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precipitated upon CO2 addition. Acetic acid remains in solution 
as either calcium or magnesium acetate or free acid and can 
be recycled. The process has only been demonstrated for 
wollastonite. Experimental conversion levels of the wollastonite 
have not exceeded 20% (Kakizawa et al., 2001).

7.2.4.5	 A worked out example: single-step carbonation
Figure 7.3 illustrates the single step wet mineral carbonation 
process that can be applied to natural silicates as well as 
to industrial residues, for example steel slag (Huijgen et al., 
2004). The figure refers to the carbonation of olivine, whereby 
the mineral is ground first. Subsequently it is dissolved in an 
aqueous solution of sodium chloride (NaCl, 1 mol L–1) and 
sodium bicarbonate (NaHCO3, 0.64 mol L

–1) in contact with high 
pressure CO2 and carbonated therein (O’Connor et al., 2002; 
O’Connor et al., 2005). The additives are easily recovered upon 
filtration of the solid particles, since the sodium and chloride 
ions do not participate in the reaction and remain in solution, 
whereas the bicarbonate ion is replenished by contacting the 
solution in the carbonation reactor with the CO2 atmosphere. 
A maximum conversion of 81% in one hour was obtained with 
an olivine of 37 µm particle size, at a temperature of 185°C 
and a CO2 partial pressure of 15 MPa. An important element of 
the process scheme in Figure 7.3 is the classification (sieving) 
that allows separating the carbonate and silica products from 
the olivine that has to be recycled. This is possible since non-
reacted olivine minerals are coarse, whereas the carbonate and 
silica consist of finer particles (O’Connor et al., 2002). An 
additional difficulty of single-step carbonation is when, upon 
extraction of the metal oxide from the solid particles, a silica 
layer forms or a carbonate layer precipitates on the particles 
themselves, thus hindering further dissolution. Experimental 
evidence indicates that this does not occur in the case of olivine 
(O’Connor et al., 2002), whereas it does occur in the case of 
steel slag (Huijgen et al., 2004).
	 Using the process scheme illustrated in Figure 7.3, it is 
possible to calculate the material balances by considering 
that the molecular mass of carbon dioxide is 44.0 g mol–1, of 
magnesium carbonate is 84.3 g mol–1, of silica is 60.1 g mol–1 
and of olivine is 140.7 g mol–1. For the sake of simplicity only 
two assumptions are made, namely the degree of conversion 
in the carbonation reactor – the fraction of olivine fed to the 
reactor that is converted to carbonate in a single pass – and 
the fraction of non-reacted mineral in the classifier that is not 
recycled, but ends up with the material for disposal. Based on 
the stoichiometry of the carbonation reaction, 1.6 tonnes of 
olivine would be needed to fix one tonne of CO2, thus producing 
2.6 tonnes of solid material for disposal. Assuming 90% 
carbonation conversion and 10% losses in the classifier, 1.62 
tonnes of olivine would be needed and 2.62 tonnes of solids 
per tonne of CO2 mineralized would be for disposal. Assuming 
only 50% conversion and 20% losses, for one tonne of CO2 
stored, 1.87 tonnes of olivine would be needed and 2.87 tonnes 
would be disposed of. In the latter case however the carbonation 
reactor would be twice as big as in the former case.
	 Olivine has the highest concentration of reactive magnesium 

oxide among the natural minerals (57% by weight). Other 
minerals in general contain a lower concentration. For pure 
serpentine the magnesium oxide concentration is about 44% 
and for typical ores about 50% of that of the pure mineral. 
Therefore, the mineral feedstock required to fix 1 tonne of CO2 
in carbonates is between 1.6 and 3.7 tonnes and the process 
yields between 2.6 and 4.7 tonnes of products to be handled. 
The carbonation process consumes energy and thus causes CO2 
emissions that reduce the net storage of CO2 accordingly. For 
the olivine carbonation process, having the lowest unit cost 
among those described in Box 7.1, the energy requirement is  
1.1 GJ/tCO2. If this is provided by the same coal derived 
electricity it would cause CO2 emissions equal to 30% of the 
fixed CO2.

7.2.5	 Product handling and disposal

Disposal options for mineral carbonates are determined by the 
mass of the resulting material (see Figure 7.2). It is not cost-
effective to ship the bulk of these materials over long distances. 
As a result the obvious disposal location is at the mine site. As in 
any large-scale mining operation, the logistics of mining a site 
and reclaiming it after refilling it with the tailings is substantial, 
but it does not pose novel problems (Newall et al., 2000). The 
amount of material to be disposed of is between 50 and 100% 
by volume more than that originally mined. These volumes are 
comparable to volumes commonly handled in mining operations 
and are subject to standard mine reclamation practice (Lackner 
et al., 1997; Newall et al., 2000).
	 The fine grinding of the mineral ore might allow for the 
extraction of valuable mineral constituents. Serpentine and 
olivine mines could provide iron ore that either would be 
removed as magnetite by magnetic separation or result from 
chemical precipitation during magnesium extraction, yielding 
concentrated iron oxide or hydroxide (Park and Fan, 2004). 
Peridotite rocks may contain chromite, elements like nickel and 
manganese and also elements in the platinum group, but how 
these can be recovered has still to be studied (Goff and Lackner, 
1998). It has been suggested, that magnesium carbonate and 
silica may find uses as soil enhancers, roadfill or filler for 
mining operations. Eventually mineral carbonation would have 
to operate at scales that would saturate any product or byproduct 
market, but products and byproducts, when usable, could help 
make a demonstration of the process more viable (Lackner et 
al., 1997; Goff and Lackner, 1998).

7.2.6	 Environmental impact

The central environmental issue of mineral carbonation is 
the associated large-scale mining, ore preparation and waste-
product disposal (Goff and Lackner, 1998). It can directly lead 
to land clearing and to the potential pollution of soil, water and 
air in surrounding areas. It may also indirectly result in habitat 
degradation. An environmental impact assessment would be 
required to identify and prevent or minimize air emissions, 
solid waste disposal, wastewater discharges, water use, as well 
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the total yearly CO2 consumption. Moreover, the contribution 
to the storage of carbon – on a yearly basis for instance – does 
not correspond to the size of the pool, but to its size variation 
on a yearly basis, or in general on its rate of change that might 
be positive (increase of carbon storage and reduction of CO2 
emissions) or negative (decrease of carbon storage and increase 
of CO2 emissions) depending on the evolution of the markets and 
of the distribution systems (see also Box 7.2 for a quantitative 
example). Data on the amount of carbon stored as inventory of 
these materials in the supply chain and on the rate of change of 
this amount is not available, but the figures in Table 7.2 and the 
analysis above indicate that the quantity of captured carbon that 
could be stored is very small compared with total anthropogenic 
carbon emissions. Thus, the use of captured CO2 in industrial 
processes could have only a minute (if any) effect on reduction 
of net CO2 emissions.
	 As to the second point, the duration of CO2 storage in the 
carbon chemical pool and typical lifetime of the CO2 consuming 
chemicals when in use before being degraded to CO2 that is 
emitted to the atmosphere, are given in the last column of 
Table 7.2 Rather broad ranges are associated with classes of 
compounds consisting of a variety of different chemicals. The 
lifetime of the materials produced that could use captured CO2 
could vary from a few hours for a fuel such as methanol, to a 
few months for urea fertilizer, to decades for materials such as 
plastics and laminates, particularly those materials used in the 
construction industry. This indicates that even when there is a 
net storage of CO2 as discussed in the previous paragraph, the 
duration of such storage is limited.
	 As to the last point, the extent of emission mitigation 
provided by the use of captured CO2 to produce the compounds 
in the carbon chemical pool. Replacing carbon derived from a 

fossil fuel in a chemical process, for example a hydrocarbon, 
with captured CO2 is sometimes possible, but does not affect 
the overall carbon budget, thus CO2 does not replace the fossil 
fuel feedstock. The hydrocarbon has in fact two functions – it 
provides energy and it provides carbon as a building block. The 
CO2 fails to provide energy, since it is at a lower energy level than 
the hydrocarbon (see Box 7.3). The energy of the hydrocarbon 
is often needed in the chemical process and, as in the production 
of most plastics, it is embodied in the end product. Alternatively, 
the energy of the hydrocarbon is available and likely to be 
utilized in other parts of the process, purification, pretreatment 
for example, or in other processes within the same plant. If this 
energy is missing, since CO2 is used as carbon source, it has to 
be replaced somehow to close the energy balance of the plant. 
As long as the replacement energy is provided from fossil fuels, 
net CO2 emissions will remain unchanged. It is worth noting 
that an economy with large non-fossil energy resources could 
consider CO2 feedstocks to replace hydrocarbons in chemical 
synthesis. Such approaches are not covered here, since they 
are specific examples of converting to non-fossil energy and as 
such are driven by the merits of the new energy source rather 
than by the need for capture and storage of CO2.

7.3.5	 Future scope

The scale of the use of captured CO2 in industrial processes is 
too small, the storage times too short and the energy balance too 
unfavourable for industrial uses of CO2 to become significant 
as a means of mitigating climate change. There is a lack of data 
available to adequately assess the possible overall CO2 inventory 
of processes that involve CO2 substitution with associated 
energy balances and the effects of changes in other feedstocks 

The carbon chemical pool is the ensemble of anthropogenic carbon containing organic chemicals. This box aims to provide 
criteria for measuring the quantitative impact on carbon mitigation of such a pool. If this impact were significant, using carbon 
from CO2 could be an attractive storage option for captured CO2. 
	 	 Considering a specific chemical A, whose present worldwide production is 12 Mt yr–1, whose worldwide inventory is 1 Mt 
– the monthly production – and whose lifetime before degradation to CO2 and release to the atmosphere is less than one year. 
If next year production and inventory of A do not change, the contribution to CO2 storage of this member of the chemical pool 
will be null. If production increased by a factor ten to 120 Mt yr–1, whereas inventory were still 1 Mt, again the contribution 
of A to CO2 storage would be null.
	 If on the contrary next year production increases and inventory also increases, for example to 3 Mt, to cope with increased 
market demand, the contribution of A to CO2 storage over the year will be equivalent to the amount of CO2 stoichiometrically 
needed to produce 2 Mt of A. However, if due to better distribution policies and despite increased production, the worldwide 
inventory of A decreased to 0.7 Mt, then A would yield a negative contribution to CO2 storage, thus over the year the amount 
of CO2 stoichiometrically needed to produce 0.3 Mt of A would be additionally emitted to the atmosphere.
	 Therefore, the impact on carbon dioxide mitigation of the carbon chemical pool does not depend on the amounts of carbon 
containing chemical products produced; there is CO2 emission reduction in a certain time only if the pool has grown during 
that time. With increasing production, such impact can be positive or negative, as shown above. It is clear that since this would 
be a second or third order effect with respect to the overall production of carbon containing chemicals – itself much smaller in 
terms of fossil fuel consumption than fossil fuel combustion – this impact will be insignificant compared with the scale of the 
challenge that carbon dioxide capture and storage technologies have to confront.

Box 7.2 Carbon chemical pool.
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CO2 can be used as a provider of carbon atoms for chemical synthesis, as an alternative to standard processes where the carbon 
atom source is fossil carbon, as coal or methane or other. This includes processes where the carbon atom in the CO2 molecule 
is either reduced by providing energy, for example methanol synthesis, or does not change its oxidation state and does not need 
energy, synthesis of polycarbonates for example.
	 For the sake of simplicity let us consider a reaction from carbon to an organic final product A (containing n carbon atoms) 
that takes place in a chemical plant (standard process):
	 nC → A	 (7)

Let us also consider the alternative route whereby CO2 captured from the power plant where carbon has been burnt is used in 
the chemical plant where the synthesis of A is carried out. In this case the sequence of reactions would be:
	 nC → nCO2 → A	 (8)

The overall energy change upon transformation of C into A, ΔH, is the same in both cases. The difference between the two 
cases is that in case (8) this overall energy change is split into two parts – ΔH=ΔHcom+ΔHsyn – one for combustion in the power 
plant and the other for the synthesis of A from CO2 in the chemical plant (ΔHcom will be –400 which means 400 are made 
available by the combustion of carbon). If ΔH is negative, that means an overall exothermic reaction (1), then ΔHsyn will be 
either negative or even positive. If ΔH is positive, that means an overall endothermic reaction (7), then ΔHsyn will be even 
more positive. In both cases, exothermic or endothermic reaction, the chemical plant will lack 400 kJ/molC energy in case (2) 
with respect to case (1). This energy has already been exploited in the power plant and is no longer available in the chemical 
plant. It is worth noting that large-scale chemical plants (these are those of interest for the purpose of carbon dioxide emission 
mitigation) make the best possible use of their energy by applying so-called heat integration, for example by optimizing energy 
use through the whole plant and not just for individual processes. In case (1) chemical plants make good use of the 400 kJ/
molC that are made available by the reaction (7) in excess of the second step of reaction (8).
	 Therefore, in terms of energy there is no benefit in choosing path (8) rather than path (7). In terms of efficiency of the 
whole chemical process there might be a potential improvement, but there might also be a potential disadvantage, since route 
(7) integrates the heat generation associated with the oxidation of carbon and the conversion to product A. These effects are 
of second order importance and have to be evaluated on a case-by-case basis. Nevertheless, the scale of the reduction in CO2 
emissions would be rather small, since it would be even smaller than the scale of the production of the chemicals that might be 
impacted by the technology change, that is by the change from path (7) to path (8) (Audus and Oonk, 1997).

and emissions. However, the analysis above demonstrates that, 
although the precise figures are difficult to estimate and even 
their sign is questionable, the contribution of these technologies 
to CO2 storage is negligible. Research is continuing on the use 
of CO2 in organic chemical polymer and plastics production, 
but the drivers are generally cost, elimination of hazardous 
chemical intermediates and the elimination of toxic wastes, 
rather than the storage of CO2.
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