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This study builds a holistic, transparent life cycle assessment model of a variety of aqueous mineral

carbonation processes using a hybrid process model and economic input–output life cycle assessment

approach (hybrid EIO-LCA). The model allows for the evaluation of the tradeoffs between different

reaction enhancement processes while considering the larger lifecycle impacts on energy use and

material consumption. A preliminary systematic investigation of the tradeoffs inherent in mineral

carbonation processes is conducted to provide guidance for the optimization of the life-cycle energy

efficiency of various proposed mineral carbonation processes. The life-cycle assessment of aqueous

mineral carbonation suggests that a variety of alkalinity sources and process configurations are capable

of net CO2 reductions. The total CO2 storage potential for the alkalinity sources considered in the U.S.

ranges from 1.8% to 23.7% of U.S. CO2 emissions, depending on the assumed availability of natural

alkalinity sources and efficiency of the mineral carbonation processes.
1. Introduction

Mineral carbonation has been proposed as a technology to

reduce greenhouse gas (GHG) emissions from fossil fuel

combustion in a scalable manner.1 In contrast to conventional
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Broader context

Carbon dioxide (CO2) mineralization has been proposed as a mech

because it mimics silicate weathering cycles that remove CO2 from th

stored in very stable form. However, mineralization technologies a

about mineralization technologies is the energy efficiency of minera

handling, processing, reacting, and disposing of mineralization mat

the quantity of CO2 sequestered, rendering mineralization ineffectiv

cycle assessment of mineralization technologies that allows compar

alkaline feedstocks and industrial byproducts) and technology speci

there are some mineralization pathways that provide significant net C

suggests that CO2 mineralization should be explored as a CO2 m

mineral feedstocks.

This journal is ª The Royal Society of Chemistry 2012
carbon dioxide capture and storage (CCS) systems where CO2 is

injected into the subsurface, mineral carbonation is an ex situ

process where gaseous CO2 is reacted with alkaline materials

(such as silicate minerals and alkaline industrial wastes) and

converted into stable and environmentally benign carbonate

minerals. Mineral carbonation is based on chemical reactions

that are analogous to the silicate weathering cycle responsible for

CO2 uptake on geologic time scales.2 It utilizes input materials

abundant worldwide and has the benefit of producing stable

forms of CO2.

In addition, mineral carbonation products could find benefi-

cial reuse. For example, mineral carbonation could be used to

produce aggregates, fills and other bulk building materials, and

some have argued that mineral carbonation products could

partially offset Portland Cement consumption.3 While the scale
anism to sequester CO2. Mineralization could be advantageous

e atmosphere over geologic time scales, and the CO2 is therefore

re not well understood in many respects. One large uncertainty

lization pathways. If too much energy is consumed in mining,

erials, this large effort could result in more CO2 emissions than

e as a storage mechanism. We build a process-model based life

ison across a variety of mineralization feedstocks (e.g., natural

fications (e.g., high vs. low temperature). Our model shows that

O2 capture ability over the whole mineralization life cycle. This

itigation strategy, especially with extremely abundant natural
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of potential CO2 sequestration in carbonate form far exceeds

demand for potential beneficial reuses, such opportunities could

improve the economics of early implementations of CO2 capture

processes.

Mineral carbonation refers to the reaction of CO2 with alka-

line divalent cations (e.g., Ca2+, Mg2+, and Fe2+) to produce

carbonate minerals that are stable at atmospheric conditions. A

simplified general carbonation reaction is:

MO + CO2 4 MCO3 + heat (1)

where MO is a metal oxide, M a divalent cation (e.g., calcium

(Ca2+) or magnesium (Mg2+)), and MCO3 a carbonate product

(e.g., calcite (CaCO3) or magnesite (MgCO3)). Processes devel-

oped have focused mostly on performing these reactions in an

aqueous medium, where CO2 hydrolyzes to carbonic acid and

metal oxides hydrolyze to basic components. Thus, the mineral

carbonation process is a problem in acid–base chemistry4 where

the formation of carbonate products represents the neutraliza-

tion of the acidic CO2 with the basic (i.e., alkaline) metal oxides

and hydroxides. Acid–base neutralization processes are ther-

modynamically favored at atmospheric conditions, but a source

of reactive alkalinity is required for the sequestration of the CO2.

Both natural and industrial alkalinity sources exist and have

been investigated for mineral carbonation. Natural silicate

minerals (e.g., olivine, serpentine, and wollastonite) present an

important potential feedstock resource for mineral carbonation

because of their environmental abundance and widespread

geographic availability.5 For reasons of mineral availability,

cation concentration, and reactivity, research on mineral

carbonation has focused on the use of silicate minerals rich in

Mg2+ (i.e., serpentine and olivine). In this case, the process

consists of a dissolution step where silicate minerals release Mg2+

into water and a precipitation step where Mg2+ reacts with the

aqueous carbonate species (CO3
2�) producing carbonate

minerals. Although thermodynamic equilibria at atmospheric

conditions favor the formation of carbonate minerals, reaction

kinetics for silicate dissolution are very slow. Thus, natural sili-

cates do not represent a particularly reactive source of alkalinity

and elevated temperature and pressure or the use of chemical

additives is required to perform the conversion on time scales

relevant to industrial CO2 emission.6–8

In comparison, industrial by-products tend to be more reactive

than silicate minerals, but their use is limited by their production

rates. Cement kiln dust (CKD),9,10 coal fly ash (FA),6 and steel-

making slag (SS)11–14 are the most promising industrial alkaline

by-products given their relative abundance and demonstrated

carbonation capacity. Despite the attractive reactivity of indus-

trial by-products, the production rate is small compared to the

scale of CO2 emissions.15 Nonetheless, they might serve as low-

cost alkalinity sources for the development of mineral carbon-

ation technologies, which could be extended to the abundant but

more expensive natural alkalinity sources such as silicate

minerals.

Drawbacks to mineral carbonation include significant mate-

rials handling requirements and potentially high energy

consumption.1 Because the scale of CO2 production is so large,

mineral carbonation would require large amount of materials in

order to sequester a significant quantity of CO2. The energy
8632 | Energy Environ. Sci., 2012, 5, 8631–8641
demands of carbonation include grinding, heating, mixing, and

transport of feedstocks and products and may result in emissions

of CO2 large enough to challenge the benefits of this sequestra-

tion process.

The success of mineral carbonation depends critically on the

cost and efficiency with which alkalinity can be extracted from

feedstocks, and subsequently carbonated. If an energy efficient,

scalable process for alkalinity extraction or generation exists,

then mineral carbonation will be effective; otherwise mineral

carbonation is likely to be costly per tonne of CO2 mitigated, and

could even be a net CO2 source instead of a sink. For both

industrial and natural alkalinity sources, various process schemes

have been developed to enhance reaction kinetics, such as heat-

pretreatment, mineral pulverization, and the optimization of

reaction conditions.6,16,17 However, to date, this technology is

still associated with high-energy costs because of the mining and

pre-processing (e.g., grinding) required, especially for natural

alkalinity sources, and the large materials throughput.6

Previous studies have identified process conditions optimal for

enhancing the carbonation reaction kinetics (in particular

regarding the dissolution step).6,14,18 No study, however, has yet

performed a scheme that optimizes these conditions with the goal

of producing an energetically viable carbonation process. In this

study we seek to evaluate the tradeoffs in using various reaction

enhancement process schemes in the context of the life cycle

energy use and material consumption. In the current work,

capital costs are only included in order to evaluate energy and

material consumption; future work should include the investi-

gation of capital expenditures (CAPEX). This study builds a

holistic, transparent life cycle assessment model of a variety of

aqueous mineral carbonation processes using a hybrid process

model and economic input–output life cycle assessment

approach (hybrid EIO-LCA). A preliminary systematic investi-

gation of the tradeoffs inherent in mineral carbonation processes

can provide guidance for the optimization of the life-cycle energy

efficiency of various proposed mineral carbonation processes.
2. Methods

2.1 LCA model

The goal of our LCA tool is to compare the energy efficiency and

net CO2 storage potential of a variety of aqueous mineral

carbonation processes on a consistent basis by determining the

energy and material inputs associated with each implementation.

Our model relies on the peer-reviewed scientific literature and the

patent literature.12,19–21 The model assumes input of pure

compressed CO2 (i.e. separation and compression are outside the

system boundaries), so the processes modelled should be

considered as a form of CO2 storage. The important variables

contributing to the overall lifecycle assessment are: (1) the extent

of reaction for feedstock minerals, (2) the extent of grinding to

reduce the average particle size of feedstocks, (3) the residence

time of materials in a reactor, (4) the number of reactors required

for a given throughput, and (5) the conditions at which the

reactions are performed. All main process stages are included in

the tool, and comprehensive system boundaries are applied

throughout the model. Because our tool aims to compare
This journal is ª The Royal Society of Chemistry 2012
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processes that vary significantly in input resource and process

design, the model is built at a general, first-order level.

The model uses a hybrid process model and economic input–

output life cycle assessment approach (hybrid EIO-LCA). This

methodology accounts for the following three types of energy

consumption: on-site energy consumption, energy of material

and energy inputs consumed in the sector of interest (embodied

direct energy), and energy of material and energy inputs

consumed in all other sectors (embodied indirect energy).

Including both on-site and embodied energy allows a full

accounting of the total greenhouse gas (GHG) reduction benefits

of each process scheme. The functional unit for the model is

mineral carbonation of 1000 ton per day (t per day) of CO2.

The process-model core of the mineral carbonation LCA tool

includes eight process stages (see Scheme 1). These process stages

are defined generically to be applicable to a variety of mineral

carbonation technologies:

1. Extraction – Mining of natural alkalinity source or sepa-

ration and selection of the industrial alkalinity source;

2. Transport – Movement of unprocessed alkalinity source to

processing site;

3. Physical preprocessing – Physical treatment of alkalinity

source, including crushing or grinding;

4. Chemical conversion – Reaction of CO2 with alkalinity

source to form stable mineral. This process stage might consist of

two parts if natural alkalinity sources are used, i.e., a dissolution

step and a precipitation step.

5. Post-reaction processing – Processing required after the

carbonation reaction;

6. Transport – Transport of produced minerals to disposal or

beneficial reuse site;
Scheme 1 Life cycle process model schematic for aqueous mineral carbonatio

to the energy and mass fluxes (inputs enter from top, outputs leave through

This journal is ª The Royal Society of Chemistry 2012
7. Beneficial reuse – Reuse of product in place of other

previously used compound;

8. Disposal – Placement of mineral matter in disposal site for

long-term storage.

Each of these stages is modeled using physical and chemical

principles, described in detail below.

The total (on-site plus embodied) energy consumption is

calculated using the EIO-LCA tool from Carnegie Mellon

University to convert the direct consumption of energy, mate-

rials, and services into life cycle energy consumption [2002 U.S.

model].22 EIO-LCA results provide total energy consumed

(within a North American Industry Classification System

[NAICS] sector and for all other sectors) per dollar of economic

activity occurring in a given sector. These EIO-LCA results are

used to generate direct (within-sector) and indirect (all other

sectors) energy consumption, as detailed in the ESI. Consump-

tion per unit of economic activity is then converted to

consumption per physical unit using commodity price indices

(e.g., $ MJ�1 natural gas or $ t�1 of steel).
2.2 Process modeling

Extraction. The extraction process stage includes mining,

grinding, and loading of alkalinity sources into the transport

system. The amount of alkalinity source extracted is determined

based on the mineral carbonation rate of 1000 t CO2 per day, the

mass ratio of alkalinity source to CO2, the estimated extent

reacted of the alkalinity source, and the reaction efficiency.

Material losses of 1% are assumed for this stage (e.g., mass

output is 1% less than mass treated). To model the energy

consumption of extraction, it is assumed that the mining of
n of 1000 t CO2 based on olivine – 155 �C case; thickness of lines is scaled

bottom).

Energy Environ. Sci., 2012, 5, 8631–8641 | 8633
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alkalinity sources can be represented by low or high intensity

extraction. The collection and handling of industrial alkalinity

sources (i.e., CKD, FA, SS) is assumed to consume 50% of the

energy of low intensity extraction. The energy consumption

calculations are based on stone mining (NAICS 212310;

48.8 MJ t�1 direct, 97.0 MJ t�1 total) for low intensity and sand/

gravel mining (NAICS 212320; 192.9 MJ t�1 direct, 360.9 MJ t�1

total) for high intensity mining. Economic to physical scaling is

based on USGS commodity price indexes.23,24

Transport. The transport process stages include the transport

of alkalinity sources from the extraction site to the processing site

and from the post-reaction processing site to the beneficial reuse

or disposal site. Transport is assumed to be by truck for distances

less than 100 km, and by rail for distances 100 km and above.

Energy use is assumed to be proportional to tonnes of material

moved, and material losses of 3% in transport are assumed.

Energy consumption calculations are based on rail freight

(NAICS 482000; 0.206 MJ t�1 km�1 direct, 0.270 MJ t�1 km�1

total). For comparison to EIO-LCA results, energy values were

also calculated based on 2007 statistics of total mass-distance

traveled and total diesel consumed.25 For these comparison

calculations, it was assumed that transport energy requirements

for alkalinity sources equal the average for the U.S. freight

industry, and capital investment in rail lines and embodied

energy in rail transport equipment, loading equipment, and

transfer stations were neglected. The direct energy (diesel)

consumed per mass-distance (t-km) obtained was 0.231 MJ t�1

km�1, which is close to the EIO-LCA results of 0.225 MJ t�1

km�1 petroleum and 0.270 MJ t�1 km�1 total energy consumed.

Physical preprocessing. The physical preprocessing stage

models the grinding required to reduce the particle size of the

alkalinity source. All energy for grinding is assumed to be elec-

tricity, capital investments are assumed to equal those of the

chemical conversion stage with type (a) reactors used (described

below), and material losses of 1% are assumed. The energy

required for grinding a particular feed, EG, is calculated as a

function of the 80% passing sizes of the final product, P, and

initial feed, F, in microns (mm), according to:

EG ¼ 10Wi

�
1

P0:5
� 1

F 0:5

�
(2)

with Wi equal to Bond’s work index for the material.26 ESI

provides the Bond work indices for the alkalinity sources inves-

tigated. Input particle size is assumed to be 1 cm (10 000 mm), and

the output particle size is a reaction parameter ranging from 4 to

2000 mm. For the total energy calculations, the embodied energy

of electricity is included to account for indirect energy

consumption, based on power generation (NAICS 221100).

Chemical conversion (dissolution and precipitation reactions).

The chemical conversion stage requires heating and mixing of

reactants during the dissolution and carbonation reactions and

the consumption of materials during the reaction (e.g., cement

and steel during the construction of the reactor, water during its

operation). The masses of reactants (e.g., alkalinity source,

water) required to carbonate CO2 at a rate of 1 t per day are

determined based on the stoichiometry of the carbonation
8634 | Energy Environ. Sci., 2012, 5, 8631–8641
reaction and the assumed reaction efficiency. Material losses

of 1% are assumed during the precipitation reaction.

Reactor tanks. Energy consumption due to the construction of

the reactor tanks is assumed to equal the embodied energy of the

cement and steel consumed due to tank use. The steel and cement

consumed for the reactor tanks has been evaluated for two types

of generic stainless steel reactor tanks: (a) cylindrical tank with

flat ends for low P processes (with P# 1 bar), (b) cylindrical tank

with semi-ellipsoidal caps for high P processes (P up to 100 bar).

The tank wall thickness is calculated for each tank type, as

detailed below. For tank types (a) and (b) the mass of steel

required per tank is calculated based on the tank wall thickness

and dimensions, and the mass of cement required (t per day) is

assumed to equal the mass of steel. The minimum wall thickness,

TT (mm), is calculated according to:

TT ¼ rLHLgD

2SE � 103
(3)

with rL equal to the liquid density (kg m�3), HL the liquid depth

(m), g the gravitational acceleration (m s�2), D the tank diameter

(m), S the maximum allowable stress for the tank material (N

mm�2), and E the joint efficiency.27 Due to the abrasive nature of

mineral carbonation, this value is conservatively increased by the

greater of 2 mm or 10%. Tank type (a) has 10 m diameter and

height, 6.8 mm wall thickness, 785 m3 volume, and a required

mass of steel �26 t per tank. Tank type (b) has 2 m diameter,

10 m height, 101.6 mm wall thickness, 27 m3 volume, and a

required mass of steel �56 t per tank.

Tank life is assumed to equal 20 years (7300 days), and the

mass of steel or cement consumed (t per day) due to tank use is

calculated by dividing the mass per tank (t per tank) by the

assumed life of the tank (day per tank). The number of tanks

required is calculated by dividing the volume of reactor space

required (m3) by the volume per reactor tank (m3).

To account for other capital investment (e.g., tank insulation

materials, pipes, conveyors, pumps, and other equipment)

embodied energy from tanks is multiplied by a factor of 1.3. The

resulting calculations show that embodied emissions in capital

investment is a negligible fraction of overall emissions (<2% in

the optimized olivine case), therefore, further detailed design of

the facility is not required.

Water consumption. The water consumption is defined as the

water demand (t per day) less the input rate of recycled water

(t per day) from the downstream process stages. The energy

consumption due to fresh water is based on water supply

(NAICS 221100; 0 MJ t�1 direct, 4.66 0 MJ t�1 total).

Heating. The energy consumption for heating is assumed to

equal the energy consumed to heat reaction materials to the

reaction temperature, and the energy consumed to maintain such

a temperature accounting for heat loss from reactor tanks. The

energy source for heating is assumed to be natural gas. The

energy required for heating a particular material, EH, is calcu-

lated as a function of the mass of the material heated, m (t), the

specific heat capacity of the material, CP, and the difference

between the input temperature and the reaction temperature, DT,

according to:
This journal is ª The Royal Society of Chemistry 2012
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EH ¼ mCPDT. (4)

Input temperatures for fresh water and alkalinity sources are

assumed to equal 10 �C and 20 �C, respectively. Recycled water

input temperature is assumed to equal the reaction temperature

less 33% heat loss during post-reaction processing and feedback

(this assumption is varied in the sensitivity analysis). ESI

provides the heat capacity and heat of reaction used for various

reaction materials. The external heat required is decreased by

the heat released during the reaction process. These heats of

reaction amount to 1.00 MJ kg�1 for olivine (100% reacted) and

0.27 MJ kg�1 for serpentine. This heat of reaction provides up to

100% of the heat requirements of carbonation, greatly lessening

the need for external energy inputs.

The energy required to maintain reactor (and reaction

mixture) temperatures is assumed to equal to the energy loss

from tanks due to heat loss. Heat loss from reactor tanks is

calculated assuming the tanks are stainless steel cylinders insu-

lated with 5 cm mineral fiber reinforced with aluminum foil. ESI

provides the thermal conductivity, k, and emissivity, 3, for tank

materials.28 It is assumed that the heat flux from the tank, fq

(W m�2), must equal heat flux to the surrounding environment

due to convection and radiation, which is calculated according

to:

Fq ¼ h(TO�TA) + 3Is(T
4
O�T4

A) (5)

with TO representing the outside temperature of the tank and TA

representing the ambient temperature of the surrounding envi-

ronment. The temperature on the outside of the tank, TO, is

determined by assuming heat flux through the tank due to

conduction wall must equal heat flux to the surrounding envi-

ronment due to convection and radiation. TO is calculated

according to:

ðTR � TOÞ
rI � lnðrO=rSÞ

kI
� lnðrS=rIÞ

kS

¼ hðTO � TAÞ þ 3Is
�
TO

4 � TA
4
�

(6)

(taking the physically meaningful root as TO), with TR defined as

the temperature of the reaction; rI the inner tank radius, rO the

outer tank radius, and rS the non-insulated tank radius (i.e.,

outer radius of the stainless steel tank); kI and kA defined as the

thermal conductivity of insulation and steel (W m�1 K�1),

respectively; the convection coefficient, h, assumed to equal

20 W m�2 K�1; 3I defined as the emissivity of insulation; and the

Stefan–Boltzman constant, s.28

Mixing. Energy consumed by mixing reactants is determined

based on the power required to mix a certain volume of reactant

mixture. It is assumed that mixing is by electricity-powered

vertical flat-blade turbines, CO2 is injected at the bottom of the

turbine shaft, and flow is turbulent.29 ESI provides further

description of mass transfer of CO2 in the reactor system. Mixing

power, PM (kW), is calculated according to:

PM ¼ NPrN
3D5 (7)

withNp defined as the power number, equal to 3.75; r the mixture

density;N the impeller speed, equal to 0.6 rps; andD the impeller
This journal is ª The Royal Society of Chemistry 2012
diameter, assumed to equal 1/3 the tank diameter.29,30 Given the

assumed mixing design, the flow in the reaction vessels is fully

turbulent and CO2 is well-dispersed throughout the system.

Post-reaction processing. Post-reaction processing includes

treatment of the carbonation reaction product to separate water

and solids by clarifier, liquid cyclone, and/or centrifugal sepa-

ration. It is assumed that separation processes are powered by

electricity, that capital investment equals that of the chemical

conversion stage type (a) reactors used, and that material losses

equal 5% during post-reaction processing. The type of separation

process used is based on the product mixture and the primary

goal of the processing (e.g., to produce clarified water for reuse in

the chemical conversion stage, or to produce dry carbonate

material), and multiple processes may be used in series.

Clarifier. The clarifier process is used to clarify 75–80 vol.%

water from a feed mixture with 0.1–35 wt% solids. Clarifier tank

diameters typically range from 2–200 m, and heights from

2.5–3.5 m. The power consumed, PC (kW), is a function of the

tank diameter, D:

PC ¼ cCD
2 (8)

with the coefficient cC ranging from 0.003–0.006. For this model,

the coefficient and diameter are assumed to be 0.0045 and 25 m,

respectively. It is assumed that the clarified output water may be

recycled as input water to the carbonation reaction without

additional processing. The energy and separation data for the

clarifier process, as well as for the liquid cyclone and centrifugal

filter separation processes, are based on averages given by Ulrich

and Vasudevan, 2004, and are provided in ESI.31

Liquid cyclone. The liquid cyclone process is used to produce

30–50 wt% solid mixture from a feed mixture with 4–35 wt%

solids. Cyclone tank diameters typically range from 0.01–1 m,

and heights from 0.3–3 m. The power consumed, PC (kW), is a

function of the volumetric flow rate, qV (m3 s�1):

PC ¼ cCqV (9)

with the coefficient cC ranging from 100–300. For this model, the

coefficient and volumetric flow rate are assumed to be 200 and

0.075 m3 s�1, respectively.

Centrifugal filter. The centrifugal filter process is used to

produce 80–95 wt% solid mixture from a feed mixture with 30–

60 wt% solids. Centrifugal filter tank diameters typically range

from 0.2–1.4 m, and heights from 0.5–2 m. The power consumed,

PC (kW), is a function of the solids input rate, qM (kg s�1):

PC¼cCqM (10)

with the coefficient cC ranging from 3–30 and qM from 0.002–

0.15 kg s�1. For this model, the coefficient and volumetric flow

rate are assumed to be 16.5 and 0.076 m3 s�1, respectively.

Beneficial reuse. The beneficial reuse stage accounts for the

displacement of aggregate with the carbonation product. We use
Energy Environ. Sci., 2012, 5, 8631–8641 | 8635
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life cycle energy intensity from the EIO-LCA tool for the medium

intensity mined product (crushed limestone) as an analog to

embodied energy in aggregate. This value of �97 MJ t�1 (4.5 kg

CO2 t�1) co-production credit aligns well with data on energy

consumption for aggregate from Horvath (2004), which calcu-

lates 115 MJ t�1 for crushed stone.32 It is assumed that no

additional capital investment is required to perform beneficial

reuse (e.g., the construction industry will already have trucks for

hauling aggregate). It is assumed that the carbonate product

must be 90% solid for re-use, and thus all cases with beneficial re-

use require solid–liquid separations using the centrifugal filter,

described above. Re-use of carbonation products in chemical

markets was not considered feasible because the potential scale

of production from mineral carbonation is much greater than

that of existing chemical markets.33

Disposal. The disposal stage accounts for the energy burden of

final disposal of carbonation products that are not reused (e.g.,

landfilling, aqueous disposal). For solid products not beneficially

reused, it is assumed that the material will be disposed as mine

backfill, and that backfill requires 50% of the low energy intensity

of mining.
2.3 Mineral carbonation reaction modeling

The LCA model includes mineral carbonation pathways associ-

atedwith alkalinity sourced fromboth industrial by-products and

natural silicate minerals. Aqueous mineral carbonation processes

have been developed for both. The aqueous processes involve two

steps (sometimes simultaneously occurring within the same

reactor), dissolution of cations from the silicate minerals into

solution followed by nucleation and growth of carbonate

precipitate.16,34–36 In the approach used in this study, reaction

kinetics and extent of reaction are taken to be independent of the

partial pressure of CO2. This is based on the assumption that CO2

will be delivered at supercritical pressures (9–10 MPa) where

transportation is most cost-effective (see Chapter 4 of IPCC,

2005).3 Different reaction modeling approaches are used to treat

industrial by-products and natural silicate minerals, due to the
Table 1 Values of the reaction parameters used in each case. Extent reacted i
carbonate. In all cases a reaction efficiency of 90% is assumed and separations i
case, which was optimized with no separation process

Net CO2

avoided
(t per day)

Extraction
particle size
(mm)

Percent
solid
(wt%)

CO2

pressure
(bar)

Tempe
(�C)

Ol – 25 �C �17 782 10 000 20 90 25
Ol – 105 �C 586 10 000 20 90 105
Ol – 155 �C 733 10 000 20 90 155
Ol – reuseb 747 10 000 20 90 155
Se – 155 �C 346 10 000 20 90 155
CKD – 25 �C 858 28 54 0.8 25
CKD – reuseb 854 28 54 0.8 25
FA – 25 �C 552 100 5 0.1 25
FA – 75 �C 449 100 5 0.1 75
SS – 25 �C 656 16 000 9 1 25
SS – 100 �C 39 16 000 9 1 100

a Tank type (b) used for high P processes, see reactor tank section for details.
155 �C and CKD – 25 �C cases.
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difference in reaction kinetics for each category of alkalinity

source, as described in the following sections.

Industrial by-products. Industrial by-products tend to have a

mixture of oxides (e.g., CaO andMgO) and silicates; while oxides

dissolve readily in solution and react readily with CO2, silicates

require a dissolution step to release the cations available for

carbonation. Given the complex and varied chemicophysical

properties of industrial by-products, there is no general reaction

model to determine the extent of their reaction; rather, data from

the literature are for specific reaction conditions and alkalinity

source compositions. Therefore, the extent of the reaction is

based on experimental data from the literature for CKD,9 FA,37

and SS,12 the industrial by-products considered in this work.

Natural silicates. Due to the low reactivity of natural silicate

(such as serpentine and olivine), their carbonation requires an

aqueous process consisting of a dissolution step where cations

are released into solution followed by a precipitation step where

carbonate minerals are formed upon reaction of the cations with

the dissolved CO2. These two steps might be performed in a

single- or two-stage process. As silicate dissolution is the rate-

limiting step, we analyze the extent of this reaction more exten-

sively and investigate the effect of temperature, solution

composition, particle size, and residence time, assuming a solu-

tion with constant pH ¼ 6. This pH is is easily supported by CO2

partial pressures from atmospheric to 9 MPa (approximate

transport pressure), and we assume that the pH can be fixed

through management of the CO2 pressure over the system at

neglible energy penalty. We described the temporal evolution of

the particle size distribution of a polydisperse olivine suspension

using the population balance equation (PBE) coupled with a

mass balance equation of olivine and assuming a dissolution rate

equation reported in H€anchen et al. (2006).7,38–41 We assumed

that all dissolved cations react with CO2 during the precipitation

stage to form carbonate (i.e., 100% of the dissolution-step extent

reacted reacts with CO2).

Informal optimization of the aqueous mineral carbonation

processes for a given alkalinity source is performed by
s defined as the fraction of alkalinity source that reacts with CO2 to form
ncluded clarifier/thickener and liquid cyclone, except for the CKD – 25 �C

rature
Reaction
particle size
(mm)

Residence
time
(min)

Reactor
volume
(m3)

Reactor
tanksa

(type, unit)

Extent
reacted
(t t�1)

4 1440 795 699 (b) 29 607 0.01
4 1440 14 368 (b) 535 0.59
10 1440 8827 (b) 328 1.00
10 1440 8827 (b) 328 1.00
4 1440 15 110 (b) 562 0.71
28 432 3505 (a) 4 0.52
28 432 3505 (a) 4 0.52
100 270 30 721 (a) 39 0.45
100 270 17 775 (a) 23 0.78
100 30 2800 (a) 4 0.36
100 30 2120 (a) 3 0.47

b Reuse ¼ beneficial reuse of carbonate product, considered for the Ol –

This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 Comparison of cases; error bars are sourced from process effi-

ciency ranges; Ol ¼ olivine, Se ¼ serpentine.
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systematically varying the model input parameters (i.e., process

variables and reaction conditions) across a range of process

model parameters suggested by the literature and based on a)

parameter values tested in the dissolution model (for olivine and

serpentine), or b) data available in the literature (for CKD, FA,

and SS).

In order to evaluate model uncertainty, process efficiency

ranges are explored based on values from literature or reasonable

ranges of assumption. The efficiency assumptions used to esti-

mate the uncertainty in the results are described in the ESI.
Fig. 2 CO2 emissions of the mineral carbonation process using olivine as

an alkalinity source. (a) 25 �C, (b) 155 �C.
3. Results and discussion

The net CO2 storage potential of aqueous mineral carbonation is

evaluated for olivine, serpentine, CKD, FA, and SS across a

range of reaction conditions and process parameters. In the

following discussion, a handful of representative cases will be

considered to exemplify the results and highlight key findings.

For the select cases, the reaction parameters are summarized in

Table 1, and the net CO2 avoided (t-CO2 per day) is shown in

Fig. 1. The net CO2 avoided is defined as the total CO2 seques-

tered (1000 t per day) less life-cycle CO2 emissions. For each case,

the parameters are selected to optimize the process for given

alkalinity source and temperature.
3. 1 Natural silicate alkalinity sources – olivine

Several cases for olivine are highlighted below: ambient

temperature (25 �C), medium temperature (105 �C), and high

temperature (155 �C). For the cases tested, a minimum net CO2

emissions of �733 t-CO2 per day occurs with the high tempera-

ture case. Net CO2 emissions for the low and medium tempera-

ture cases are 17 782 t-CO2 per day and �586 t-CO2 per day,

respectively. For Ol – 25 �C and Ol – 105 �C, the optimal particle

size is 4 mm, while for Ol – 155 �C 10 mm is optimal. Fig. 2

provides the CO2 emissions per process stage for the ambient and

high temperature cases. In comparison to the 155 �C case, the

25 �C case requires over 80 times more olivine and water per

1000 t-CO2 mineralized, due to the low reactivity of olivine at
This journal is ª The Royal Society of Chemistry 2012
ambient temperature; this results in 59 times the energy

consumption throughout the entire process due to the higher

mass throughput.

Overall, net CO2 emissions are minimized (i.e., net storage is

maximized) by increasing alkalinity source reactivity and

decreasing the amount of alkalinity source and water processed

per ton of CO2 mineralized. As such, any measure which

increases the extent reacted tends to improve the overall life-cycle

energy efficiency. Increasing temperature, decreasing particle

size, and increasing residence time maximize extent reacted

dramatically and improve the life-cycle energy efficiency and the

net mitigation potential of the process, as shown in Fig. 3 (next

page). Increasing the residence time decreases the process effi-

ciency more than increasing temperature or decreasing particle

size. Increasing residence time is costly because it equates to

increasing the amount of material processed at any given time,

and therefore increases the amount of mixing and heating

required during the chemical conversion stage.

In all cases, enhancement measures improve the net mitigation

potential only insofar as they increase the extent reacted—once

100% extent reacted is attained, additional energy expenditure in

enhancement measures (e.g., increase in residence time, increase
Energy Environ. Sci., 2012, 5, 8631–8641 | 8637
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Fig. 3 Net mitigation potential for 1000 t CO2 per day gross capture capacity facility. Net capture rate is presented as a function of (a) particle size and

temperature (residence time ¼ 1440 min) and (b) residence time and temperature (particle size ¼ 10 mm); white represents negative mitigation potential

(e.g., life cycle emissions exceed 1000 t CO2 per day and therefore negate benefit of mineral carbonation).
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in temperature, or decrease in particle size) serves no purpose but

to decrease the process efficiency. By improving olivine’s reac-

tivity, such measures allow for residence time to decrease while
Fig. 4 CO2 emissions per 1000 t-CO2 per day sequestered for the m

8638 | Energy Environ. Sci., 2012, 5, 8631–8641
still attaining 100% extent reacted. For instance, for the

Ol – 155 �C case, the optimized particle size is 10 mm (the largest

particle size at which 100% extent reacted is attained), while for
ineral carbonation processes with net CO2 mitigation potential.

This journal is ª The Royal Society of Chemistry 2012
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the 105 �C and 25 �C cases it is 4 mm (the minimum particle size

investigated), and 100% extent reacted is not attained. As Fig. 3

(next page) shows, olivine mineral carbonation processes are

only feasible for high T, small particle size, and long residence

times. Based on current results, the efficiency of an optimized

olivine-based mineral carbonation process can reach 73%.
3.2 Natural silicate alkalinity sources – serpentine

For serpentine cases, the maximum efficiency of 346 t-CO2 per

day was obtained at 155 �C and 4 mm; this corresponds to 71%

extent reacted. The life-cycle energy efficiency of a serpentine-

based mineral carbonation process is in general lower than that

of an olivine-based process, because the dissolution kinetics of

serpentine are slower than those of olivine.
Fig. 5 Parameter sensitivity for the Ol – 155 �C base case; note that for

material losses during transport stages only the low, base, and high

efficiency values are 5, 3, and 1%.
3.3 Industrial by-product alkalinity sources

For the CKD, FA, and SS cases evaluated, a minimum net CO2

emissions of �858 t-CO2 per day occurs with the CKD – 25 �C
case. Net CO2 emissions for the best FA and SS cases are �552

t-CO2 per day and �656 t-CO2 per day, respectively. It is

important to consider that the parameters used in the industrial

by-product cases were based on experimental data from the

literature, and as such the results were not optimized as they were

for olivine and serpentine. Furthermore, the percent solids varied

widely between the experiments surveyed, with CKD at 54%, FA

at 5%, and SS at 9%. It is expected that FA and SS results would

be greatly improved by increasing the percent solids, which

would decrease the heating, mixing, water consumption, and

separations energy requirements.

Fig. 4 shows the contribution to CO2 emissions for the mineral

carbonation processes with net CO2 mitigation potential. Over-

all, the major energy drivers are heating, mixing for the industrial

by-products (which use the larger tank type (a)), and grinding (in

the cases where requiring grinding); these processes are related by

the material residence time in the reactor and the overall mass

throughput. For natural silicates (which use tank type (b)) energy

consumed due to capital investment is also significant. A

comparison of the relative efficiency between the high and low

temperature cases for olivine, FA, and SS reveals the different

role temperature plays in life-cycle energy efficiency for the

various alkalinity sources. In general, increasing the temperature

dramatically improves the overall efficiency of olivine carbon-

ation processes because higher temperatures increase olivine’s

extent reacted. For FA, whose extent reacted is less dependent on

temperature, the total net CO2 mitigation potential is approxi-

mately 20% greater for the 25 �C case than for the 75 �C case. As

Fig. 4 shows, the distribution of energy demand (and, therefore,

CO2 emissions) between and within the various process stages is

quite different, highlighting the tradeoff between the additional

reactivity gained with heating, which leads to less material pro-

cessed (e.g., mixed during the reaction stage) per CO2 captured,

and the increase in energy consumption and CO2 emissions due

to heating.

For FA, mixing accounts for the vast majority of CO2 emis-

sions in the low temperature case, while in the high temperature

case both mixing and heating account for the majority of CO2

emissions. In the case of SS, because higher temperatures do not
This journal is ª The Royal Society of Chemistry 2012
improve the reactivity of SS, increasing the temperature tends to

worsen the efficiency of SS carbonation processes. For the 25 �C
case, mixing accounts for 69% of CO2 emitted during the

chemical conversion stage, while in the 100 �C case, materials

heating accounts for 96% of CO2 emitted.

3.4 Beneficial re-use

To investigate the net impact of beneficial re-use of the carbonate

product on the life-cycle energy efficiency of a mineral carbon-

ation process, the optimum silicate and industrial by-product

cases, i.e., Ol – 155 �C and CKD – 25 �C, were implemented

assuming 100% re-use of the carbonate product as aggregate. For

re-use, there is a tradeoff between the gain in efficiency due to the

mitigation credit for replacing aggregate, and the loss in effi-

ciency due to the greater processing of the carbonate products

required prior to reuse. As Fig. 4 shows, both the Ol – reuse and

CKD – reuse cases resulted in greater post-reaction processing

CO2 emissions, due to the additional drying steps. In the case of

olivine, slightly more CO2 emissions are mitigated by replacing

aggregate with the carbonate products, and the overall life-cycle

efficiency improves by 14 t-CO2 per day for olivine; however, for

CKD reuse decreases the life-cycle efficiency by 4 t-CO2 per day.

3.5 Model sensitivity

To investigate the relative effect of reaction and process

parameters, select parameters were varied independently and the

net CO2 mitigation of case was compared to the base high

temperature olivine case Ol – 155 �C. Fig. 5 displays the

parameter dependence of the net CO2 mitigation for % water

recycled, used reaction exothermicity, recycled water heat loss,

reaction efficiency, mixing speed, extraction particle size, product

transport, reactant transport, capital cost, and material losses.

As Fig. 5 shows, the assumed reaction efficiency and amount of

water recycled impact the net CO2 mitigation most significantly.

Used reaction exothermicity and product transport distances

also significantly impact the net CO2 mitigation.
Energy Environ. Sci., 2012, 5, 8631–8641 | 8639
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Fig. 6 CO2 storage potential of mineral carbonation of various alka-

linity sources compared to U.S. CO2 emissions; alkalinity source avail-

ability is based on U.S. production rates; for natural alkalinity sources

‘‘a’’ assumes a production rate of 18 Mt per year, equivalent to U.S. lime

production, and ‘‘b’’ of 760 Mt per year, equivalent to U.S. sand and

gravel production.15,42
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3.6 Mineral carbonation potential

The CO2 storage potential of mineral carbonation is estimated

using the life-cycle assessment results and alkalinity source

availability. Fig. 6 shows the CO2 storage potential of mineral

carbonation for the different alkalinity sources compared to

annual U.S. CO2 emissions. The annual storage potential for a

given alkalinity source was calculated by multiplying its avail-

ability (Mt per year) by the CO2 sequestration efficiency of

mineral carbonation of that alkalinity source (t-CO2/t-alkalinity

source). For industrial alkalinity sources, availability is based on

U.S. production rates.37 For natural alkalinity sources, avail-

ability is estimated based on U.S. production rates of (a) lime (18

Mt per year) or (b) sand and gravel (760 Mt per year).15,42 The

low estimate assumes the maximum sequestration efficiency of

the alkalinity source obtained in the current work and the high

estimate assumes a sequestration efficiency of 85%. The total

CO2 storage potential for the alkalinity sources considered U.S.

ranges from 1.8% to 23.7% of U.S. CO2 emissions, depending

on the assumed availability of natural alkalinity sources and

efficiency of the mineral carbonation processes.
4. Conclusions

The life-cycle assessment of aqueous CO2 mineral carbonation

technologies suggests that a variety of alkalinity sources and

processes are capable of net CO2 reductions. The maximum net

mitigation potential was 858 t-CO2 per day with CKD at ambient

temperature and pressure conditions. In order of decreasing

efficiency, the maximum net mitigation potentials for the other

alkalinity sources investigated are: olivine, 747 t-CO2 per day;

SS, 656 t-CO2 per day; FA, 552 t-CO2 per day; and serpentine,

346 t-CO2 per day.

Within the range of parameters tested, for all cases maximizing

the extent reacted unambiguously improves process efficiency. In

general, the maximization of the extent reacted of material is
8640 | Energy Environ. Sci., 2012, 5, 8631–8641
critical to optimizing the processes because it minimizes the

material handling requirements which contribute negatively to

the energy budget. In particular:

� process efficiency is maximized by increasing extent reacted;

� it is critical to enhance extent reacted through most ener-

getically favorable enhancement measure (i.e. increasing

temperature and decreasing particle size are cheaper than

increasing residence time);

� heating is the main energy driver across all non-ambient T

processes;

� mixing and grinding are also significant energy drivers;

� reuse of carbonate as aggregate does not necessarily improve

life-cycle energy efficiency (due to the tradeoff between addi-

tional separations required and offset mining emissions);

� not all alkalinity sources benefit from high reaction

temperatures;

� any steps to increase reaction rates would dramatically

improve process efficiency.

The total CO2 storage potential for the alkalinity sources

considered in the U.S. ranges from 1.3% to 23.7% of U.S. CO2

emissions, depending on the assumed availability of natural

alkalinity sources and efficiency of the mineral carbonation

processes. To optimize a given process, building more detailed

process models (e.g., in ASPEN or similar chemical engineering

software) would be required to better describe the reaction rates,

process throughputs, required energy, and capital investment for

the mineral carbonation process. Other reaction processes could

be modeled, including the use of chemical additives to enhance

dissolution kinetics, gas–solid reactions and low intensity

mineral carbonation pathways (e.g., slow ambient-temperature

processes, such as lagoons at ambient temperature). Addition-

ally, system boundaries could be extended to include capture of

CO2 and thereby account for the different separation and

compression requirements of the various cases. Accounting for

such a broad range of mineral carbonation processes within a

consistent framework would allow better comparison between

diverse process configurations and point to areas worthy of more

detailed modeling.
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