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Carbon capture, utilization, and storage (CCUS) is a technology approach to the
management of anthropogenic carbon dioxide gas emissions to the atmosphere. By
injecting CO» into host rocks, or by employing a an ex situ application step, geological
formations can react with and store huge volumes of CO, as carbonate minerals. An
alternative mineral feedstock material is the Gt of industrial process wastes that are often
disposed to landfill. By applying an accelerated carbonation step to solid waste, there is
potential to sequestrate meaningful quantities of CO» in carbonate-cemented products
that have reuse potential. The manufacture of carbonated aggregates is commercially
established in Europe, and recent advances in technology include a mobile plant that
directly utilizes flue-gas derived CO» in the mineralisation process. The present work
discusses the basis for mineralization in geologically derived minerals and industrial
wastes, with a focus being on the manufacture of products with value. An assessment
of mineralized construction aggregates suggests that carbon capture, utilization, and
storage technology can manage significant quantities of this CO».

Keywords: carbon capture, utilization and storage, mineralization of carbon dioxide, calcium carbonate, flue gas,
accelerated carbonation, accelerated weathering

INTRODUCTION

As carbon dioxide (CO;) in the atmosphere increases due to anthropogenic activities, natural
ecosystems are losing their ability to absorb this greenhouse gas (GHG). The major contributor
of CO; to the atmosphere is generated from burning fossil fuels, biofuels, and wood. By way
of context, a large thermal power station can easily emit more than 20 Mt of CO; each year
(Armstrong et al., 2019).

The IPCC (2014) predicts that if GHG emissions continue, the global temperature will rise
between 3.7 and 4.8°C by 2100. To reach the limit of 1.5°C, CO, emissions need to be reduced
by 45% from 2010 levels by 2030 and net-zero emissions by 2050. The special [PCC (2018) report
gives a revised target of <1.5°C temperature rise and emphasizes the need for further emission
reductions' (IPCC, 2018).

Thttps://www.ipcc.ch/sr15

Frontiers in Energy Research | www.frontiersin.org 1

July 2020 | Volume 8 | Article 142


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2020.00142
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fenrg.2020.00142
http://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2020.00142&domain=pdf&date_stamp=2020-07-14
https://www.frontiersin.org/articles/10.3389/fenrg.2020.00142/full
http://loop.frontiersin.org/people/956138/overview
http://loop.frontiersin.org/people/982368/overview
http://loop.frontiersin.org/people/1021416/overview
https://www.ipcc.ch/sr15
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/
https://www.frontiersin.org/journals/energy-research#articles

Hills et al.

Mineralization Technology for CCUS

The prospect of mitigating anthropogenic CO, emissions by
carbon capture and storage (CCS) is attractive. By injecting
CO», as a supercritical fluid, into porous rock strata in the
geosphere, it is predicted that large amounts (Gt) of carbon can
be managed this way. Injection into the deep ocean water column
(>1,000 m), where CO, will remain dissolved for centuries, is also
being suggested (UNESCO-IOC/SCOR, 2007). However, these
processes are not yet commercially or technically viable, and
alternative options for sequestrating CO, are required. Discussed
later is an approach based on nature.

REACTION OF CARBON DIOXIDE WITH
MINERAL SYSTEMS

Mineralization is nature’s way to sequester CO;, but it is a
slow process. The hydrolysis of CO; in moist air or water is
a major driver of rock chemical weathering. The geological
record indicates that tectonic forcing exposes large rock masses
to the atmosphere and subsequent weathering occurs at a rate
that can markedly reduce atmospheric CO; levels (Raymo and
Ruddiman, 1992). Notwithstanding that natural weathering can
remove some 30 Gt of CO; from the atmosphere each century,
it is this natural process that has the potential to be accelerated
and, therefore, industrialized. In this way, anthropogenic CO;
can combine with a reactive substrate to form a mineralized
product—carbonate salts, for ultimate disposal or conversion
into valorized products. Mineralized products have the potential
to be beneficially utilized in quantities that can ultimately reduce
the effects of global warming. The common rock types and
their reaction with CO, gas are discussed by Penner (2004)
and Zevenhoven (2004).

CARBON CAPTURE, UTILIZATION, AND
STORAGE

The concept of managed mineralization offers an
environmentally sustainable opportunity that can work in
synergy with carbon capture and storage. By incorporating a
“utilization” option within a “storage” concept, captured CO,
can be used as a feedstock for making products, products in
which CO; gas is sequestered permanently. This unison is known
as carbon capture, utilization, and storage (CCUS).

It is not widely appreciated that CO, gas has been
used for centuries as a feedstock in industrial processes.
Uses extend from carbonating beverages (18th Century) to
the application of supercritical CO, in the manufacture of
instant coffee, pharmaceuticals (20th Century), or construction
materials (21st Century).

CO; gas-enhanced curing chambers have been utilized for
conditioning and accelerating the hardening of cementitious
materials since the 19th century (e.g., Rowland, 1870), as alkaline
materials tend to be very CO, reactive. The tendency of minerals
to react with CO, under the right conditions can be harnessed
for CCUS, using both in situ and ex situ processing methods. By
way of example of the former, Kelemen et al. (2019) report the

application of CO;-rich fluid rather than natural water, in the
in situ treatment of peridotite. In this approach, the dissolution
of peridotite (and hence its carbonate-ability) can be increased by
five orders of magnitude.

Rock masses found in the geosphere that are materially
suitable for managed carbonation are ubiquitous, and the
carbonated reaction products are stable in the geosphere. The
National Academies of Sciences Engineering Medicine [NASEM]
(2019) states that significant health and environmental benefits
can arise from carbon mineralization, as the formation
of carbonate is the safest carbon “storage” mechanism
(Zhang and DePaolo, 2017).

The application of in situ mineralization technology has been
described as mineral trapping or managed weathering and is
simply an accelerated weathering step. Silicate rocks are the most
suitable host rock formations for mineralized carbon, with the
rate of carbonate mineral production being kinetically controlled.
Huijgen and Comans (2003) and Zevenhoven and Fagerlund
(2010) have reviewed the mineralization of CO,. As mineral
carbonation is an analog of natural weathering, the reaction
between CO, and suitable silicate rocks can be summarized as
(Equation 1):

(Ca,Mg)SiOs3 (s) + CO; (g) — (Ca,Mg)COs3 (s) + SiO2 (s) (1)

If we consider the course of natural weathering of olivine
(Mg>Si04) or serpentine [Mg3Si;O5(OHy)], it is the dissolution
and ionization of CO; in the rain or groundwater that produces
carbonic acid. This, in turn, dissociates into H" and HCOj3 or
bicarbonate. As bicarbonate is conjugate acidic, it can chemically
degrade susceptible minerals, liberating calcium and magnesium,
which then bind with the bicarbonate to form solid carbonates.
Beaulieu et al. (2012) estimate that 300 Mt of CO, gas is
removed from the atmosphere via weathering and carbonate
formation each year.

Potential geological storage “reservoirs” for mineralized CO,
involve igneous (flood basalts, pillow lavas, and ultramafic rocks,
such as peridotite), metamorphic (serpentinites and ophiolites),
and perhaps, surprisingly, sedimentary rock formations, such as
glauconitic and hematite-cemented sandstones. In respect of the
latter, hematite has the potential to form siderite (FeCO3) or
ankerite (CaCO3, MgCO3, and FeCOs3), when Fe3*t is reduced
to Fe’™. Arkosic sandstones, containing feldspar, are also a
potential target host rock formation. Plagioclase (anorthite)
found in igneous rocks and arkose may be a mineral suitable
for carbonation; its reaction with CO; gas is summarized below
(Equation 2):

CaAlSi,Og + H,CO3; + H;O — CaCO3 + Al Si;O5(0OH)4  (2)

Of particular interest are flood basalts with high porosity and
a linked vesicular structure. These potential host rocks extend
to thousands of cubic kilometers but can be geographically
isolated, as are pillow lavas. Where basalt formations are saline,
stable carbonates, including calcite, magnesite, and siderite, may
be expected to form on contact with H,COj. Groundwater
permeation through ultramafic rocks, such as dunite, is
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FIGURE 1 | Dissolution rates for major rock-forming minerals at 25°C and pH 5.1-7.7 (Palandri and Kharaka, 2004).

accompanied by the dissolution of alkali and precipitation of
carbonate (Canovas et al., 2017; Vankeuren et al., 2019).

The reaction rate of rock-forming minerals varies
considerably, with wollastonite being one of the “fastest”
and, hence, most reactive to CO,. The dissolution of some
common minerals at 25 and 180°C is discussed by National
Academies of Sciences Engineering Medicine [NASEM]
(2019). It should be noted that at higher temperatures,
the rate of dissolution of minerals increases. By way of
example, albite dissolution increases from an approximate
log dissolution rate of between —11.5 and —12.5 at 25°C
to —7.6 and —8.5 at 180°C. For olivine, a similar trend is
observed, as the log dissolution rate increases from —8.2
and —10.1 to —4.2 and —5.7, at 25 and 180°C, respectively.
The effect of small changes in pH can also be significant as
exemplified for anorthite at 25°C, when the log dissolution
of this phase decreases from —11.11 to —10.82, between
pH of 8.1 and 8.4, respectively. Figure 1 gives the solubility
of different rock-forming mineral groups at 25°C between
pH 5.1 and 7.7 (Palandri and Kharaka, 2004). It should be
noted that not all the mineral groups shown are suitable for
processing by carbonation.

The injection of CO,; into the vicinity of active spreading
ridges, where new oceanic crust is being formed, has been
suggested as suitable host rocks, as they are characterized by
saline hydraulic gradients (O’Connor et al., 2005). Seawater
flows into pelagic sediments towards the spreading ridge itself,
and injection of CO, would promote the formation of Mg
and Ca carbonates. O’Connor et al. (2005) estimate that there
is a capacity to store 8-40,000 Gt of CO, worldwide in the
vicinity of spreading ridges. Olajire (2013) discusses several in situ

mineralization projects in basic and ultrabasic rock formations,
including into basalts in Iceland (Carbfix, 2020).

The role of heterogeneities in potential host rock formations
is of importance. Peuble et al. (2018) discussed the role of
discontinuities in ultramafic rocks and their effect on chemical
gradients, along preferential fluid pathways, with carbonate
formation orientated normal to the hydraulic gradient.

Wherever suitable rock formations exist, their physical and
chemical characteristics, including interlinked void space, pore
solution chemistry, and temperature are key considerations
for suitability for large-scale mineralization. There are several
relevant reviews and reports on CO, mineralization, including
IPCC (2005), Renforth et al. (2011), Romanov et al. (2015),
and Kelemen et al. (2019). A further potential significant
consideration is the role of iron-oxidizing bacteria on the
degradation of silicate rocks, which is described by Daval (2018).
This study reports the biologically induced formation of a
passivating Fe>*-Si-rich layer on the surface of silicate minerals
found in basic and ultrabasic rocks can, for example, reduce the
dissolution rate of olivine by two orders of magnitude.

As such, one of the issues to be faced is the reaction yield,
that is, how much CO; is mineralized per unit of mass of
target mineral. Rarely is a target mineral reacted with CO, as
predicted on stoichiometry grounds, meaning that in ex situ
applications, high temperatures and pressures and the use of
chemical reagents are required to achieve an acceptable yield
in a short time. This will inevitably have an impact on cost,
as the amount of target mineral required to trap 1 t of CO,
(the Rco,) already varies widely; for example, the feedstock
requirement for olivine, wollastonite, basalt, and magnetite is
1.6, 2.6, 4.9, and 5.3 t, respectively (Penner, 2004; Zevenhoven,
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TABLE 1 | Common minerals and their reactivity with carbon dioxide.

Mineral Formula Reaction pathway Potential CO,
uptake (% w/w
total weight)
Olivine (Fosterite) MgoSiOy Mg2SiO4 + 2HoCO3 — 2MgCO3 + HySiOy4 63
Serpentine polytype Mg3Si>O5(0H)4 MgzSi»O5(0OH)4 + 3H,CO3 — 3MgCO3 + 2H4SiO4 + HoO 48
Portlandite Ca(OH), Ca(OH), + HyCO3 — CaCOg + 2H,O 59
Brucite Mg(OH)2 Mg(OH), + HoCO3 — MgCO3 + 2H,O 76
Larnite CapSiOy CanSi0y4 + 2H,CO3 — 2CaCO3 + HySiO4 67
Anorthite CaAl»SioOg CaAl>SixOg + HoCO3 + HyO — CaCO3 + Al SioO5(0OH)4 16
Jennite CagSigO16(0OH)2.6H20 Cay.678i01.57(0H)4.0 + 1.67H,CO3 — 1.67CaCO3 + H4SiO4 + 1.77H,0 47
Rankinite CagSinO7 CagSixO7 + 3H2CO3 + HoO — 3CaCO3 + 2H4SiO4 38
Akermanite CapMgSir,O7 CapMgSirO7 + 3H,CO3 + HyO — 2CaCOgz + MgCO3 + 2H4SiO4 48
Wollastonite CaSiO3 CaSiO3 + HoCO3 + HoO — CaCOg + HySiO4 38
Tobermorite CasSigO1(0OH)2.4H20 Cag.g3Si01.53(0OH)2.6 + 0.83H2CO3 — 0.83CaCOg3 + HsSiO4 + 0.13H,0 39
Pyroxene (Diopside) CaMgSi»Og CaMgSi»Og + 2HoCO3 + 2HoO — CaCOgz + MgCOg3 + 2H,SiO4 41
Tremolite CasMgsSigO22(OH)2 CapMgsSigO22(OH)o + 7H2CO3 + 8H2O — 2CaCO3 + 5MgCO3 + 8H4Si04 38
Enstatite MgSiO3 MgSiO3 + HoCOgz + HoO — MgCOg3 + H4SiO4 44
Laumonite CaAl»Si4012.4H2 O CaAl»Siz012.4H20 + HoCO3 + HoO — CaCOg + AlpSinOs(OH)4 + 2H4SiO4 9

Where necessary, the reaction pathway has been normalized. Figures for % CO, uptaken (w/w) assume the mineral reaction has been fully completed.

2004; Sanna et al, 2014). Olajire (2013) reports that rocks
comprising olivine and serpentinite normally have an Rco,
ranging between 1.97 and 2.51.

The reaction of CO, with olivine and serpentine in the
presence of water is given in Table 1, together with other common
minerals of interest (O’Connor et al., 2000; Renforth et al.,
2011; Alexander and Maroto-Valer, 2018). The amount of CO,
that is reacted (with the yield), on a percentage w/w basis, is
calculated from the equation given. As can be seen, this varies
widely and is dependent on the chemistry of the mineral in
question and is further impacted by reaction kinetics, purity
of the mineral system, and other considerations. Thus, a 100%
reaction condition is rarely achieved.

As the rate of reaction between rock and bicarbonate is
slow, a managed mineralization step requires a high-energy
environment and complex reaction conditions to overcome
kinetic constraints (Balucan et al., 2013; Eikeland et al., 2015;
Ebrahini et al, 2018). Thus, until mineralization technology
advances, the in situ injection of CO; into a rock for storage
(as opposed to the utilization of sedimentary formations found
in depleted oil wells) is unlikely to be widely adopted. Wang J.
et al.,, 2018; Wang F. et al., 2018 discuss some of the economic
considerations involved, whereas Verduyn et al. (2011) review
the options for CO, mineralization in rock. Majumdar and
Deutch (2018) provide a context for mineralization and other
CCUS options that may be deployed at scale. Kelemen et al.
(2019) have most recently overviewed the status and challenges
of mineralization in the geosphere.

ACCELERATED CARBONATION OF
MINERAL SYSTEMS

The mining and fine grinding of basaltic or other rocks have
been investigated for ameliorating soil to enhance mineral

weathering and produce bicarbonate (Kohler et al., 2010; Wilson
et al., 2014; Renforth et al., 2015; Sackler Forum, 2017).
Notwithstanding, the impacts on the chemistry of the oceans,
the logistics involved in mining, processing, transporting, and
widely applying this technology are likely to be prohibitive.
Studies on accelerating mineralization by, for example, raised
temperatures and pressures, controlling moisture content, and
the partial pressure of CO;, include those of Gerdemann et al.
(2007), Dri et al. (2014), and Gadikota and Park (2015).

It is often assumed that the use of ex situ treatments may
overcome many of the issues associated with the costs and
technical complexity of the in situ mineralization of CO; in
host rocks. An advantage of ex situ processing is the ease of
auditing and confirming the permanence of carbon stored in
the mineralized product(s). The drawbacks in respect of the
energy requirement associated with processing and subsequent
carbonation are augmented by one issue not receiving much
attention to date, and that is the disposal of the mineralized
media back into the geosphere. As mineralized products occupy
significantly more volume than the originally excavated rock as
it now contains carbonate, the environmental impacts associated
with “landfilling” more rock that was excavated must be fully
costed, as environmental harm will undoubtedly arise.

Geologically derived feedstock materials for mineralization,
such as olivine and serpentine, are abundant, and mining
technologies are mature enough to handle appropriate quantities
of processed mineral media for carbonation. The high costs
of intensive reaction conditions can, to a certain extent, be
mitigated if commercially attractive mineral products, such as
silica or magnesia, can be made available for sale. Teir et al.
(2007) and Zevenhoven et al. (2017) have described processing
of serpentinite by dissolution followed by carbonation and the
recovery of mineral products.

For the industry to apply mineralization technology, changes
in commercial and regulatory operating environments are
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needed. This is particularly important if the mineralization
processes used manufacturing products that are suitable for reuse
or sale into the market. Unless facilitating tax regimes are in
place to support processing and the disposal of mineralized
products to land, the cost involved can only be mitigated by the
manufacture of products for sale, such as silica or finely divided
calcium carbonate.

That said, there are commercial opportunities involving the
mineralization of wastes to divert them from landfill into
products with value. Residues are subject to waste management
regulations in many countries and have a significant negative
value. Furthermore, because of the waste hierarchy, there are
options to apply “end of waste” via the manufacture of products
that are fit for purpose, providing the wastes are risk-managed.
In Europe, the Waste Framework Directive provides a pathway to
“end of waste” and product status (European Commission, 2019).
Products can be a substitute for virgin stone, a mineral filler,
or another commercially attractive material/product. Wastes
suitable for processing are often found close to market, relatively
consistent, alkaline and have a high surface area, properties that
facilitate further processing by mineralization.

Within the last decade, the use of CO, to treat industrial
waste via an accelerated carbonation step to make carbonate-
cemented products has become established in Europe. There are
several estimates of the global quantities of suitable industrial
wastes for mineral carbonation (e.g., Gomes et al., 2016), and
suitable arisings are likely to be >2 Gt each year. As such,
there is mounting interest in potential carbonate-able wastes to
sequestrate mineralized CO, but also to valorize the waste and
reduce the risks associated with disposal to land.

There are newly commercially available and emerging CCUS
technologies involving mineralization, and these have been
summarized in Hills et al. (2019). Although it is not yet possible
to be certain of the potential total global amount of CO, that
can be mineralized in waste, estimates in the 1-5 Gt range
are available. The GCI (2016) estimates that with the right
commercial incentives/government support, 3.6 Gt/year of CO,
could be mineralized in construction aggregates by 2030. As the
annual world demand for aggregate is currently in the order
of 50 Gt and rising, a market for manufactured carbonated
aggregates is well established.

It should be noted that treatment of wastes can involve
high-water containing “wet” systems, where waste particles are
suspended in or dissolved in aqueous solution. The addition
of CO, enables finely divided carbonated products to be
produced, including precipitated calcium carbonate (PCC).
PCC is used as a mineral filler in paper and plastic and
has recently been recognized as a product in which CO; is
permanently bound. As such, PCC meets the requirements
of emissions trading (European Union [EU]J, 2018), a key
development that enables the benefits of CO, sequestration
to be recognized with value generation from carbon credits.
Therefore, if CO; from an Emissions Trading Scheme (ETS)
installation is ultimately not released into the atmosphere, either
because it is transferred for geological storage or is mineralized,
that amount should be subtracted from the emissions of the
originating ETS installation. Recognition of this for PCC follows

the legal case initiated by Schaefer Kalk (C-460/15, EU:C:2017:29)
(Curia.europa.eu, 2020).

Table 2 gives a general comparison of the strengths and
weaknesses of in situ and ex situ mineralization technologies.
It can be seen that there are benefits from both approaches;
however, technology readiness and the investment involved
are important impediments, especially where in = situ
technologies are concerned.

TREATMENT OF INDUSTRIAL PROCESS
WASTE

The mineralization of CO, in waste has been variously
demonstrated in the laboratory and commercially, including
at ambient temperature and pressure conditions. The
mineralization reaction primarily metal/mineral
oxides, hydroxides, and silicates with CO, gas. Mineralization
can be achieved (in minutes), but in reality, the reactions
concerned are rarely fully completed. Calcium and magnesium
carbonates, on account of the environmental impact and stability,
are the favored reaction products and are simply represented as
M (Equations 3 and 4):

involves

M'TO + CO; — MTCO; (3)
M+(OH)2 + C02 — M+CO3 + H20 (4)

The reaction pathway involved may be more complicated
than shown in Equations (3) and (4), as there are options to
produce more than one valuable product from a mineralization
step. For example, Xie et al. (2015) used CO; from flue gas to
treat phosphogypsum waste in a reaction involving ammonia
to produce ammonium carbonate, which then reacts with
phosphogypsum waste in a reactor. The final products were
calcium carbonate and ammonium sulfate, a source of nitrogen
and sulfur for a slow release fertilizer.

A “world-first” long-term study on the sequestration of CO,
in soil via field-scale carbonate-based solidification treatment of
contaminated soil in South East England was carried out in 2000.
This work demonstrated the possibility of treating “problem”
soils to change their physical properties and leaching behavior
(Antemir et al., 2010; Hills et al., 2019). Pure CO, was used to
carbonate-solidify and granulate the soil concerned. Building on
this work, flue gas extracted from a point source was used to
treat locally sourced industrial solid wastes in a carbonation step.
Wastes included air pollution control residues (APCr), which
were mineralized with CO, derived from a landfill flare. The
aggregated products were found to comply with construction
material standards, and the approach was further developed
(Gunning et al,, 2011) and scaled up and commercialized (see
Figure 2) in the United Kingdom (see Carbon8, 2020b).

The mineralization of CO, in waste is attractive, as it is a
circular economic approach that can be achieved via direct use of
available point-source CO;. Potential carbonate-able wastes and
CO; sources are generally co-located, and this provides an unique
opportunity to strip the CO; gas directly from a flue to manage
both solid- and gaseous-waste streams efficiently.
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TABLE 2 | Example strengths and weaknesses of mineralization technologies.

Mineralization “type” Strengths Weaknesses
In situ (e.g., COz o Huge rock “reservoirs” available (x 10% km3). e Infrastructure requirements are prohibitive, as “reservoirs” can be
pumped into basalt or o Reservoirs are found all over the world, e.g., ocean floor. far from sources of waste and CO».
peridotite) e Potential to store CO, emissions for mega-annums. e Technology is poorly developed.

e Carbon capture and storage technology is under development. e Engineering effort required is “high.”

e Demonstration projects showing promise. e Reaction kinetics are slow.

e Large industrial projects (e.g., oil extraction) demonstrate e COy needs to be dissolved or be supercritical.

potential to scale. e Reservoir rock needs linked porosity/vesicules.
e Government interest in large-scale solutions. e Mineralize basalt in the geosphere has no value.
e Mining/oil companies, e.g., have potential capacity to respond. e Carbon credit status of in situ processing is uncertain.
e Public perception of approach may not be favorable.

Ex situ (e.g., batch e Thermal wastes and CO are often emitted together. e “Slow” reaction kinetics can be an issue.
reaction with thermal e Point-source CO» can be used directly, even at low partial e Not all wastes are suitable for mineralization.
alkaline residues) pressure (e.g., 10% Vv/v). e Some wastes need additional treatments, increasing cost.

e Engineering effort required is “low.” e Mineralization “yield” can be lowered by “blinding.”

e Mineralized products have environmental and economic value. e Accelerators or catalysts or more energetic reaction conditions

e Sources of solid waste and CO» can be close to market.

o Infrastructure requirements are minimal.
e Product transport costs can be low.
e Reaction can proceed under ambient conditions.

e Mineralized products proven to meet “end of waste.”

may be required for some products.

e Products compete in the market with virgin materials without
subsidy (limits technology take-up).

e No value (e.g., carbon credits) can be claimed for CO, volumes
managed as yet.

e Waste mineralization can reduce associated hazards (e.g., e Processes may fall under waste management regulations and be

stabilize and solidify contaminants).

subject to restrictions.

o A Gt-size market exists for mineralized building products. e Public perception may be adverse for waste containing products.

e Meets the need of the circular economy.
Waste is diverted from landfill.

CO3 is permanently stored.

Considerable carbon offsets can be realized.
Reduces pressure on virgin resources.

e Industrial processes producing suitable voluminous wastes are
being phased out in favor of low-carbon alternatives.

e Market potential/competitive costs influence product
acceptance.

FIGURE 2 | Manufactured carbonated aggregate <14 mm (courtesy of
Carbon8 Systems, Ltd.).

The formation of carbonates is an energetically downbhill
process, with the chemical reactions (e.g., as shown in Equations 3
and 4) being highly exothermic. The heat generated by a managed
mineralization process can be recovered and reused. Important
circular economic considerations related to mineralization
include:

e Availability, location, and source of both solid waste and
CO; gas;

e Optimal handling of feedstock solid and gaseous waste;

e Use of renewable energy in processing; and

e Facilitating standards for the use of the mineralized
products.

Mapping sources and quantities can identify the availability
of CO; as a feedstock. In Europe, it is mandatory to publish
emission data if it exceeds 0.1 Mt/year, enabling the locations of
CO; emissions to be mapped (Armstrong et al., 2019). Suitable
CO; emissions that are easy to extract arise from the paper pulp
industry (31.4 Mt/year), integrated (integrated coal gasification
combined cycle) thermal coal plants (3.7 Mt/year), iron and steel
manufacturing (151.3 Mt/year), and cement kilns (119.4 Mt/year)
(Naims, 2016; Armstrong et al., 2019).

The waste materials that have the right chemistry, mineralogy,
and physical properties can react with CO, under ambient
temperature and pressure conditions (Fernandez-Bertos et al.,
2004). The carbonate-cemented products can have the potential
for reuse in engineering applications. However, as many
industrial waste streams contain priority metals, there is a
possibility of pre-processing to extract and recover the valuable
metals before carbonation is carried out. By way of example,
argon oxygen decarburization and basic oxygen furnace steel
slags have been investigated by Gomes et al. (2016) and Ogden
et al. (2017), whereas Quaghebeur et al. (2015) investigated the
recovery of Cu, V, Zn, Ni, Mo, and Cr. A useful review of
mineralization by Pan et al. (2012) discusses the various physico-
chemical issues involved in waste mineralization. Figure 3
shows the chemistry of example process wastes within the
Ca(MgO)-SiO,-AL,03(Fe;03) system and reflects the diversity
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FIGURE 3 | Normalized phase diagram showing the variability in chemistry of industrial process wastes (Chad et al., 2015; Fathy et al., 2016; Sabapathy et al.,
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of wastes that have or may be presented for carbonation. As
with geologically derived minerals and rock, the rate of calcium
“leaching” from a waste (and, hence, its ability to combine with
CO3y) is important. The ability of a waste to be mineralized is
influenced by, for example, particle size, pH, solid-to-liquid ratio,
temperature, pressure, mineralogy, etc. In reality, however, the
formation of carbonate is subject to the balance between the
kinetics of the reaction and the solubility of Ca or Mg in a waste
feedstock (Pan et al., 2012).

There are several technical issues that potentially negatively
impact the versatility of mineralization as a mechanism to
carbonate wastes. One of those to avoid is the use of pure
CO,, supplied as a process gas as the costs involved in
compressing and transportation being relatively high. Thus, by
capturing CO, directly from a flue gas without purification
and liquefaction, costs are kept to a minimum as, for
example, thermal residues can be reacted readily with the
CO; released during their combustion without the need for
transportation to a mineralization plant for onward processing.
However, the amount of CO, in a flue gas can be low,
and 10% v/v is not untypical. A point source with a low
pCO;, will necessitate extended reaction times and higher
processing costs.

One approach to overcoming the kinetic constraints of flue
gas with a low pCO, is the use of accelerators, and several
homogeneous catalysts are available. These include inorganic

oxyanions (e.g., hypochlorite or sulfite), organic solutes (e.g.,
sugars and polyhydric alcohols), and amines and alkanolamines
(which produce carbamates with CO,) for the solvation and
hydration of CO, in water that are available (Maries and
Hills, 2013). It is important, however, to ensure that the
presence of residual catalysts in the mineralized product does
not affect reuse as might happen with enhanced sulfate or
chloride leaching.

Another approach has been the biological catalyst, carbonic
anhydrase, which is an enzyme better suited for use in higher
water containing carbonation reaction environment. Power
et al. (2016) reported that bovine-derived carbonic anhydrase
increased the carbonation of a brucite slurry by 240%. The use of
biomimetic metal-organic framework catalysts has been shown
to enhance wollastonite dissolution (Lorenzo et al., 2018). Other
work using a yeast-based catalyst, Saccharomyces cerevisiae,
applied to coal fly ash, gave an increase in carbonation efficiency
of 10% (Barbero et al., 2014).

LEGACY WASTES

Legacy residues, such as mine tailing, have the potential to be
passively carbonated or mined as a feedstock for CCUS. This
approach is sometimes called surficial carbonation, and tailings
arising from mafic and ultramafic rock sources are candidate
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wastes (Kelemen et al., 2019). National Academies of Sciences
Engineering Medicine [NASEM] (2019) suggests that 10x
Mt/year CO, can be readily sequestered in mine tailings this
way. Hamilton et al. (2018) investigated chrysotile-processing
residues/tailings from ultrabasic host rocks, whereas Pan et al.
(2017) and Ebrahini et al. (2018) investigated Ca-rich alkaline
waste/tailings, including steel slag and electric arc furnace
slag. Nickel-processing tailings, yielding serpentinite, were
reported to be carbonated to a high degree by Teir et al. (2009).
A review by Power et al. (2013) investigates the carbonation
of alkali earth silicate and hydroxide-containing minerals.
Xie et al. (2015) reviewed the mineralization of portlandite
in various alkaline residues, including carbide, steel slag,
paper mill waste, cement kiln dust, and coal fly ashes
using sodium chloride to produce calcium bicarbonate.
Treatment of both production and legacy wastes by ex situ
processing has the potential to sequestrate Gt quantities of
CO; each year (Renforth et al.,, 2011; Sanna et al., 2014). The
relative costs involved in in situ and ex situ carbonation are
discussed by Kelemen et al. (2019).

CARBON DIOXIDE MINERALIZATION IN
THE CONSTRUCTION INDUSTRY

As mentioned, CO; has been long used to accelerate the curing
of concrete and mortar. However, this application has rarely, if
at all, been used to achieve a high degree of carbonation (i.e.,
where carbonate phases are responsible for hardening, rather
than “normal” hydrated phases).

In the 1970-1980s, Berger and others investigated the reaction
of CO, gas with cements, including individual calcium silicate
phases (e.g., Klemm and Berger, 1972; Young et al, 1974).
It was established that a rapid hardening of cement occurs
at low water—solid contents via the decalcification of silicate
phases leading to the precipitation of solid calcium carbonate. In
largely unpublished work, Maries and Hills (1983) established a
process for the rapid carbonate hardening of roof tiles, thereby
omitting the need for steam curing. Shi et al. (2012) investigated

the kinetics of concrete carbonation and demonstrated that
strength and dimensional stability are comparable with steam-
cured articles.

The carbonate hardening of wastes arising from a
mineralization step produces materials that can be used in
engineering applications. Gunning et al. (2009) reported that
lightweight carbonated aggregates with a bulk density of
<1,000 kg/m® and compressive strength >0.10 MPa could
be manufactured from alkaline residues. Further developed
by Gunning et al. (2011) for use with APCr, the carbonation
process for manufacturing construction aggregates is now
commercially established. Similar work was reported by Morone
et al. (2014), with bonded aggregates made from basic oxygen
furnace steel slags, which capture <10% CO, w/w. Salman
et al. (2014) investigated monolithic products made from
argon oxygen decarburization slag with strengths of 34 MPa
after 3 weeks curing in 5% CO; and 60 MPa at 8 bar CO;
and 80°C for 15 min. Similar results for stainless steel slag
were reported by Quaghebeur et al. (2010) and Nielsen et al.
(2017). Example CCUS processes delivering construction
materials that are under development or commercially available
are given in Table 3, together with their reported technical
readiness level.

A notable recent development is a mobile carbonation plant
producing construction aggregates, which is a flexible alternative
to fixed plants using liquid CO, supplied by a road tanker.
The mobile plant has a capacity of approximately 12 kt/year of
manufactured carbonated aggregates using CO, directly stripped
from a point source. This enables both gaseous and solid-waste
streams to be economically captured and combined at relatively
small emission locations or industrial plants with limited access.
Figure 4 shows the “CO2ntainer” (Carbon8, 2020a,b), which has
been deployed at two cement plants, one in the United Kingdom
and another in Ontario, the latter as a demonstration project
funded under the Ontario Centres of Excellence Solutions
2030 initiative.

The capacity of the plant is designed to match the quantity
of reactive waste residues generated by an industrial plant (e.g.,
6-7,000 t for cement plants and 10-12,000 t for energy from

TABLE 3 | Selected mineralization processes yielding construction products.

Company Technology TRL Product References

Alcoa Treatment of bauxite waste with CO» 6 Construction fill, soil amendment Global CCS Institute, 2011
(from an ammonia plant)

Carbicrete Carbonation activation of steel slag 6-7 Carbonated “concrete” Savage, 2017; Carbicrete, 2020

Carbon8 Accelerated Carbonation Technology 9 Aggregates/fill, e.g., for Carbong, 2020b

Systems blocks/concrete/screed

Carbstone Carbonation of steel slag 9 Construction materials including roofing Vito, 2020

Innovation tiles

Blue Planet Carbonate coating over an alkaline 6-7 Aggregate Blue Planet, 2020
substrate

Carboclave Nano-CaCOg crystals producing a 7 Concrete blocks Carboclave, 2020
densification effect

Green minerals Carbonation of olivine 3 Building materials On-Site, 2020

TRL, technology readiness level.
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FIGURE 4 | Mobile plant for manufacture of carbonated aggregates (courtesy
of Carbon8 Systems, Ltd).

wastes), removing the need to transport the waste residues for
treatment at a central site and also removing the need to purify
the CO, for transport for use elsewhere. The containerized plant
can be rapidly deployed and directly connected into the flue
stack to extract the CO;, with the remaining flue gas being
returned to the stack.

LIFE CYCLE AND TECHNO-ECONOMIC
ASSESSMENTS OF CARBON DIOXIDE
MINERALIZED PRODUCTS

As we move to a circular economy as part of our wider
sustainability efforts, the potential of mineralized CO,-based
products entering the marketplace mean the accounting of
carbon is required. The key considerations concern the net
carbon emissions of the process, materials processing/handling
and transport, and energy requirements. At a system/sectoral
level, the mineralization of CO, in wastes allows for the
application of CCUS across a range of different industrial settings
within an economy, making sure the varied inputs into the
process are considered.

New technologies for CCUS are emerging, and their economic
and environmental viability, and economic and environmental
trade-offs have to be carefully analyzed. This involves a
combination of life cycle assessment (LCA) and techno-economic
assessment (TEA) and is key to informed decision-making and
a standardized assessment. Several regulatory bodies of the
European Commission (e.g., the Scientific Advice Mechanism,
EIT Climate-KIC) have recognized the need of a common
assessment guidelines involving LCA and TEA to enhance
reliability, transparency, and compatibility of CCUS technologies
and their technology readiness levels (Buchner et al., 2018).

An LCA can be used to assess the environmental impacts
of products or services, being not limited to climate change
only but also the other impacts, such as resource depletion (Bui

\ Direct Applications:

/ LCA framework
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il

v Product
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v Public Policy
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v Others
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Interpreation

‘ Impact Assessment l

Ly — \ /

FIGURE 5 | General framework for life cycle assessment (ISO 14040, 2006).

il

et al., 2018). According to the International Organization for
Standardization (ISO 14040, 2006), an LCA consists of the four
interdependent phases, as shown in Figure 5 (Armstrong et al.,
2019). Artz et al. (2018) state that LCA studies for identical
CCU technologies can also vary, so standardization of an LCA
assessment is important under a general framework structured
by ISO. Comprehensive guidance on LCAs has been produced
for CCUS by the Global CO; Initiative (Deepblue, 2020) and
the National Energy Technology Laboratory [NETL] (2019)°.
Both follow ISO 14040 (2006) (Environmental Management-
Life Cycle Assessment-Principles and Framework) and ISO 14044
(2006) (Environmental Management-Life Cycle Assessment—
Requirements and Guidelines) and provide additional guidance
specific to CCUS projects. Further comprehensive guidance
(arising from the same work) lists the needs for a standard
methodology for LCA (Miiller et al., 2020), as the choices made
can differ widely and can significantly impact decision-making.
Predefined assumptions on feedstock materials and utilities
coupled with guidance on reporting enable standardization and a
comparison between different CCUS technologies to be achieved.

It is worth noting that LCA has been applied to
phosphogypsum recovery, both from wastewater and simulated
solid-waste processing (Amann et al.,, 2018; Pell et al, 2019,
respectively), showing that trade-offs between emissions and
energy demand are required, further strengthening the need
for a consistent approach, like that described by Miiller et al.
(2020). An LCA-based quantification of emissions re-use in
the manufacture of different mineralized products is given
by Zevenhoven (2020).

The TEA is a methodological framework that analyses the
technical and economic performance of a process, product,
or service (Armstrong et al, 2019). The major components
of this framework involve the economic impact of research,
development, demonstration, and implementation/deployment
of technologies (Zimmermann et al, 2020). This is all

2www.netl.doe.gov/LCA/CO2U
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incorporated in quantifying the cost of manufacturing and
market opportunities with a particular technology.

The TEA is a widely used tool that considers several
perspectives (e.g., research and development, corporate,
and market) and varying guidelines according to
application, technology development, and stakeholder needs
(Zimmermann et al., 2020).

In the case of an LCA for CO, mineralization, the calculation
mainly incorporates the emissions and turnover time of captured
carbon (i.e., the duration of carbon storage in products).
In a TEA for CO, mineralization, the CO, avoidance for
product applications can be exemplified by lowering CO,
emissions of another process (e.g., cement or steel) by waste
treatment for industrial ashes. In market segments, CO;
avoidance can be explained via an example of large-scale steel
plants by making low-quality aggregates for low-cost concrete
(Zimmermann et al., 2020).

Zimmermann et al. (2020) describe LCA and TEA of
CCUS technologies and suggest that as a substitute of natural
aggregates/concrete, 1 t of CO,-mineralized concrete can be
produced in a 50-kt/year plant with an output of over 20 years.
The use and disposal of these products are likely to be the same
as for benchmark (natural) products, and a gate-to-gate approach
can be applied. However, to follow the cradle-to-grave approach,
the integrated life cycle costing and LCA along with a TEA are
suggested (Miah et al., 2017; Dong et al., 2018). The scope of TEA
and LCA in the product life cycle is given by von der Assen (2016)
and modified by Zimmermann et al. (2020), as given in Table 4.

The McCord et al., 2018 interpretation of TEA for CCUS-
based production of secondary aggregates from APCr concludes
that the production cost is high for a fixed plant producing 4,500
metric tons per year. However, the plant is profitable due to
payment of gate fees for APCr treatment. The process inputs of
this cradle-to-gate process are APCr, sand, cement, water, and
CO; (flue gas). The process outputs are secondary aggregates,
water, and flue gas (that is returned to stack), and the technology
readiness level is 9.

In another interpretation of a cradle-to-grave approach
incorporating CO;-mineralized APCr blocks composed of
carbonated material (lighter blocks than conventional), McCord
et al, 2018 depicts that the blocks using the Carbon8

TABLE 4 | The scope of LCA and TEA in CCU-based products.

For R&D/corporate perspective (preliminary
studies).

e For substitute (chemically and structurally similar
to benchmark material) products.

Gate-to-gate TEA .

Cradle-to-gate LCA e For preliminary studies.
e For substitute products.

Cradle-to-grave LCA/TEA e For market-perspective studies.

For non-substitute (chemically and structurally

different benchmark material) products.

LCA, life cycle assessment; TEA, techno-economic assessment; R&D, research
and development.

process (using substitution to remove the energy from waste
impacts form the system boundary) result in a reduction
of 22-34% of GHG emissions. This is evaluated considering
the impacts arising from the APCr treatment and block
production process.

FUTURE DEVELOPMENTS FOR
CARBON DIOXIDE MINERALIZATION

Within the United Kingdom, the right commercial environment
exists for the production of manufactured accelerated carbonated
aggregates that are cost-competitive to natural stone and are
market accepted. Acknowledging that the United Kingdom
situation may be fortunate, in which aggregate sources are
dwindling, landfilling of waste is subject to rising prices, and the
market is amenable to new products.

However, as it currently stands, the general development of
mineralization processes is largely held back by a mix of technical
and economic reasons. As discussed in Chapter 7 of the IPCC
special report on CCS (IPCC, 2005), although there has been
some progress in the past 15 years, significant progress remains
to be made (Kheshgi et al., 2012). Current hurdles to overcome
and their likely solutions are given in Table 5.

The mineralization of CO; in geologically derived and solid
process wastes is attractive, not least that the quantities of mineral

TABLE 5 | Problems and solutions for the development of mineralization
technologies (Kheshgi et al., 2012).

Problem Solution Timescale
Carbonation is kinetically Catalysts to increase efficiency of Medium
controlled mineralization processes are
required
Higher energy processing  Ensure renewable energy systems Medium
to increase “yield” is costly  employed with catalysis
The cost of accessing and  Develop processes or sorbents that  Short
securing CO» is too high directly strip CO» from flue gas
Regulation is immature Revise waste regulations to allow Short
and lacking for capture of ~ combining of gaseous and solid
COy in waste emissions
Investment is hard to Government to underwrite and Medium
obtain/too costly, so reduce risk profile for CCUS
business-related risk is not  technologies
low enough
Materials standards do Ensure materials standards are Medium-long

not recognize mineralized
products

Value for mineralized
products has to be

cross-cutting and do not rely on
virgin feedstock

Government to provide incentives
(e.g., tax breaks) for CCUS-derived

Short-medium

created products
Public acceptance needs  Implement a public awareness Medium
to be improved campaign of benefits of the circular
economy
Government incentives Ensure climate change mitigation Medium
are not available to grow a  and CCUS is central to fiscal policy
“mineralization” industry
Infrastructure remains Ensure trans-boundary Medium-long

lacking

infrastructural systems is built and
available for use
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feedstock available are suitable for sequestering Gt of carbon each
year. As the technology and infrastructure required develop, the
associated costs will decrease. How this will be paid for and by
whom is a matter of current debate. In the meantime, efficiency
measures, renewable energy sources, and other measures will go
some way to limit emissions to the atmosphere.

The appeal of wastes as a feedstock for mineralization is
promising, as the technology for manufacturing mineralized
products is already commercially established and is being
further developed (e.g., mobile carbonation plant directly using
CO; from point-source emissions). In addition, the following
advantages may also apply:

e Solid waste and point-source CO, are commonly co-located,

e Many solid process wastes are alkaline in nature, and

e Being often located close to the market is an added advantage,
as proximity to the market is critical if valorized products are
to be cost-competitive with virgin products.

An important implication of mineralization of CO, in waste
for the production of construction materials is the environmental
and economic benefits accrued via direct and indirect CO,
emissions offset. The direct offset is achieved via permanently
sequestering CO, in waste-based products, whereas indirect
offsets can be realized by:

e Direct replacement of cement with carbonated materials
made from waste,

Replacement of hydraulic cement by carbonate-able binders,
Reduction of transport involved in landfilling of waste,
Replacement of quarried virgin stone,

Reduced transport/materials handling, where solid waste and
point-source CO; are co-located close to the market.

As the emphasis moves further towards low-carbon
construction and wider certification of products becomes
firmly established, the carbon offsets achieved by the
manufacture and use of mineralized construction products
will become more important.

The requirements for entering the “market” with a mineralized
waste-based product involve complying with relevant regulatory
instruments. In the European Union, this is governed by the
Waste Framework Directive (European Commission, 2019).
However, the laws of a particular territory sometimes preclude
compliance, as the framework cannot be enacted. Furthermore,
the needs and perceptions of the market and the supply chain in
place may be an issue. In the United Kingdom, the Environment
Agency is receptive to landfill avoidance strategies through the
“end of waste” process and provides objective guidance. Thus,
there are several technical and non-technical challenges involved,
not least securing long-term contracts for waste feedstock
and product offtake and the impact these “hurdles” have on
investment confidence.

A consideration not widely reported is the public perception
of using wastes in products, including those for construction.
Industrial by-products have been widely used in construction,
such as coal fly ash (pulverized fuel ash) and steel slag (ground-
granulated blast-furnace slag). These materials are wastes but

have legal status as by-products. With many alkaline wastes
falling under waste management regulations and remaining as
wastes until they are sold to the market, a contradiction based
on labeling emerges. As such, there is a need to address this either
by legally changing the “label” or by educating stakeholders that
mineralized products meeting “end of waste” are indeed products
and not wastes by another name.

There are many considerations involved, and one might be to
focus on:

e the embodied carbon within the mineralized product,

e its fitness for purpose including meeting internationally
accepted material standards, and

e an accentuation of the sustainability gains, including
protection of virgin resources.

Also, the move by the construction industry to carbon
neutrality was an important consideration to the successful
entry of manufactured carbonated aggregates into the
United Kingdom market. With competitive pricing and technical
advantages, such as lighter weight, augmented by carbon
negativity, the United Kingdom construction block industry
has been receptive. Furthermore, these benefits have also been
somewhat recognized by the wider stakeholder community.
Thus, inward investment supporting innovation and rising
industry buy-in of the sustainability gains add strength to
this CCUS approach.

Currently, in Europe, there is pressure for mineralization
technologies to be included in the European Union ETS along
with the generation of e-fuels, to avoid the release of fossil carbon.
The mechanism being proposed is via the Emissions Monitoring
and Reporting Regulation (European Union [EU]J, 2018) and
relates to the ability of industrial flue gas to be transformed
into useful materials, including mineralized building products.
Changes to emission trading regulations, as proposed, will be a
significant stimulus to help meet innovation challenges for the
circular economy, the avoidance of CO,, protection of natural
resources, and the creation of wealth.

The world market for construction aggregates is in the
order of 50 Gt/year and rising, so it is well placed to receive
manufactured carbonated aggregate products. The total value of
aggregate sales is projected to be US$547 Bn by 2025 (Research
and Markets, 2020), highlighting that value-added mineralized
products can benefit from a growing global market. With the
right incentives within emerging circular economies, such as
those anticipated in Europe and Asia, sustainable mineralized
products can play an increasingly important role in the building
materials supply chain.
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