiding areas where there could be eventual regulatory limitations for the discharge.

The total annual discharge by 1,000 new dedicated ships (assuming that 2.5 days are needed to load the ships in the ports, 15 days a year for maintenance stops and a discharge rate of 50 kg/s) assessed as shown in Table 7, amounts to 1.3 Gt/year. Considering again a ratio of 1.4 mol of CO2 absorbed per each mole of Ca(OH)2 added (Keller et al., 2014) this correspond to a removal of 1.1 GtCO2/year. Although the construction of 1,000 new ships, or in part the renewal of existing unused ships, is a monumental task, it should be taken into account that a quarter (about 8,000 ships) of the existing registered cargo fleet is not active (Table 1), and that United States built 2,710 Liberty ships in 4 years and a half during World War II (Davies, 2004). As such, the creation of ~1000 dedicated ships over the coming decades appears plausible.


Table 7. Assessment of the potential SL discharge from new dedicated ships.

[image: Table 7]



Use of Ballast Water Tanks of Existing Ships

Ballast water is carried in ships ballast tanks when the ships travel empty. It is filled or emptied when cargo is unloaded or loaded, or when a ship needs extra stability during critical weather conditions. A large number of bulk carriers are used only on a one-way trip for delivering cargo and are empty on their return trip. According to Brancaccio et al. (2018) 45% of bulk carriers travel without carrying any cargo on the return trip. Such trade asymmetries are larger for energy commodities and lower for commodities transported by containers (Narula, 2019).

Ballast water tanks could be used to contain and discharge SL into seawater, as proposed by Köhler et al. (2013). To discharge SL the installation of pumps for the purpose would not be necessary, since ballast pumps are designed for a rapid ballast water discharge. The use of ballast tanks to transport a slurry of SL could avoid the necessity of a dedicated cargo hold, and at the same time has the benefit of avoiding the treatment of ballast water (or at least reducing treatment costs), currently mandatory because ships are a major vector for the introduction of non-indigenous and harmful organisms (Johnson and McMahon, 1998; Sousa et al., 2008). pH increase through the addition of alkaline materials (one of which is calcium hydroxide) is an efficient and cheap ballast water treatment strategy (Starliper et al., 2015), since it kills the aquatic nuisance species that cause economic and ecological damages to oceans. International legislative constraints should be evaluated to understand the possibility of discharging SL slurry; ballast water treatment with SL is still not among the authorized treatment methods (IMO–International Maritime Organization, 2008).

Ballast water is about 36% of the deadweight tonnage of bulk carriers and container ships respectively (Globallast, 2017), thus the potential of SL discharge could be relevant, depending on discharge rate, sea-leg lengths and number of intermediate stops, as previously described. This option could be of great interest for some type of vessels (i.e., cruises) that have limitations in SL transport (see Slaked Lime Concentration and pH Variation in the Ships' Wake). Developments of carbon removal policy framework and CO2 market recognizing revenue for SL discharge, therefore for enhanced ocean alkalinity, could generate potential revenues from ballast travels for the shipowners, thus making SL handling and transport more economically attractive. The main challenge connected to the use of ballast water for SL discharge is the prevention of Ca(OH)2 precipitation in the slurry at the bottom of the tanks. This requires significant structural changes to the vessel to keep in suspension the SL in the water, which should be further investigated before a more precise assessment of the discharge potential of this scenario.




Slaked Lime Concentration and pH Variation in the Ships' Wake

How the SL is added to the ocean will control the chemical changes in local seawater. The results of the modeling suggest that as in a round jet, the reduction of the concentration of a non-reactive substance with the distance is mainly related to the turbulent diffusion in the flow, besides to the diffusion of the mean velocity field due to entrainment of external flow. Velocity, particle concentration and relative dilution rate D(s) = C0/C(s) along the streamline are represented in Figure 4 and Supplementary Table 9 for discharge rates of 10 and 100 kg/s. Since the concentration is inversely proportional to the curvilinear abscissa (s), dilution grows linearly with the distance. With a discharge rate of 10 kg/s particle concentration is reduced by a factor 10 after 13 meters (about 2 s), and after 43 meters with a discharge of 100 kg/s. At the end of the near field of the wake (224 m), concentration is reduced 166 times and 52 times respectively for the lower and higher discharge rate evaluated.


[image: Figure 4]
FIGURE 4. Velocity of the flow (left plot), concentration of a non-reactive substance discharged in the wake (right plot, line) and dilution rate (right plot, dotted line), for two discharge rates.


This dilution considers only the dispersion of a non-reactant substance, thus in case of SL discharge, the dynamic of the chemical reaction between SL particle and seawater should be added in order to assess final SL concentration in the wake.

Results are reported in Figure 5, where the reduction of particle radius and its concentration are shown for 5 different values of the diffusion potential and 2 values of the discharge rate, as a function of the distance. The effect of the variation of the diffusion potential is evident since higher values cause a more rapid particle radius reduction as a consequence of dilution processes. The curve related to a null value of the diffusion potential reproduces exactly the behavior of the concentration under non-reacting conditions given by equation (3).


[image: Figure 5]
FIGURE 5. Particle radius (top), Ca(OH)2 concentration (middle) and pH variation (bottom) for different values of the diffusion potential ϕ0 and two rate of discharge (left: 10 kg/s; right: 100 kg/s). Initial Ca(OH)2 particle radius: 45 μm.


With 10 kg/s discharge rate, for distances lower than 250 m, particle radius remains >40 μm; afterward, concentration varies substantially depending on Φ0. The lower the Φ0, the slower the radius reduction and the lower the concentration decrease. A slower radius reduction entails a similar reduction in the divergence of concentration trends from that simulated in the first model. This implies that for all the near field and part of the a far field of the wake, the mass concentration reduction due to the particle size reduction is negligible with respect to the effect of the advection-diffusion related to the mean and the turbulent flow.

When the particle radius is reduced to smaller than 40 μm (after 400 m with a discharge rate of 100 kg/s), the effect of the chemical diffusion becomes dominant and the concentration diverges from the curve representing the pure diffusion derived by the fluid motion. Particle concentration becomes zero at a distance between 500 and 850 m (at the lower discharge rate) and after 900–1500 m (at the higher discharge rate). Dissolution of Ca(OH)2 particle begins when particle concentration is about 0.4 g/l (discharge rate 10 kg/s) or 0.75 g/l (100 kg/s) thus a significant ionic load is provided to seawater within few minutes.

pH variations in the wake reach a maximum value of about in 1 unit, with minor differences (0.3 unit) between the two discharge rates. The high discharge rate (100 kg/s) moves the spike ahead, about 200–300 meters with higher diffusion potential and 500–700 m with lower, and increases the duration of higher pH value. With a 10 kg/s discharge rate, pH variation becomes lower than 0.2 units after 1400–1600 m from the discharge (230–330 s), while for 100 kg/s this happens 1700–3000 m (280–500 s) from the discharge (see Supplementary Figure 7). Eventually, this seawater would mix into the surrounding water.

These results could be refined considering the range of variation of other parameters listed in Table 5, which should be constrained through experimental studies or possible alternations to Ca(OH)2 production. For example, decreasing the average particle radius in the slurry would decrease the time required for dissolution, thus increasing the rate of Ca(OH)2 ionic load to seawater and thus maximum pH alteration.




DISCUSSION

A very high potential discharge of slaked lime in the sea can be achieved by using the existing global commercial fleet of bulk carriers and container ships and low discharge rates. This could reach several Gt/year of SL discharged if a significant share of the existing maritime traffic of dry bulk carriers and containers is used. In case between 20 and 40% of the existing fleet is involved in such operation of ocean liming, this would imply a potential of 1 Gt/y of CO2 removal from the atmosphere.

For some closed basin, such as the Mediterranean Sea where traffic density is higher than the global average, the potential of SL discharge also with a low rate of 10 kg/s is far higher than what needed for counteracting ocean acidification (Butenschön et al., 2020).

Current global lime production is ~360 Mt/year, which may increase to >500 Mt/year by 2100 and produces approximately an equivalent mass of CO2 (Renforth, 2019). The proposal considered here would require the expansion of lime production to a scale equivalent to the global cement industry (4.5 Gt/year), with technologies that prevented the emission of the process CO2 (e.g., Hanak et al., 2017). These facilities would need to located close to ports to avoid excessive overland travel, and additional loading facilities would be required. The design of an efficient logistic chain to increase the loading capacity of SL in ports is essential to the availability of SL for vessels at the departure or for the reload. High-capacity, zero-emissions hydroxide production could also be achieved via electrochemical water/salt/mineral splitting powered by non-fossil electricity (e.g., House et al., 2007; Rau et al., 2018).

Presently the addition of material to some areas of the ocean is restricted through national and international regulation. The responsible development of this approach requires that appropriate international governance mechanisms are considered and implemented before deployment (Lenton et al., 2019). While out of the scope of this study, it is important to consider how the research will be developed, including the development of laboratory-based experimentation, stakeholder engagement in experimental design, and the stage-gating of field trials.

However, important potential constraints should be considered, like the need of upscaling substantially the current levels of limestone mining and slaked lime production, the modification of existing ships, the implementation of loading facilities in the port or international and the national legislative restrictions that could limit the discharge in some areas. The definition of an efficient supply chain to increase the loading capacity of SL in ports is essential to the availability of SL for vessels at the departure or for the reload.

Using existing vessels has many advantages including lower substantial modifications of the ships for the purpose, lower capital and investment costs, low discharge rates due to the length of routes. However, a fleet of new dedicated ships could better manage SL storage and spreading. The use of ballast water tanks for carrying and discharging SL could be of great interest, but the risk of precipitation of Ca(OH)2 or carbonate minerals (e.g., CaCO3) in the slurry at the bottom of the containers would limit its application due to the long residence time in the ballast tanks.

The global potential of CO2 removal from SL discharge by cargo and container ships (1.5-3.3 GtCO2/year) or new ships (1.1 GtCO2/y), assessed using average literature values of CO2 removal per unit of SL added, could be limited by the actual availability of decarbonized SL as well as the maximum discharge rate that could avoid localized impacts of SL discharge on the marine environment.

Since a globally distributed alkalinity is responsible for a potentially small environmental local impact (Renforth and Henderson, 2017), low SL discharge rates in the ships' wake have been considered. SL dispersion on the wake of a ship, initially analyzed by representing the pure diffusion derived by the fluid motion, lead to two order of magnitude reduction of the initial SL concentration within the first 25 s in case of low discharge rates, and within the first 75 s with high discharge rates. The dissolution model added to the fluid dynamic analysis allows simulating the shrinking of particle radius, thus the dissolution of the ionic load to seawater. As much concentration diverges from the curve of the non-reactive diffusion, the higher the particle radius reduction, the dispersive phenomena would prevail over the advection. The pH variations are lower than 1.5 unit, and the duration of pH variation, higher than 1 unit, lasts just a few minutes for higher discharge rates. Diurnal fluctuations of 0.2 pH units are not uncommon (Schulz and Riebesell, 2013), and diurnal changes of 1 pH unit is typical in coastal environments (Cornwall et al., 2013). While research that considers the impact of the changes in carbonate chemistry and ecosystem function due to ocean alkalinity enhancement is at an early stage (e.g., Gore et al., 2018), the results of this modeling work help to constrain the magnitude of the perturbation. Given that the effects described here would also be attenuated by CO2 uptake, the impact is likely to be less than ~1–1.5 pH units for several minutes.

The modeling approach discussed could be used to establish a relationship between SL addition rate and seawater pH increase, and thus threshold values for a safe SL discharge rate. Further investigations are needed to constrain the model parameters. Specifically, the diffusion and dissolution of calcium hydroxide. Future work should also include a more complex fluid dynamics model, taking into account all chemical parameters influencing particle motion, including SL particle radius, geometry, and porosity. Following this, relationships between physics and chemical simulations, and the local environmental changes produced, must be established to assess the maximum SL quantity which can assure that the benefits from ocean liming are not hindered by localized impact of the discharge on marine life.

This paper has considered the use of SL as alkaline material to be added to seawater, because of the considerable worldwide availability of limestone and the industrial maturity of the calcination and slaking processes, although the storage of the large quantities CO2 produced during calcination still represent a challenge (Bui et al., 2018). Anyway, other alternative alkalinity sources that have been proposed, such as Mg(OH)2 (Renforth and Henderson, 2017), Na2CO3 (Kheshgi, 1995), NaOH (House et al., 2007), or electrogeochemical strategies (Rau et al., 2018) deserve attention and further research.
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