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Why we need cost-effective, point-source CO2 
mitigation strategies!

1) Despite inroads by renewables, fossil energy will remain 
the backbone of power generation through mid-century 
(IEA).!

2) Failure to significantly decarbonize this fossil energy 
generation will seriously jeopardize efforts to limit AGW to 
2°C and to limit ocean acidification. !

3) Methods CO2 removal from flue gas streams and 
sequestration from the atmosphere must be:!
 Affordable!
 Retrofitable to existing, convention power plants!
 Applicable to developing countries - 94% of future 

emissions growth  !



The capture and underground storage of CO2, CCS, has been the 
centerpiece technology for more than a decade. Despite many $B's in 
R&D CCS has proven to be: 
 Expensive  

  $50-$150/tonne CO2 avoided 
 Energy intensive  

  10% to >30% energy penalty 
  decapture from absorbant and further concentration, purification 

and pressurization strongly endothermic 
 Difficult to retrofit 
 Risky 

  conc. CO2 must be transported and contained without leakage 
•  underground storage can be problematic 
•  must insure against leakage, water contamination, seismic 

effects, etc. 
 Alternatively, uses of concentrated CO2 are limited 

Status of point-source CO2 mitigation 



Chemical CO2 Mitigation Strategies: !

 CCS Strategy – recycling of reagent(s):  !
                      waste CO2 + reagent  carbonated intermediate!

carbonated intermediate + energy    reagent + conc. CO2!

issues: energy intensive, costly, risky conc. CO2 transport and 
storage!

 Alternative Strategy  - once-through, no recycling:!
          waste CO2 + reagent  carbonated end product (+ energy)!

issues: reagent must be abundant, nearby and cheap an/or !
the value of the product(s) helps offsets the cost of reagent!



Examples of once-through mitigation of gaseous 
pollutants: SOx, NOx, NH3, Hg, etc 
 No examples of capture, concentration and storage in 

original molecular form! 
 So what's is so special about CO2 mitigation? 

CO2 is a reactive gas, e.g.: 
 CO2 + Amines   R-CO2 
 CO2 + NH3 + H2O   NH4HCO3  
 CO2 + NaOH    NaHCO3

 

 CO2 + CaO    CaCO3 
 CO2 + MgSiO3  MgCO3 + SiO2 
 CO2 + CaCO3 + H2O   Ca(HCO3)2aq 
ΔGo < 0 for all of these capture reactions 
ΔGo >> 0 if reversed to recover conc. CO2 and reagent 

Strategies cont.: 

CCS Capture 
Apps.!



Examples of once-through mitigation of gaseous 
pollutants: SOx, NOx, NH3, Hg, etc 
 No examples of capture, concentration and storage in 

original molecular form! 
 So what's is so special about CO2 mitigation? 

CO2 is a reactive gas, e.g.: 
 CO2 + Amines   R-CO2 
 CO2 + NH3 + H2O   NH4HCO3  
 CO2 + NaOH    NaHCO3

 

 CO2 + MgO    MgCO3 
 CO2 + MgSiO3  MgCO3 + SiO2 
 CO2 + CaCO3 + H2O   Ca(HCO3)2aq 
ΔGo < 0 for all of these capture reactions 
ΔGo >> 0 if reversed to recover conc. CO2 and reagent 

CCS Capture 
Apps.!

Strategies - some specifics: 



Once-through CO2 mitigation example:  
Accelerated Weathering of Limestone, AWL!
The AWL process:!

    CO2g + CaCO3s + H2O  ---> Ca(HCO3)2aq,  ΔGo = - 38 kJ/mol!
  CO2 capture is exothermic and spontaneous!
  Ca(HCO3)2aq provides stable, benign/beneficial C storage (in 

seawater/brines) !

Stoichiometry: (tonnes/tonne CO2)!
 (1)CO2g + (2.3)CaCO3s + (5000)H2O  ---> (3.7)Ca(HCO3)2aq + (5000)H2O!

Analogous to power plant FGD:!
         SO2g + CaCO3s + 0.5O2  ---> CaSO4s + CO2g↑ !

! ! ! ! !       -or-!
!                SO2g + seawater  ---> H2/CaSO4aq + CO2g↑!



Proof of Concept:  
California Energy Commission funded project!
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B!
 Equilibrating with  
10% CO2 (seconds) 

-- Equilibrating with  
10% CO2 and calcite 
         (minutes) 

C!
Carbon loss/storage via 
degassing, biological  
precipitation, and  
silicate weathering  
(>10's kyrs) 

A!

From: Rau, ES&T, 2011; 
http://pubs.acs.org/doi/pdf/10.1021/es102671x!



AWL Reactor Scheme!

(Rau and Caldeira, 1999)!



McDermott's limestone CO2 scrubber concept 



AWL Economics!

Estimated cost per tonne CO2 sequestered,!
assuming coastal location:!

 Limestone - !
  2.5 tonnes @ $4/tonne = ! !$10.00!
  crushing from 10 cm to 1cm = !$  1.45!
  transport 100 km by rail = ! !$  8.00!

 Water - !
  5000 m3, pumped 2 vertical meters = !$  3.78!

 Capital and maintenance  = !              $  2.50!

  TOTAL:  ! ! !     $ 26/tonne CO2!
!                                    Versus to $50-$150/tonne for CCS!



Optimum AWL Economics!
Estimated cost per tonne CO2 sequestered,        !
assuming coastal location:!

 Limestone - ! ! !$/Tonnes CO2 mitigated !
  2.5 tonnes @ $4/tonne = ! !$10.00     use free, nearby!
  crushing from 10 cm to 1cm = !$  1.45    waste limestone!
  transport 100 km by rail = ! !$  8.00    !
  Water - !
  5000 m3, pumped 2 vertical meters = !$  3.78     use cooling water!

 Capital and maintenance  = !              $  2.50!

  TOTAL:  ! ! !        <$3/tonne CO2  
! !!



Globally there’s plenty of carbonate and seawater:!

  Coastal power plants ≈ 200 GW; annual emissions ≈ 1 GT CO2!
  Limestone requirement ≈ 2.5 GT; current global production ≈ 3 GT !



Benefits of  Ca(HCO3)2aq production!

1)Placing in the ocean utilizes the largest, stable carbon reservoir 
on the planet: !
 35,000 GT C as HCO3

- already present !
 Ca(HCO3)2aq, 4th most abundant seawater constituent!
 Residence time of ≈ 1 Myrs (based on Ca2+ residence time)!

2) Chemically offsets the effects of ocean acidification by 
elevating calcium carbonate saturation state, Ωca (next slide)!

3) Solves the CCU problem – provides a massive "market" for a 
product of fossil CO2  !
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The validity of the boron-derived estimates of pHcf (Fig. 1) is
supported by the albeit still limited in situ measurements of pH
from within the calcifying medium of live coral polyps, using
microelectrodes12,16 and more recently with pH-sensitive dyes15.
These studies indicate enhanced pHcf by ∼0.6–1.2 (and possibly up
to 2) pH units above sea water during the daytime, when both net
production and calcification are highest. These results are broadly
consistent with the boron isotope systematics (see Supplementary
Information) that represent the pHcf integrated over at least several
weeks of the calcification process. Collectively these studies indicate
that pHcf up-regulation is a highly resilient trait that occurs across
a number of coral species, implying an inherent commonality in
the physiological controls on aragonite calcification. A notable
exception, however, are some species of calcitic foraminifera that
have pHcf similar to ambient seawater17 pH (Fig. 1), indicating that
pHup-regulation is both variable in itsmagnitude and not universal
to all marine calcifiers.

Constraining the biologically controlled pHcf and, importantly,
its relationship to changing external seawater pH, is profound.
The calcification rates inherently attainable by different calcifying
species can now be effectively quantified over a wide range of
seawater conditions. To achieve this we use the well-known
concept of biologically induced calcification18, where the carbonate
saturation state at the site of calcification is mainly biologically
controlled through the active transport of Ca2+, DIC and H+,
together with mineral precipitation rates governed by abiotic
kinetics. Our approach of combining internal pH regulation of
the calcifying fluid with abiotic calcification (IpHRAC model) thus
enables carbonate mineral precipitation rates,G, to be quantified as
a function of both seawater saturation state and temperature, where
the calcification rate19 is given by:G=k(Ωcf−1)n, where k is the rate
law constant,Ωcf is the saturation state of the calcifying fluid and n is
the order of the reaction, for which the coefficients are temperature
dependent (see Methods). In contrast to previous studies2,8, we use
the biologically mediated Ωcf value rather than the seawater value.
We therefore assume that seawater-derived ions are transported to
the site of calcification in the subcalicoblastic layer and its chemistry
is modulated by active transport of metabolic carbon and H+ to
facilitate increased rates of precipitation.

Although there are still some uncertainties about the physio-
logical mechanisms controlling calcification14, our IpHRAC model
provides a quantitative framework against which the contrasting
experimental data on calcification sensitivities can now be evaluated
(Fig. 2). Our IpHRAC model identifies two distinct classes of re-
sponse: first, those that exhibit a low-sensitivity response consistent
with strong pHcf up-regulation; and second, those showing a higher
sensitivity to ocean acidification, which we attribute to an inability
to up-regulate pHcf, resulting in a response that closely matches
abiotic rates (Fig. 2). The key reason for the lower sensitivity
response of coral calcification to declining seawater pH is that pH
up-regulation of the calcifying fluid results in significantly increased
internal saturation states20, withΩcf of∼25 to∼15 despite seawater
pHT decreasing from ∼8.1 to 7.6 (Fig. 3a). This is also consistent
with studies21 that indicate a much lower pH threshold at which
corals can continue to maintain calcification. In contrast, over the
same range in seawater pHT, the high-sensitivity abiotic response re-
flects the large relative change in saturation state fromΩ ∼ 4 to∼1,
the lower value being the critical limit for undersaturation and thus
a strong determinant of calcification rate asΩcf approaches unity.

A key question is whether the energy requirement to increase
pHcf is also likely to be a critical factor in limiting rates
of calcification. Biological manipulation of pHcf is mainly
undertaken by Ca–ATPase-driven antiporters that pump H+

ions from the site of calcification in exchange for Ca2+ ions12,13.
The free energy16 needed to maintain this pH gradient is
given by: �GH+ = 2.3RT�pH, where �pH is the difference

IpHRAC  model (this study)
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Figure 2 | Percentage change in calcification rates (relative to seawater
Ω =4.6) plotted against seawater aragonite saturation state (Ωar). The
IpHRAC model is compatible with the low-sensitivity coral data (black
symbols). The sensitivity of abiotic aragonite precipitation (solid dark blue
line) and high magnesium calcite precipitation (dashed dark blue line)
represents the absence of pH up-regulation, consistent with the
high-sensitivity response of some corals (blue symbols) and calcareous
algae (light blue symbols) to ocean acidification. The ‘+N’ and ‘−N’ data
represent the nutrient-increased and ambient communities, respectively2.

between pHcf and seawater pHT, R is the universal gas constant
(8.314 J K−1 mol−1) and T is the temperature in Kelvin. For
a typical �pH value of ∼0.5 (Fig. 1), the free-energy change
(�GH+) required to maintain the pH gradient is ∼3 kJ mol−1 of
H+ transported, or roughly 3–6 kJmol−1 of CaCO3 precipitated,
depending on whether the metabolic carbon supporting
calcification is supplied in the form of CO2 or HCO3

− (see
Methods). For example, a relatively large decrease in seawater
pHT from 8.1 to 7.7 would increase �pH to 0.7 units and
would thus require an additional 1–2 kJ of energy mol−1 of
CaCO3 precipitated. Although being a large relative change,
it is insignificant when considering the total energy produced
by photosynthesis (∼475 kJmol−1 C, see Methods) and that
rates of calcification are generally around one-third22 of gross
primary production. So for zooxanthellae-bearing corals, the
extra energy required to up-regulate pH is minor, only <1% of
that generated by photosynthesis. Although it is only a relatively
small proportion of the overall photosynthetically supplied energy,
this is nevertheless essential for controlling physiological pHcf,
which further emphasizes the importance of maintaining the
zooxanthellae–coral symbiosis for sustaining calcification.

The higher rates of coral calcification, production and respira-
tion when exposed to light compared with the dark22,23 also indicate
that calcification may be dependent on the rate of carbon supply
needed to build organic templates, as well as to increase DICcf at
the site of calcification. This concept is consistent with numerous
studies showing that calcification is generally correlated with net
photosynthesis and both occur at rates of similar magnitude on
a per-mole-carbon basis22,23. This further implies that higher pCO2

could stimulate higher rates of zooxanthellae production, which in
turnmay drive higher rates of coral calcification through increasing
internal DICcf and Ωcf. Other factors, such as nutrients and feeding
mechanisms, also play a role in the energetics of calcification, but it
seems that pH up-regulation is the most critical factor determining
the inherent sensitivity of calcifiers to ocean acidification.
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<---increasing CO2, decreasing pH!

Current airocean CO2 flux is depressing pH and CaCO3 !
saturation state; Corals and shellfish are impacted!

(Mod. from McCulloch 
et al. 2012) !

Ω ∝ [Ca2+] x [CO3
2-] ∝ 1/ [CO2];   CO2 + CO3

2- + H2O  2HCO3
-  !
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The validity of the boron-derived estimates of pHcf (Fig. 1) is
supported by the albeit still limited in situ measurements of pH
from within the calcifying medium of live coral polyps, using
microelectrodes12,16 and more recently with pH-sensitive dyes15.
These studies indicate enhanced pHcf by ∼0.6–1.2 (and possibly up
to 2) pH units above sea water during the daytime, when both net
production and calcification are highest. These results are broadly
consistent with the boron isotope systematics (see Supplementary
Information) that represent the pHcf integrated over at least several
weeks of the calcification process. Collectively these studies indicate
that pHcf up-regulation is a highly resilient trait that occurs across
a number of coral species, implying an inherent commonality in
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exception, however, are some species of calcitic foraminifera that
have pHcf similar to ambient seawater17 pH (Fig. 1), indicating that
pHup-regulation is both variable in itsmagnitude and not universal
to all marine calcifiers.

Constraining the biologically controlled pHcf and, importantly,
its relationship to changing external seawater pH, is profound.
The calcification rates inherently attainable by different calcifying
species can now be effectively quantified over a wide range of
seawater conditions. To achieve this we use the well-known
concept of biologically induced calcification18, where the carbonate
saturation state at the site of calcification is mainly biologically
controlled through the active transport of Ca2+, DIC and H+,
together with mineral precipitation rates governed by abiotic
kinetics. Our approach of combining internal pH regulation of
the calcifying fluid with abiotic calcification (IpHRAC model) thus
enables carbonate mineral precipitation rates,G, to be quantified as
a function of both seawater saturation state and temperature, where
the calcification rate19 is given by:G=k(Ωcf−1)n, where k is the rate
law constant,Ωcf is the saturation state of the calcifying fluid and n is
the order of the reaction, for which the coefficients are temperature
dependent (see Methods). In contrast to previous studies2,8, we use
the biologically mediated Ωcf value rather than the seawater value.
We therefore assume that seawater-derived ions are transported to
the site of calcification in the subcalicoblastic layer and its chemistry
is modulated by active transport of metabolic carbon and H+ to
facilitate increased rates of precipitation.

Although there are still some uncertainties about the physio-
logical mechanisms controlling calcification14, our IpHRAC model
provides a quantitative framework against which the contrasting
experimental data on calcification sensitivities can now be evaluated
(Fig. 2). Our IpHRAC model identifies two distinct classes of re-
sponse: first, those that exhibit a low-sensitivity response consistent
with strong pHcf up-regulation; and second, those showing a higher
sensitivity to ocean acidification, which we attribute to an inability
to up-regulate pHcf, resulting in a response that closely matches
abiotic rates (Fig. 2). The key reason for the lower sensitivity
response of coral calcification to declining seawater pH is that pH
up-regulation of the calcifying fluid results in significantly increased
internal saturation states20, withΩcf of∼25 to∼15 despite seawater
pHT decreasing from ∼8.1 to 7.6 (Fig. 3a). This is also consistent
with studies21 that indicate a much lower pH threshold at which
corals can continue to maintain calcification. In contrast, over the
same range in seawater pHT, the high-sensitivity abiotic response re-
flects the large relative change in saturation state fromΩ ∼ 4 to∼1,
the lower value being the critical limit for undersaturation and thus
a strong determinant of calcification rate asΩcf approaches unity.

A key question is whether the energy requirement to increase
pHcf is also likely to be a critical factor in limiting rates
of calcification. Biological manipulation of pHcf is mainly
undertaken by Ca–ATPase-driven antiporters that pump H+

ions from the site of calcification in exchange for Ca2+ ions12,13.
The free energy16 needed to maintain this pH gradient is
given by: �GH+ = 2.3RT�pH, where �pH is the difference
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Figure 2 | Percentage change in calcification rates (relative to seawater
Ω =4.6) plotted against seawater aragonite saturation state (Ωar). The
IpHRAC model is compatible with the low-sensitivity coral data (black
symbols). The sensitivity of abiotic aragonite precipitation (solid dark blue
line) and high magnesium calcite precipitation (dashed dark blue line)
represents the absence of pH up-regulation, consistent with the
high-sensitivity response of some corals (blue symbols) and calcareous
algae (light blue symbols) to ocean acidification. The ‘+N’ and ‘−N’ data
represent the nutrient-increased and ambient communities, respectively2.

between pHcf and seawater pHT, R is the universal gas constant
(8.314 J K−1 mol−1) and T is the temperature in Kelvin. For
a typical �pH value of ∼0.5 (Fig. 1), the free-energy change
(�GH+) required to maintain the pH gradient is ∼3 kJ mol−1 of
H+ transported, or roughly 3–6 kJmol−1 of CaCO3 precipitated,
depending on whether the metabolic carbon supporting
calcification is supplied in the form of CO2 or HCO3

− (see
Methods). For example, a relatively large decrease in seawater
pHT from 8.1 to 7.7 would increase �pH to 0.7 units and
would thus require an additional 1–2 kJ of energy mol−1 of
CaCO3 precipitated. Although being a large relative change,
it is insignificant when considering the total energy produced
by photosynthesis (∼475 kJmol−1 C, see Methods) and that
rates of calcification are generally around one-third22 of gross
primary production. So for zooxanthellae-bearing corals, the
extra energy required to up-regulate pH is minor, only <1% of
that generated by photosynthesis. Although it is only a relatively
small proportion of the overall photosynthetically supplied energy,
this is nevertheless essential for controlling physiological pHcf,
which further emphasizes the importance of maintaining the
zooxanthellae–coral symbiosis for sustaining calcification.

The higher rates of coral calcification, production and respira-
tion when exposed to light compared with the dark22,23 also indicate
that calcification may be dependent on the rate of carbon supply
needed to build organic templates, as well as to increase DICcf at
the site of calcification. This concept is consistent with numerous
studies showing that calcification is generally correlated with net
photosynthesis and both occur at rates of similar magnitude on
a per-mole-carbon basis22,23. This further implies that higher pCO2

could stimulate higher rates of zooxanthellae production, which in
turnmay drive higher rates of coral calcification through increasing
internal DICcf and Ωcf. Other factors, such as nutrients and feeding
mechanisms, also play a role in the energetics of calcification, but it
seems that pH up-regulation is the most critical factor determining
the inherent sensitivity of calcifiers to ocean acidification.
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<---increasing CO2, decreasing pH!

CO2 + H2O + CaCO3s  Ca(HCO3)2aq (+ CaCO3aq); Ω ∝ [Ca2+]↑ x [CO3
2-]↑!

(Mod. from McCulloch 
et al. 2012) !

Ca(HCO3)2aq addition restores calcification rate!



Evidence that Ca(HCO3)2aq addition is safe and effective: 
Micro-AWL helps maintain saltwater aquaria!
 "Calcium" reactors routinely used:  CO2 + H2O + CaCO3  Ca(HCO3)2aq (+ CaCO3aq)!



 Assuming a need to return CaCO3 saturation state in the 
ocean mixed layer to pre-industrial levels (Ωca present = 4; Ωca 

pre-ind.= 5) then about  250 GT of fossil CO2 needed in AWL 
process to make sufficient Ca(HCO3)2aq(+ CaCO3aq) 

How much fossil CO2 needed to restore ocean  
mixed-layer Carbonate Chemistry via AWL? 

  Assuming a max Ωca of 15: ocean could store > 3x of current C 
storage, or >100,000 GT C (vs 5,000 fossil fuel C reserves) 
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 Greater dissolved inorganic carbon concentration per input 
of CO2 (left panel) 

 Less pH depression per unit input of CO2 (right panel) 

Other applications of Ca(HCO3)2aq solutions 

Thus, use of Ca(HCO3)2aq as a C substrate for algal 
biofuels production, artificial photosynthesis, etc.  



 E.g., overcoming C limitation in algae!
   Aeration of lab scale culture with air or enriched CO2 in 

the presence or absence of added Ca(HCO3)2aq!

  Do algae grow faster/denser in the presence of Ca(HCO3)2aq?  
Optimum concentrations and procedures?!



AWL advantages:!

 Avoids costly/risky conc. CO2 production and storage!

 Ca(HCO3)2aq addition to the ocean!
 Safely exploits massive ocean storage potential!
 Vast "market" for countering ocean acidification!

 Builds on existing wet limestone scrubbing for SO2 !

 Retrofitable!

 Useable in developing world; this is not rocket science! !
 Mimics/accelerates natural global-scale CO2 absorption 

process -  carbonate mineral weathering.!

 However, further R&D needed to prove these points!



AWL limitations/negatives:!
 Due to seawater requirement, apps confined to coastal CO2 

point sources (but possible wastewater/saline groundwater 
applications?).!

 Sources of limestone must be nearby (they usually are). 
Increased extraction of limestone and assoc environmental 
impacts likely,(but plenty of waste limestone for starters).!

 Natural gas mitigation preferred over coal to avoid downstream 
ocean impacts (but let's explore. Once-through seawater 
scrubbing for SOx control is routinely done in Asia).!

 Downstream thermal, O2 and other chem impacts on seawater?!

 More R&D needed on the preceding issues.!



Point-Source CO2 mitigation: Where from here?!

  CCS alone is failing to get the job done.!

  Alternatives to CCS exist, e.g. AWL.!

  Further R&D beyond lab scale is needed to better 
determine cost effectiveness, environmental safety/
benefit, and capacity. !

  The policy and R&D funding communities need to 
solicit/recognize new ideas beyond CCS, and support 
their objective evaluation and testing if effective point-
source CO2 mitigation goals are to be achieved in time 
to be relevant.  !

! ! ! ! !THANKS!


