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Abstract

The use and impacts of accelerated weathering of limestone (AWL; reaction: CO, +H,0 + CaCO;— Ca’>* + 2(HCO7) is explored as a
CO, capture and sequestration method. It is shown that significant limestone resources are relatively close to a majority of CO,-emitting
power plants along the coastal US, a favored siting location for AWL. Waste fines, representing more than 20% of current US crushed
limestone production (> 10’ tonnes/yr), could provide an inexpensive or free source of AWL carbonate. With limestone transportation
then as the dominant cost variable, CO, mitigation costs of $3-$4/tonne appear to be possible in certain locations. Perhaps 10-20% of
US point-source CO, emissions could be mitigated in this fashion. It is experimentally shown that CO, sequestration rates of 107° to
107> moles/sec per m? of limestone surface area are achievable, with reaction densities on the order of 1072 tonnes CO, m>day !, highly
dependent on limestone particle size, solution turbulence and flow, and CO, concentration. Modeling shows that AWL would allow
carbon storage in the ocean with significantly reduced impacts to seawater pH relative to direct CO, disposal into the atmosphere or sea.
The addition of AWL-derived alkalinity to the ocean may itself be beneficial for marine biota.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction bicarbonate in solution, the overall reaction being:

The climate and environmental impacts of our current, COxg) + H20q) + CaCOs¢) — Ca?;a) + 2HCO5,q)- 1
carbon-intensive energy usage demand that effective and
practical energy alternatives and CO, mitigation strategies
be found (e.g. [1,2]). As part of this effort, various means of
capturing and storing CO, generated from fossil-fuel-based
energy production are being investigated (e.g. [3,4]). One of
the proposed methods involves a geochemistry-based
capture and sequestration process [5,6] that hydrates
point-source, waste CO, with water to produce a carbonic
acid solution. This in turn is reacted and neutralized with
limestone, thus converting the original CO, gas to calcium

The dissolved calcium bicarbonate produced is then
released and diluted in the ocean where it would add
minimally to the large, benign pool of these ions already
present in seawater.

Such a process is geochemically equivalent to continental
and marine carbonate weathering which will otherwise
naturally consume anthropogenic CO,, but over many
millennia (e.g. [7-9]). We identify the enhanced form of this
process as accelerated weathering of limestone (AWL).
Previously, it has been shown that AWL can effectively
convert a significant fraction of US CO, emissions to long-

Ee— . ) . . o term storage as bicarbonate in the ocean, while avoiding or
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possibly reversing environmental impacts associated with
either the ongoing passive or the proposed active injection
of CO, into the ocean [6,10]. Being analogous to the
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wide-spread use of wet limestone to desulfurize flue gas,
AWL reactors could be retrofitted to many existing coastal
power plants at a typical cost estimated to be $20-$30/
tonne CO, mitigated [5,11]. This paper further explores
limestone availability, cost, transportation, and reaction
kinetics as well as ocean and environmental impacts, and
the overall economics and practicality of AWL CO,
mitigation.

2. Limestone and seawater availability

Because the global abundance of water (i.e., seawater)
and carbonate is orders of magnitude larger than the entire
global reservoir of fossil fuels [12], all anthropogenic
emissions of CO, could theoretically be mitigated by
reaction 1. Indeed, over geologic time scales significant,
natural increases in atmospheric CO, have been moderated
and consumed via carbonate weathering, and the same
process will eventually consume the majority of anthro-
pogenic CO, as well [7,8]. But if we wait for nature to
perform this task, the earth in the meantime would be
subjected to much higher atmospheric CO, (and lower
oceanic pH) than at present, and for many thousands of
years. Thus, it is worth considering proactively speeding up
the carbonate weathering process. If the employment of
reaction 1 to reduce CO, emissions is then not in principle
reactant-limited, what are the practical limitations to AWL
as a CO, capture and sequestration tool?

Based on the stoichiometry of reaction 1, it would take
2.3 tonnes of calcium carbonate and 0.3 tonnes of water to
react with 1 tonne of CO, to form 2.8 tonnes of HCO53 in
solution. While pure CaCOj; (calcite and aragonite) is
mined and commercially available, its relatively low
abundance in this form and its high cost prohibit its use
on the scale considered here. Rather it is envisioned that
much more abundant and inexpensive limestone (contain-
ing 92-98% CaCOs3) would be used. US production of this
mineral is presently 10° tonnes/yr [13], about 76% of which
is used in construction, about 19% for chemical and
metallurgical applications, and the remaining for miscella-
neous uses. While there are no figures available on the size
of the US limestone reserve, it is reasonable to assume that
it is sufficient to satisfy current US demand for many
decades if not centuries. Channeling the entire yearly US
limestone production to AWL could consume roughly
18% of the annual CO, generated by electricity production
in the US. This implies that a substantial increase in the US
limestone mining rate or foreign importation would be
required to accommodate the US demands of both
extensive AWL and conventional limestone uses.

There is an important caveat to the preceding conclusion
in that currently more than 20% of US limestone
production and processing results in waste limestone fines
(<10mm) that have little or no market value and are
accumulating at limestone mining and processing sites
[14,15]. This suggests that at least in certain locations a
sizeable, free or low-cost source of limestone could be

available for AWL whose use could also help alleviate the
significant limestone waste problem.

But even if a free source of limestone was available, it
has been recognized that the cost of transporting such
limestone to AWL reactors is a critical factor in the overall
economics of the process [5,11]. Also, because of the
significant quantities of water required to react the CO,
and to carry and dilute the resulting bicarbonate
(> 10* tonnes H,O/tonne CO, [5]), AWL reactors in close
proximity to seawater would be at a distinct cost
advantage. Even with this geographic limitation, about
12% of CO, emissions from US electricity production
occurs at plants within 10km of the US coastline [11].
Fortuitously, the majority of this coastline is also within
400 km of known limestone reserves [16]. This is especially
true of the southern and eastern seaboards, which also have
the highest density of coastal US power plants and coastal
electricity-related CO, production. For example there is
more than 20GW of fossil-fueled power generation
(~10® tonnes CO, emitted/yr) by coastal power plants in
Florida [11], a state that essentially is entirely underlain by
carbonate deposits [17]. In such ideal settings, if limestone
(e.g., waste fines) was free and nearby (negligible trans-
portation expense), the CO, mitigation cost offered by
AWL could be as low as $3—$4/tonne CO, based on
previous cost analyses [5,11]. This would especially pertain
if the hundreds of millions of gallons of seawater already
pumped and used for cooling by these plants each day were
subsequently used as a “free”” AWL water source.

The preceding baseline CO, capture and sequestration
cost would significantly out-compete most other current or
proposed abiotic technologies and is near DOE’s target of
$2.73/tonne CO, mitigated [4]. However, the number of
ideal sites and hence the volume of CO, that could be
treated at this very attractive cost would be small. What
cost might be attainable in the more numerous but less
favorable settings?

Again assuming free access to seawater and free
limestone, the transportation cost of limestone using
various modes is listed in Table 1. Assuming a base
capital, operating, and maintenance (COM) cost of
$4/tonne CO, mitigated, and with carbonate supplied via
2.5tonnes of low-grade limestone (92% CaCOs)/tonne
CO,, a limestone transport distance of 200 km yields an
AWL CO, mitigation cost of about $6, $9, $21, or $48/
tonne CO, using freighter, barge, train, or truck transpor-
tation, respectively (Table 1). If limestone must first be
purchased at a typical market price of $5/tonne, this adds
$12.50 to each of the preceding calculations, with the
resulting mitigation cost ranging from $18 to $61/tonne
CO, using the preceding transportation modes. In addi-
tion, if fresh seawater rather than recycled cooling water
must be used and pumped 2 vertical meters the cost
increases to $23 to $66/tonne CO, (Table 1). By these
calculations it is seen that in all but the least ideal cases
AWL can be cost-competitive with other forms of CO,
capture and sequestration, and is often below the cost of
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Table 1

Cost of accelerated limestone weathering under various water, limestone, and transport cost assumptions

Limestone transportation mode

Freighter Barge Train Truck
Base capital, operating, and maintenance cost ($/tonne CO,) $4.00 $4.00 $4.00 $4.00
Limestone transport cost rate ($ tonne/km) $0.003 $0.010 $0.034 $0.089
Limestone transport cost (rate x 2.5 tonnes x 200 km) $1.71 $4.77 $17.05 $44.33
Total cost including limestone transportation costs ($/tonne COy) $5.71 $8.77 $21.05 $48.33
Limestone cost (2.5 tonnes x $5/tonne) $12.50 $12.50 $12.50 $12.50
Total cost including cost of limestone and its transportation (8/tonne CO,) $18.21 $21.27 $33.55 $60.83
Pumped water cost ($2.38m ~' per 10* tonnes x 2m) $4.76 $4.76 $4.76 $4.76
Total cost including limestone, its transportation, and water pumping (8/tonne CO,) $22.97 $26.03 $38.31 $65.59

Base COM (capital, operating, and maintenance) cost ($/tonne CO, captured and sequestered) under the assumption that waste (free) limestone and
cooling water are immediately available with no transportation required (estimation derived from Sarv and Downs [11]). The increase to COM with the
addition of limestone, transport, and water costs are listed for the respective transportation options, and for the cost rate, weight, and distances denoted.
Limestone cost and transport cost rates from Everist and Burhans [38], assuming that 2.5 tonnes limestone is required/tonne CO, mitigated (see text).

Water tonnage and pumping cost rate from Rau and Caldeira [5].

amine CO, capture alone (generally > $30/tonne CO, [18]).
AWL will clearly be more economical under circumstances
where limestone and water are low-cost and close at hand.

3. Alternative reactor sitings

The preceding assumes an AWL reactor sited at the
source of waste CO, (i.e. a power plant) and to which
limestone and seawater are transported. While close
reactor proximity to the ocean would seem required both
to supply water and to dispose of the waste solution, this
would not preclude the treatment of waste CO, produced
inland and transported to coastal AWL reactors sited at or
near limestone quarries. Transport of CO, can be
inexpensive ($0.06 tonne/km [19]) relative to the cost of
transporting the AWL equivalent (2.5 tonnes) of limestone
(Table 1). However, such CO, transport requires initial
CO, separation, capture, and liquefaction, with associated
technology and energy costs that are presently significant,
as mentioned above. Still, if inexpensive CO, capture/
separation is developed, piping CO, to coastal AWL
reactors could prove cost-competitive with other forms of
CO, sequestration such as underground storage, especially
in regions where the underlying geology does not allow
CO, retention.

Another alternative would place AWL reactors on or in
seagoing barges or ships that would bring both the
limestone and the AWL process to coastal CO, point
sources accessible by seagoing vessel. In this way the
capital expenditure of an AWL reactor and limestone
transport are merged, avoiding potentially costly land-
siting of the reactor, and with the ocean readily accessible
as a water source and for effluent disposal. This config-
uration would require that flue gas be piped to and reacted
within the docked vessel. Once the ship’s supply of
limestone had been exhausted by AWL, the ship would

be replaced by another loaded vessel/reactor. On its way
back to port for limestone reloading, the vessel could
dispose of the small amount of unreacted limestone spoils
(anticipated to be mostly SiO,) at sea, subject to ocean
dumping regulations. The preceding would obviously only
be amendable to power plants (or coastal CO, sources
supplied by pipeline) that are dock-accessible. It also
assumes that a limestone-supplying port is within a
reasonable shipping distance to the CO, source to be
mitigated. Rather than the construction and use of new
AWL-capable ships, the retrofitting and upgrading of
retired or underutilized vessels should be considered as a
means of both reducing costs and extending ship utility.
Because of their existing hold configuration, freighters and
especially tankers would be particularly attractive for such
retrofits.

4. Reaction rates and densities

The rate at which reaction 1 occurs (on a per unit
limestone surface area per unit time basis) determines the
amount of carbonate surface area and time needed to
transform a given quantity of CO, to HCOs;. In turn,
specifying a carbonate particle surface area per packed
reactor volume (A4/V) of the carbonate particles determines
the basic size of the reactor required for a given CO,
conversion rate. While previous estimates of these para-
meters have been made [5], the reaction rates used were
based for the most part on idealized dissolution experi-
ments using pure calcite mineral in distilled water under
conditions where the diffusional boundary layer around
the mineral surfaces were greatly diminished (via stirring).

To provide a more realistic assessment of the reaction
rate of impure limestone, an experimental, 370 ml (internal
volume) bench-scale reactor was used to measure the
dissolution rate of limestone in either distilled H,O or
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seawater equilibrated with various %CO,/air streams, and
with various water flushing rates, and internal stirring rates
(see Fig. 1 legend). The results of these experiments yielded
dissolution rates ranging from roughly 10~’-10~> mol/m?
limestone surface area/s with positive sensitivity to flow
rate, stir rate, and CO, concentration (Fig. 1). Dissolution
rates in seawater were equal to or higher than those in
distilled water under otherwise identical conditions (Fig. 1),
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1.e., the impurities in seawater do not significantly diminish
the AWL reaction rate.

Assuming the conditions and results of the 15% CO,,
low-stir-rate and low-flow rate treatments would be
characteristic of a large-scale reactor, a reaction rate of
about 107° mol/m? limestone surface area/s is implied
(Fig. 1). A limestone particle diameter of 1 mm (within the
range typical of waste limestone fines discussed above)
yields an A/V of 4.4 x 10°m?/m® or higher depending on
the deviation of true particle shape from that of a sphere.
Therefore, in this hypothetical case a maximum of about
60m® of internal reactor volume packed with such
limestone particles would be needed to react 1tonne of
CO,day. For a cubic reactor volume (roughly
4m x 4m x 4m), this equates to an areal reaction rate of
about 4tonnes CO,/m” of internal reactor footprint per
day, or more than 5 orders of magnitude greater than
optimum areal CO, uptake and sequestration rates in
managed forests or algal ponds [19]. The experiments show
that this density of CO, conversion to HCO3 could be
enhanced by increasing reactor solution stirring and
flushing rate. This could be achieved in a full-scale reactor
by vigorous bubbling of flue gas within the reactor, by
actively recirculating the partially-reacted solution, or by
other means, but all with added energy and cost penalties.

Based on the above rates, reaction densities on the order
of 107?tonnes CO,/m’ of internal reactor volume/day
might be attainable. This means a 20% reduction of the
CO, emissions from a typical 500 MW coal-fired power
plant (10* tonnes CO,/day x 0.2 = 2 x 10> tonnes CO,/day)
would require an AWL reactor volume of 2x 10°m°,
roughly equivalent to a 60 m cube. However, we stress that
optimum reactor size and configuration required for a
given CO, mitigation application will be highly dependent
on factors such as limestone particle size , shape and purity,
water/gas/solids contacting efficiency (esp. boundary layer
issues), the reactor’s liquid/solids ratio, water flow and
chemistry, and CO, concentration. For example, while
particle size reduction will theoretically increase limestone
surface area and hence reaction density within a reactor,
water space between particles and hence flow resistance
and contacting efficiency will be reduced. Further research
and experimentation is needed to optimize AWL reactor
designs for the best cost/benefit.

Fig. 1. Conversion rate of CO, to HCO3 in an experimental carbonate
dissolution reactor flushed with distilled water (DW) or seawater (SW)
equilibrated with the % CO, shown, and at the various reactor solution
flow rates (FR) and internal stir rates (SR) indicated. Stir rates are in
revolutions per minute. Conversion rate = ([Cal,,—[Cal;n) x FR/area,
where [Ca] refers to the concentration of Ca>" in the solutions entering
or leaving a 370 ml reactor containing 5 g of limestone particles (size range
425-850 microns) under the respective solution %CO,, FR, and SR
conditions at steady state and at room temperature and pressure, and
where area refers to the total surface area of the limestone particles as
determine by mean particle geometry [36]. The mean particle surface area-
to-volume ratio was 0.489 cm ™!, and the solid-to-solution weight ratio was
0.0136. [Ca] was determined by ICP-ES of discrete solution samples.
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5. Effectiveness

Using a box model of ocean chemistry and transport
Caldeira and Rau [6] showed that the release of the
bicarbonate-charged effluent from carbonate dissolution
would more effectively sequester CO, over the long term
relative to direct CO, injection at equivalent ocean depths
(Fig. 2). This has been subsequently confirmed for releases
at several different ocean locations and depths in a 3-D
ocean general circulation model (Fig. 3). Injection of pure
CO, at great depth in the ocean effectively stores most of
the injected carbon for hundreds of years or more [6].
Therefore, additional slowing of CO, leakage would be
gained by releasing carbonate dissolution effluent at the
same depth. We also note that carbonate dissolution can
make a major contribution to CO, storage with less costly
shallow-water releases and greatly improves effectiveness
of long-term ocean carbon sequestration regardless of the
depth at which the effluent is released (Fig. 3).
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Fig. 2. Comparison of the effects on atmospheric CO, content (top panel)
and on deep-ocean pH (bottom panel) 1000 years after the injection of the
specified quantities of either molecular CO, or carbonate dissolution
effluent into the deep-ocean (mean depth: 1950m). If the ocean’s
anthropogenic carbon capacity were determined by the amount of CO,
that would shift ocean pH by 0.3 units, then the carbonate dissolution
technique would increase the ocean’s capacity by roughly a factor of six.
With the direct-injection method, for large amounts of anthropogenic CO,
released, over 45% of the injected CO, is in the atmosphere after 1000 yr.
With the carbonate dissolution method, less than 15% of the initially
released CO, degasses to the atmosphere (from [6]).
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Fig. 3. Ocean general circulation model results showing the greater
effectiveness (less CO, leakage to atmosphere) inherent in the injection of
carbonate dissolution effluent (with and without pre-injection CO,
adjustment) as compared to injection of molecular CO, at equivalent
depths. The model is a modified version of the Geophysical Fluid
Dynamics Laboratory Modular Ocean Model [37].

6. Environmental impacts/benefits

An increase in ocean acidity (reduction in pH) is a
serious environmental issue caused either by the ongoing
diffusive uptake of anthropogenic CO, from the atmo-
sphere or the proposed purposeful injection of CO, into the
ocean (e.g., [10]). Storing waste CO, in the form of
bicarbonate balanced by calcium ions rather than as
dissolved CO, (i.e., carbonic acid; bicarbonate balanced
by H") substantially lessens the increase in acidity per
tonne of carbon added to the ocean (Fig. 2), while reducing
harmful effects to marine biota of direct ocean CO,
additions [20-22]. In fact the addition of bicarbonate-rich
effluent to the ocean would be environmentally beneficial
in that it would counteract the ongoing reduction of ocean
pH, carbonate ions, and hence biological calcification rates
and productivity [23,24]. Indeed, addition of calcium and/
or bicarbonate ions to seawater has been shown to
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significantly enhance the calcification and growth rate of
marine corals (e.g., [25-27]). We also point out that AWL
captures and sequesters CO, without the use of any exotic
or toxic chemicals, unlike CO, capture methods using for
example amines [4] or ammonia [28].

Nevertheless, negative marine environmental impacts
could result downstream from the release of the reactor
effluent solution. For example, oxygen concentration
would be reduced in the effluent through partial equilibra-
tion with flue-gas streams, typically containing only 2-4%
O,. There may also be impurities released into the
effluent solution from the limestone or the flue gas that
could be biotically impactful. This could be especially
relevant in AWL processing of flue gas from coal-fired
power plants, where SO,, NO,, trace element, and
heavy metal contamination are characteristic. Processing
relatively clean flue gas from natural-gas-fired plants
or from integrated gasification combine cycle generators
would be advantageous in this regard. To our knowledge,
no previous studies have investigated the marine impacts
of effluent streams like those that would emanate
from AWL. However, we note that limestone/CO,/
seawater reactors using chemistry identical to AWL are
employed by saltwater aquarists to generate aquarium
alkalinity in order to safely maintain or promote the
health of captive marine organisms [29,30]. As well, the
ocean naturally receives and accommodates about
2x 10%tonnes of dissolved calcium bicarbonate/yr
produced from continental carbonate weathering as
delivered by rivers [12]. The threat of calcium carbonate
precipitation (reversal of reaction 1) from AWL effluent
after release into the ocean appears to be small because
CaCOs; ion concentrations in excess of 18X saturation are
required to abiotically precipitate carbonate from seawater
[31]. Further research is needed, however, to fully
determine the benefits and impacts of AWL effluent on
the ocean.

With regard to environmental effects of AWL on
land, the current production of crushed stone creates
environmental impacts, and these need to be considered
for AWL. The impacts include dust and noise generated
in mining and processing, but these are relatively
benign and confined to the area at or very near the
quarries. Most impacts can be controlled or kept within
permissible limits through careful quarry planning and
by employing best management practices. However,
poorly designed or careless operated quarries, espe-
cially in areas of active karst (which occurs in some
carbonate rock terrains), have the potential to create
far-reaching, serious environmental impacts including
lowering of the water table, changing surface- and
ground-water flow, pollution of ground water, and
sinkhole collapse [32].

The increased transportation of limestone required
for AWL would also generate dust and noise en
route and during off-loading, and depending on the
magnitude of AWL deployment, could significantly

tax the existing transportation infrastructure. For example
by our calculation using AWL to reduce CO, emissions
from a coal-fired powered plant by 20% would more than
double the material transport requirement to the plant [33].
Additionally, because some fraction of the limestone
will not be reacted or be reactible, perhaps 5-10% of
the original limestone mass transported to AWL reactors
(principally SiO;) would ultimately need to be removed
and transported to appropriate waste sites. In addition
to ocean disposal of the solid waste (mentioned
above), disposal might be performed by loading this waste
onto the otherwise empty, overland transport mode would
that return to the limestone source, wherein the waste
could be used to fill in the original limestone mining
excavations. This would make efficient use of the
transportation stream and would help reclaim unsightly
mining impacts while avoiding the need for new waste sites.
Certainly, the energy and carbon penalties associated with
both the mining and transportation of limestone would
need to be included in calculating AWL’s net CO,
mitigation potential.

In summary, some environmental effects would result
from limestone mining and transportation, but we point
out that large-scale mineral extraction and transport is
currently an integral part of energy production (e.g., coal,
natural gas). We also note that limestone is already used on
a large scale for environmental benefit, flue-gas desulfur-
ization [34] and acid mine waste neutralization [35] being
prime examples. While the benefits of AWL would appear
to outweigh whatever environmental and societal impacts
might accrue, further assessment of this technology’s
terrestrial, marine, and human effects is required.

7. Conclusions

In the appropriate settings, AWL is an attractive option
for CO, mitigation because: (1) the required reactants are
relatively inexpensive, abundant, and environmentally
benign; (2) the technology is relatively simple, low-cost,
and applicable to power plant retrofitting, even in
developing countries; (3) the storage is effective and long-
term; and (4) the waste products are stable and may have
net positive environmental effects for marine life. All of
these features derive from the fact that AWL merely
enhances Nature’s own CO, mitigation mechanism,
carbonate weathering. However, as we have reviewed,
these advantages must be weighed against more detailed
engineering, economic, and environmental assessments of
this method for reducing the carbon intensity of global
power generation.

Acknowledgements

Research support provided in part by DOE Contract
W-7405-ENG-48 to the University of California, Lawrence
Livermore National Laboratory.


https://www.researchgate.net/publication/230892323_Geochemistry_of_Sedimentary_Carbonates?el=1_x_8&enrichId=rgreq-6a8a8158-8cc0-466e-93c3-7cbd2a0f15d0&enrichSource=Y292ZXJQYWdlOzIyOTM0MjU3MTtBUzo5NzMzNzQzNTIzMDIxNkAxNDAwMjE4NDYxNTI3
https://www.researchgate.net/publication/238389648_Effect_of_Calcium_Carbonate_Saturation_State_on_the_Calcification_Rate_of_an_Experimental_Coral_Reef?el=1_x_8&enrichId=rgreq-6a8a8158-8cc0-466e-93c3-7cbd2a0f15d0&enrichSource=Y292ZXJQYWdlOzIyOTM0MjU3MTtBUzo5NzMzNzQzNTIzMDIxNkAxNDAwMjE4NDYxNTI3
https://www.researchgate.net/publication/228704124_Aqua_ammonia_process_for_simultaneous_removal_of_CO_2_SO_2_and_NO_x?el=1_x_8&enrichId=rgreq-6a8a8158-8cc0-466e-93c3-7cbd2a0f15d0&enrichSource=Y292ZXJQYWdlOzIyOTM0MjU3MTtBUzo5NzMzNzQzNTIzMDIxNkAxNDAwMjE4NDYxNTI3
https://www.researchgate.net/publication/222648824_Characterization_of_limestone_reacted_with_acid-mine_drainage_in_a_pulsed_limestone_bed_treatment_system_at_the_Friendship_Hill_National_Historical_Site_Pennsylvania_USA?el=1_x_8&enrichId=rgreq-6a8a8158-8cc0-466e-93c3-7cbd2a0f15d0&enrichSource=Y292ZXJQYWdlOzIyOTM0MjU3MTtBUzo5NzMzNzQzNTIzMDIxNkAxNDAwMjE4NDYxNTI3
https://www.researchgate.net/publication/11286757_Effect_of_increased_calcium_concentration_in_sea_water_on_calcification_and_photosynthesis_in_the_scleractinian_coral_Galaxea_fascicularis?el=1_x_8&enrichId=rgreq-6a8a8158-8cc0-466e-93c3-7cbd2a0f15d0&enrichSource=Y292ZXJQYWdlOzIyOTM0MjU3MTtBUzo5NzMzNzQzNTIzMDIxNkAxNDAwMjE4NDYxNTI3
https://www.researchgate.net/publication/245587076_Bicarbonate_addition_promotes_coral_growth_Limnol_Oceanogr?el=1_x_8&enrichId=rgreq-6a8a8158-8cc0-466e-93c3-7cbd2a0f15d0&enrichSource=Y292ZXJQYWdlOzIyOTM0MjU3MTtBUzo5NzMzNzQzNTIzMDIxNkAxNDAwMjE4NDYxNTI3
https://www.researchgate.net/publication/241580340_Inhibited_Carbonate_Precipitation_in_Seawater_Allows_Carbon_Dioxide_Storage_as_Carbonate_Alkalinity?el=1_x_8&enrichId=rgreq-6a8a8158-8cc0-466e-93c3-7cbd2a0f15d0&enrichSource=Y292ZXJQYWdlOzIyOTM0MjU3MTtBUzo5NzMzNzQzNTIzMDIxNkAxNDAwMjE4NDYxNTI3

G.H. Rau et al. | Energy 32 (2007) 1471-1477 1477

References

[1] Houghton J. Global warming: the complete briefing. Cambridge:
Cambridge University Press; 2004.

[2] Hoffert MI, Caldeira K, Benford G, Criswell DR, Green C, Herzog
H, et al. Advanced technology paths to global climate stability:
energy for a greenhouse planet. Science 2002;298:981-7.

[3] Metz B, Davidson O, Swart R, Pan J, editors. Climate change 2001:
Mitigation. Cambridge: Cambridge University Press; 2001. p.
171-277.

[4] Department of Energy. Carbon sequestration project portfolio FY
2002. NETL and Office of Fossil Energy, US Department of Energy,
Washinton, DC, 2003.

[5] Rau GH, Caldeira K. Enhanced carbonate dissolution: a means of
sequestering waste CO, as ocean bicarbonate. Energy Conver
Manage 1999;40:1803—13.

[6] Caldeira K, Rau GH. Accelerating carbonate dissolution to sequester
carbon dioxide in the ocean: geochemical implications. Geophys Res
Lett 2000;27:225-8.

[7] Sundquist ET. Steady- and non-steady-state carbonate-silicate
controls on atmospheric CO,. Quartern Sci Rev 1991;10:283-96.

[8] Archer D, Kheshgi H, Maier-Reimer E. Multiple timescales for
neutralization of fossil fuel CO,. Geophys Res Lett 1997;24:405-8.

[9] Murray CN, Wilson TRS. Marine carbonate formations: their role
in mediating long-term ocean—atmosphere carbon dioxide
fluxes—a review. Energy Conver Manage 1997;38:S287-94.

[10] Caldeira K, Wickett ME. Anthropogenic carbon and ocean pH.
Science 2003;425:365.

[11] Sarv H, Downs W. CO, capture and sequestration using a novel
limestone lagoon scrubber. Paper presented at the second Ohio
carbon dioxide reduction, capture & sequestration forum, April 26,
2002, Ohio Coal Development Office, Lancaster, OH, 2002.

[12] Morse JW, Mackenzie FT. Geochemistry of sedimentary carbonates.
Amsterdam: Elsevier; 1990.

[13] Tepordei VV. Crushed stone. US geological survey minerals year-
book, 2001. p. 72.1-5.

[14] Hudson WR, Little D, Razmi AM, Anderson V, Weissmann A. An
investigation of the status of by-product fines in the United States.
International Center for aggregates research report ICAR-101-1.
1997. 184 p.

[15] McClellan GH, Eades JL, Fountain KB, Kirk P, Rothfuf C.
Research and techno-economic evaluation: uses of limestone
byproducts. University of Florida, Department of geological sciences
final report for Florida, Department of Transportation contract no.
BAS589, WPI 0510798. 2002. 43 p.

[16] Langer WH. Natural aggregates of the conterminous United States.
US Geol Survey Bull 1988;1594:33.

[17] Scott TM, Campbell KM, Rupert FR, Arthur JD, Missimer TM,
Lloyd JM, Yon JW, Duncan JG. Geologic map of the State of
Florida. Florida geological survey map series, vol. 146, scale
1:750,000. 2001.

[18] Rao AB, Rubin ES. A technical, economic, and environmental
assessment of amine-based CO, capture technology for power plant
greenhouse gas control. Environ Sci Technol 2002;36:4467-75.

[19] DOE. Carbon sequestration research and development. Office of
Science and Office of Fossil Energy. US Department of Energy.
Washington, DC, 1999.

[20] Caulfield JA, Auerbach DI, Adams EE, Herzog HJ. Near field
impacts of reduced pH from ocean CO, disposal. Energy Conver
Manage 1997;38:5343-8.

[21] Takeuchi K, Fujioka Y, Kawasaki Y, Shirayama Y. Impacts
of high concentration of CO, on marine organisms: a modification
of CO, ocean sequestration. Energy Conver Manage 1997;38:
S337-42.

[22] Tamburri MN, Peltzer ET, Friederich GE, Aya I, Yamane K, Brewer
PG. A field study of the effects of ocean CO, disposal on mobile
deep-sea animals. Mar Chem 2000;72:95-101.

[23] Kleypas JA, Buddenmeier RW, Archer D, Gattuso J-P, Langdon C,
Opdyke BN. Geochemical consequences of increased atmospheric
carbon dioxide on coral reefs. Science 1999;284:118-20.

[24] Riebesell U, Zondervan I, Rost B, Tortell PD, Zeebe RE, Morel
FMM. Reduced calcification of marine plankton in response to
increased atmospheric CO,. Nature 2000;407:364—7.

[25] Marubini F, Thake B. Bicarbonate addition promotes coral growth.
Limnol Oceanogr 1999;44:716-20.

[26] Langdon C, Takahashi T, Sweeney C, Chipman D, Goddard J,
Marubini F, et al. Effect of calcium carbonate saturation state on the
calcification rate of an experimental coral reef. Global Biogeochem
Cycles 2000;14:639-54.

[27] Marshall AT, Clode PL. Effect of increased calcium concentration in
sea water on calcification and photosynthesis in the scleractinian
coral Galaxea fascicularis. J Exper Biol 2002;205:2107-13.

[28] Resnik KP, Yeh JT, Pennline HW. Aqua ammonia process for
simultaneous removal of CO,, SO,, and NO,. Int J Environ Technol
Manage 2004;4:89-104.

[29] Holmes-Farley R. Chemistry and the aquarium. Advanced aquarist
online magazine. July, 2002. <http://www.advancedaquarist.com/
issues/july2002/chem.htm )

[30] Huntington S. A guide to using calcium reactors. Reefkeeping online
magazine, 2002. <http://www.reefkeeping.com/issues/2002-05/sh/
feature/ )

[31] Rau G H, Caldeira K. Inhibited carbonate precipitation in seawater
allows carbon dioxide storage as carbonate alkalinity. Eos Trans
AGU 2005;86(52):Abstract B33A-1017.

[32] Langer WH. Potential environmental impacts of quarrying stone in
karst—a literature review. US Geological survey open file report of-
01-04084: 2001. 34 p.

[33] Langer WH, Rau GH, Calderira K. Accelerated weathering of
limestone for CO, mitigation: new opportunities and solutions for the
stone and cement industry In: Aggregates: asphalt concrete, Portland
cement, cement concrete, bases, and fines: Denver. Twelth annual
symposium proceedings, International Center for Aggregate Re-
sources, April 4-7, 2004.

[34] Soud HN, Takeshita M. FGD handbook. London: TEA Coal

Research; 1994.

Hammarstrom JM, Sibrell PL, Delkin HE. Characterization of

limestone reacted with acid—mine drainage in a pulsed limestone bed

treatment system at the Friendship Hill National Historical Site,

Pennsylvania. Appl Geochem 2003;18:1705-21.

Gautier JM, Oeclkers EH, Schott J. Are quartz dissolution rates

proportional to BET surface areas? Geochimica et Cosmochimica

Acta 2001;65:1059-70.

Wickett ME, Caldeira K, Duffy PB. Effect of horizontal grid

resolution on simulations of oceanic CFC-11 uptake and direct

injection of anthropogenic CO,. J Geophys Res Oceans 2003;108:

Art. No. 3189.

Everist RA, Burhans M. Rail transportation of construction

aggregates. Unpublished handout from a presentation at the society

for mining, metallurgy, and exploration annual meeting. Denver,

Colorado, February 25, 2003.

[35

136

[37

[38


http://www.advancedaquarist.com/issues/july2002/chem.htm
http://www.advancedaquarist.com/issues/july2002/chem.htm
http://www.reefkeeping.com/issues/2002-05/sh/feature/
http://www.reefkeeping.com/issues/2002-05/sh/feature/

