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Abstract

Carbon dioxide storage technologies are needed not only to store the carbon captured in the
emissions of hard-to-abate sectors but also for some carbon dioxide removal technologies
requiring a final and permanent storage of CO,. The pace and scale of geological CO, stor-
age deployment have fallen short of expectations, and there is a growing interest in ocean-
based CO, storage options. As complementary to geological storage, buffered accelerated
weathering of limestone (BAWL) has been proposed to produce a buffered ionic solution
at seawater pH, derived from the reaction in seawater between a CO, stream and a micron-
sized powder of calcium carbonate (CaCOj;), within a long tubular reactor. The addition
of calcium hydroxide to buffer the unreacted CO, before the discharge in seawater is also
envisaged. BAWL avoids the risks of CO, degassing back into the atmosphere and does not
induce seawater acidification. This work presents a mass and energy balance and prelimi-
nary cost analysis of the technology for different configurations of discharge depth (100,
500, 3,000 m), pipeline length (10, 25, 100 km) and diameter of CaCO; particles (1, 2,
10 um) fed in the tubular reactor. The total energy consumption to capture and store 1 t of
CO, generated by a steam-methane reforming (SMR) process ranges from 1.3 to 2.2 MWh.
The CO, released from the CaCOj; calcination to produce the buffering solution leads to a
total CO, storage requirement 43—85% higher than the CO, derived by SMR. The total cost
to capture and store 1 t of CO, from SMR is estimated in the range 142—-189 €.
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1 Introduction

Carbon capture and storage (CCS) is one of the mitigation technologies proposed to
limit global warming. It consists of separating CO, from the flue gas produced in
power plants or other industrial sources and, subsequently, storing it underground
(Bui et al. 2018). The most advanced technology is geological storage, which can take
place in deep saline formations, depleted oil and gas reservoirs, and unminable coal
seams. This storage option has several drawbacks, such as the long time required to
qualify a suitable site, the uneven geographical distribution of the storage locations
and the deep uncertainty over the sustainable injection rate at any given site (IEA
2014; Lane et al. 2021).

An alternative method for the capture and storage of CO, in the form of bicarbo-
nates was proposed by Rau and Caldeira (1999) and Caldeira and Rau (2000). The
method is called accelerated weathering of limestone (AWL) and consists of bringing
particles of mineral carbonate and water into direct contact with a CO,-rich waste gas
effluent from an industrial source. In AWL, CO, will react with water forming carbonic
acid, which reacts with the carbonate solid to produce bicarbonate ions (HCO;") in
solution according to reaction (1). The AWL technology accelerates a natural process
that would occur over the course of millennia (Archer 2005).

CO,(ag) + CaCO5(s) + HyO(l) = Ca**(aq) + 2HCO; (aq) )

However, AWL requires high amounts of water and very large reactors. Due to an
incomplete reaction, there may also be unwanted side effects, such as degassing of
CO, and acidification of seawater. To overcome these limitations, an evolution of this
method, called buffered accelerated weathering of limestone (BAWL), has been pro-
posed by Caserini et al. (2021), who discussed its chemical basis, as well as its main
advantages and limitations.

The BAWL process is designed to produce a buffered ionic calcium bicarbonate
solution at the seawater pH. In BAWL, a CO,-rich flux is first mixed with the micro-
nized particles of carbonate mineral and seawater in order to form a calcium carbonate
(CaCOy)-rich slurry. This slurry is then injected inside a dissolution reactor (DR), i.e.,
a pipeline installed on the seafloor, where the carbonate mineral is completely dis-
solved into an ionic solution on its way towards the deep sea. A second pipeline brings
a suspension of slaked lime, i.e. calcium hydroxide (Ca(OH),), into a buffering reactor
(BR), which corresponds to the final part of the DR, in order to buffer the unreacted
CO,, bringing its pH back to the seawater value. Caserini et al. (2021) showed that the
storage of 1 t of CO, requires approximately 2,000 m? of seawater, 1.35 t of CaCoOs;,
and 0.4 t of Ca(OH), when the discharge of the ionic solution occurs at 3,000 m depth.

Starting from the chemical modelling of the process (Caserini et al. 2021), this
paper analyses the mass and energy balances and the costs of the application of BAWL
to the capture and storage of CO, from the flue gas of an existing industrial source. To
this aim, we consider different configurations (DR length, final discharge depth) and
working parameters (limestone particle diameter, amount of CaCO; and Ca(OH),) to
evaluate advantages and disadvantages and their influence on the feasibility of BAWL
as a large-scale CO, capture and storage option.
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2 Buffered accelerated weathering of limestone

The BAWL process can be applied to capture and store CO, coming from several indus-
trial sources (e.g., cement or steel-making plants) located on a coastline. The BAWL
application considered in this paper aims to capture and store CO, from the flue gas of
steam-methane reformer (SMR), a commercial technology available to produce hydro-
gen, and the electric calcination, which is a phase of the BAWL technology itself. As
shown in Fig. 1, the process is composed of the following sections:

A limestone mill (MIL) to grind limestone rock to micron size level

An electric calciner (CAL) to produce calcium oxide

A slaker (SLA) to produce calcium hydroxide

A mixer (MIX), where a CO,-rich gas is mixed with the micronized carbonate mineral
and seawater in the desired proportions to form a carbonate-rich acid slurry

A dissolution reactor (DR), where calcium carbonate is completely dissolved

A buffering reactor (BR), where a proper quantity of calcium hydroxide is added to the
main ionic solution to buffer the unreacted CO,

e A pipeline (SL) for transporting slaked lime to the BR

Reducing the amount of CaCO; or the diameter of the ground CaCO; allows for
shorter DR pipe and lower depth, increasing the amount of Ca(OH), required for buffer-
ing the remaining CO,. This leads to many possible configurations characterized by dif-
ferent energy consumption, rate of limestone dissolution and technological challenges
(i.e., for pipeline installation in very deep seawater). To evaluate the trade-off, three
BAWL configurations, shown in Table 1, are evaluated in the present paper. Configura-
tion A has been considered in Caserini et al. (2021).

flue gas: CO,, N;, O,

N2, 02 MIX

MJ" o ] WL s

i i
Ca(OH), ‘ S oy &5 !
( ! 1

SL

Fig.1 Scheme of BAWL process applied to a SMR (SMR: steam methane reformer; MIL: mill; CAL: cal-
ciner; SLA: slaker; MIX; mixer; SL: slaked lime pipeline; DR: dissolution reactor; BR: buffering reactor)
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Table 1 Main parameters of the

BAWL considered in the three Parameter o A B ¢
configurations Final depth [m] 3,000 500 100
Length [km] 100 25 10
Diameter of CaCO; fed [um] 10 2 1
to mixer

2.1 Comminution

The first section of the plant (MIL) is dedicated to the comminution of pure limestone to
obtain finely ground calcium carbonate particles for usage in DR, and bigger grains for cal-
cination. Limestone is a sedimentary carbonate rock mainly formed by the mineral calcite.
Other minerals such as dolomite or aragonite could also be used, but the analysis of the
pros and cons of their use goes beyond the scope of the present work.

The energy required to bring the quarried rock down to a micronized size depends
on the specific size to be achieved, the mineralogy of the raw material, and the way with
which the size reduction process is carried out. Based on the model provided by Strefler
et al. (2018), the energy required for the production of the limestone powder fed to the
calciner (diameter 74 um, starting from 0.5 m quarried stones) is assessed at 45 MJ t~\.
The same model has been used to assess the energy requirements for the comminution to
10 um (456 MJ t™) and 2 um (1,444 MJ t™1). For the comminution to 1 um, the value of
2,002 MJ t~! has been taken from Rinder and Hagke (2021), since the model by Strefler
et al. (2018) leads to an energy consumption outside the range of values proposed by other
authors (Moosdorf et al. 2014; Wang and Forssberg 2007) .

2.2 Electric calciner and slaker

An air-tight electric calciner (CAL) produces calcium oxide according to the following
high-temperature endothermic reaction:

CaCO5(s) — CaO(s) + CO,(g) ()

Electric calciners are today available at the commercial scale from different suppliers
and different technologies, i.e., indirect electrically heated rotary kiln up to 400 kg h™!
(IBU-tec 2021), electrically heated conveyors up to 350 kg h™' (ETIA Ecotechnologies
2021) or flash calcination up to 10,000 kg h™! (Calix 2021; Leilac Project 2021). The
energy consumption of the different technologies is similar, since the energy required for
the calcination reaction (2) is largely the main component in each technology.

The calcium oxide produced by the calciner is then transformed into calcium hydroxide
by a slaker, adding water according to the following exothermic reaction:

CaO(s) + H,O(l) = Ca(OH),(s) 3)

The slaker is fed with the hot (850 °C) CaO released from the calciner; the water used
for the slaking cools down the slaked lime slightly above 100 °C. Thus, the steam gener-
ated by the slaking process is fed to the calciner to generate a modified atmosphere inside
the calciner; this lowers the calcination temperature (Basu et al. 2011) and allows an easier
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capture of the CO, downstream through the condensation of the water vapor. The thermal
efficiency of the slaker is assumed 90%. Although the slaking process is well known, and
slakers are available at the commercial scale, an innovation is the integration of the slaker
with the electric calciner in order to minimize energy consumption, which is assessed at
2.4 GJ per ton of CaCO;. Typically, the average fuel consumption of a conventional calci-
nation process is between 2.3 and 3.14 GJ per tonne of CaCO; (EuLA 2014).

2.3 (O, source

BAWL could work with different CO, sources, provided that the impurities in the CO,
stream are limited, to avoid their transfer during the scrubbing and the risk of marine pollu-
tion. The CO, content in the flue gas of an industrial source has a wide composition range,
from 3 to 4%vol of a natural gas combined cycle gas turbine (IEA 2014) to 25%vol of a
cement plant (IEA 2008). The present paper considers a flue gas from a modular SMR for
hydrogen production available at the commercial scale (HyGear 2019), with a CO, content
of 14.1%vol and delivered at 1 bar, (absolute pressure).

2.4 Scrubbing and mixing

The CO, released by the calcination process and the CO,-rich flue gas coming from the
external SMR source is scrubbed by seawater and limestone into the MIX, before entering
the DR. Scrubbing CO, with water is a well-known method for capturing CO, from flue
gases (Rau et al. 2007; IEA 2000; Carbonreuse 2021). A bubble generator placed on the
bottom of the column produces fine up-flow bubbles that mix with a descending flow of
water. A bubble-type absorption column is preferred to a packed bed scrubber, since it is
more suitable for capturing a large amount of CO, (Tier et al. 2014).

A commercial water scrubbing system (CarbonReUse Finland Oy 2021) with a CO,
capture efficiency>95% using 2,000 m?y,0/tco, as dilution water is considered. See
Sect. 3 and SM for more details about the amount of water required. The gases, mainly
composed by N,, and not absorbed by seawater, are released in a controlled way outside the
MIX from its upper part, along with the small percentage of CO, (neglected in the follow-
ing calculation) that is not captured in the column. The addition of the micronized CaCO;
is done downstream of the water scrubbing.

Considering a residence time of the water flow inside the MIX of at least 90 s, necessary
for CO, hydration in seawater (Zeebe et al. 1999), a height of the bubble column of at least
10 m is considered, with a total volume of the MIX ranging from approx. 29,000 to 48,000
m?, depending on the configuration.

The CO,-rich gas is delivered to the BAWL plant at 1 bar, and a compressor increases
its pressure from 1 bar, to the pressure at the injection point of the MIX.

2.5 Dissolution reactor

The resulting flow is sent into the DR, where the slurry flow encounters a progressively
increasing hydrostatic pressure that enhances the solubility of the carbonate minerals
(Zeebe and Westbroek 2003; Dong et al. 2018), according to the previous reaction (1).
The DR is a co-flow moving fluidized bed reactor composed of micron-sized particles
of limestone kept in a fully turbulent flow in order to avoid their sedimentation. The length
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of the DR allows the residence time needed for the dissolution reaction and the pressure
of several bars, depending on the configuration. Consequently, the carbonate mineral is
completely dissolved into an ionic solution on its way to the sea, before the end of the DR,
and a full ionic solution is discharged into the sea. The amounts of carbonate mineral and
dissolved CO, have been calculated using the software PHREEQC Version 3, developed
by the US Geological Survey (USGS 2020; Parkhurst and Appelo 2013) and designed to
carry out a wide variety of aqueous geochemical calculations. We used the default data-
base (“PHREEQC.DAT”) for the ion activities and reaction rates. Further details about the
script can be found in Section SM3 of Supplementary Material. They depend on the quan-
tity of the dilution water, the size of the carbonate particles, the residence time, and the
pressure along all the DR. The non-reacting carbonate impurities will be continuously dis-
charged into the sea at the end of the DR, eliminating the need of backwashing and clean-
ing typical of commercial limestone reactors.

The DR could be manufactured in plastic materials like HDPE (high-density polyethyl-
ene), using commercial pipe manufacturing technologies that allow the installation of mod-
ular and standardized DRs. A commercial HDPE pipe (AGRU 2021) has been considered.

Diameter, length, final discharging depth, and flow velocity in the pipeline varies in the
three configurations (Table 2), assuming for the assessment of the dissolution a straight
inclined DR pipe with a fixed standard dimension ratio (SDR, i.e., the ratio between pipe out-
side diameter and pipe wall thickness). Although the DR pipe will be installed on seafloors
that will have different profiles in real applications, the differences in the dissolution kinet-
ics with the case of an average slope are of minor importance. A flow velocity greater than
1.2 m s~! inside the DR and the SL pipeline has been assumed to avoid the settling of particles.

More details about methods adopted in the hydraulic calculations can be found in Sec-
tion SM1 of Supplementary Material.

2.6 Buffering reactor and SL pipeline

The residual acidity of the ionic solution at the end of the DR due to the unreacted CO, is
neutralized in the buffering reactor (BR) by an appropriate quantity of calcium hydroxide
produced by the slaker, according to the following reaction:

Ca**(aq) + 20H (aq) + 2CO,(aq) — Ca**(aq) + 2HCO; (aq) 4)

where all ionic reactants and products have been written in fully dissociated form. The
main objective of the DR is to maximize the amount of dissolved CaCOj; in order to mini-
mize the use of Ca(OH), in the BR. The BR is the last portion of the DR pipe, where the

Table 2 Characteristics of

the DR pipeline in the three Parameter om A B ¢
configurations Ratio H,0/CO, [l 2,000
Water flow rate [th™] 34,423 37,071 44,623
Pipe external diameter [m] 3.4 3.1 2.7
Standard dimension ratio (SDR) - 41
Pipe internal diameter [m] 3.2 2.9 2.6
Average flow speed [ms™] 12 1.5 24
Pressure drop [bar] 2.1 0.9 1.0
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slaked lime is injected and mixed with the ionic solution. The slaked lime will be trans-
ported in the form of a slurry through the SL pipe and injected into the BR. By means of
one or more nozzles and static mixers, an even mixing is achieved in a short time (15-20 s)
in order to avoid any precipitation of calcium carbonate. The BR is thus approximately
30 m long. The BR should be equipped with sensors to measure turbidity, pH, alkalinity,
and hardness of the final buffered ionic solution before being discharged into the sea, to
dose the appropriate quantity of calcium hydroxide.

The SL pipeline, carrying the ionic solution of Ca(OH), from the slaker to the input of
the BR, has an internal diameter of about 0.9 m, with small variations in the three configu-
rations related to the velocity.

Similar to the DR pipeline, a flow velocity higher than 1.2 m s™' is also maintained.
Details about hydraulic calculations can be found in Section SM2 of Supplementary
Material.

3 Mass and energy balance

Calculations of mass and energy balance are referred to the capture and storage of 1 t
of CO, in flue gas with a 14.1%vol CO, content coming from an external source, i.e., a
SMR plant, as well as the calcination of CaCOj; included in the BAWL. The amount of
CaCO; dissolved in the DR, unreacted CO, at the end of the DR, total CaCO; and Ca(OH),
needed, calculated with the software PHREEQC (USGS 2020; Parkhurst and Appelo

Table 3 CaCO;, Ca(OH),, and CO, balance in the three configurations, for 100,000 tCO,/year coming from
SMR (MM: molar mass)

Parameter u.m Calculation A B C

Net CO, stored (from SMR) [t year"] a 100,000

Total CO, stored in the DR [t year"'] b 142,857 153,846 185,185
pipeline

Operating hours [hyear™'] ¢ 8,300

Net CO, stored (from SMR) [th™] d=alc 12.0

Total CO, stored in the DR [th™] e=b/c 17.2 18.5 22.3
pipeline

Molar ratio CaCO/CO, [-] f 0.5 0.4 0.2

CaCO,/CO, ratio [t g=Ffe(MM¢,c03/MMcn) 1.1 0.9 0.4

Dissolved CaCOj5 [th™"] h=eeg 20 17 10

CO, reduction from CaCOj4 [%] i (from PHREEQC) 48% 38% 18%

CO, reacted with CaCO4 [t h"'] I=eei 8.3 7.1 4.1

Residual CO, [th™! m=e-l 8.9 114 18.2

Molar ratio Ca(OH),/CO, [-] n 1.8

Ca(OH), required [th™"] 0= (m/n)*(MMc,on/MMcpy) 8.3 10.7 17.0

CaCO; required for Ca(OH), [th™!] p=0(MM¢,c03/MMcy0my2) 11.2 144 23.0

Total CaCO; required [th™!] q=h+p 30.8 31.3 33.1

Total CaCO; required [t year"] r=ceq 255,612 259,629 274,936
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2013) considering the methodology and the calcite dissolution kinetics presented in Caser-
ini et al. (2021) are shown in Table 3.

Table 3 also shows the total CO, stored in the three configurations (see Sect. 2 for
details), assuming that the net CO, to be stored coming from SMR is always 100,000 t
year™ L. The production of CO, internal to the BAWL process, from slaked lime production,
implies the need to store an additional amount of CO,, ranging between 43% (case A) and
85% (case C).

Overall, to store 1 tCO, coming from SMR and the calcination of limestone, there is
the need for about 1.5-1.8 t of limestone, depending on the configuration, and 2000 t of
seawater.

The amount of CO, dissolved through reaction with CaCOj; varies between 48% in case
A and 18% in case C, implying that a larger amount of Ca(OH), for buffering the remain-
ing CO, is required in the latter.

The energy and mass balance of the process in configuration B is shown in Fig. 2.

Although such results could be used for a more detailed analysis of the efficiency of the
process, i.e., based on a life cycle assessment (LCA) approach, a preliminary carbon bal-
ance of the process can be estimated by considering the main CO, emission related to the
input used in the process such as the consumption of electricity. Since the LCOE (levelized
cost of energy) of new solar and wind installations is already lower than the fossil alterna-
tives (Lazard 2020), it is possible to assume that the new BAWL plants will be powered by
renewable sources with a low carbon footprint (IPCC 2011), so that the CO, penalty of the
process is similar to what has been shown in Table 3. On the contrary, if electric energy
comes from a mixed renewable/fossil system, the implied carbon emission for electricity
consumption should be considered. For example, assuming the average carbon intensity
of electricity in the European system in 2020 equal to 231 tegyeq GWh™! (EEA 2022), the
additional CO, penalty would range between 30% (case A) and 50% (case C) of the CO,
coming from SMR (Table 4).

s s o s calcinator ee

. i 826 kwh
- Limestone A | Ca0o
: CaCO, ) “
: | 2.6 tonne Slacker
! N
: ee —{ comminution | 0.6 tonne
' 576 kwh Steam «—— H,0
R - 0.4 tonne
: CaCo, . Ca(OH),
: 1.2 tonne * 0.9 tonne
' SL Pump I
. CaCO, :
' 1.4 tonne H,O
0.5 tonnecy; ! Compressor 317 tonne |
! N, O, ;
i ee . Ca(OH),
! : 97 kwh
SMR =:=:=:=:=. i - MIX .m.} BR |sssssssssssnnsannd» gEQ

1tonneco; 1.5 tonneco,
3.6tonney, 5.4 tonney,

0.6 tonneg, 0.9 tonney, ee ee
9 kwh
107 kwh H,O
DR Pump 3,077 tonne

sea

Fig.2 Mass and energy balance of the BAWL process for 1 t of CO, coming from SMR
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Table 4 Electricity consumption
and CO, penalty from electricity
production in the three
configurations

Parameter u.m A B C
Comminution GWh year™! 22 58 49
Calcination GWh year™! 64 83 132
Compressor GWh year™! 14 8 9
DR pump GWh year™! 20 11 15
SL pump GWh year™! 9 10 13
Total energy consumption GWh year™! 130 169 218

Average emission factor

tCO,eq GWh™! 231

CO,eq implied emission from ktCO,eq year™! 30 39 50

electricity consumption

4 Preliminary cost analysis

Capital (CAPEX) and Operating Expenditure (OPEX) for each phase and component of
BAWL are presented below for the three configurations.

The costs for the equipment used in the different process phases have been derived from
either models available in the literature or data provided by specialized suppliers, as shown in
Table 5. Specifically, the CAPEX of the limestone mill, electric calciner, and slaker is calcu-
lated using market quotations, whereas for the remaining components, i.e., mixer, pumps, and

Table 5 Source of the data for the cost analysis

Cost Phase Source Note
CAPEX Mining Calculated Open-pit mine model by Camm (1993)
Comminution SCM (2020) Commercial offer
Calciner JDKILN (2021) Shaft commercial calciner, 200 t CaCO4
d—l
Slaker IMS (2021) Commercial offer
Mixer CarbonReUse Finland Commercial offer and calculations
Oy (2021); Sinnott and
Towler (2009b)
DR + SL pipeline HDPE polymer: Statista Calculations of ballast and HPDE weight
(2022a) and PPI (2008) made as proposed in PPI (2008)
Cement for ballast: Statista
(2022b) and PPI (2008)
Electricity consumption for
HDPE
production: Lawrence et al.
(2019)
Compressors Sinnott and Towler (2009¢c)  Centrifugal Compressors
Pumps Sinnott and Towler (2009b)  Single-Stage Centrifugal pumps
OPEX  Electrical energy Lazard (2020) LCOE of unsubsidized wind and solar
energy
Limestone at the mine Calculated Open-pit mine model by Camm (1993)
Limestone transport Calculated Harvey (2008); Langer et al. (2009); Rau
et al. (2007)
Labor cost Calculated Statista (2022c)
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compressor, the criteria indicated by Sinnott and Towler (2009a) have been assumed. In the
DR and SL pipelines, calculations regarding the amount of ballast and HDPE have been done
following the procedure recommended by the Plastic Pipe Institute (PPI 2008). Except for
HPDE pipelines, CAPEX of each piece of equipment has been multiplied by a cautious factor
(3.6 for a mixed fluids-solids processing plant), known as Lang factor, to take into account the
cost of installation (Lang 1948).

OPEX is broken into two typical categories, i.e., variable and fixed costs. The former is
due to the utilization of raw material and electricity; the latter includes labor, maintenance,
supervision, contingency and others. The Consumer Price Index Inflation Calculator of the US
Bureau of Labor Statistics (USBLS 2021) has been used to adjust the original prices to 2021,
and an exchange rate of 1.05 US$ €~! has been assumed.

The model provided by Camm (1993) has been used to assess all the expenditures involved
to carry out the typical operations of a mine, i.e., drilling, blasting, material handling and haul-
ing, labor, and other. Specifically, on the basis of a large open pit mine model and assuming
a mine capacity of at least 20,000 t day ™', a cost of ~3€ € for a ton of extracted raw material
is assessed, including financial costs. This has been derived considering a discount rate of 4%
and 40 years as the total investment period. Costs of processing other than simple extraction
have not been included.

The majority of the BAWL components are powered by electricity, whose cost depends
on the location where the plant is installed. A cost of 31 € MWh™! has been assumed based
on the average LCOE from unsubsidized wind and solar energy (utility-scale) provided by
Lazard (2020).

Limestone transport (1.5 € t') is calculated considering an average supply distance of
500 km and an average specific cost of 0.003 € t~! km™! (Harvey 2008; Langer et al. 2009;
Rau et al. 2007).

The personnel cost is calculated considering 5 shifts of 2 workers with an hourly cost of
28.5 € h™!, which is the average labor cost in 2020 in the European Union (Statista 2022c).
The supervision cost is calculated as 25% of the personnel cost.

The other typical costs of an industrial operation, such as the property tax, rent of land,
general plant overheads, allocated environmental charges, license fees, and capital charges,
are omitted in this analysis and could be better analyzed in further studies considering any
specific BAWL installation case. The total cost of BAWL is calculated considering the shares
due to debt financing and repayment (DFR) over 100 years for pipelines and over 40 years for
other equipment. Costs of inside battery limits investment (ISBL), off-site costs (OSBL), and
engineering and construction management (ECM) have been calculated according to Sinnott
and Towler (2009d).

The costs assessed for the three configurations are shown in Table 6.

The total cost for the storage of 1 t of CO, coming from SMR is assessed between 142 €
tCOz‘1 (case B) and 189 € tCOz‘1 (case A). The cost referred to 1 t of CO, stored in seawater
as bicarbonates through the DR (thus including the CO, generated by the process itself) varies
between 132 € tCO, , in case A, 92 € tCO, ™! in case B and 84 € tCO, ™" in case C.

5 Discussion
The analysis presented in this paper allows to understand the pros and cons of differ-

ent technological choices for the BAWL process. The installation of the BAWL in shal-
low waters (i.e., 100 m) and the use of short pipelines (i.e., 10 km) reduce the dissolution
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Table 6 Cost evaluation of CO, storage with BAWL in three configurations (€ per tonne of CO, coming
from SMR)

Cost Cost item A B C
€tCO,™! from SMR

CAPEX DEFR (100 years) DR + SL pipeline 67.7 13.6 4.1
DFR (40 years) Slaker 0.6 0.8 1.2
Compressor 0.6 0.4 0.5
Limestone mill 20.4 20.7 22.0
Calciner 23 3.0 4.7
Pumps 4.0 4.4 5.5
Mixer 14 1.5 1.9
Total 29.4 30.9 35.7
ECM (engineering and construction management) 12.5 53 4.5
Total CAPEX 110 50 44
OPEX Variable costs Electrical energy 40.2 523 67.6
Limestone at the mine 6.7 6.7 7.3
Limestone transport 3.8 39 4.1
Fixed costs Labor cost 7.9 7.9 7.9
Supervision cost (25% labor cost) 2.0 2.0 2.0

Maintenance (3% ISBL of BAWL 18.2 19.1 22.1
excluding pipelines)

Total OPEX 79 92 111
Total cost 189 142 155

of CaCO; inside the DR (50% reduction from case A, 20% in case C). This implies the
need of more slaked lime to buffer the remaining CO, (4+51% in case C compared to case
A), more electricity (+40% in case C compared to case A) and additional OPEX (+30%
in case C compared to case A). On the other hand, the installation in deeper waters (i.e.,
3,000 m) with longer pipelines (i.e., 100 km) favors CaCO; dissolution, lowers the opera-
tive costs (around 30% reduction in A compared to C, mainly due to the cost of electricity
and limestone) but increases the technical challenges and the capital expenditure related to
the installation of the pipelines (about 17 times higher in case A compared to C).

Configuration B provides the lowest total cost (142 € per 1 t of CO, coming from SRM
processes), due to intermediate CAPEX and OPEX. Indeed, such a solution represents a
compromise in terms of electricity (169 GWh year™' against 130 GWh year™' and 218
GWh year™! of case A and C, respectively), OPEX (93 € per tonne of CO, derived by
SMR, against 79 € and 111 €) and the capital expenditures mostly related to the construc-
tion and installation of DR and BR pipelines (35 M€ against 173 M€ and 10 M€). More-
over, the annual production of calcium hydroxide required in this case amounts to ~ 90
kt year! against ~ 70 kt year™' and ~ 141 kt year™' of case A and C, respectively. Lastly,
the total storage cost in configuration C is only ~10% higher than in case B, within the
uncertainty of the evaluation.

The positive aspects of BAWL as a CO, capture and storage technology are its relatively
small modular size, i.e., about 100,000 t year™', as well as the use of very widely spread
and well-known inputs such as limestone, seawater, and renewable electric energy. Being
modular, BAWL can be installed close to a single emission point located on the coastline,
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whereas geological CCS is typically based on very large projects connecting clusters of
emitters (such as the Northern Lights project).

The installation of long DR pipelines on the seafloor minimizes the onshore footprint
caused by the huge reactors needed in the AWL technology as initially proposed by Rau
and Caldeira (1999).

The BAWL technology releases an alkaline “CO,-equilibrated” solution into the
sea, substantially reducing the risk of degassing CO, or acidifying the sea. This is espe-
cially true for discharge at high depths (case A). The discharge in shallow waters (case
C) could theoretically imply enhanced biotic CaCO; precipitation with CO, release, but
also an increase in primary productivity with CO, consumption (Gore et al. 2019). Further
research is needed to assess if biotic precipitation could reduce the efficiency of BAWL
in the case of a discharge in shallow waters. Very few studies have investigated the local
effect on the biota that could arise from alkalinity addition and the consequent increase of
calcite and aragonite saturation state at the discharge point, and since other factors as light
and temperature play a significant role.

The local impact of the discharge of a high alkalinity ionic solution can be minimized by
choosing a suitable site where the continuous mixing with fresh seawater guarantees its strong
dilution. The location of the discharge should be far from enclosed coastal areas and possibly
within off-shore currents in order to limit local alterations of the carbonate chemistry and to
avoid negative impacts on the biota (Kirchner et al. 2020). Dilution is also useful to avoid or
minimize the risk of CO, degassing, allowing the enriched seawater to mix in a certain time
with the surrounding seawater without overcoming the aragonite saturation state (Q,,) value
of 5, identified by Hartmann et al. (2022) as a threshold for abiotic precipitation of carbonate.

To increase the overall CO, benefits of BAWL, the electricity used should derive from
renewable sources. The high energy consumption of the technology could be a limiting
factor for its development and should rely on specific strategies to develop cheap decarbon-
ized renewable electricity built for the purpose. In the future energy system, characterized
by a very high share of decarbonized electric sources (wind and solar in particular), grind-
ing and calcination could be also operated in batch mode only during specific time frames,
i.e., off-peak hours (i.e., from 10 p.m. to 8 a.m. on weekdays and all day on weekends and
holidays) when power demand is at its lowest, or hours when renewables are working at
their highest capacity. This strategy could limit the wastage of renewable electricity not
needed by the energy system.

BAWL could be used as a CO, capture and storage option for hydrogen production from
the SMR process, a pivotal energy carrier for the decarbonization of transport and other
hard-to-abate sectors (Davis et al. 2018). Assuming a CO, production of 18.1 t for 1 t of H,
generated by SMR (IEAGHG 2017), the energy consumption for storing CO, with BAWL
is about 31 MWh t Hz_1 in case B (26 and 41 in case A and C, respectively). This is sub-
stantially lower than the average energy consumption for producing “green” H, with elec-
trolyzers (51-58 MWh t H,™!, IRENA 2018).

Although in the first phase BAWL could be used for storing the CO, produced by a
SMR process, in the long run the H, production plants using SMR could be decommis-
sioned and substituted by electric calciners. This strategy allows to produce slaked lime,
to store the produced CO, in the BAWL system, to use the decarbonized slaked lime for
atmospheric carbon dioxide removal through ocean liming.
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6 Conclusions

In the BAWL process, the discharge of the alkaline solution at the same pH as the sur-
rounding seawater allows permanent CO, storage in the form of bicarbonates (Caldeira
and Rau 2000), without acidifying the seawater and avoiding the risk of CO, degassing.
This study concludes that the capture and storage of CO, from an external Steam-Methane
Reformer source could be carried out with different configurations, associated with differ-
ent limestone, electricity consumptions, and costs.

This deployment strategy is very well suited for capturing and storing CO, from new
modular “blue” hydrogen production units, instead of installing tailor-made CCS at indus-
trial sites. The infrastructure of the BAWL could be conveniently used for the generation
of CO, negative emissions when the main aim of climate restoration will be the removal of
CO, from the atmosphere.

The estimated cost of the captured and stored CO, with BAWL is comparable with the
forecast of large-scale geological CCS projects (Gassnova 2020). The strengths of the CO,
capture and storage using BAWL rely on its modularity and on very abundant and well-
distributed raw materials: renewable energy, seawater, and calcium carbonate.

Further studies should be done in order to assess the environmental impacts through the
LCA methodology and the potential impacts on marine ecosystems of discharging large
amounts of alkaline water into the sea.
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