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PREFACE

This ninth ICEF roadmap explores a topic that has received too little attention: the potential for
carbon mineralization to play an important role in helping fight climate change.

Carbon mineralization is a natural process in which carbon dioxide (CO;) becomes bound in rocks
as a solid mineral, permanently removing the CO; from the atmosphere. This process could provide
the foundation for many activities that not only help fight climate change by removing additional
CO; from the atmosphere, but create jobs and deliver local environmental benefits as well.
Resources for carbon mineralization are abundant and located in dozens of countries around the
world.

This roadmap builds on the body of literature produced annually in connection with the ICEF
conference. Previous roadmaps have addressed:

e Biomass Carbon Removal and Storage (BiCRS) (2020)

e Industrial Heat Decarbonization (2019)

e Direct Air Capture (2018)

e Carbon Dioxide Utilization (2017 and 2016)

e Energy Storage (2017)

e Zero Energy Buildings (2016)

e Solar and Storage (2015)

This roadmap is a team effort. We are deeply grateful for the support provided by the ICEF
Secretariat, ICEF Steering Committee (including in particular its chair, Nobuo Tanaka), the New
Energy and Industrial Technology Development Organization (NEDO), experts at the Institute of
Energy Economics-Japan, and our design and copy edit team (including in particular Ms. Jeannette
Yusko and Dr. Kathryn Lindl).

The ICEF Innovation Roadmap Project aims to contribute to the global dialogue about solutions to
the challenge of climate change. We welcome your thoughts, reactions and suggestions.

David Sandalow

Chair, ICEF Innovation Roadmap Project
Inaugural Fellow, Center on Global Energy Policy,
Columbia University
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EXECUTIVE SUMMARY:

Chapter 1. INTRODUCTION TO CARBON MINERALIZATION

According to the Intergovernmental Panel on Climate Change (IPCC), significant volumes of carbon
dioxide (CO2) must be removed from the atmosphere for the world to achieve its climate goals.

One approach for CO, removal that has received relatively little attention is carbon mineralization,
a process in which CO; becomes bound in rocks as a solid mineral. Carbon mineralization happens
naturally when certain rocks are exposed to CO,, permanently removing roughly 0.3 GtCO, from
the atmosphere each year.

There are two broad approaches to increasing the amount of CO, removed from the atmosphere
via carbon mineralization: injecting CO;-rich fluids into rock formations deep underground (in situ
mineralization) and exposing crushed rocks on the Earth’s surface to CO,-bearing gases (ex situ or
surficial mineralization).

As a strategy for CO;removal and sequestration, carbon mineralization has many strengths. First,
mineralization resources are effectively unlimited and located in dozens of countries around the
world. Second, carbon mineralization offers one of the most permanent forms of CO, removal and
sequestration available, binding CO; into solid rock. Third, the chemical reactions that mineralize
CO, do not require energy inputs. Finally, the costs of carbon mineralization appear to be
reasonable and could be reduced.

There are also several challenges with using carbon mineralization for CO; removal and
sequestration. First, most natural carbon mineralization happens very slowly. Second, the
distribution of optimal mineral resources is only coarsely understood. Third, while some products
of carbon mineralization have commercial value, those values are typically low. Finally, carbon
mineralization for climate mitigation is not yet practiced at large scale.

The authors estimate that, with strong and sustained policy support from governments around the
world, carbon mineralization processes could remove 1 GtCO; from the atmosphere per year by
2035 and 10 GtCO; per year by 2050. More research is needed to test this hypothesis and define
conditions under which carbon mineralization could achieve this potential.

Chapter 2. SCIENCE PRIMER

Rocks are one of the Earth’s largest carbon reservoirs. CO; is transferred from the atmosphere into
rocks in part through a process known as chemical weathering. (COis also transferred from the
atmosphere into rocks via photosynthesis, where carbon from marine organisms eventually forms
limestones and other carbon-rich rocks.) Engineered carbon mineralization processes seek to
replicate and accelerate this natural process.

Several types of rocks are very well suited to carbon mineralization because they weather rapidly
and contain the right elements to form long-lived carbonate minerals, namely magnesium (Mg)
and calcium (Ca). Such rocks include ultramafic or mafic igneous rocks and the ultramafic
metamorphic rock serpentinite. These rocks are abundant at or near the Earth’s surface.



Chapter 3. UNDERGROUND INJECTION

In situ mineralization is the process of injecting CO; into subsurface mafic or ultramafic rocks. The
CO; reacts with surrounding rocks to form solid, stable carbonates. Rocks suitable for in situ
mineralization are abundant and geographically widespread.

Two projects have demonstrated in situ mineralization to date: the Wallula pilot project in
Washington State, US and the CarbFix project in Iceland. Both use CO; captured from point
sources. Additional and larger-scale field projects are the next logical step toward demonstrating
that the technology can scale to volumes that meaningfully contribute to climate mitigation.

Chapter 4. ENHANCED ROCK WEATHERING

Enhanced rock weathering (ERW) involves dispersing ultramafic or mafic rock powder over large
areas, such as agricultural fields. Calcium- and magnesium-bearing minerals in the rock powder
then react with atmospheric CO,, trapping the CO; in groundwater and solid carbonates.

ERW offers gigaton-scale capacity to capture and permanently store CO,. The main advantages of
ERW are the simplicity of the approach, consistency with current mining and agricultural practices,
and co-benefits that may include improved soil fertility in some areas. The main challenges of ERW
are the lack of widely accepted methodologies for determining CO, removal rates and concerns
about environmental risks from accumulation of metals, including nickel and chromium.

Chapter 5. MINING WASTES

Some waste rock from mining could be reacted with CO; to form stable carbonates. These mining
wastes could provide hundreds of millions of tons per year of CO, removal across dozens of
countries. In addition, billions of tons of stockpiled mining wastes are already available as a
feedstock for carbon mineralization. National and regional geological surveys are needed to map
these resources and assess their carbon mineralization potential and reactivity. Methods for
monitoring and measuring CO; uptake into mining wastes already exist, but a recognized
international standard for verifying CO, sequestration of mining wastes is needed.

Carbon mineralization can also be used as an ore processing technology that improves recovery of
critical metals for clean energy technologies. Demonstration projects are underway for accelerated
carbon mineralization in mining wastes, but more industry-government-university collaborations
on research and development (R&D) will be needed to bring this technology to scale.

Chapter 6. INDUSTRIAL WASTES

Some industrial wastes from iron and steel production, coal combustion and fertilizer production
could provide billions of tons of alkaline feedstock each year for carbon mineralization. In some
cases, mineralizing these wastes would significantly reduce the cost and environmental impact of
their disposal. However, in industrialized countries a large portion of this waste is already used in
ways that have a climate benefit. Careful system analysis is needed to identify the climate impacts
of alternative uses.

The largest potential for industrial waste as a carbon mineralization feedstock is in China, followed
by India. Effective use of industrial wastes for mineralization will require additional applied



research and demonstration because wastes are highly varied and mineralization processes have
not yet been developed at scale.

Chapter 7. CEMENT AND CONCRETE

Billions of tons of cement and concrete are produced annually, contributing approximately 8% of
global emissions. Carbon mineralization could reduce these emissions, through three primary
pathways: mixing carbonation, carbon curing and synthetic aggregates. These three pathways have
each seen early-stage commercial deployments, mostly at a small scale

In general, these mineralization techniques are compatible with other methods for reducing
cement and concrete emissions, including the use of supplementary cementitious materials to
displace clinker, the use of electric or hydrogen-fired kilns to reduce thermal emissions, and the
use of point-source carbon capture. In principle, the use of mineralization in combination with
these other mitigation methods could lead to fully carbon-negative concrete under certain
circumstances, an important prospect given the enormous size of the global cement and concrete
industry.

Chapter 8. CROSS-CUTTING RESEARCH NEEDS

R&D needs in carbon mineralization focus on increasing the speed with which the reactions occur,
accessing a significant volume of reactive material (surficial or subsurface), disposing of carbonate
material produced via surficial methods, measuring the total carbon impact of these approaches
and improving the economics of the processes. Significant cross-cutting issues are water use and
safety from potentially toxic and hazardous components present in both minerals and industrial
wastes.

R&D on these topics should be supplemented by work on system integration, energy efficiency and
cost reduction. Large-scale demonstrations are vital for addressing these needs across all forms of
carbon mineralization.

Chapter 9. POLICY

Policymakers have paid scant attention to carbon mineralization as a strategy for fighting climate
change. For carbon mineralization to remove gigatons of CO; from the atmosphere each year, that
must change.

Supportive policies will be essential. That could include funding in government R&D budgets,
preferences in government procurement and incentives in tax regimes. Recognition of carbon
mineralization as a compliance option in emissions trading programs is one of the most important
potential tools. International cooperation—including programs to share information and jointly
conduct demonstration projects—could accelerate progress.

Regulatory issues will also require considerable attention. Carbon mineralization projects may be
subject to regulations on diverse topics, including groundwater protection, hazardous waste
management, foreign ownership and financial transparency. Governments could support pilot and
demonstration projects to help assess regulatory issues. Relevant ministries and departments
could examine the overall regulatory environment for carbon mineralization projects. Policy
frameworks that engage key stakeholders will be essential.



Chapter 10. COMPARISONS WITH DIRECT AIR CAPTURE

The term “direct air capture” (DAC) is generally used to refer to engineered methods that remove
CO; from air with synthetic sorbents or solvents. As a strategy for removing CO; from the
atmosphere, carbon mineralization shares many characteristics with DAC. Both are early stage and
currently expensive. Both have clear pathways to reduce costs, can be deployed in many locations
around the world and show considerable promise in helping achieve net-zero emissions.

The two strategies also have important differences. Most carbon mineralization processes require
less energy than DAC. Some carbon mineralization processes offer ancillary benefits not available
from DAC. However, measurement and verification of CO; removal is more difficult for most
carbon mineralization processes than for DAC. Since several DAC demonstration projects are
currently operating or under construction, while just a few carbon mineralization methods have
been verified at a pilot scale, more scientific research is required for full deployment of carbon
mineralization than for DAC.

Chapter 11: FINDING AND RECOMMENDATIONS
FINDINGS

FINDING 1: Carbon mineralization has the potential to permanently remove and sequester many
gigatons of CO; from the atmosphere each year.

FINDING 2: As a strategy for carbon removal and sequestration, carbon mineralization has many
strengths.

FINDING 3: As a strategy for carbon removal and sequestration, carbon mineralization also has
several challenges.

FINDING 4: Carbon mineralization is not one pathway—it is multiple pathways.

FINDING 5: Carbon mineralization receives little recognition or support in climate change policies
around the world.

FINDING 6: Current scientific knowledge and technical experience are sufficient to support carbon
mineralization projects at the pilot and demonstration scale today.

FINDING 7: The key technical challenges in carbon mineralization are (1) speeding up the
chemical reaction between atmospheric CO, and minerals, (2) maximizing the CO,
content of mineralized materials and (3) minimizing the space required for permanent
storage.

FINDING 8: Measurement and verification tools today are sufficient for some carbon
mineralization approaches (including ex situ conversion of mine tailings) and
insufficient for others (including enhanced rock weathering).

FINDING 9: Field pilots and demonstration projects could significantly improve understanding of
the potential impacts and costs of carbon mineralization processes, while improving
monitoring and verification methods.
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RECOMMENDATIONS

RECOMMENDATION 1: Policy makers should add carbon mineralization to the portfolio of climate
change mitigation options.

RECOMMENDATION 2: Governments and companies should invest in R&D on carbon mineralization.

RECOMMENDATION 3: Mining companies and manufacturers should seek opportunities for carbon
mineralization in their exploration and production activities.

RECOMMENDATION 4: Governments and companies with net-zero commitments should consider
carbon mineralization as part of their portfolio of options.
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CHAPTER 1:
INTRODUCTION TO CARBON MINERALIZATION

The concentration of heat-trapping gases in the atmosphere is now higher than at any time in
human history and continuing to climb.

Dozens of countries, representing more than 70% of global emissions, have now made net-zero
pledges. Yet the path to achieving these net-zero pledges is uncertain at best. While steep declines
in the cost of renewable power and energy storage offer hope for decarbonizing the global power
sector, pathways for decarbonizing other sectors, including industry, aviation and agriculture, are
far less clear.!

And time is short. The heat waves, floods, droughts and wildfires in the past year highlight the
enormous and growing risks of climate change.? To prevent even more dangerous impacts,
emissions must fall quickly in the decades ahead.

However falling emissions will not be enough. For the world to achieve its climate goals, significant
volumes of CO; must also be removed from the atmosphere. As the Intergovernmental Panel on
Climate Change (IPCC) found in its 1.5 °C report, “All pathways that limit global warming to 1.5 °C
with limited or no overshoot project the use of carbon dioxide removal (CDR) on the order of 100-
1000 GtCO; over the 21st century.”® Approaches such as direct air capture (DAC) of CO,, biomass
carbon removal and storage (BiCRS), and afforestation will be essential.*

Carbon Mineralization: The Basics

One approach for CO, removal that has received relatively little attention is carbon mineralization,
a process in which CO; becomes bound in rocks as a solid mineral. Carbon mineralization happens
naturally when certain rocks are exposed to CO, which then binds with calcium (Ca), magnesium
(Mg) or other elements in these rocks to form “carbonate minerals.” The CO; in the carbonate
minerals is trapped in a solid, stable and non-toxic form, in which it is permanently removed from
the atmosphere.

Carbon mineralization is a natural process that removes roughly 0.3 Gt CO, from the atmosphere
each year.”> The main goal of the carbon mineralization processes discussed in this report is to
increase this amount. Two approaches are possible:

e Inthe first, CO,-rich fluids are injected underground into rock
formations. This approach is known as in situ mineralization

e Inthe second, CO,-bearing gases are exposed to crushed rocks,
such as mine tailings or industrial wastes, on the Earth’s
surface. This is known as ex situ or surficial mineralization

In both approaches, CO; is permanently incorporated into
minerals. There are differences between the two approaches,
including in cost, ease of verification and operational needs.
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Strengths
The strengths of carbon mineralization as a climate mitigation strategy are enormous.

First, the potential capacity of the mineralization resource is effectively unlimited. Estimates of the
gross CO; removal capacity of carbon mineralization range from many trillions to quadrillions of
tons of CO,.%7 In addition, mineral resources that can be used for CO, removal are available in
substantial quantities in many countries around the world (Figure 1).2 The sheer abundance and
wide dispersion of carbon mineralization resources means that many nations and companies could
use carbon mineralization as a CO; reduction and removal strategy at scale.

L
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rojects in basalts
@D Wafic rocks (basalts) BASALT PERIDOTITE prol
Operatin
@ Uultramafic rocks 10°-10* 102-5x10? ¥ op g
(peridotites & serpentinites) v/ Completed
10%-10° 5x10%2-5x10°
10°-5x10° 5x10°-5x10*

Figure 1.1 Locations and distribution of carbon mineralization resources. Source: CDR Primer, Chapter 3, 2021.°

In addition, some industrial wastes provide CO, mineralization opportunities.® Such wastes include
steel slag, fly ash and phosphogypsum. These wastes are often located at industrial facilities and/or
near CO; sources. In some cases, carbon mineralization of geological resources or industrial wastes
can yield building materials with economic value, such as concrete aggregate.

Second, carbon mineralization offers the most permanent form of CO, removal and sequestration
available, binding CO, into solid rock. Although some other carbon removal strategies (such as
reforestation) can provide many important benefits, including biodiversity protection, such



strategies often risk release of CO; back into the atmosphere on short timescales (such as through
forest fires). This risk is essentially absent with carbon mineralization.

Third, the chemical reactions that mineralize CO, do not require energy inputs. In fact,
spontaneous carbon mineralization reactions generate heat. As a result, carbon mineralization
strategies generally do not compete for energy resources and often have minimal operating
expenses (although special-purpose reactor vessels, heat and other reagents may be needed to
accelerate key reactions in the near term as the relevant technologies mature and scale).

Finally, the costs of carbon mineralization appear to be reasonable and could be reduced.
Estimates today range widely—from $10-1000/tCO; removed—as a function of resource quality
and process characterization.'® There are many options to reduce costs through operational
improvements, novel engineering and better chemistry. New projects (like CarbFix!!) and new
companies (like Heirloom Carbon Technologies'?) are providing more information on real costs and
opportunities to improve them.

As a result of these features, carbon mineralization has the potential to remove CO; from the
atmosphere at a scale of gigatons per year. A number of peer-reviewed studies have found that
~1-10 GtCO; per year could be removed from the atmosphere globally from ex situ mineralization
of mine tailings and industrial wastes alone.'%* In most of these studies, the timeframe in which
technology could be deployed to achieve these removals is unclear.

Challenges

For carbon mineralization to reach its full potential as a climate change mitigation strategy, several
important challenges must be overcome.

First, most natural carbon mineralization happens very slowly, consuming available magnesium
and/or calcium at rates of a few percent per year or less. This process can be accelerated via
grinding or “reaction-driven cracking” to increase the surface area of minerals; drilling to
accelerate subsurface CO; delivery; or the addition of heat, acid or other reagents. However, these
steps can add cost as well as produce CO; emissions. Reducing these costs and CO; emissions is a
key focus of ongoing carbon mineralization research.

Second, the distribution of mineral resources appropriate for carbon mineralization remains only
coarsely understood. Although the location of rock types most favorable for carbon mineralization
(including ultramafic rocks and basalt) is broadly known, the ability to use these geologic resources
for mineralization of CO; at scale requires more granular information on the concentrations,
compositions and volumes of minerals at specific locations. This will require substantial new
geologic resource assessment and characterization.

Third, while some products of carbon mineralization have commercial value, those values are
typically low, creating little incentive to invest or change existing practices. For this reason, policy
support is needed to accomplish the widespread adoption and implementation of carbon
mineralization.

Finally, carbon mineralization for climate mitigation is not yet practiced at large scale, and new
challenges will likely be identified in the future. Fortunately, many related practices, such as



mining, rock grinding and wellbore injection, are in widespread use around the world, suggesting
the foundations for large-scale carbon mineralization already exist in many places.

How Many Gigatons of Carbon Removal by When?

One important question is the timeframe in which carbon mineralization could deliver significant
rates of carbon removal. Some prior research has considered carbon mineralization’s potential for
carbon removal at scale, with leading estimates in the range of 1-10 GtCO, per year.**>! However
the literature is mostly silent on the length of time required to deploy the infrastructure needed
for these removals. An important reason for this silence is that the factors determining how quickly
carbon mineralization could be scaled up largely depend on policy decisions, including the level of
incentives and willingness of governments to streamline regulatory barriers.

We considered how quickly carbon mineralization could remove CO; from the atmosphere if
governments were strongly committed to supporting it as a climate change mitigation strategy. In
that scenario, companies that decided to pursue large-scale carbon mineralization operations
would need to (1) buy or lease processing equipment, (2) hire a trained workforce, (3) obtain land
and (4) secure a source of both mineral feedstock and CO,. For ex situ mineralization methods,
companies would also need to secure offtake or disposal options for mineralized products.

The processing equipment required for most mineralization methods is very similar or identical to
equipment already in widespread use in the mining, oil and gas, and agriculture industries. An
extensive manufacturing base for this equipment already exists in many countries, and very little
specialized or non-commodity equipment would be needed. This suggests that obtaining the
required equipment for mineralization would not be a significant bottleneck to scale-up.

Similarly, the skills required for jobs in carbon mineralization are similar to the skills required for
jobs in the mining and oil and gas sectors. As a result, a well-trained labor pool for carbon
mineralization projects already exists in many places. Carbon mineralization projects could help
protect jobs in communities in which employment opportunities in the mining and oil and gas
sectors are shrinking.

Obtaining land and mineral feedstocks could represent a larger challenge for companies seeking to
scale carbon mineralization. While in situ and some ex situ mineralization methods are not highly
land-intensive, some surficial methods require large tracts of land (although not for exclusive use).
In some cases, looping reagents (CaO and/or MgO derived from rocks) through multiple cycles of
CO; removal from air and/or stacking material for ambient weathering could reduce land use
requirements significantly. Even so, identifying appropriate
sites and obtaining rights to this land could be time-consuming.
Obtaining community acceptance, particularly for methods that
use significant land area, would be imperative. In general,
carbon mineralization methods that use degraded or unused
land (potentially former mine sites or other industrial land)
would be likely to encounter fewer challenges to rapid scale-
up. Mineral feedstocks for ex situ methods could be sourced
from mining or industrial wastes or from virgin rock. Access to
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these resources would depend on regulatory permission, which could emerge as a principal
bottleneck to rapid scale up.

Access to CO; could prove challenging for rapid scale-up of some methods. Mineralization methods
requiring pure CO, would need to either capture and transport it from point sources or use
methods such as DAC to remove it directly from the air. Successful scale-up of mineralization
would require a careful matching between CO; sources and mineralization feedstock, and either
could serve as the limiting factor or bottleneck under different circumstances. In situ methods that
use atmospheric CO; dissolved in surface waters could face challenges related to securing
sufficient water. Ex situ methods that produce valorized products, such as aggregates, would need
to secure buyers, but these markets are large and unlikely to saturate quickly.

Taking all these factors into account, we believe there are no technical barriers to scaling carbon
mineralization methods to capture and/or store billions of tons of CO; per year. Most proposed
methods use existing technology that is already in widespread use with known costs. However, for
carbon mineralization to reach its full potential as a climate mitigation strategy, strong and
sustained policy support will be needed. While emphasizing the significant uncertainty about the
potential pace of scale-up, we estimate that, with strong and sustained policy support from
governments around the world, carbon mineralization processes have the potential to remove 1
GtCO; from the atmosphere per year by 2035 and 10 GtCO; per year by 2050. These estimates are
based on the authors’ expert judgment. More research is needed to test this hypothesis and define
conditions under which carbon mineralization processes could achieve this potential.

Path Forward

Interest and investment in carbon mineralization is growing.?%%* In large
part this is due to increasing recognition that an enormous amount of
CO; must be removed from the atmosphere to achieve global climate
goals, such as those set forth in the Paris Agreement. As a result, new
companies pursuing CO, removal via carbon mineralization have come
on the scene, and investment in this approach for CO, removal has
increased.'t122> One technology company, Stripe, has purchased very
small volumes of CO; removal through carbon mineralization.

PARIS

CLIMATE
AGREEMENT

Yet the use of carbon mineralization as a climate change strategy is tiny in relation to its potential.
One reason is a chronic underfunding of research and development (R&D) related to carbon
mineralization.?® Another is the absence of carbon markets in many jurisdictions, meaning that the
carbon removal service of carbon mineralization often has little commercial value, making it
difficult for projects and new companies to gain investors. Beyond the lack of R&D funding and
carbon markets, policy makers and businesses generally lack understanding of carbon
mineralization or its potential to contribute to achieving net-zero emissions.

Ultimately, policy decisions will be crucial in determining the rate of scale-up for carbon
mineralization. It is worth noting that the world has observed an extraordinary example of
technology scale-up over the past two years in another field—public health. Given the enormous
pressures to act in response to the COVID-19 pandemic, governments mobilized resources and
streamlined regulations in order to scale production of multiple vaccines—some of which were



based on unproven technologies—from zero to billions of doses in less than 24 months. This
example illustrates how quickly new technologies can be deployed if political will is strong.
Although there are important differences between carbon mineralization and vaccines, the
example is instructive. The urgency of the climate crisis should inspire policy makers to proceed
with carbon mineralization and other low-carbon technologies on an urgent basis.

In that spirit, this ICEF Roadmap provides background on carbon mineralization’s potential for
climate change mitigation and recommends steps to help achieve that potential. The roadmap
discusses scientific and technological aspects of carbon mineralization for CO; removal and
storage, as well as system-level characterization and optimization challenges. It explores different
approaches, feedstocks and business models and compares carbon mineralization as a climate
change mitigation strategy with DAC. The roadmap provides a set of cross-cutting research
priorities and policy options for scaling up carbon mineralization. The final chapter offers findings
and recommendations.
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CHAPTER 2:
SCIENCE PRIMER

Rocks are one of the Earth’s largest carbon reservoirs. Rocks in the Earth’s crust contain about
100,000 trillion tons of carbon (~370,000 trillion tCO,), mostly in the form of carbonate minerals.*

Crustal rocks incorporate carbon in part through a process known as chemical weathering. CO; in
the atmosphere dissolves into rain and surface water—similar to the way CO; is dissolved in
carbonated beverages. The dissolved CO; in water forms a weak acid called carbonic acid (H,COs).
This acid then dissolves minerals in rocks, releasing ions including calcium (Ca), magnesium (Mg)
and sodium (Na). Some of these ions react locally with dissolved CO; to form carbonate minerals,
while others are carried by rivers to the ocean where they precipitate in carbonate minerals—such
as calcite (CaCOs), dolomite (CaMg(CO3s)2), magnesite (MgCOs) and natron (mixtures of hydrated
sodium carbonates)—that accumulate on the ocean floor to form sedimentary rocks, such as
limestone and evaporites.

(Crustal rocks also contain carbon removed from the air via photosynthesis. See, for example,
limestones, black shales, and oil and gas reservoirs.)

Through chemical weathering, CO; is transferred from the atmosphere to carbonate minerals,

where the CO;is stored over long timescales. CO; is released from carbonate rocks—also over long

2 CO, combines with rain
to form carbonic acid

1 Release of CO, into the
atmosphere by volcanism

3 Carbonic acid
reacts with rocks

-

4 Carbon carried
by rivers

Modified from source:
http://butane.chem.uiuc.edu/pshap
ley/Environmental/L29/2.html

Figure 2.1. Slow Carbon Cycle.




timescales—when those rocks are carried underground into the Earth’s mantle in subduction
zones. Heat and pressure in the mantle cause carbonate minerals to react, releasing CO; from the
minerals. Some of this CO; eventually re-enters the atmosphere through volcanic eruptions.

The natural process of chemical weathering is part of the so-called “slow carbon cycle,” which is
estimated to draw down about 0.3 billion tons of atmospheric CO2 per year.? Over long timescales
this drawdown is approximately balanced by the amount of CO; released from volcanoes, such that
the average amount of CO; in the atmosphere stays roughly constant. In contrast, human activities
release more than 40 billion tCO; every year. Carbon mineralization practices seek to speed up the
natural process of chemical weathering to draw down more atmospheric CO..
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Figure 2.2. Following carbon molecules through the mineralization process.

Three primary factors can limit the natural rate of chemical weathering: mineral dissolution, CO;
supply and carbonate formation.>* Each of these factors are in turn impacted by a number of other
factors.

e Mineral dissolution rates depend on average temperature, humidity, precipitation, the surface
area of the mineral exposed to the atmosphere and other factors.

e Eventhough human activities have greatly increased atmospheric concentration of CO,, that
concentration is still relatively low overall (0.04%), which limits the amount of CO, available for
chemical weathering processes. In the subsurface, dissolved carbon contents in circulating
fluids depend on pressure and temperature. Carbon delivery to sites of mineral dissolution and
precipitation depends on factors including fluid flow rates, which in turn are controlled by
permeability, pressure gradients, fluid viscosity and—on a small scale—diffusivity.

e The rate of carbonate mineral precipitation depends on factors including pH, temperature and
availability of cations, such as magnesium (Mg) and calcium (Ca).

Engineered carbon mineralization practices aim to optimize or enhance one or more of these rate-
limiting factors. As discussed in detail in subsequent chapters, interventions range from simple and
relatively inexpensive, such as finely grinding rocks to increase surface area, to much more
complex and energy and cost intensive, such as heating the minerals to high temperatures to
increase their reactivity and exposing them to higher concentrations of CO,.
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ULTRAMAFIC AND MAFIC ROCKS

Rocks can be classified into four categories based on their chemical composition: ultramafic, mafic,
intermediate and felsic. These categories form a spectrum, with ultramafic rocks at one end and felsic
rocks at the other end. Ultramafic rocks have the highest proportions of magnesium (Mg) and iron (Fe) and
lowest proportion of silica (SiO,). Mafic rocks are next on the spectrum, with less Mg and Fe and more SiO,
than ultramafic rocks, as well as more calcium (Ca).

The differences between rocks in each category are caused by geologic processes such as melting, eruption
and crystallization. Ultramafic and mafic rocks are most suitable for carbon mineralization because they
contain the highest proportions of Mg and Ca, which form stable carbonate minerals, such as magnesite
(MgCO0s3) and calcite (CaCO:s).

The most abundant ultramafic rocks on Earth are “peridotites,” which are the dominant rock in Earth’s
upper mantle. They are most common in Oman, the United Arab Emirates, New Caledonia, Papua New
Guinea and Albania. There are also substantial peridotite massifs in Japan and the western United States.

The Earth’s oceanic crust is composed of a remarkably uniform 7-km-thick layer of mafic rocks. Rocks
compositionally similar to the oceanic crust are common on land in many regions, including Japan, Hawaii,
the northwest United States and Iceland.
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Rocks most suitable for carbon mineralization are those that undergo rapid chemical weathering
and release cations that readily form stable carbonate minerals, such as magnesium and calcium.
(Carbonates containing other cations, such as sodium (Na) and potassium (K), can also form
through chemical weathering, however such carbonates dissolve readily and are therefore not
long-term sinks for CO,.) Suitable rocks include two categories of igneous rocks known as mafic and
ultramafic rocks, which include dunite, peridotite and basalt, and the metamorphosed version of
the ultramafic rocks known as serpentinites. These rocks are composed of magnesium- and iron-
rich and calcium-bearing silicate minerals, including olivine, pyroxenes and serpentine, and may
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also contain other reactive minerals, such as the hydroxide mineral brucite. The mineral
wollastonite also reacts rapidly and is found in either rocks where silica and limestone are
metamorphosed at high temperatures or in rocks known as carbonatites, which form from
magmas rich in carbon. However, the global reserves of wollastonite are ~100 million tons,
whereas there are hundreds of trillions of tons of peridotite, basalt and other mafic rocks within a
few kilometers of the Earth’s surface. Other rocks, minerals and alkaline industrial wastes may also
be suitable, as discussed in more detail in subsequent chapters.

Ultramafic rocks suitable for carbon mineralization consist mainly of those from the Earth’s mantle
that are now exposed at the surface. As shown in Chapter 1, Figure 1, these rocks occur along
current and former tectonic plate boundaries and areas of tectonic uplift and rift zones. Mafic
rocks suitable for carbon mineralization consist primarily of basaltic lavas and their subsurface
equivalents, gabbros. These rocks form the 7-km-thick igneous crust underlying the ocean basins
and are abundant on land in flood basalt provinces (e.g., the Columbia River basalts), volcanic
ocean islands (also known as “hotspots”, e.g., Hawaii, Iceland), volcanic arcs above subduction
zones (e.g., most of Japan, the Cascade volcanoes in the United States), and continental rift zones
(e.g., the Rio Grande rift).

The various suitable rocks and their constituent minerals react at different rates. Brucite,
wollastonite, fibrous serpentine minerals (e.g., chrysotile asbestos), olivine and basaltic glass are
among the fastest reacting, while pyroxenes and feldspars are slower to react.? As noted above,
the reaction rate depends on factors including temperature, partial pressure of CO; and pH. For a
given combination of minerals and fluid compositions, the amount of time to achieve complete
carbon mineralization can vary from hours to years, depending on the initial surface area and grain
size.

Some reactive rocks and minerals are abundant, whereas others are relatively scarce. Brucite
typically makes up only a small fraction of ultramafic rocks—at most 10 percent by weight but
typically much less. Wollastonite is also not geologically abundant, occurring in significant
guantities in only a few locations globally. Conversely, olivine and serpentine are abundant,
particularly in ultramafic rocks, such as peridotite. Mafic rocks are somewhat slower to react than
ultramafic rocks because they contain higher proportions of slower reacting minerals. Also, they
have a smaller CO; storage capacity than ultramafic rocks. However, mafic rocks are also about an
order of magnitude more abundant at the Earth’s surface than ultramafic rocks and so, overall,
represent a larger possible CO; sink.

The total amount of CO; that can be removed using engineered carbon mineralization depends on
which minerals are dissolving and which minerals are forming and, particularly, on the amount of
magnesium and calcium ions contained in the dissolving minerals, as well as the ratio of CO;
magnesium or calcium incorporated in the carbonate minerals that form. On average,
approximately 0.4 tCO, can be sequestered for every ton of reactive rock.* More specifically, the
amount of CO; that can be removed at any particular site or using any particular rock depends on
site-specific mineralogy and geochemistry. Approximately 0.55 tCO; can be sequestered for every
ton of typical ultramafic rock (mantle peridotite), and about one third of that amount can be
sequestered for every ton of mafic rock.
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Carbon mineralization can be engineered to achieve (1) CO, removal from air (CDR) or (2)
permanent, inert, non-toxic storage. These goals are generally accomplished via one of three broad
methodologies, as will be discussed in more depth in the chapters that follow:

1. In situ: COz-bearing aqueous fluids or H,O-bearing dense CO; fluids under pressure (“damp
supercritical CO,,” sc CO,) are circulated underground through reactive rocks to achieve
subsurface carbon mineralization. Carbon-depleted aqueous fluids can then be returned to the
surface, either to draw down CO; from air or simply to be recycled in order to reduce water
withdrawals and consumption.

2. Surficial: Captured or ambient CO; is reacted with crushed rock. This approach can be
performed where the rocks occur (e.g., in mine tailings and alkaline industrial waste sites) or in
more distal settings (e.g., as amendments to agricultural soil or as dispersed material along
beaches).

3. Exsitu: Reactive rocks are transported to a source of CO,, industrial facility or other location,
where they are crushed and ground and then reacted with captured or ambient CO,, often
under high temperature and/or pressure conditions.

In addition to CO, removal from air and storage of CO; captured elsewhere, a set of hybrid
methods can be envisaged. These methods start with gas enriched in CO; (flue gas or CO»-rich gas
produced via partial DAC). CO; from the enriched gas is then dissolved to form CO,-enriched water
at depth. Then, the CO-enriched water is circulated through reactive materials. Because CO; is
more soluble in water than other gases that are abundant in air (e.g., oxygen, nitrogen) and
because, in turn, carbon mineralization further “purifies” CO; in carbonate minerals thereby
removing it from aqueous fluids, such hybrid methods achieve both CO, removal from air and
permanent solid storage. This is discussed more fully in Chapter 3.
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CHAPTER 3:
UNDERGROUND INJECTION

INTRODUCTION

When carbon dioxide (CO,) is injected underground into certain types of rocks, the CO; reacts with
those rocks to form solid, stable, non-toxic minerals that permanently remove the CO, from the
atmosphere. This is known as in situ mineralization.

In situ mineralization requires the presence of subsurface rocks rich in magnesium and/or calcium,
commonly termed “mafic” and “ultramafic” rocks. These are found in many places around the
world. (See text box and map in Chapter 2.) The CO; is injected underground in fluids (either
aqueous fluids containing dissolved CO; or CO; fluids at high pressure).

TYPES OF IN SITU MINERALIZATION

In situ mineralization can be divided into three broad categories: (1) CO, removal from air with
mineral storage (CO,removal), (2) CO, capture from point sources with mineral storage (CO>
storage) and (3) hybrid approaches. The key distinguishing feature of these different categories is
whether mineralization itself is removing CO, from the atmosphere (removal and hybrid
approaches) or whether CO; is being removed or captured using other technologies (storage).

STORAGE

HYBRID
REMOVAL

0 CO; captured from point source
9 €O, compressed to supercritical state 0 Atmospheric CO; captured with DAC e Dissolved CO; injected underground
0 CO; injected underground 0 Captured CO; dissolved in water a CO, reacts to form carbonate minerals 0 CO; reacts to form carbonate minerals

o CO; reacts to form carbonate minerals o CO: injected underground e CO,-depleted water returns to surface o COz-depleted water returns to surface

1 Atmospheric CO; dissoves in water

Figure 3.1. In Situ Mineralization.
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1. CO2 removal from air with mineral storage (CO2 removal)

Water at the Earth’s surface naturally contains dissolved CO; derived from the atmosphere.
When this water circulates underground through ultramafic rocks, such as “peridotite,” the
CO; in the water reacts with minerals in the rock to form new carbonate minerals. When
returned to the surface, the CO,-depleted water then absorbs more atmospheric CO», and the
process is repeated. This natural process can be replicated and accelerated to increase the
rate of atmospheric carbon removal by drilling a series of wells to increase the rate of water
circulation and CO, removal.! Because the amount of CO, removed is greater than any
emissions associated with the process, negative emissions can be achieved.

Production and re-use of carbon-depleted water can reduce water withdrawal and
consumption. That said, this method is water-intensive and might best be pursued where
reactive rocks are present along coastlines or beneath the seafloor. Also, because the
concentration of dissolved CO; in surface waters is low, compression or pumping of surface
water is expensive per ton of CO, removed. Thus, thermal convection and natural
groundwater flow are small but important drivers for CO; transport, limiting the flux of fluid
down boreholes and the amount of CO; removed from air per borehole per year.

2. CO2 captured from point sources with mineral storage (CO2 storage)

CO; captured from point sources—such as coal or natural-gas power plants or industrial
facilities that produce process emissions, such as cement and steel plants—can also be stored
through in situ mineralization. Captured CO; is injected—as a CO;-rich aqueous fluid or a dense
CO:; fluid at high pressure—into subsurface mafic or ultramafic rocks where it reacts to form
carbonate minerals. In this case, in situ mineralization is a form of geologic carbon storage, not a
negative emissions technology in and of itself, and the associated emissions reductions are
considered avoided emissions rather than negative emissions.

To date, two different methods have been used for mineral storage of CO, captured from
point sources: injection of dense, supercritical CO; fluid and injection of CO; dissolved in
water.

e 2a. Supercritical CO;,: Using this method, captured CO, is compressed, reaching a density
similar to that of water, and then injected underground. For mineralization to occur, either a
small amount of water must be dissolved into the CO; fluid or the formation into which the CO;
is injected must contain water. Supercritical CO; is more buoyant than water at practically
accessible depths, so it is crucial that the storage formation is capped by an impermeable
caprock formation that traps the CO, underground until it mineralizes, known as “structural

trapping.”

e 2b. Dissolved CO;: Using this method, captured CO; is dissolved in water and then injected
underground. The dissolved CO; is no longer buoyant, providing additional storage security—
known as “solution trapping” —prior to mineralization. This method allows storage in
formations that do not have an impermeable caprock. The amount of water required to
dissolve a given amount of CO; depends on factors including temperature and pressure. For
example, at the CarbFix Phase | project in Iceland, compressed CO, was bubbled into
descending water in a borehole at a depth of ~ 345 m, corresponding to a water pressure of



about 35 atmospheres. At this pressure, approximately 25 tons of water were used to dissolve
1 tCO,. Because the water at this site flows freely downward, only the CO, required
compression in this method (to about 27 bars at the surface), reducing costs substantially. As in
the CO, removal methods discussed above, the water used for solution trapping can be
brought back to the surface and re-used.

3. Hybrid approaches

In situ mineralization can also be paired with other carbon dioxide removal (CDR)
technologies, such as direct air capture (DAC) or biomass carbon removal and storage (BiCRS),
to generate negative emissions. The use of nearly pure CO; gas or CO; fluid requires prior
production of purified CO; via DAC or capture from point sources. However, the purity of CO,-
bearing gas produced by DAC methods can vary. From a theoretical perspective, the higher
the purity of CO,, the more energy is required for DAC. Thus, for example, enrichment of air to
10 mol% CO; uses about one third of the energy required to enrich air to 95 mol% CO,.?

As a result, hybrid methods are possible. These methods start with CO,-enriched gas (flue gas
or COy-rich gas produced via partial DAC). CO, from the enriched gas is then dissolved to form
COsz-enriched water at depth. Then, the CO;-enriched water is circulated through reactive
materials. Because CO; is more soluble in water than other gases that are abundant in air (e.g.,
oxygen, nitrogen) and because carbon mineralization further “purifies” CO; in carbonate
minerals thereby removing it from aqueous fluids, such hybrid methods achieve CO; capture
(from air or flue gas), as well as permanent solid storage. Such hybrid methods can achieve
greater CO, removal per borehole than CO; removal alone.! Storing concentrated CO>
captured from DAC or BiCRS in mafic or ultramafic rocks could also expand the geographic
range for these CDR technologies to places where sedimentary geologic storage is not
available.

LOCATION OF APPROPRIATE ROCKS AND NATURAL ANALOGS

Ultramafic rocks suitable for CO, removal from air with mineral storage consist mainly of mantle
peridotite, magnesium-rich rocks from the Earth’s interior that are exposed at the Earth’s surface
by uplift and erosion. As shown in the map in Figure 1.1, these rocks occur along current and
former tectonic plate boundaries and areas of uplift or extension. Tens to hundreds of trillions of
tons of peridotite are located within 3 km of the Earth’s surface, with several particularly promising
locations, including Oman, the United Arab Emirates, Papua New Guinea, New Caledonia, the east
coast of the Adriatic Sea and the western Mediterranean.?

Mafic rocks suitable for CO; storage consist primarily of basalts formed through volcanism
associated with tectonic plate boundaries (convergent and divergent) and mantle hot spots. The
majority of the ocean floor is made of basalt, and enormous volcanic deposits known as “flood
basalts” occur on many continents, including at the Columbia River Basalt Group in the United
States, the Deccan Traps in India and the Siberian Traps in Russia.* Volcanic oceanic islands, such as
Iceland and Hawaii, are also primarily composed of basalt.

Natural carbonation of ultramafic rocks occurs in various locations around the world. The best-
studied example is the Samail ophiolite in Oman.> The Samail ophiolite is a block of oceanic crust



and underlying mantle peridotite that is now exposed at the Earth’s surface due to tectonic
processes, faulting and erosion. The mantle peridotite has been partially altered through
interaction with heat and water to serpentinite, and both the peridotite and the serpentinite show
abundant evidence of carbon mineralization. Approximately 10*-10° tons of atmospheric CO; are
removed from air and sequestered each year through carbon mineralization of mantle peridotite in
Oman.® This result indicates the potential for mineralization to draw down significant quantities of
atmospheric COx.

IN SITU MINERALIZATION
OPPORTUNITIES IN JAPAN

Japan is ideally suited for in situ (subsurface) carbon mineralization, both for CO, removal from air and
for CO, storage. The many active volcanoes on and near the Japanese coast (including in shallow
submarine locations) form young, glassy basalts, which are ideal reactants for CO,. Many locations
along the Japanese coast offer excellent opportunities for the “solution trapping” method of storing
CO, via mineralization. These sites are visible at a regional scale as coastal “non-alkaline mafic volcanic
rocks" in the geological maps compiled by Myers and Nakagaki, 2020.”

South-central Hokkaido, near the southern tip of Cape Erimo-Misaki, also
presents significant opportunities for storing CO, using carbon mineralization.®
This site is ideal for storing CO; by injecting water into peridotite to form solid
carbonates. If the overlying crustal rocks have low permeability, this site could
also be suitable site for injection of supercritical CO, into peridotite.

Because this area is remote, direct air capture (DAC) at a nearby site i
might be the most suitable source of CO,-enriched gas in this region. :
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CURRENT PROJECTS

To date, two projects have demonstrated in situ mineralization of CO; in the field: the Wallula pilot
project in Washington State, US and the CarbFix pilot (I) and industrial (II) projects in Iceland.

1. Wallula

The Wallula project in Washington State was conducted by the US Department of Energy’s
Pacific Northwest National Laboratory (PNNL) to test the feasibility of permanently and safely
sequestering CO; in basalt formations. The project injected approximately 1000 metric tons of
damp supercritical CO; into two permeable horizons in the Columbia River Basalt Group at
830—-890-m depth over 3 weeks in 2013. In the two years following injection, analysis of
periodic fluid samples, geophysical data and sidewall cores all showed that new carbonate
minerals had formed as a result of injecting CO,. Unmineralized CO, remained beneath the
caprock at the top of the injection zone, indicating that not all of the CO, had mineralized.>°
Instead, geophysical data suggest that approximately 60% of the injected CO, was
sequestered via mineralization within two years. The fate of the remaining CO; is unclear, but
no leakage has been detected. Carbonate minerals that formed as a result of the experiment
occupy only ~ 4% of the available reservoir pore space, so the remaining storage potential is
very large. !

2. CarbFix

The CarbFix project was conceived as a method to safely and permanently capture CO; and
H.S from emissions sources and store it as rock in the subsurface by imitating and accelerating
the natural process of carbon mineralization. The CarbFix | pilot project injected 175 tons of
CO; from January to March 2012 and 73 tons of 75% C02-25% H,S gas mixture (non-
condensable gases from the Hellisheidi geothermal plant) from June to August 2012. Gases
were injected into descending water in a borehole as described above, forming CO,-rich
aqueous fluids for solution trapping. Tracer studies showed that 95% of injected CO> was
mineralized in <2 years.'>!3 These encouraging results led to upscaling. Larger-scale
operations began in 2014, simultaneously capturing CO; and H3S from two of six high-pressure
turbines at the Hellisheidi geothermal plant, with plans to eventually capture virtually all
emissions. To date a total of approximately 70,000 metric tons of CO; have been injected as
part of the CarbFix industrial project, and the project is still operational. In this later, larger-
scale process, more than 60% of injected CO; is mineralized.**

CarbFix has also partnered with the Swiss DAC company, Climeworks. Together, they built a
small-scale pilot DAC facility called Arctic Fox as part of CarbFix Il. Following on the success of
that project, the two companies built a combined DAC—carbon mineralization project called
Orca, which commenced operations in 2021, with a capacity to remove and store 4000 tCO;
per year.?
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UNCERTAINTIES AND BARRIERS TO SCALE-UP

The Wallula and CarbFix projects demonstrated the viability of secure CO; storage and rapid
mineralization in basalt. Additional and larger-scale field projects are the next logical step to
quantify storage capability and capacity in other regions and to demonstrate that the technology
can accommodate storage volumes that meaningfully contribute to climate mitigation. Such pilot
projects should build on the lessons learned from existing projects. Key research questions for in
situ mineralization include the topics discussed below.

1. Monitoring

Unlike surficial and ex situ mineralization, subsurface carbon mineralization processes cannot
be observed directly, and collection of physical samples of mineralization products is more
complicated and costly. Reliable, rapid and cost-effective indirect methods for characterizing
the rate and extent of carbon mineralization are needed. A variety of measurement,
monitoring and modeling techniques have been deployed at Wallula and CarbFix to assess
mineralization reactions and efficiency.>4161° Additional field projects can help constrain
which techniques will be most successful for large-scale deployment and can contribute to
development of strategies to optimize mineralization efficiency under real-world conditions.

2. Negative and positive feedbacks

Passivation of the mineralization reaction over time is a potential issue for in situ
mineralization projects. The three primary causes of this passivation would be (1) nearly
complete consumption of rapidly reacting minerals, leaving only less reactive minerals behind;
(2) coating of reactive surfaces with non-reactive minerals and (3) clogging of pore space by
newly precipitated minerals. Temperature and volume changes occurring during
mineralization could lead to thermal- and/or mineralization reaction—driven microfracturing of
the host rock, which could help prevent loss of reactivity by opening cracks that expose fresh
rock surfaces and help maintain permeability.?>-?2 Dissolution of minerals in low-pH, CO»-rich
aqueous fluids near the site of injection could also enhance permeability, forming high
porosity channels of focused fluid flow via the “reactive infiltration instability”).?*> Additional
research is needed to understand the controls on the negative-feedback passivation and
clogging and positive-feedback cracking and channeling mechanisms.> Co-injection of different
fluids at adjacent boreholes could potentially be used to localize mineral precipitation,
reaction-driven cracking and formation of dissolution channels.?*

3. Environmental and human health and safety impacts

Two primary environmental and human health and safety concerns associated with
underground storage of CO; and other fluids include the following:

a. Potential impacts to drinking water aquifers. Supercritical CO; is buoyant in the subsurface
and can migrate vertically if an open pathway is present, such as a transmissive fault, a newly
formed hydraulic fracture, an acid-induced dissolution channel (also known as a “wormhole”)
or an improperly constructed, maintained or abandoned wellbore. Such leakage could



potentially allow injected CO,-containing solutes derived from the host rock to impact
shallow groundwater or surface water.

b. Injection-induced earthquakes. Scientist have known for decades that injecting fluids
underground can cause earthquakes by creating increased pore fluid pressure and/or
changes in rock volume that allow faults to slip. As of 2013, no induced earthquakes large
enough to be felt at the surface have been documented as resulting from CO; storage.?

Both issues have been well-studied in sedimentary rocks through decades of experience with
underground injection. Best practices and lessons learned from sedimentary settings can be
applied to CO; storage in basalts and other mafic and ultramafic rocks. Although no impacts
from CO; storage have been documented to date, the risks scale as the number and size of
projects increase. Methods and practices to monitor for such impacts can be integrated into in
situ field projects to help constrain the specific risks of carbon mineralization and to develop
methods to mitigate these risks.

4. Reaction kinetics, rock mechanics and site identification

Additional basic research on topics such as reaction kinetics and rock mechanics of ultramafic
rocks combined with small-scale field trials (similar in scale to Wallula or CarbFix I) to
characterize the geology, rock properties and mineralization rates of various potential carbon-
removal sites are crucial to scaling CO, removal from air with mineral storage.*®
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CHAPTER 4:
ENHANCED ROCK WEATHERING

Introduction and fundamentals

“Weathering” is the breakdown or dissolution of rocks at the Earth’s surface and has been an
important regulator of atmospheric carbon dioxide (CO,) over geologic time.%? This weathering
process involves the reaction of CO; in rainwater with rocks, dissolving out calcium and
magnesium. These elements and dissolved CO; are transported in surface and ground waters to
the oceans, where “carbonate minerals” may form, trapping the CO; in a solid and permanently
removing it from the atmosphere.

This form of carbon mineralization occurs at vast spatial and temporal scales. The current level of

CO; removal through natural silicate weathering is approximately 0.3 Gt of atmospheric CO; per
1,3

year.

Enhanced rock weathering (ERW) aims to dramatically accelerate this natural CO, removal process.
This approach involves applying rock powder with the ability to react with CO, over large land
areas, along coasts, or in the oceans.* ERW raises the alkalinity of soils and waters, thereby drawing
down CO; from the atmosphere and storing it as a dissolved phase in water and solid carbonate
mineral.>>®

ERW can have positive
environmental
impacts beyond removing CO; CO,
from the atmosphere, including
neutralizing acidification. CO;
emissions cause acidification in a
number of ecosystems, including &
the oceans, since CO; dissolved , | Al

in water produces weak carbonic '
acid (H,COs3). Spreading alkaline : ‘
rock powder neutralizes this soil-mineral interactions
acidity, similar to the use of lime
for neutralizing acid rain caused
by sulfur dioxide (SO,) emissions.

Mineral dissolution
releasing Ca and Mg

Suitable rock types for ERW

include mafic and ultramafic - b o
rocks such as basalt, dunite and : A Hnjmera El
peridotite. These rocks contain /i ggping

alkaline minerals such as olivine,
a magnesium silicate.”*2 The key
selection criterion is that the rock Figure 4.1. Enhanced Rock Weathering.
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must contain an abundance of alkaline Mg- and Ca-bearing
minerals that readily weather at the Earth’s surface, thus
providing relatively fast CO, removal rates. Many other rocks
and minerals can be utilized for ERW and carbon mineralization,
including serpentine, wollastonite, brucite and kimberlite. 1316
Ultramafic mine wastes have been shown to sequester
atmospheric CO; through surface weathering!’ and may be
suitable for ERW. Furthermore, numerous industrial wastes,
including blast furnace and steel slag, cement kiln dust, and
waste concrete, are reactive with CO; and could be used as an
ERW feedstock instead of natural rock.*® In addition to properties of the rock powder (e.g.,
mineralogy and grain size), a dispersal site’s climate and environmental conditions (e.g., soil
properties) will significantly influence the rates of CO, removal. Proposed sites for ERW include
arable lands,” oceans,!! coastal areas®® and degraded lands, such as forests that have been
impacted by acid rain.?°

For the abundant silicate minerals that offer the greatest capacities for CO; sequestration, slow
dissolution rates are expected to be the main rate-limiting factor of ERW and carbon
mineralization.?! The dissolution rates of minerals can vary by orders of magnitude. Selecting rock
with reactive minerals is therefore paramount. Finer grain sizes with higher surface areas can help
minimize this limitation.??

ERW is an attractive option for carbon removal for several reasons. First, ERW is a low-tech process
that mimics natural carbon mineralization. Second, ERW offers essentially unlimited CO;
sequestration capacity. Third, ERW utilizes existing technology in industries such as mining and
agriculture. Finally, ERW does not compete with other land uses (in contrast with some other
negative emissions technologies).

ERW has several parallels with the direct air capture (DAC) technologies that Climeworks and
Carbon Engineering are developing.?® These technologies use alkaline sorbents that absorb CO;
from the atmosphere. Alkaline powdered rock also “absorbs” CO, through weathering and
carbonation. Although alkaline powdered rocks are less reactive than DAC sorbents, these rocks
are abundant on Earth and inexpensive to quarry and grind without special engineering or
technologies. Another important distinction between these approaches is that ERW accomplishes
both CO, capture and storage, whereas DAC technologies only capture CO,, requiring subsequent
storage or use via other processes.

Capacities and co-benefits

ERW using natural bedrock has an essentially unlimited capacity to sequester CO,. For instance, the
potential for CO, removal using dunite and basalt powders applied over agricultural lands could be
95 and 4.9 GtCO, per year, respectively,’? assuming use of all the vast agricultural lands in warm
(5.1 x 10® km?) and temperate (2.8 x 10° km?) regions. Consistent with this approximation, another
estimate suggests that 0.5-2.0 GtCO; per year could be removed from the atmosphere if dispersed
basalt powder were applied to 10-50% of global cropland.?* Similarly, dispersal of basalt dust over
all of the Earth’s hinterland (55 million km?) could remove 2.5 GtCO, per year over 50 years,



including the estimated contribution of additional biomass accumulation.?® In coastal
environments, a one-time application of 26 Gt of olivine powder (12 km?3) along beaches is
estimated to have the potential to remove up to 0.3 GtCO, per year over 30 years.?® As such, the
potential for sequestering CO, through ERW is immense if scaled through expanded mining and
wide dispersal over large areas.

ERW has several co-benefits that may be initial drivers for its deployment. Applying powdered rock
releases nutrients (such as potassium and phosphorous), stabilizes organic matter and improves
water retention, all of which enhance soil fertility?> and buffer soil acidity. Thus, ERW may benefit
areas historically impacted by acid rain. For example, when applied to an impacted forested
watershed, wollastonite powder neutralized acidity, replenished nutrients and led to sequestration
of 8.5-11.5 tCO;, per hectare.?° For these reasons, agricultural fields are a prime dispersal site,
given their vast land areas and the widely used technology for applying fertilizers. Moreover,
applying rock powder to agricultural fields is an existing practice. For example, pulverized
limestone is used to reduce soil acidity. In addition to improved crop yields, increasing soil alkalinity
also prevents nitrous oxide (N,O) and methane (CHa) loss, further reducing greenhouse gas (GHG)
emissions.?*#?’ Countries with relatively warm climates and productive agriculture industries, such
as the United States, Brazil, China and India, have the greatest potential to capitalize on ERW in
agricultural soils.?*

Current status of field pilots, research needs and costs

Several field pilots have or will soon be initiated to evaluate ERW efficacy, CO, removal rates and
potential environmental co-benefits and impacts. Carbon Drawdown?® aims to test the integration
of ERW with other negative emissions technologies, using mixtures of basalt and olivine combined
with biochar in agricultural fields in Germany and Greece. Carbon Removed?® and greenSand aim to
advance the use of olivine for several ERW applications. Project Vesta3® examines the application of
olivine to coastal areas, thereby trapping CO; as a soluble phase and directly addressing ocean
acidification. OceanNETs3! aims to advance ocean alkalinization and other negative emissions
technologies, including blue carbon management. In yet another approach, the Future Forest
Company?? is carrying out large-scale ERW trials in forested areas to better define co-benefits,
potential negative impacts and costs. The Leverhulme Centre for Climate Change Mitigation33 has
launched several field trials to answer questions related to weathering of basalt dust in agricultural
soils and how this may increase food and bioenergy crop production.?* In addition, Carleton
College initiated an agricultural pilot to address the lack of data on ERW at the field scale. Similarly,
other field trials have investigated the use of wollastonite powder on agricultural fields for its dual
purposes of enhancing soil fertility and CO, removal.'* The
findings of these larger and long-term pilots will enable
researchers to address uncertainties and research needs for
advancing the technology readiness level (TRL) of ERW.

Chief among these needs are methodologies for determining
CO2 removal rates, which depend on rock properties (e.g.,
mineralogy), dosages (mass applied per area), and
environmental conditions of the dispersal site. Although ERW is
technologically simple compared to DAC, carbon accounting is
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more challenging with ERW due to its slow CO, removal rates and storage of CO; as either a
soluble or solid phase. Furthermore, measuring spatially variable increases in soil carbon content
against a spatially and temporally variable background provides additional challenges, as does the
behavior of open-system reservoirs (e.g., removal of carbon in crops, crop residues and weeds and
removal of dissolved CO; from soils in groundwater and surface runoff). Improving and developing
assessment tools to verify carbon sequestration by ERW will require specific monitoring programs
to track carbon or proxies to monitor ERW. Furthermore, verification tools are needed to account
for the carbon stored as a soluble phase and exported into rivers and oceans, which is likely to be
challenging to track.

Assessing environmental risk to soils, waters, air and ecosystems is important in deploying ERW.
Although alkaline rocks contain nutrients, they may also contain metals that can be toxic if
accumulated in soils and converted into bioactive compounds over time. Nickel and chromium are
of the most concern. For example, accumulation of nickel in soils, leached from olivine-rich
feedstock, may be detrimental to local ecosystems; although the levels observed so far are unlikely
to cause harmful effects.?®3* The amount of metal-loading will depend on the rock powder, dosage
and application frequency. Dust may also be an issue to air quality during or after applying rock
powder. Again, field pilots are necessary to address these concerns and uncertainties and to gain
public acceptance.

The response and role of microbial communities in soils where rock powder is being applied also
require further exploration. Soil microbes may accelerate mineral weathering by producing acids
and chelating agents and by facilitating chemical reactions.3> Soil microbes may also slow mineral
dissolution rates by passivating surfaces.’® In addition, plant processes may affect mineral
weathering. All these issues will be specific to the soil environment of the application site and,
thus, may be highly variable. Further research is also needed on the interaction between inorganic
and organic carbon cycling in soils and on the potential impact of ERW on other factors affecting
soil carbon storage, such as crop rotation, low or no-till practices, and retention of crop residues.

As part of field pilots, mine-to-field life-cycle analyses will improve estimates of costs and
additional GHG emissions, particularly those from mining and transporting rock. For cropland
areas, assessments to date suggest that ERW may cost approximately 60 $/tCO; for dunite and 200
$/tCO,, for basalt for cropland areas.?> Most costs are incurred through mining and crushing,
followed by those for transport, estimated at 0.05 S/km/t of rock, and distribution, estimated at
12-14 S/t of rock. Dispersal of basalt dust in areas besides croplands will likely be more expensive
due to increased application costs. Estimates range from 100-500 $/tCO,.! Mining rock in large
masses (megatonnes per year per site) and minimizing transportation distances between sources
and dispersal sites are essential to lowering costs.

Moving toward implementation

Widespread deployment of ERW will require an enormous increase in mining and dispersal over
vast areas, as well as accurately measuring and verifying CO; storage. In addition to acting as a
supplier of feedstock, the mining industry can assist in identifying and evaluating suitable rocks for
ERW and ultimately mining these rocks to sell as a product. An ideal scenario would establish a
local or regional network of ERW sites near mines or quarries with suitable rock.



Testing protocols for evaluating the suitability and reactivity of powdered rocks for ERW must also
be available.’> A process of approving the safe and effective use of powdered rocks is also
required. Ensuring and demonstrating little to no environmental impact is critical to increasing
public acceptance of the technology.2® Regulations for application will also be needed. These will
vary depending on the current land use of a given site (e.g., agricultural or disturbed lands) and
may relate to existing environmental protection laws and restrictions for using solid wastes.3’
Furthermore, ERW and carbon mineralization are not included in many existing carbon accounting
schemes (e.g., California LCFS, 45Q). Doing so would raise the profile of ERW as an economically
viable negative emissions technology.

Addressing scientific uncertainties through field trials, evaluating practical issues including costs
through life cycle analyses, and engaging with industry and government are crucial to advancing
ERW as a viable negative emissions technology that can achieve meaningful CO, removal at a
global scale.

Photograph is from an application of metabasalt powder (~2240 kg/hectare) to a test site of canola stubble near
Wilcox, Saskatchewan, Canada (Courtesy of Ryan MT Brophy, V6 Agronomy Inc.).
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CHAPTER 5:
MINING WASTES

Mining wastes are an important potential feedstock for carbon mineralization. Carbonation of
mining wastes could remove hundreds of megatons of CO, from the atmosphere each year in the
decades ahead, as the mining industry grows. Reaching that potential would require investments in
resource assessment and mapping; protocols for measurement, monitoring and verification;
industry-government-university collaborations on research and development (R&D); and favorable
policies. This chapter provides background on the global mining industry and examines the
potential for mining wastes to play a role in climate mitigation.

Mining sector background

An estimated 99 Gt of rock were mined for metals and minerals in 2016 (Table 1). Of this, 8.9 Gt of
finely pulverized mineral wastes (“tailings”) were disposed of onsite in waste storage facilities. This
amounts to 38 million Olympic swimming pools-worth of tailings produced in 2016 alone. Of these
mine tailings, on the order of 420 Mt in a given year (~5% of total global production) are from
ultramafic ore deposits and are likely to be suitable for carbon mineralization.?

Table 1. Estimated annual production of mine tailings with examples of the scale of stockpiled tailings.>*

All rock mined annually 99 Gt/yr

Waste rock 80 Gt/yr

Ore 10.2 Gtlyr

Tailings (less reactive to CO;) 8.48 Gtlyr

Tailings (potentially highly reactive to CO,) 0.42 Gtlyr

Known stockpiles of chrysotile tailings >2 Gt in North America alone

Expected tailings produced from one large nickel mine over 0.3-1.2 Gt
a 30-year lifetime

At the scale of current production, the maximum carbonation potential of these 420 Mt of tailings
is ~175 MtCO; per year, assuming all magnesium (Mg) and calcium (Ca) in the tailings are fully
carbonated. Global annual production of ultramafic tailings is projected to at least double by 2100
owing to increasing demand for raw materials to fuel economic growth and the energy transition.
Due to a projected increase in demand for metals, ultramafic mine tailings could contribute to
removal of up to ~300 MtCO, from the atmosphere each year by the end of this century.”

Carbon mineralization in mining is attractive because it is one of the few industries that extracts
and moves materials on the Gt/year-scale. Most tailings are finely pulverized, making them
attractive for carbon mineralization since little or no additional energy is required for grinding.
Ultramafic mine tailings produce neutral to alkaline mine waters, which are very effective at
dissolving CO; from air.
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Furthermore, decarbonizing the mining sector may require
negative emissions technologies due to the role of fossil energy
in fueling heavy-duty vehicles, such as mine trucks, and in
generating electric power at remote locations without
significant, year-round renewable resources. Carbon
mineralization can play an important role in helping mining
companies reach net-zero emissions.

CO2 removal with mine tailings

Most ultramafic tailings are produced by nickel, cobalt and
platinum group element mining, with lesser amounts coming
from production of chromium, diamonds and talc. Historically,
chrysotile asbestos (“white asbestos”) production contributed Heavily carbonated nickel mine
~20-80 Mt of ultramafic tailings per year.® Although asbestos tailings from the Mount Keith
mining has stopped in most jurisdictions, some governments mine, Western Australia.*

are now left with the liability of stockpiled chrysotile mine

tailings. For instance, an estimated 5—8 Mt and more than 2 Gt of chrysotile asbestos mine waste
remains unremediated in the United States and Canada, respectively (reviewed by Power et al.,
2013).2 Furthermore, a large modern nickel mine can produce on the order of 10-40 Mt of tailings
per year over an operational lifetime of several decades.?* Therefore, many more Gt of reactive
material have certainly been produced within the past few centuries, although the exact scale of
this stockpiled resource and its reactivity to CO; remain uncertain.

Many published estimates of the CO; sequestration potential of alkaline wastes, including mine
tailings, assume that essentially every atom of magnesium and calcium can be used to bind CO,,
turning it into a solid carbonate mineral. However, the efficiency of tailings carbonation is strongly
dependent on rates of mineral dissolution and CO; supply. Every sample of mine tailings is a
mixture of several distinct magnesium- and calcium-bearing materials, each with its own
dissolution rate and reactivity to CO;, and this holds true for all alkaline wastes. Ultramafic mine
tailings can have four distinct styles of reactivity with CO,, some of which bind CO; very quickly and
with little engineering and others that are slower and require a more engineered approach to
accelerate reaction.

CO; can be mineralized in ultramafic mine tailings by four different processes:

1. Fast carbonation of the magnesium hydroxide mineral, brucite, which typically occurs at an
average abundance of less than 5% by weight in serpentinite mine tailings.

2. Fast absorption of CO, by hydrotalcite minerals, which are found at up to ~10% abundance by
weight in some, but not all, nickel mine tailings.

3. Fast cation exchange reactions of swelling clays, which can be used to bind CO; but must be
driven by addition of salt treatments to tailings.’

4. Relatively slow dissolution of calcium and magnesium silicate minerals (olivine, serpentines and
pyroxenes), which can be accelerated by adding strong acids (e.g., hydrochloric, sulfuric) during
processing or tailings management.
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Both brucite and hydrotalcites have been shown to remove CO; from air in mine tailings storage
facilities without any intervention. In one reported case at the Mount Keith nickel mine in Australia,
these minerals are removing between 39,800 tCO; and 79,800 tCO; per year from air, offsetting
11-22% of the mine’s annual greenhouse gas (GHG) emissions.*8 This annual rate is on the order
of the amount of CO; sequestered by the Carbfix project between 2014 and 2021.° The measured
sequestration rate at Mount Keith could be doubled simply by depositing the tailings in thinner
flows to allow the remaining, unreacted brucite to bind CO, from the atmosphere.

Owing to the differential in reactivity among minerals in ultramafic mine tailings and to the
extraordinarily fast reaction of brucite with CO,, it has become conventional to think about the
percentage of emissions offsets that can be achieved by a single mine or mining company using
brucite carbonation alone. Every ore deposit or mine has its own “grade” of brucite that would
make mining CO; neutral. For instance, the cut-off brucite grade for opening a carbon-neutral mine
could be calculated using the tCO,e emissions per year for mine operations and the mass of tailings
produced annually (Box 5.1). Nevertheless, in typical ultramafic tailings, >90% of the total carbon
mineralization potential comes from silicate minerals, and deposits do not always contain brucite.
Thus, the slow reactivity of abundant magnesium and calcium silicate minerals in ultramafic mine
tailings must be accelerated to turn mining into a negative emissions industry.

Location of resource and reserves

The amount of ultramafic rock at and near Earth’s surface is vast. The mining concepts of
“resource” and “reserve” provide a measure of what rocks are well understood in terms of their
quality, quantity and economic viability of extraction (resource) and what rocks are known to hold
a resource and could feasibly be mined using existing technology (reserve). The amount of the
resource is generally much greater than that of the better-characterized reserve.

All ultramafic rocks contain nickel, but they do not always contain other desirable metal resources.
The scale of ultramafic rock that could potentially be mined
economically in part for carbon mineralization can therefore be
estimated from Earth’s known nickel resources and reserves.

The world’s largest producers of nickel include Indonesia, the
Philippines, Russia, New Caledonia, Australia, Canada, China and
Brazil (Figure 5-1). Globally, 2.5 Mt of nickel were produced from
serpentinites and nickel laterites (highly weathered serpentinites)
in 2020,° up from about 1 Mt in 1990. Known reserves amount to
94 Mt of nickel with an estimated global resource of 300 Mt of
nickel in land-based deposits averaging =0.5% nickel by weight.
This means that the known and accessible amount of serpentinites
and laterites with a nickel grade of 20.5% by weight is likely on the
order of 60 Gt of rock. However, lower-grade nickel resources are
becoming economical to mine.
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CALCULATING THE BRUCITE GRADE
REQUIRED FOR CARBON NEUTRALITY

Gradeprcite, the average wt% abundance of brucite required to completely offset the CO, emissions from
an operating mine, can be calculated using Eq. 1:

m W et
€02 "brucite 100 wt% (Eq. 1)

Gradeprycite = M
mtailin_gs COo2

Where mco, and myqiings are the masses of annual CO, emissions and annual tailings production from a mine,
respectively. Mprucite and Mco, are the molar masses of brucite and CO,. This equation assumes that a
magnesium carbonate mineral, such as nesquehonite, that contains a 1:1 molar ratio of magnesium to CO,
is produced by brucite carbonation. Eq. 1 can be rewritten for other product minerals, such as
hydromagnesite, that contain a lower proportion of CO; relative to magnesium.

This equation can be simplified as Eq. 2 for routine use by inputting the constant values of the molar
masses:

m
= —%2 .1325-100wt% (Eq.2)

Gradepycit
ruerte mtailings
Example: Using published values from the Mount Keith nickel mine in Australia*!! yields an average carbon
neutral brucite grade of 4.5 wt% (Eq. 3).

370,000t

e . 0/, — 0
11,000,000 1.325-100 wt% = 4.5 wt% (Eq.3)

Gradebrucite =

For instance, the giant Decar and Dumont nickel projects in Canada are under development to
mine nickel at grades between 0.1 and 0.3 wt%.'#12 The Dumont Project in Québec will produce
more than 2 Mt of nickel and an estimated 1.18 Gt of ultramafic mine tailings.'*'* Consequently,
assuming nickel demand continues to grow, future estimates of resources and reserves for nickel
and ultramafic rock must take into account such low-grade, high-tonnage deposits.

Although platinum group element deposits commonly contain some olivine- and serpentine-rich
ultramafic rock, the bulk of the ore mined from these settings is relatively unreactive pyroxenites
and mafic gabbros.'> As such, targeted processing of serpentinite units for carbon mineralization
would need to be considered at platinum group element mines using the sort of carbonation
potential maps that are being developed by Vanderzee et al. (2019).1® Locally, other ultramafic-
hosted resources may be more abundant than nickel and platinum group elements. For instance,

Ty e

L




Canada [ Russia
150,000 tonnes ‘ 280,000 tonnes

China
United States ——@ 120,000 tonnes
16,000 tonnes ‘
%1 %%0 tonnes . . gomigilqan
' epublic —— Philippines
47,000 tonnes 320,000 tonnes

Brazil ——&——
73,000 tonnes . ’/
Indonesia .
760,000 tonnes J
. 4‘ New
Other countries — Australia Caldonia

290,000 tonnes 170,000 tonnes 200,000 tonnes

Tonnes of nickel produced annually ~ Values are from 2021 files from the USGS  https:/pubs.usgs.gov/periodicals/mcs2021/mcs2021-nickel. pdf

Figure 5.1. Major world producers of nickel with their percentage production.

Botswana and South Africa could implement carbon mineralization in their world-class diamond
mines.

There is potential to build capacity for carbon mineralization across the mining sector, which
operates in dozens of countries around the world. Surveys are needed to assess carbonation
grades, reactivity styles, and the resource and reserve of minerals that bind CO;. Evaluations of the
resource and reserve of critical metals found in ultramafic rock are also needed. Mapping of these
resources should include tailings from former mine sites, ore and tailings from operating mines,
and prospective ore from greenfield mineral exploration. Tailings from nickel, cobalt, chromium,
diamond and chrysotile asbestos mines should be prioritized as these are likely to be the most
reactive. Tailings produced by platinum group element mines would be the next priority. However,
understanding the deportment and mineralogy of ultramafic rocks within these ore deposits may
be more useful for future mine planning (after Vanderzee et al., 2019%®). Countries with rich
deposits of these metals and minerals and strong industry expertise, including but not limited to
Australia, Botswana, Brazil, Canada, China, Russia, South Africa and the United States, could take
the lead in mapping their resources and reserves for carbon mineralization in both tailings and ore
deposits (e.g., Figure 5-21718) Much of this work is likely to fall under the auspices of national and
regional geological surveys and could be done in partnership with the mining and university sectors
to build capacity.

Current status of carbon mineralization in the mining industry

Increasingly, major mining companies are making the commitment to reach net-zero operational
GHG emissions (Scopes 1 and 2) within the coming decades. For instance, Anglo American'® has
committed to achieving carbon-neutral mining by 2040, and both BHP?° and Rio Tinto?! have
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Figure 5-2. Example country maps for South Africa and Canada highlighting geographic locations of nickel, cobalt, diamond
and platinum group element resources hosted by ultramafic rock suitable for carbon mineralization (reproduced from The
Mining Association of Canada, 2020%; South African Council for Geoscience, 2002%).

committed to reaching net-zero emissions by 2050. De Beers,?? the world’s largest diamond miner,
has committed to reaching net-zero operations nine years from now, in 2030. Carbon
mineralization is one pathway that is being considered by major and junior mining companies to
reach their climate ambitions.

Carbon mineralization in the mining industry is currently at the stage of small field demonstrations
on the 1-m3 to 200-m?3 scale. The earliest reports of field results have come from the following
mines and projects:

1. The closed Thetford mines (Québec, Canada) where field trials were done to monitor
passive, unaccelerated CO, removal from air into chrysotile-bearing serpentinite tailings.?

2. The pre-mining Dumont project (Québec, Canada) where pilots were carried out to monitor
passive, unaccelerated CO, removal from the atmosphere into nickel-bearing serpentinite
tailings.1324

3. The closed Woodsreef mine (New South Wales, Australia) where field trials for accelerated
tailings dissolution and microbial carbonation were done in nickel- and chrysotile-bearing
serpentinite tailings.?>26

4. Since the mid- to late 2010s, field experiments for accelerated carbon mineralization in
mine tailings have scaled up in Canada and South Africa as part of De Beers’ Project
CarbonVault.?”:?8

Perhaps the most important outcome of past experiments is the observation that more field trials
are needed to refine monitoring techniques, optimize acceleration strategies and account for
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variability in tailings composition, local environmental conditions and mining practices. Other key
findings from these first field trials confirm that mineral dissolution rates and slow transport of CO;
into deeper parts of mine tailings are the key constraints on carbon mineralization rates. These
trials show that accelerated carbon mineralization requires interventions such as (1) using acids to
enhance the dissolution rates of silicate minerals and (2) using calcifying microorganisms or gas
streams containing higher concentrations of CO; to supply more CO; into tailings.

At present, field-based acceleration of carbon mineralization stands at a technology readiness level
(TRL) of 6 or 7, depending on the acceleration pathway. Physical, chemical and biological
approaches to enhancing the reactivity of ultramafic mine tailings to CO; have been tested under
operationally relevant conditions in laboratories and the field. These pathways include injection of
concentrated CO; into tailings, the use of bioreactors employing benign microorganisms to
accelerate tailings dissolution and carbonation, and a hybrid approach to tailings carbonation that
leverages enhanced rock weathering in soils.

Critical metal recovery and supply security

Carbon neutrality cannot be achieved without increasing mining globally because metals are
essential components of the clean energy technologies that must be deployed at vastly increased
scale for the world to achieve carbon neutrality.?® These metals include nickel, platinum, palladium
and others that are typically mined from ultramafic rocks.

Carbon mineralization can be used for more efficient production of critical metals for clean energy
technologies. Several recent studies have shown that employing carbon mineralization as an ore-
processing technology improves recovery of nickel. For instance, Khan et al. (2021)3° describe a
model system that employs high-pressure and -temperature carbonation prior to nickel sulfide
concentration using froth flotation. Their laboratory experiments show that both the rate and
efficiency of nickel recovery improve for carbonated ore compared to uncarbonated ore. Wang et
al. (2021)3! have developed a method that simultaneously carbonates nickel ore while converting
nickel-bearing silicates—which were previously impossible to process for nickel—into nickel
sulfides that can be recovered easily using existing technology. Hamilton et al. (2020, 2021)%>3?
have demonstrated an acid heap-leaching technique that concentrates nickel, cobalt and other
critical metals for recovery using conventional technologies while producing a separate, high-
magnesium leachate that is ideal for carbonation. The anticipated doubling in the scale of mining
from ultramafic ore deposits by the year 2100° offers an opportunity to expand the scale of carbon
mineralization while also reframing it as a more effective and efficient approach to ore processing.

Scaling up

For carbonation of mine tailings to play a meaningful role in climate change mitigation, several
steps will be required.

First, industry-government-university collaborations on R&D will be needed to foster technology
transfer since much of the science behind mine tailings carbonation currently comes out of
university laboratories.

Second, tools for accurate measurement and monitoring of carbon mineralization in mine tailings
will need to be refined, tested at scale and deployed. Procedures for measuring and monitoring



CO; uptake into mine tailings are
now almost ready for use in
commercial laboratories. Ideally,
carbon mineralization potential of
mine tailings will soon be measured
just as routinely as their acid-
generating or acid-neutralization
potential are measured today.
Resources should be invested in The Mount Keith nickel mine in Western Australia.
training the skilled analytical (photo courtesy of BHP)

workforce needed to manage this

measurement and monitoring.

Third, a recognized international standard for verifying CO; sequestration in mine tailings will be
needed. Some carbon registries have developed preliminary protocols for verifying CO, removal
through mineralization. These protocols will need to be refined for use in the mining industry and
gain widespread acceptance. Development work is also needed to certify international standards
that can be used by commercial labs for quality assurance and quality control. Bodies such as the
International Standards Organization and the US National Institute of Standards and Technology
could provide standard methods and standard reference materials for this purpose.

Fourth, common tools for technoeconomic analysis (TEA) and life-cycle assessment (LCA) will be
needed. These tools would support decision making at pre-commercial stages and de-risk
investment by mining companies that wish to implement carbon mineralization at their operations.

Finally, supportive policies will be required. Governments should examine their regulatory
frameworks for mining operations, seeking ways to provide incentives for carbon mineralization, as
well as streamlining permitting processes while protecting public health and safety.
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CHAPTER 6:
INDUSTRIAL WASTES

Overview

Several industrial processes generate large volumes of waste suitable for carbon mineralization.
Process changes and innovation in the management of these wastes could help permanently store
large amounts of CO;, reduce local environmental hazards and cut disposal costs—a “triple win.”

Industries with significant potential for carbon mineralization include iron and steel production,
coal power generation, solid waste combustion and phosphoric acid production, which collectively
generate billions of tons of waste per year globally. These and other industries have large legacy
stockpiles of waste, collectively totaling billions more tons globally. These industrial wastes contain
significant amounts of calcium (Ca), magnesium (Mg) and other minerals that can react with CO; to
form stable mineral carbonates. The wastes are often located near point sources of CO, emissions.

Industrial wastes have the potential to remove hundreds of millions of tons of CO; globally each
year through carbon mineralization, with significant ancillary benefits. This chapter examines the
potential use of industrial wastes as feedstocks for carbon mineralization.

Iron and steel slag

The iron and steel industry generates a large amount of calcium- and magnesium-rich solid waste,
generically known as slag. This material comes from the ore and from decomposition of carbonate
minerals (such as limestone) that are added to furnaces during iron and steel production for the
purpose of removing impurities, particularly silicon and aluminum. Although precise data are not
available, the global production of slag in 2019 was approximately 320-384 million tons from iron
production and 190-280 million tons from steel production.! Globally, this slag has the potential to
mineralize up to 268 MtCO; per year, based on current iron and steel production. Legacy slag (that
is, slag previously produced and stored as waste) could provide an additional cumulative total of
8.2 GtCO; of carbon mineralization.?

Slag can be mineralized in three ways.

e The first method is direct gas-solid mineralization, in which gaseous CO; is reacted directly with
solid slag. This method is limited by slow reaction rates, due in part to passivation: as the outer
surface of bulk slag reacts with CO,, it can form solid carbonate layers that are impermeable to
CO,, preventing further reaction with slag material deeper within the bulk.

e The second method is direct aqueous mineralization, in which CO; is first dissolved in
pressurized water, which is then exposed to slag. This method tends to be faster than direct
gas-solid mineralization, but the dissolution rate of calcium and magnesium can limit the
overall reaction. More research is needed on understanding the optimal combination of
pressure, temperature, slag grain size and other factors to increase the speed of this process.



e The third method is indirect mineralization, in which calcium and magnesium are first extracted
from slag by acid leaching, followed by dissolution of pressurized CO; in the leachate and
precipitation of carbonate. This approach is more complex, but it allows the conditions of
leaching, CO, dissolution and carbon mineralization to be separately optimized.>?

The actual extent of carbon
mineralization achieved by these
methods varies significantly with
different slag sources and processing
steps; values ranging from 0.1-0.4
tCO; per ton of slag have recently
been reported, with reaction
timescales of several hours.*> While
the overall storage capacity is large
(CaO + MgO concentrations can reach
tens of wt%), much slag resembles
feldspar-rich mafic rocks in which the
abundance of slowly reacting alumino-
silicate and pyroxene minerals can
lead to slow CO; uptake. Processing
steps can partly overcome this slow reaction rate but negatively impact the overall carbon storage
potential on a life-cycle basis.

Figure 6-1. Iron slag being poured from slag pot.

Because these methods are all currently envisaged as using purified, pressurized CO;, they are all
designed for CO; storage, rather than removal from air. However, hybrid methods for combined
capture and storage—for example, using flue gas—could be considered.

Despite its large potential, the use of slag for mineralization faces several important challenges.
The first challenge is that a large fraction of slag produced in OECD countries is already utilized for
other purposes. In particular, during iron-making in blast furnaces (BF), approximately 0.25-0.50
tons of slag are generated per ton of pig iron produced. When this BF slag is rapidly water-cooled
(quenched), it forms a glassy, granulated material (known as ground granulated BF slag or GGBS)
that can be crushed or milled and used as a supplementary cementitious material (SCM) to partly
replace clinker produced by cement manufacture. This utilization of slag avoids emissions from
clinker production, corresponding to approximately 0.58 tCO; per ton of slag, which is higher than
the emissions removal potential of slag mineralization, which is 0.24-0.52 tCO; per ton of slag.
Therefore, in general this slag should not be redirected from its current use.>%’

By contrast, slag produced in basic oxygen furnaces (BOF) or electric arc furnaces (EAF) during
steel-making is not as appropriate for displacing cement. This slag is also of limited use for related
applications, such as replacing aggregate in concrete, because it contains large amounts of free
lime (Ca0), leading to swelling upon reaction with air to form Ca(OH), and CaCOs and subsequent
damage in civil engineering applications. (Accelerated hydration through steam treatment can
mitigate this issue in some cases.?) Because of its relatively low silicon content and high iron
content, steel slag rarely vitrifies and instead forms a crystalline, gravel-sized material that is quite
hard due to the presence of high amounts of iron oxide (Fe,03).°



Steel slag is of interest for mineralization because of its high calcium content, which is commonly
over 33 wt%.1° Similar to BF slag, over 85% of steel slag in Japan, Europe and the United States is
used for purposes such as blast furnace re-use and agriculture.'* However, the life-cycle CO;
emissions impacts of these uses are not as well understood as those of GGBS and may not be as
beneficial from a CO; perspective as mineralization.

In contrast to OECD economies, utilization rates of slag in China and India—the world’s first and
second largest steel producers—are much lower, at approximately 30%.12 In China, US- and China-
based Greenore is developing technology to treat steel slag with CO,, producing carbonates and
other products. In India, steel slag disposal is likely to become an ever more acute problem as the
country seeks to triple its steel production by 2030.** While carbon mineralization is one option,
numerous other uses with higher inherent economic value are also under active consideration.**
Absent an effective carbon price or focused government policy, carbon mineralization alone
appears unlikely to emerge as a primary utilization pathway. An important area for new research is
therefore to develop processes that mineralize steel slag and produce valorized products.*

The second major challenge in using slag for mineralization is the fact that it is highly
heterogenous, with slag from different iron and steel facilities having extremely different
characteristics. Slag’s chemical content varies due to different ores and different amounts of
recycled steel content, as well as different carbonate additives. Slag’s mineral content and particle
size vary due to different cooling and heat recovery techniques. Both forms of heterogeneity can
have large impacts on carbonation reaction rates and on the total fraction of slag that reacts with
COs. In general, when direct gas-solid mineralization processes are used, fully crystalline slags
undergo much more complete mineralization than poorly crystalline and glassy slags with the same
composition. Additional grinding of poorly crystalline and glassy slags can compensate for this, but
the required energy input generally leads to greater overall emissions.’

In addition to ongoing slag production, legacy slag represents an important potential mineralization
resource that faces its own set of challenges. China alone has roughly 2 billion tons of legacy steel
slag waste; although this waste is not well characterized.'® In fact, few countries have
comprehensive mapping or characterization of legacy iron and steel slag. A rare exception is the
United Kingdom, whose long history of industrialization has resulted in an estimated 190 million
tons of legacy slag.!” Almost all this material likely remains uncarbonated, although a substantial
amount (approximately 38%) is under urban or suburban developments, making recovery
challenging.'® A smaller but still significant additional fraction is in ecologically sensitive areas, also
rendering recovery problematic.

Recommendations:

e Expand research on the optimum use of slag from a system-level life-cycle standpoint, including
tradeoffs with other slag uses.

e Expand applied research on the optimum methods for reacting CO, with slag to achieve fast
reaction rates and high conversion of calcium and magnesium to carbonates.

e Expand applied research on improved methods for cooling slag to simultaneously optimize heat
recovery and preparation for mineralization.



e Expand applied research on efficient chemical, mineralogical and morphological
characterization of steel slag.

e Expand efforts to improve understanding of legacy steel slag waste, including the quantities,
characteristics and locations of slag heaps.

e Increase policy support for use of iron and steel slag as carbon mineralization feedstock,
including launching a series of industrial pilot projects.

Fly ash

Fly ash is a byproduct of burning
coal and other fuels such as
municipal solid waste. It takes the
form of a fine dust that is mixed with
the combustion flue gas and, to
protect air quality, is usually
removed before it reaches the
smokestack by mechanical or
electrostatic precipitators. Fly ash
consists of a mixture of small
(approximately 10-micron-diameter)
glassy beads rich in silica (SiO3),
alumina (Al;03), iron oxide (Fe;03)
and lime (Ca0) as the main Figure 6-2. Fly ash pond/landfill.

components. The exact composition

of the fly ash depends strongly on the fuel that was burned and the combustion conditions. In
general, lignite and sub-bituminous coal produce fly ash with lime content over 20%, while
bituminous coal and anthracite produce fly ash with less than 10% lime.°

One of the major advantages of using fly ash for carbon mineralization is that little to no
pretreatment, such as grinding, is required since the fly ash is already fine-grained with high
surface area. However, the amount of carbon uptake by weight is limited because of its relatively
low content of CaO + MgO compared to other industrial wastes. Fly ash with high lime content is
the most desirable for mineralization and has been demonstrated to react with CO; to form
cemented solids that can be used in concrete, with a CO uptake of 9 wt%.%° Ongoing research
focuses on process improvements for increasing the rate and extent of CO; uptake.?*?> Low-lime
fly ash shows lower potential for mineralization but continues to receive some research
attention.?® In general, the optimum reaction conditions for efficient carbonation, including
reaction temperature and pressure, CO; partial pressure, and solid-to-liquid ratio, remain the
subject of active research.'® So far, most studies have used purified CO; as a reactant, thus
investigating the potential for storage, but not removal from air. However, the fine-grained nature
and high lime content of fly ash suggest that this material could also be used for CO, removal from
ambient air. However, some fraction of the lime content may be embedded in glassy spheres and
therefore unreactive, reducing the overall mineralization potential. In this case, some additional
pretreatment may be advantageous.
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Fly ash is the primary solid waste stream from coal-fired power plants, with 250-300 kg produced
during the combustion of one ton of coal.’®?7?8 As a result, approximately 1 billion tons are
produced worldwide each year.?® Globally, a large fraction of this waste is dumped in ash ponds or
landfills for disposal, despite the potential environmental hazards from leaching of heavy metals. In
some countries, significant amounts of fly ash are instead utilized for beneficial purposes, including
as an SCM, partly replacing cement, although it cannot be added to cement in as high a proportion
as blast furnace slag.?° Fly ash is also used in agriculture as a soil amendment, in mine reclamation
as backfill material, and in the production of construction materials, such as bricks and ceramics.
Rates of re-use are extremely high in Japan and Europe (over 90%), with lower rates in the United
States, China and India (ranging from 50-80%).

Because of high re-use rates and declining coal-fired power generation in many OECD countries,
the largest opportunities for fly ash mineralization are in China and India. China alone produced
540 million tons of coal fly ash in 2019.%2 One challenge for increasing coal fly ash utilization in
China is a regional imbalance in supply and demand. Coal-fired generation in the west and north of
the country is far from fly ash demand in the urbanized southeastern coast, and the low value-to-
weight ratio makes fly ash uneconomical to transport long distances. Declining rates of
construction may also soon lead to reduced demand for fly ash in concrete and paving, highlighting
the need to identify new utilization opportunities. Mineralization has received some research
attention in this context. However, many potentially high-value uses other than mineralization are
being actively researched, including as a source of aluminum (displacing bauxite) and in the
treatment of wastewater.?! India’s production of coal fly ash has been steadily increasing, with 226
million tons produced in 2019-2020.3? Utilization rates have also been steadily increasing, led by
construction materials (cement/bricks/ceramics), land reclamation, ash dyke raising and roads.
Mineralization has received relatively little attention as an opportunity for further increasing fly ash
utilization.

The issue of multiple existing and proposed uses of fly ash means that careful system analysis is
needed to identify the optimal use of this material. However, in some cases there are useful
synergies between mineralization and valorization of certain fly ash types for additional use. For
example, fly ash from fluidized bed boilers often contains a relatively high fraction of free lime,
exceeding the maximum standard for use in cement production. This free lime can be reacted with
CO; in the presence of water, leading to mineralization and reduction of the free lime content to
the point that the treated fly ash can be used for cement applications.?® Further research on these
synergistic approaches to mineralization and valorization is needed.

Legacy coal fly ash also represents a major environmental burden. It contains heavy metals,
including arsenic and lead, which can contaminate soil and groundwater; wind can also blow ash
particles into the air, leading to poor air quality and human exposure to these toxins when
inhaled.?* Mineralization would largely eliminate these problems by fixing heavy metals in solid
carbonates. Russia is estimated to have over 1.5 billion tons of legacy coal fly ash as of 2017,%* and
China has over 3 billion tons as of 2020.3! This material is stored in a range of forms, including in
ash ponds and landfills. While these locations are generally better mapped than legacy iron and
steel slag, they are rarely fully characterized and require better resource assessment as a potential
mineralization feedstock.



Recommendations:

e Expand applied research on process development and intensification for mineralization of fly
ash, particularly for synergistic mineralization and valorization of resulting products.

e Expand systems and life-cycle assessment (LCA) research on identifying the optimum use of fly
ash, particularly in the context of existing and emerging uses other than mineralization.

e Expand efforts to improve the understanding of legacy fly ash waste, including the quantities,
characteristics and locations of ash ponds and other storage sites.

e Increase policy support for the use of fly ash as carbon mineralization feedstock, including
launching a series of industrial pilot projects.

Phosphogypsum

The production of phosphoric acid (primarily for fertilizer applications) from phosphorous ore
produces phosphogypsum waste. Approximately 5 tons of waste are produced for each ton of
phosphoric acid. Phosphogypsum primarily consists of the mineral gypsum (calcium sulfate
dihydrate—CaSO, ¢ 2H,0). While conventional gypsum is used as a construction material,
phosphogypsum commonly contains trace amounts of radioactive uranium, thorium and radium
and is generally not approved for industrial re-use. As a result, large amounts are stockpiled
globally with significant associated environmental hazards.

Globally, approximately 200 million tons of phosphogypsum are produced annually, with a
utilization rate of only 10-15%, primarily in agriculture and construction materials.3® China alone
produces roughly 75 million tons per year, with legacy stocks of approximately 600 million tons.?®
Russia has legacy stocks of approximately 500 million tons.3® In the United States, over 1 billion
tons of legacy stocks are present, concentrated in Florida.?” Until 2020, when the use of
phosphogypsum was approved for road construction,®® its use was largely prohibited in the United
States due to its radioactive content.

Because of its high calcium content, phosphogypsum has high potential for carbon mineralization.
Relatively little pre-treatment (grinding) is required due to its small particle size. The most studied
phosphogypsum mineralization process is based on CO; capture using purified CO; as a reactant.
Treatment with chilled agueous ammonia is followed by reaction with solid phosphogypsum to
produce calcium carbonate (CaCOs3) and ammonium sulfate ((NH4)2504).3%#! Research has also
focused on alternative pathways with enhanced product purity, including ones that react
phosphogypsum with waste from aluminum anodizing.*>*> In general, these processes achieve
almost complete (>95%) carbonation of calcium ions with fast reaction rates. In many cases, the
produced calcium carbonate is pure enough for industrial re-use, leading to significant revenue
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streams. Notably, CO, storage via
carbonation of phosphogypsum
using purified CO,, captured
elsewhere, can reduce the
environmental burden of
phosphogypsum disposal, and
treatment of legacy
phosphogypsum could help avoid
threats to groundwater from
storage stacks.*® An important
aspect of the use of
phosphogypsum mineralization is
the fate of the ammonium sulfate
that is produced from the sulfur
initially bound in the gypsum
reactant. This material can be used as a fertilizer but would saturate relevant markets if it were
produced at large scale, limiting the suitability of phosphogypsum mineralization for CO; removal
from air.

Figure 6-3. Phosphogypsum stack.

Key areas for further research include process intensification and improved routes to high-purity
calcium carbonate. Much of the research on phosphogypsum mineralization is also relevant to
byproduct gypsum from flue gas desulfurization at coal-fired power plants (whose annual
production rate is about half that of phosphogypsum), and improved insights could be gained from
further integrating research on these related materials.*”#8 Also, despite the promise of carbon
mineralization using industrial gypsum for CO, storage, comprehensive LCAs and cost analyses are
largely unavailable and should be the focus of significant research.

Recommendations:
e Pursue cost and LCA research on phosphogypsum mineralization.

e Expand applied research on process intensification for phosphogypsum mineralization, as well
as mineralization of other industrial gypsum sources.

e Increase policy support for the use of phosphogypsum as carbon mineralization feedstock,
including launching a series of industrial pilot projects.
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CHAPTER 7:
CEMENT AND CONCRETE

The cement and concrete industry is a significant source of greenhouse gas (GHG) emissions—
roughly 8% of the global total.! Several carbon mineralization processes could significantly reduce
these emissions. This chapter provides an overview of the cement and concrete industry and
discusses three processes with the potential to reduce its emissions—mixing carbonation,
carbonation curing and production of synthetic aggregates.

Overview of the cement and concrete industry

In 2019, approximately 4.1 Gt of cement was produced globally, making cement one of the few
products that is manufactured at the gigaton scale.? Despite this enormous scale, cement is never
consumed directly; instead, it is mixed with water and aggregate materials (sand, gravel and stone)
to produce concrete, which is then used in construction. The total amount of concrete consumed
globally is therefore much larger, approximately 30 Gt in 2019.

Cement and its precursor, clinker, tend to be produced in proximity to sources of limestone, which
is used as feedstock.? Much of cement production is consolidated among a small number of large
multinational producers with annual sales over $10 billion.* By contrast, concrete production is
overwhelmingly local and carried out at much smaller scales close to areas where construction
occurs because (1) the low value-to-weight ratio of finished concrete makes longer distance

CEMENT AND CONCRETE

Concrete that is used to build roads, buildings and bridges is a mixture of cement (also known as
binder), water and solid aggregate materials, such as gravel, sand and crushed stone (also known
as filler).

Typical concrete includes 10-15% cement, 15-20% water, and 60-75% aggregate by volume.
Conventional cement, called Ordinary Portland Cement (OPC), is manufactured by quarrying and
crushing limestone and clay and then heating it in a rotating kiln at temperatures

around 1400°C. This process drives off CO, and other gases (process emissions),
resulting in small nodules of a material known as clinker. After cooling,
clinker is ground to a fine powder and mixed with additives to produce
cement. One way to lower CO; emissions from cement production is by
substituting some clinker with supplementary cementitious materials
(SCMs) rich in Ca0O, such as blast furnace slag and fly ash, which is
common practice in regions where these materials are widely available.
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transportation uneconomical and (2) concrete permanently hardens only a few hours after
production. As an illustration of this industry structure, the United States has only approximately
100 cement plants, while concrete plants number in the thousands.> Global demand for cement
and concrete is projected to grow by 12—23% by 2050 compared to 2014, with much of the growth
in Asia.®

Emissions associated with cement and concrete production

The production of cement has estimated life-cycle emissions of 0.6—0.8 tCOze per ton of cement,
due primarily to process emissions.” The life-cycle emissions of concrete are approximately 0.15—
0.23 tCOze per ton of concrete.® These emissions are lower on a weight basis because cement is a
small fraction of the overall weight of concrete, and the emissions associated with the other
ingredients of concrete (water and aggregate) are relatively small. Many methods have been
proposed, tested and (in some cases) implemented for reducing the emissions of concrete,
including use of SCMs (as discussed above), electric or hydrogen-fired kilns, point-source carbon
capture during cement manufacturing and carbon mineralization.®1° If these methods are all
implemented simultaneously, finished concrete has the theoretical potential to be carbon-
negative, a prospect that is tremendously important given the enormous global consumption of
concrete.

The following discussion focuses on carbon mineralization methods for cement and concrete. In
general, these methods are compatible with the other cement and concrete emissions—reducing
strategies noted in the previous paragraph. Research on carbon mineralization for cement and
concrete should therefore not be pursued in isolation or at the expense of other pathways toward
low-carbon or carbon-negative concrete but rather as part of a holistic effort.

A wide array of mineralization/carbonation methods for cement and concrete have been proposed
and explored. The most mature of these are mixing carbonation (injecting purified CO, during
concrete mixing), carbonation curing (replacing water/steam with purified CO, during curing), and
the production of synthetic aggregate. Each of these methods has advantages and disadvantages,
as will be discussed below. Because the first two processes are often viewed as adding carbon to
concretes, they are commonly referred to as “carbonation” rather than “carbon mineralization.”

Mixing carbonation is primarily used for ready-mix concrete, which is usually delivered to
construction sites by mixing (barrel) trucks. This process consists of injecting a small dose of pure
(gaseous) CO; into the concrete mix during batching, which leads to the formation of nano-scale
solid calcium carbonate (CaCOs) particles distributed evenly throughout the mix, which stores
carbon for the lifetime of the concrete, approximately 50-100 years.

While some early work on mixing carbonation
aimed to maximize the amount of CO; injected
into the mix, large amounts of CO; can have
negative impacts on the performance of the
concrete. However more recent work has
shown that a relatively small dose of CO;
(~0.15% of the weight of cement or ~0.02% of
the weight of concrete) leads to improvements
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in performance, the most important of which is an increase in the compressive strength of the
finished concrete.!* Because concrete strength is primarily determined by the amount of cement in
the mix (more cement leads to higher strength), this increase in strength enables a corresponding
reduction in cement content to achieve the same overall performance. This results in economic
savings and emissions reductions because cement is both the most expensive and the most
emissions-intensive component of concrete.*? Mixing carbonation also has favorable impacts on
other concrete properties, including decreasing set time and increasing durability.

Mixing carbonation has gained significant traction in the market, with Canada-based CarbonCure
offering commercial products with widespread uptake. A key commercial advantage of the
technology is that it requires only minor process changes to conventional concrete production,
with low-cost additional equipment, making it relatively easy to adopt by most concrete producers.

Carbonation curing is primarily applicable to precast and masonry concrete products, which are
conventionally cured using steam in closed reactors shortly after casting. Carbonation curing partly
or completely replaces this steam with pure CO; gas.'® During conventional curing of ordinary
portland cement (OPC), reactions between water and cement produce calcium-silicate-hydrate
(C-S-H) crystals—whose interlocking structure provides strength—and calcium hydroxide. In
carbonation curing, C-S-H is still produced but, instead of calcium hydroxide, the reaction leads to
particles of solid calcium carbonate (CaCOs), sequestering carbon in solid form within the concrete
in a manner similar to mixing carbonation.

One advantage of using CO; to cure concrete rather than (or in combination with) water is that
different, lower-emissions formulations of cement can be used. US-based Solidia Technologies has
commercialized this approach by producing a cement with significantly reduced limestone content,
lowering the emissions intensity by 30% compared with OPC.21 This cement will not set (harden)
with conventional water-based curing; instead, it requires a mixture of CO; and steam. During
curing, up to 30 wt% of the gaseous CO; is converted into solid calcium carbonate, sequestering it
for the lifetime of the concrete.

Other efforts to commercialize carbonation curing for precast concrete products include CO,-
SUICOM developed by Kajima Corporation, the Chugoku Electric Power Company, Denka Company
and Landes Corporation of Japan'®'’; Canada-based CarbiCrete!®'®; US-based CarbonBuilt
(formerly CO2Concrete)?°; Saudi Aramco/Korea Advanced Institute of Science and Technology?¥?%;
and Belgium-based Orbix.?*%*

Mixing carbonation and carbonation curing share several similarities. Importantly, unlike other
forms of carbon mineralization, they do not require additional sources of calcium or magnesium
because calcium is a fundamental constituent of cement. This greatly simplifies logistics and cost.
Further, the only novel materials-handling challenge is providing purified CO;, and these processes
are often discussed as examples of “carbon capture, utilization and storage” (CCUS) because they
store CO; in a useful product. Much of the attention these technologies receive is in this context.
These CCUS concretes can help expand the market for captured CO,, giving it economic value,
which in turn supports implementation of CO; capture methods.

From this perspective, carbonation curing appears to be a more attractive CCUS option than mixing
carbonation because it consumes a much larger amount of CO; per unit mass of concrete: amounts



ranging from 20-50 kgCO, per m? of concrete (on the order of 0.1-0.5 wt%) have been reported in
the literature.? An additional benefit is the fact that steam for conventional curing is energy-
intensive to produce, and displacing steam with CO, can reduce emissions. However, some
approaches to carbonation curing tend to reduce the compressive strength of the resulting
concrete, meaning that more binder (OPC) is required to achieve the same compressive strength.
The emissions associated with this additional binder can change the life-cycle emissions impacts of
carbonation significantly, in some cases eliminating all emissions benefits entirely.?®> As a result, the
attractiveness of both mixing carbonation and carbonation curing as avenues to expanded CO;
markets must be balanced with an understanding of net CO; emissions impacts using careful life-
cycle assessment (LCA).

The primary research and development (R&D) priority for mixing carbonation is to increase the CO;
loading in concrete, while maintaining the compressive strength gain and other favorable
properties displayed by current low-loading mixes. The primary R&D priority for carbonation curing
is to develop curing protocols that will lead to increased compressive strength, allowing a reduced
use of OPC.%®

A second, related R&D priority is to better understand the impact of carbonation curing on the
durability of concrete, particularly how it impacts corrosion of steel. While carbonation can
increase corrosion under some circumstances, rendering concrete incompatible with steel
reinforcement, this may be largely mitigated through improved process design. More research is
needed to clarify this issue.?®?’

For both mixing carbonation and carbonation curing, other R&D priorities include (1) improving the
electrical energy efficiency of the process, such as the use of waste heat for drying, in order to
reduce the associated emissions from consumed electricity and (2) gaining better understanding of
how different supplementary cementitious materials (SCMs), such as blast furnace slag and fly ash,
impact carbonation.?®

Mixing carbonation and carbonation curing generally use purified CO; that is captured elsewhere.
When the source of that CO; is biogenic, such as point-source capture from an ethanol production
facility, mixing carbonation forms part of an overall method that removes CO, from the
atmosphere and stores it in a long-duration form. This is also the case if the source of CO; is from
direct air capture (DAC). Alternatively, if the source of CO; is from fossil-fuel combustion (such as
point-source capture from flue gas at a coal-fired power plant) then mixing carbonation forms part
of an overall method for carbon capture and storage. Mixing carbonation and carbonation curing
are unlikely to be used for the direct removal of CO; from air without some form of initial capture
and purification.

Carbon mineralization can also be used to produce synthetic aggregate. This process involves
reacting CO, with alkaline feedstock containing calcium and/or magnesium, including recycled
concrete and a variety of industrial wastes (see Chapter 6). This produces calcium and magnesium
carbonates, which can then be used in concrete to replace mined aggregates, such as sand, gravel
and crushed stone. While this substitution does not displace a large amount of emissions (the
average carbon intensity of conventional aggregates is approximately 8 kgCOye per ton, far lower
than cement),? it can serve as an economically valuable form of CO, sequestration. Several
companies have commercialized variations of this process. UK-based O.C.O. Technologies (formerly



Carbon8 Aggregates) provides synthetic aggregates produced from air pollution control (APC)
residues and industrial CO,.3% US-based Blue Planet provides synthetic aggregates produced from
alkaline industrial waste and dilute CO; in flue gas.?

Because the global annual aggregates market is approximately 50 Gt, the potential scale of impact
from synthetic aggregates is significant.3? Pressures from limited landfill space and high tipping fees
have already led to approximately 10% of aggregates used in Europe coming from recycled or
manufactured materials.®> However, aggregates are a low-value product by weight, with crushed
stone valued at approximately $S12 per ton in the United States.3! This suggests that synthetic
aggregate will have difficulty competing with conventional aggregate on cost. While production of
synthetic aggregate may allow more careful control over aggregate size, resulting in a more
consistent product than virgin-mined aggregate, this improved feature alone is unlikely to
overcome cost differentials.

A further issue for synthetic aggregate is its mechanical performance when used in concrete.
Conventional aggregate is classified as fine or coarse, depending on whether particles are smaller
or larger than 4.75 mm (No. 4 sieve). It is also classified by shape, such as rounded, angular or
elongated. Both the size and shape of aggregates impact many important properties of concrete,
including cement and water requirements in the mix, pumpability, workability and durability.
Conventional aggregate is typically washed, crushed and screened to obtain desirable size and
shape distributions. Synthetic aggregate will need to broadly conform to these size and shape
requirements and be of sufficient mechanical strength to avoid crumbling or breaking during
handling (high friability).

A closely related form of mineralization is the treatment of recycled concrete aggregates (from
demolition waste) with CO; to improve their strength, a process known as carbon conditioning.
This process allows these materials to be used as aggregate in new concrete mixes, providing good
mechanical properties.3?32 One approach to this process involves producing calcium bicarbonate
solution via reaction of concrete demolition waste, water and captured CO; and then exposing
crushed demolition waste aggregate particles to the solution. This leads to the precipitation of
CaCOs crystals, which bond to recycled aggregate and provide it sufficient mechanical strength to
allow its re-use (calcium carbonate circulation system for construction, C*S).2* Similar challenges
regarding size, shape and friability apply to these materials, as well as to synthetic aggregates.

R&D priorities for synthetic aggregate production include optimizing (ideally reducing or
eliminating) transportation of feedstock materials (such as industrial waste) and purified CO,. To
this end, increased efforts are needed to co-locate synthetic aggregate production with sources of
CO; and industrial facilities producing alkali waste® (recent announcements from 0O.C.O.
Technologies about aggregate manufacturing at a refinery are encouraging®®). For aggregate
production, a better understanding of the tradeoffs between using relatively pure CO; and
untreated flue gas is also needed, given the improved mineralization efficiency with pure CO; but
the associated energy and emissions penalty from CO; capture. For widespread market uptake,
synthetic aggregate must undergo mechanical performance testing with R&D focused on
mitigating any significant gaps in comparison with conventional aggregate; the same is true for
carbon-conditioned recycled concrete demolition waste.
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Similar to mixing carbonation and carbonation curing, the production of synthetic aggregates has
primarily been proposed to use purified CO, that was captured elsewhere, although some methods
also envision using flue gas directly (i.e., without first separating and purifying CO;). When the
source of that CO; is biogenic, such as point-source capture from an ethanol production facility or
the use of flue gas from combustion of biomass, production of synthetic aggregate through
mineralization forms part of an overall method that removes CO; from the atmosphere and stores
itin a long-duration form. This would also be the case if the source of CO, were from DAC.
Alternatively, if the source of CO; is from fossil-fuel combustion (such as point-source capture from
flue gas at a coal-fired power plant) then the production of synthetic aggregate through
mineralization forms part of an overall method for carbon capture and storage. The production of
synthetic aggregates is unlikely to be used for the direct removal of CO; from air without some
form of initial capture and purification.
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CHAPTER &:
CROSS-CUTTING RESEARCH NEEDS

Research and development (R&D) needs in carbon mineralization focus on (1) increasing the speed
with which the reactions occur, (2) accessing a significant volume of reactive material (surficial or
subsurface), (3) disposing of carbonate material produced via surficial methods, (4) measuring the
total carbon impact of these approaches and (5) improving the economics of the processes.
Significant cross-cutting issues are water use and safety from potentially toxic and hazardous
components present in both minerals and industrial wastes.

Carbon mineralization is often viewed as a lab- and bench-scale chemical engineering research
activity, but much of the associated laboratory and theoretical work has been sufficiently resolved
to move forward. Large-scale demonstrations are vital for addressing systems integration, energy
efficiency and cost reduction across all forms of carbon mineralization.

Priority areas for cross-cutting research are discussed below.

1. Accelerating mineralization reaction rates

Carbon mineralization fundamentally depends on combining calcium and magnesium with CO..
However, the rate of that reaction is dependent on the structure and chemistry of the initial
material and the contact mechanism with CO,. Major topics include:

e The effect of size, shape and crystallinity on dissolution of minerals and industrial wastes
(including, e.g., steel slag).

e The reaction rates of mixed materials when one mineral like brucite (Mg(OH),) dominates
short-term kinetics but the majority of the material is composed of minerals with longer
reaction time.

e The reaction mechanisms for mineralization (e.g., which mechanism controls the reaction:
mineral dissolution or CO, transfer into a liquid layer?).

e The impact of grinding, heating or acid pretreatments on complex mixtures.

e The impact of different transport fluids—such as pure CO, gas, flue gas, surface waters, CO;-
rich aqueous solutions under pressure and supercritical CO, under pressure—on mineralization
rates and outcomes.

2. Hazardous material removal and handling

Many mineral and industrial waste mixtures contain hazardous materials, including asbestos and
the heavy metals chromium (Cr) and nickel (Ni). Removing these materials may be possible but, if
not, the methods for handling them safely must be established. Major topics include:

e The fate of hazardous components during mineralization reactions.
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— Asbestos fibers with their high surface area per unit mass may rapidly and preferentially
form carbonate minerals, mitigating a significant health hazard.

— Accelerated carbon mineralization, particularly using acidic solutions, may release dissolved
Ni, Cr and other potentially toxic elements and compounds.

e Methods for pretreatment or removal of hazardous materials prior to utilization.
— Removing asbestos by rapidly reacting it with CO-.
— Pretreating minerals and industrial wastes to extract and use heavy metal components.

e The development of protocols for safe handling of these materials.

3. Underground injection of CO2 in basalts and ultramafic rocks

The rate and extent of capture and long-term storage of CO; via carbon mineralization are
challenging to measure and predict. Current knowledge is based on laboratory experiments and a
limited number of field experiments with sparse sampling. Tracking the fate of CO, transported
through reactive rocks in the subsurface will require research into the rate of underground
reactions and the limiting processes that control how much CO; a rock can absorb. Major topics
include:

e Controlled laboratory experiments on the fate of CO; in basalts and ultramafic rocks.

e Instrumented field tests to investigate the fate of injected CO,, particularly in basalts and
peridotites over 10-100 m distances, permitting a complete mass balance on the inputs,
outputs and exchanges that may occur depending on the methods used for CO, transport (see
below).

e Observing and controlling outcomes of long-term, subsurface carbon mineralization in terms
of “cracking versus clogging,” formation of dissolution channels and/or permeability barriers,
evolution of porosity and reactive surface area, changes in rock volume and associated
deformation, and displacement of pore water.

e Practical implementation of specific methods for transporting CO, through reactive materials
for subsurface mineralization. Ideas include injecting supercritical CO (but this option requires
an impermeable caprock), bubbling CO; into water in boreholes and/or pore space at depth to
produce CO,-rich aqueous fluids, or alternating injection of water and supercritical CO; in
proportions such that the CO; dissolves in water at depth. Many variations and combinations
are possible and testing them will require field-scale demonstration, not laboratory-scale
research.

e System integration of CO; sources, heat, water exchange and heat management. Advances in
this area could dramatically improve the energy, material and water efficiency of these
processes.
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4. Surface reaction of CO2 with mafic and ultramafic tailings and alkaline
industrial wastes

Many schemes for utilizing calcium and magnesium in rocks and industrial wastes have the same
basic issues: reactivity, contact mechanism with CO, and permanence of products. Research efforts
that identify the basic reaction mechanisms and the physical properties that affect those
mechanisms will be beneficial across a wide range of processes. Major topics include:

e Understanding the reactivity of calcium- and magnesium-bearing minerals and wastes. Primary
concerns are determing the impact of particle or crystallite size on reaction rate, separating the
effects of multi-component systems on overall rates, and understanding the impacts of reacted
coatings that can impede the progress of mineralization.

e Determining the rate of CO; uptake from air. In both quarried and waste materials, the rate of
CO, uptake directly from air is affected by many minor processes, which can be hard to
separate. Studies are needed to understand the controlling factors for direct atmospheric
reaction with carbonation substrates.

e Measuring and improving physical properties of beneficial products. Conversion of wastes to
beneficial materials is impacted by the physical properties of the resultant product. The key
properties include strength, solubility in water, hardness and impurities.

e Exploring additional treatment methods. Methods of treating industrial wastes upon
production may improve their use in carbon mineralization by increasing surface area or
reactivity.

e Extending and improving lifecycle emissions and cost analyses. These analyses are needed to
determine the best uses of industrial slags and wastes, especially vis a vis their alternative use
in cements. Metrics for relative benefits should be developed and standardized.

e Determining strategies for storage and disposal of carbonated products not suitable for
utilization. Some abundant geological materials are likely to undergo only partial mineralization
over short timescales. Finding safe locations to sequester large amounts of this material—
which may be an order of magnitude larger by mass than the CO, removed—is an important
challenge to address. The oceans may provide one potential location.

5. Mineral additives to soils

Many of the proposed methods for enhanced weathering utilize powdered rock material spread on
cultivated land. Basaltic lava is the rock type most commonly considered for use. The benefits are
often envisioned in terms of crop yield and overall CO; flux, but these are extraordinarily complex
topics in an active agricultural ecosystem. Additional research into interactions between added
material and the soil system is needed to understand both the benefits and possible problems with
this approach. Major topics include:

e Understanding calcium and magnesium impacts on soil health. Calcium is routinely added to
some kinds of depleted soil in more readily available forms (e.g., limestone) today. Research



into the mechanisms by which mafic rocks provide cations is needed. The impact of magnesium
is important since it can be a problematic cation in agriculture.

e Understanding life-cycle benefits of soil mineral addition. The overall life-cycle benefits of sail
addition need to be evaluated in the context of baseline conditions and alternative approaches.
For instance, for the money invested, is adding powdered basalt the best way to achieve both
climate and agronomic benefits?

e Identifying optimal locations. The locations where mineral additions to soil may be most
beneficial need to be evaluated in terms of the two topics above.

e Identifying potential hazards. Accumulation of minor elements that occur in basalt or
peridotite, such as Ni and Cr, over time may produce hazardous concentrations in soils and
crops.

e Understanding impacts on microbes. Microbes are a critical part of the active soil ecosystem.
Studies of the impact of minerals on microbes, and of microbes on minerals, are needed to
understand ecosystem effects.

6. Monitoring CO2 uptake in surface systems

Measuring CO; uptake is fairly easy in systems that create a solid product or produce purified CO;
gas, but in systems at the surface the problem can be daunting due to the flux of CO; in and out of
the system. For example, carbon can be lost from agricultural soil due to (1) the removal of crops,
crop residues and weeds and (2) the flow of bicarbonate ions dissolved in groundwater and surface
runoff into rivers and the oceans. Moreover, the effects of carbon mineralization need to be
quantified against a noisy background of natural and agriculturally induced spatial and temporal
variability in the carbon contents of soil and groundwater. Before conducting mineralization
experiments, studies of surface systems are needed to understand background concentrations,
variability and fluxes. Then a full accounting of the inputs and outputs of carbon during and after
experiments is required. Major topics include:

e Measurement of groundwater flux of carbon, primarily in the form of bicarbonate.
e Measurement of reduced carbon converted to CO, and back, particularly by microbes.

e Large area atmospheric CO; flux measurements coupled with detailed on-ground
measurements of CO; flux.

e The development of statistically robust sub-sampling methods that permit accurate estimation
of integrated fluxes based on measurement of very small signals per unit area, potentially
varying over a huge area, against a noisy background of natural processes.

— Development of sampling methods could begin with comprehensive surveys at a very fine
scale, but such surveys would not be sustainable for gigaton-scale deployment over
decades.
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— The goal should be not only to assess net carbon budgets, but also to develop sub-sampling
methods that return accurate flux estimates with greatly reduced sampling density and
frequency.

— This challenge is similar to that posed by evaluation of net carbon fluxes produced by
“sustainable agriculture” methods (such as no-till, low-till, crop rotation and deep roots)
and by addition of alkalinity to the oceans. Focusing on this generalized goal could be used
to establish an overarching research program of its own.

7. Novel processes

Research is needed into new methods for reacting CO, with calcium and magnesium and into new
products or value-added processes that could improve the economics of carbon mineralization.
Major topics include:

e Novel reactors for surface treatment of rocks and wastes with concentrated CO,, CO,-bearing
fluids or air.

e Improved methods for integration of mineralization with existing industrial process.

e Improved methods for integration of mineralization with inexpensive, partial direct air capture
(DAC) to produce hybrid methods.

8. Measurement and accounting

Accurate measurement is important for any commodity traded in markets. For carbon
mineralization to participate in carbon markets, accurate measurement of the carbon removed by
mineralization will be essential. To facilitate large-scale financial support in carbon markets, carbon
mineralization requires high-fidelity accounting approaches for carbon removal and storage
guantities as well as durations. Major topics include:

e Development of standard measurement methods for quantifying CO, removed from the
atmosphere by all major mineralization pathways. These should include appropriate deductions
of estimated counter-factual CO, removal through passive (untreated) means.

e Development of standard forecasting methods for predicting the storage duration of
mineralized CO; in surface and subsurface contexts and in valorized products.

9. Resource mapping

For carbon mineralization to reach its full potential as a climate change strategy, one of the most
urgent needs is to identify the locations and quality of mineralization resources around the world.
This includes:

e Producing maps of ultramafic rocks (e.g., mantle peridotite) that include their mineralogy,
especially brucite and asbestos content.
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e Producing maps of mafic rocks (e.g., basaltic lavas but also mafic intrusions) that include their
mineral and glass content, as a precursor to development of estimates of their potential rates
of CO; uptake through mineralization.

e Conducting hydrological surveys of volcanic provinces and peridotite localities in the US.
Understanding the groundwater hydrology of these areas is crucial to discerning which of them
may be practical sites for carbon mineralization, with low impact and co-benefits for local
communities (see Water considerations).

e Producing maps showing the location of legacy industrial wastes and mine tailings and their
condition and usability.

e Producing maps of available mineral resources near agricultural areas with soils that would
benefit from additional calcium and/or magnesium.

e Expanding analysis of the impact of varying carbon prices on the economic feasibility of mining
different mineral deposits, taking into consideration revenues from carbon-removal services
through mineralization.

10. Water considerations

Many carbon mineralization methods produce, consume or cycle significant amounts of water. This
could potentially result in impacts on water quality, process scale constraints due to water
availability or other impacts. The role of water in carbon mineralization therefore requires more
research attention to ensure that overall impacts and constraints are not problematic. Major topics
include:

e Improving the understanding of the hydrological cycle in areas of high geological potential for
carbon mineralization, notably volcanic provinces and peridotite localities where surface water
may be limited.

e Developing advanced methods for injecting CO,-bearing water using brackish water or
seawater, minimizing demands on fresh water.

e Developing improved methods for treating and managing produced water from injection of CO;
into the subsurface.

e Developing improved methods for modeling, monitoring and preventing potential groundwater
contamination from large-scale subsurface injection.

e Developing improved methods for monitoring carbon flux in agricultural runoff as part of
surficial enhanced weathering processes.

11. Social science

More work is needed to understand how carbon mineralization projects will affect a range of
stakeholders, including the communities in which these activities take place. More work is also
needed to help ensure that carbon mineralization can best deliver meaningful benefits to the
communities where such activities occur. Priority topics for research include:



Improving the understanding of agronomic and ecological effects of surficial carbon
mineralization approaches.

Improving the understanding of environmental and economic impacts of quarrying natural
materials for carbon mineralization.

Improving the understanding of the overall impacts of using ongoing or legacy industrial wastes
for carbon mineralization at gigaton scale.

Improving the understanding of the impact of large-scale fluid injection and subsurface
mineralization, in terms of deformation, micro-seismicity and hydrology.

Expanding assessments of the potential impact of large-scale mineralization approaches on
land use and land use change, particularly for surficial enhanced weathering processes.

ldentifying employment needs and opportunities in different regions from all major
mineralization processes, including specific job skills/categories in quarrying, bulk transport,
chemical engineering, rock mechanics, reservoir engineering, monitoring and verification.

Identifying and estimating overall potential economic benefits to communities from large-scale
mineralization projects.
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CHAPTER 9:
POLICY

Policymakers have paid scant attention to carbon mineralization as a strategy for fighting climate
change. Of the more than 190 national climate action plans submitted to the UN Framework
Convention on Climate Change (known as “Nationally Determined Contributions”), only one
(Iceland’s) mentions carbon mineralization.>? Very few climate change laws or regulations do so.
Few, if any, laws or regulations that govern mining or underground injection have been adapted to
reflect the potential for carbon mineralization to help meet climate change goals.

For carbon mineralization to remove CO; from the atmosphere at a scale of gigatons per year,
supportive policies will be essential. Leading options for such policies include funding in
government research and development (R&D) budgets, preferences in government procurement,
recognition in emissions trading programs and incentives in tax regimes. Permitting processes for
mining activities may need adjustment. International cooperation—sharing information and best
practices—could accelerate progress.

Policy frameworks that engage all key stakeholders will be essential. Some carbon mineralization
projects could create good high-paying jobs in mining communities and employ engineers currently
employed in oil and gas extraction. Other projects could contribute to agricultural productivity

(see Chapter 4). At the same time, some projects create risks of surface-water contamination and
ecosystem disturbance if poorly managed. Building public support by maximizing the benefits and
minimizing the risks of carbon mineralization processes will be important to their successful
implementation at scale.

This chapter discusses policy options for scaling up carbon mineralization as a strategy for
removing CO; from the atmosphere.

1. GOVERNMENT SUPPORT FOR R&D

National governments spend at least $18 billion annually
on R&D for climate mitigation. These programs have
played important roles in developing countless
technologies in recent decades.?

As set forth in Chapter 8, R&D on a range of topics is
important for carbon mineralization to reach its full
potential for removing CO; from the atmosphere. Priority
topics include the following:

e Reactivity of minerals and industrial wastes

e New methods for reacting CO, with calcium and magnesium
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e Fate of CO; in basalts and ultramafic rocks
e Impacts of calcium and magnesium additives on soil health
e Tools for measuring and monitoring CO; removal from air with carbon mineralization

Much of this research involves basic science or pre-commercial topics that private companies have
little, if any, incentive to fund. As a result, government funding for research on these topics will be
essential. National governments, including those in the United States, Japan, the European Union,
Russia and China, have historically provided most of the support for basic science and pre-
commercial research.

In June 2021, ministers from more than 20 countries announced Mission Innovation 2.0, pledging
“a decade of innovation to catalyze increased investment in clean energy research, development
and demonstrations to deliver affordable clean energy solutions by 2030.”3 Member governments
include Japan, the United States, China, the United Kingdom, Germany and Saudi Arabia. The
resulting increase in government R&D budgets in these countries in the years ahead offers an
opportunity to increase R&D funding for carbon mineralization.

2. GOVERNMENT PROCUREMENT

In many countries, government procurement makes up more than 10% of GDP.* This spending
provides an important opportunity to jumpstart markets for new products with public benefits,
such as CO; removal from air. First, government purchase contracts can provide manufacturers
with an assured market, which can be especially important in securing debt capital. Second,
government purchases can help establish standard technical specifications for new products, which
can help catalyze efficient supply chains.

As an example, governments are major purchasers of concrete, which can be made from cement
and aggregates that include mineralized carbon. Establishing strong preferences for products made
with mineralized carbon in government procurement could help jumpstart markets and promote
carbon mineralization as a climate solution.

3. EMISSIONS TRADING PROGRAMS

Recognizing carbon mineralization as a compliance option in emissions trading programs is one of
the most important tools for realizing its full potential for climate change mitigation.

Under emissions trading programs, the right to emit requires a permit. Governments give or sell
these permits to emitters, who may then trade the permits among themselves. Under many
emissions trading programs, governments gradually reduce the number of permits (often called
emissions allowances), thereby reducing total pollution. Emissions trading programs for CO; are
now in place in the European Union, China, California, the northeast United States and Canada,
among other places.

At present, no emissions trading programs recognize carbon mineralization as a compliance option.
Such programs could do so by authorizing facilities that mineralize carbon to sell allowances equal
to the CO; removed from the atmosphere, measured on a full life-cycle basis. Indeed such



allowances might merit a premium of some kind, in light of the permanence of CO, removal with
carbon mineralization (as compared, for example, to CO, removal with trees, which can burn). This
approach would provide facilities that remove CO; from air via carbon mineralization with a
financial reward for doing so.

Such an approach would require widely accepted protocols for monitoring, reporting and verifying
CO; removal from air via carbon mineralization. Such protocols are currently lacking. Governments
could accelerate development of such protocols by contributing funding to standards-setting
organizations, such as the International Standards Organization (ISO) and ASTM International, as
well as support for pilot projects.

4. LOW-CARBON PRODUCT STANDARDS

A low-carbon product standard sets a limit on the product’s life-cycle emissions. Low-carbon fuel
standards—the leading example of such an approach—have been adopted in California, Oregon,
British Columbia and the European Union.

Low-carbon product standards could promote carbon mineralization in two ways.

First, low-carbon standards could be applied to products that can include mineralized carbon, such
as cement and concrete (see Chapter 7). Firms that make such products would be required to
steadily reduce life-cycle CO, emissions or to purchase credits from firms that have done so. Such a
requirement could significantly increase demand for products that include mineralized carbon.

Second, carbon mineralization could be recognized as a compliance option for low-carbon
standards for other products, such as fuels. CO, removed through carbon mineralization could be
used as an offset to satisfy part of a firm’s obligation to reduce the carbon footprint of a product.
Limitations would likely be needed to ensure that this compliance option does not undercut the
principal objective of the standard, which is to steadily reduce the carbon content of the product
itself. As with emissions trading programs, widely-accepted protocols for monitoring reporting and
verifying life-cycle CO, removals from carbon mineralization would be essential.

5. FINANCIAL INCENTIVES

Many carbon mineralization projects will be large and capital-intensive. Some may be funded in
part by private capital, with investors seeking returns from the sale of products that incorporate
mineralized carbon or carbon credits earned from mineralization. However, first-of-a-kind facilities
are unlikely to be able to attract private capital in amounts sufficient for initial deployment at scale.
(This is the classic second “valley of death” for energy technologies.)

Governments play a central role in supporting deployment of large, capital-intensive projects with
climate change benefits. Government support can take several forms, including the following:

a. Tax Incentives. Tax incentives can play an important role in spurring deployment of climate
mitigation technologies. In Norway, for example, generous tax incentives have helped plug-in
electric vehicles capture more than 50% of new car sales in recent years. In the United States,
federal tax incentives have played an important role in promoting deployment of solar and wind
power.



The Section 45Q Carbon Capture Tax Credit, enacted in the United States in 2018, provides a
tax credit for each ton of CO; sequestered. Section 45Q provides tax credits of S50 per tCO,
sequestered in geologic formations and $35 per tCO, used in products, such as fuels or cement.
As of this writing, the US Congress is considering several proposals to increase the value of the
45Q credit.

Tax incentives have many possible structures. They include the following:

e Investment tax credits. Governments could provide businesses a tax credit for a percentage of
the capital costs incurred in mineralizing carbon. (This credit would be similar to the US federal
government’s investment tax credit for solar power, which has historically provided a tax credit
of 30% of the cost of any solar installation in the United States.)

e Production tax credits. Governments could provide a tax credit for any products manufactured
at facilities that mineralize carbon. (This credit would be somewhat similar to the US federal
government’s production credit for wind power, which provides a tax credit based on the kWh
of wind power sold at a facility.) Because some companies do not have tax liabilities,
governments can provide refundable tax credits or cash payments in lieu of tax credits under
these programes.

e Waiver of sales, value-added taxes or import taxes. Governments could waive taxes that would
otherwise be imposed on products manufactured with mineralized carbon. (Such waivers
would be similar to Norway’s incentives for electric vehicles, which include waivers of import
and sales taxes.)

b. Grants. Grants are among the most direct ways to provide financial support for the low-carbon
transition. Grant programs are widespread in many countries, often to assist in deploying first-
of-a-kind or early-stage technologies. Governments could provide grants to help defray the
capital costs associated with facilities that mineralize carbon.

c. Loan guarantees. Cutting the cost of debt capital can help make a project financially viable.
Government loan guarantee programs seek to do this by reducing risk to lenders, resulting in
lower borrowing costs. The US Department of Energy’s loan guarantee programs helped launch
the utility-scale solar industry in the United States, among other successes. Loan guarantees for
the capital expenditures required for carbon mineralization facilities could significantly speed
deployment.

6. MANDATES

Perhaps the simplest way for governments to provide incentives for carbon mineralization is to
require it. For example, government mandates could require mining companies at sites with
potential for carbon mineralization to take steps to realize the potential for carbon capture and
storage at those sites.

Government mandates can be effective in helping reduce emissions and in building markets for
clean energy products. In the United States, many state governments require utilities to purchase a
minimum percentage of their power from renewable sources. In India, a similar requirement is



imposed by the Ministry of New and Renewable Energy. These requirements have been important
to the early growth of wind and solar power in both countries.

Other experiences with government mandates suggest caution, however. The United States federal
government has required the use of cellulosic ethanol in fuel supplies for more than a decade.
Nevertheless, the cellulosic ethanol industry remains in its infancy. Waivers to that requirement
have been granted on a regular basis. Technology-forcing requirements—in which governments
require private actors to meet standards that are not yet technically achievable—have been
successful in some instances but not in others.

7. ENVIRONMENTAL, SOCIAL AND GOVERNANCE ISSUES

Carbon mineralization projects can have far-reaching impacts beyond removing CO; from the
atmosphere. Potential environmental impacts range from positive (such as soil quality
enhancement) to negative (such as groundwater contamination and ecosystem disturbance).
Social impacts could also be positive (such as job creation or preservation) or negative (such as
disrupting communities or appropriating project benefits without compensating local stake
holders).

In part as a result, carbon mineralization projects may be subject to extensive regulatory oversight
in some countries. Ex situ projects may be subject to mining sector regulations and permit
requirements on diverse topics ranging from groundwater protection to hazardous waste
management to foreign ownership to financial transparency.>® (The Extractive Industries
Transparency Initiative (EITI), for example, promotes “the disclosure of information along the
extractive industry value chain from the point of extraction, to how revenues make their way
through the government, and how they benefit the public.”” More than 55 countries have pledged
to meet EITI’s standards.) In situ projects may be subject to regulations on underground injection
(likely designed for unrelated purposes).

As governments consider strategies for scaling up carbon mineralization for CO; removal from air,
regulatory issues will require considerable attention. Governments could support pilot and
demonstration projects to help assess a range of regulatory issues. Governments could also ask
relevant ministries and departments to examine the overall regulatory environment for carbon
mineralization projects and recommend whether modifications may be appropriate. Expedited
permitting could be considered for projects with significant potential to remove carbon from the
atmosphere and create jobs (while being careful to avoid projects that could pollute local
environments or impair carbon mineralization projects’ social license to operate).

Engaging communities most directly affected by carbon mineralization projects will be essential.
Without support from such communities, carbon mineralization projects are unlikely to reach the
scale needed for meaningful climate change impacts. Ensuring that carbon mineralization projects
deliver both local and global benefits will be important to their long-term success.
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8. INTERNATIONAL COOPERATION

Opportunities for CO, removal through carbon mineralization are widely dispersed around the
globe (see Chapters 1 and 2). International cooperation in mapping mineral resources, sharing best
practices and developing MRV protocols could help accelerate carbon mineralization as a climate
mitigation strategy.

A number of international organizations could launch or deepen work on this topic. One potential
venue is the Clean Energy Ministerial, which hosts initiatives sponsored by interested governments.
Countries with significant carbon mineralization potential—including the United States, Japan,
Canada, India, the United Arab Emirates and Saudi Arabia—could launch a Clean Energy Ministerial
initiative to work together on this topic. Another possible venue is the UN Framework Convention
on Climate Change, which could task a subsidiary body to gather information on this topic from
Member States, including information on mineral resources that are especially well-suited to
carbon mineralization. Finally, the Intergovernmental Panel on Climate Change (IPCC) could expand
coverage of carbon mineralization in future assessments.
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CHAPTER 10:

COMPARISON WITH DIRECT AIR CAPTURE

As a strategy for removing CO, from the atmosphere, carbon mineralization shares many
characteristics with direct air capture (DAC). Both are early stage and expensive. Both have clear
pathways to reduce costs, can be deployed in many locations around the world and show
considerable promise in helping to achieve net-zero emissions.

The two strategies also have important differences. Carbon mineralization processes typically
require far less energy than DAC. Some carbon mineralization processes offer ancillary benefits not
available from DAC. Carbon mineralization processes inherently provide a mechanism for long-
term storage of CO,, which DAC processes do not. However, measurement and verification of CO,
removal is more difficult for some carbon mineralization methods than for DAC. Also, more
scientific research is required for full deployment of carbon mineralization than for DAC.

The following table summarizes key similarities and differences.

Table 10-1. Comparisons between direct air capture (DAC) and carbon mineralization.

_ Direct Air Capture Carbon Mineralization

Process type
Potential for abatement

Potential to achieve gigaton-scale
carbon removal before 2040

Geographic range

Cost today

Likelihood of costs below $150/ton
before 2030

Requirement for energy inputs

Land-use requirement for process

Land-use requirement for low-carbon
energy

Uses Earth-abundant materials

Ancillary benefits beyond climate
mitigation

Potential additional environmental
concerns

Technical Readiness Level

Need for additional scientific research

November 2021

Purely engineered process
Effectively limitless (10-20 trillion
tCO2 storage in conventional
reservoirs)

High

Very broad

Above $200/ton

High

Very high (~250 MW/Mton) — must
be near-zero carbon footprint

Small (0.1 km2/Mt)
Varies widely (0.1-100 km?/Mt)
In some cases

Limited — some fresh-water
production

Limited
TRL 8-9 (established companies)

TRL 5 (emerging companies)
TRL 1-2 (new approaches)

Limited

Accelerated natural process

Effectively limitless (>10,000 trillion tCO:
storage potential)

High

Very broad
Above $200/ton

High

Zero to medium - must be near-zero
carbon footprint

Varies widely (1-400 km2/Mt)
Varies widely

Yes

Substantial in some approaches, including
remediation of hazardous materials,
building material production and more

Medium

TRL 5 (emerging companies)
TRL 1-2 (new approaches)

Substantial




A few similarities and differences are especially noteworthy:

o Cost: For both strategies, costs today are fairly high in practice—above $200 per tCO,.
Although published estimates for potential costs are much lower (e.g., <$150 per ton for DAC,
<$100 per ton for carbon mineralization), these lower costs have not been achieved in real
projects or active markets. In both cases, the thermodynamic limits permit very low costs
(~$18 per ton for DAC, $10 per ton for carbon mineralization), and there is enormous potential
to reduce costs significantly and quickly for both strategies through innovation and design.

e Technical readiness: Both strategies are relatively immature. Neither has mature technical
pathways or contracts to deliver CO, removal greater than 10,000 tons per year. DAC is
somewhat more mature: three companies have commissioned projects and have commercial
contracts. In contrast, while a few carbon mineralization companies have announced
substantial pilot projects, they are still quite early in technical development.

e Geographic range: Both strategies can take advantage of different geological and energy
resources around the world. They can operate under different temperature and humidity
conditions, store CO, in varying geological sites and have access to different low-carbon energy
resources. While the specific conditions will affect cost and performance, a mixture of pilots
and demonstrations around the world could provide key information to companies,
governments, investors and innovators regarding performance under a range of conditions.

All three of these points suggest that both carbon mineralization and DAC are good candidates for
an innovation agenda. Specifically, research should focus on cost reduction and a mixture of pilot
and demonstration projects. This would grow companies, foster competition and validate designs
and business models. Ideally, nations and projects around the world should share findings and
results of innovation with the goal of accelerating learning and time to market.

A comparison of carbon mineralization and DAC suggests several important research directions:

e Energy Consumption: This is the most dramatic difference between the two technologies.
Carbon mineralization provides much of the required energy from the chemistry of the rocks or
slag, while DAC requires energy input entirely from an external source. The amount of energy
DAC requires varies depending on the technology, but NASEM (2019)* estimated about 250
MW per 1 million tons of CO, removed per year (with a range of 100-500 MW). Thus,
mineralization offers a pathway to carbon removal that requires less clean energy
development.

— The major R&D activity in this area is to further refine the energy needs of the two
practices, particularly around supply chains.

e Accounting: The clear accounting associated with DAC coupled with geologic storage is a strong
advantage for DAC. The amount of CO, removed and stored is easily measured by conventional
chemical monitoring systems, and geologic storage has been extensively evaluated for the
control and monitoring of leaks from deep storage. Thus, errors in the accounting of DAC
should be negligible.
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Accounting for mineralization is significantly more difficult when the CO, comes from
atmospheric uptake. The formation of solid carbonates is equivalent to geologic storage in its
simplicity and accuracy of measurement, but in most systems open to the air, a significant
amount of the captured CO, may leave the location in crops, crop residues, weeds and as
bicarbonate ions dissolved in water. The bicarbonate ions are actually good for capture
efficiency since two bicarbonate ions are required for charge balance of each dissolved ion of
calcium or magnesium. However, monitoring the concentration and flux of bicarbonate in
groundwater and surface runoff is a key research challenge, especially for agricultural
applications and ocean-based systems.

The major R&D activity in this category is to improve the monitoring and life-cycle assessment
(LCA) for mineralization approaches.

e Land Use: Availability of land area for CO,-removal (CDR) technologies is likely to be a major
limit on their deployment. Here there is no obvious winner because the two approaches use
land in very different ways. DAC’s direct footprint is small, almost negligible. LLNL (2019)2
estimated the land area footprints for solvent- and sorbent-mediated DAC applied in California
set forth in the table below.

Table 10-2. Land area footprints for direct air capture and energy joint facilities capturing 1 million tons of CO; per year.
In the case of the solvents, only solar and wind are powering the electric component of the energy, with natural gas
powering the thermal component.**

Sorb. Effectively Sorb. Effectively

limitless (10-20 trillion limitless

tCO2 storage in (>10,000 trillion

conventional Solv.  tCO; storage Solv. (NG)

reservoirs) Limited  potential) Substantial ~ Sorb.  Solv. (NG)
Energy Footprint [km?] 0.26 0.43 21 5(0.37) 217 51(0.37)
Direct Air Capture
Footprint [km?] 2 ! 2 ! 2 !
Total Land Area 2.3 7.4 23 12.4 250 584

Footprint [km?]

However, if solar power is used to drive DAC systems, the land footprint is significant: 12—-23
km? per million tons of CO, removal capacity per year. For example, removing 1 GtCO, from air
with a DAC system covering 23 km? would require 23,000 km? for photovoltaic power
generation.

There are many ways to consider the land area required for mineralization. Kelemen et al.
(2020)> made a simple estimate for the long-term weathering of exposed ultramafic rock,
capturing and storing about 2.5 kgCO, per m? of exposed fine-grained material. Thus, removing
1 GtCO; from air by this simple process would require 400,000 km? of surface. A much more

November 2021




intensive process using stacked material in greenhouses is envisioned by Myers and Nakagagi
(2020).° They estimate land requirements of about 1000 km? to remove 1 GtCO; from air per
year.

The land area requirements for mineralization are thus dependent on the method used and its
efficiency, unlike current knowledge of land use for DAC, which appears more certain. In any
case, both require significant land area. Of immediate interest is whether the land required in
both case could be put to dual use. The comparative value of the land for other purposes will
also be a significant factor.

The major R&D activity in this topic is to evaluate the true land-use requirements for various
carbon mineralization approaches and to compare the availability of land for both DAC and
carbon mineralization to determine how much land could realistically be committed for those
purposes.

The foregoing suggests that DAC faces several challenges that carbon mineralization does not.

e Carbon mineralization processes generally use standard equipment widely available around the
world. DAC processes, in contrast, often require specialized equipment that is not widely
commoditized and lacks a broad manufacturing base. Obtaining equipment and securing
critical materials could be a significant bottleneck to scaling up DAC.’

e Carbon mineralization processes generally use far less energy than DAC, imposing fewer
constraints with respect to the availability of low-carbon energy

For both carbon mineralization and DAC, the required skill sets for workers are likely to be similar
to those required for current jobs in oil and gas, making labor unlikely to be a major bottleneck.
Indeed, the potential to create good-paying jobs for oil and gas workers may help create political
support for both carbon mineralization and DAC, accelerating their scale-up.

Carbon mineralization and DAC could both provide substantial CO, removal and climate mitigation
once scaled. The two strategies can also complement each other and provide important synergies.
This is already underway at the Climeworks-CarbFix project,®® in which carbon mineralization and
DAC work in tandem. Similar positive synergies are provided in the Heirloom process'® (where
carbon mineralization is the mechanism for DAC) and the 44.01 project!! (which combines carbon
mineralization and DAC in the deserts of northwestern Oman).
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CHAPTER 11:
FINDINGS AND RECOMMENDATIONS

FINDINGS

FINDING 1: Carbon mineralization has the potential to permanently remove and sequester
many gigatons of CO, from the atmosphere each year. Carbon mineralization can remove CO;
directly from the atmosphere and permanently store that CO; by incorporating it into rocks. Carbon
mineralization can also permanently store CO, captured from point sources, such as coal power plants
and industrial facilities, again by incorporating that CO; into rocks. With strong and sustained policy
support from governments around the world, carbon mineralization processes have the potential to
remove 1 GtCO; from the atmosphere per year by 2035 and 10 GtCO; per year by 2050. More research
is needed to define conditions under which carbon mineralization processes could achieve this
potential.

FINDING 2: As a strategy for carbon removal and sequestration, carbon mineralization has
many strengths. First, rock types suitable for carbon mineralization are found in dozens of countries.
Second, chemical reactions that mineralize CO, do not require energy inputs. Third, once CO; is
incorporated into rocks (becoming part of a carbonate mineral), that CO, is sequestered for millennia.
The combination of widely available resources, favorable thermodynamics and permanent CO; storage
makes carbon mineralization an important potential strategy for meeting climate change goals.

FINDING 3: As a strategy for carbon removal and sequestration, carbon mineralization also has
several challenges. First, most natural carbon mineralization happens very slowly. Second, the
distribution of optimal mineral resources is only coarsely understood. Third, while some products of
carbon mineralization have commercial value, those values are typically low. Finally, carbon
mineralization for climate mitigation is not yet practiced at large scale.

FINDING 4: Carbon mineralization is not one pathway—it is multiple pathways. All carbon
mineralization approaches are based on reacting CO, with minerals in some form. However, the source
of CO; and feedstock, the nature of the mineralization processes and the fate of the resulting
carbonate minerals all vary dramatically from one pathway to another. CO, may come directly from the
air or from point-source carbon capture systems. Feedstock materials may be found in geologic
formations, mine tailings or industrial wastes. The mineralization process may involve transporting CO;
to minerals rich in magnesium, calcium or similar elements (e.g., with pipelines to quarries) or exposing
fine-grained materials to weathering (e.g., with powdered rock applied to farm fields). In some cases,
the carbonate minerals produced have economic value and can be used in construction or agriculture,
while in other cases the minerals remain sequestered in the subsurface.

FINDING 5: Carbon mineralization receives little recognition or support in climate change
policies around the world. Only one nation (Iceland) mentions carbon mineralization in its Nationally
Determined Contribution under the Paris Agreement. Investment in research and development (R&D)
on carbon mineralization is minimal. Carbon markets, including the European Emissions Trading System
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and the California Low-Carbon Fuel Standard, do not provide credit for carbon mineralization. Few if
any jurisdictions offer tax incentives or subsidies for carbon mineralization.

FINDING 6: Current scientific knowledge and technical experience are sufficient to support
carbon mineralization projects at the pilot and demonstration scale today. The large and readily
accessible literature on mineral structure, reaction kinetics and thermodynamics provides a strong
foundation for such projects. Conventional mining operations can help in assessing the engineering
requirements and costs. Methods for monitoring and verifying carbon removal and storage are
available for many carbon mineralization strategies. This body of knowledge and experience can help
carbon mineralization play an important role in meeting climate change goals on time.

FINDING 7: The key technical challenges in carbon mineralization are speeding up the chemical
reaction between atmospheric CO; and minerals, maximizing the CO; content of mineralized
materials and minimizing the space required for permanent storage. Although some rocks and
minerals react with CO; quickly, most do not under normal circumstances. Achieving economically
viable mineralization techniques requires processes to accelerate these reactions, which can include
grinding, heating and chemical treatment. Maximizing the CO, content of mineralized materials can
reduce the amount of rock or waste material required, the cost of obtaining and grinding that material,
and the volume of carbonated material that must be stored permanently. For surficial carbon
mineralization, low-cost, low-impact space for permanent storage is essential.

FINDING 8: Measurement and verification tools today are sufficient for carbon mineralization
approaches (including ex situ conversion of main tailings) and insufficient for others (including
enhanced rock weathering). Measurement and verification methodologies for ex situ conversion of
mine tailings and alkali wastes provide sufficient clarity for attribution and permitting today. Those for
in situ CO; injection may suffice but require validation. Those for enhanced weathering of minerals
added to fields, beaches, the oceans or sedimentary systems currently lack the precision and accuracy
needed to certify and permit CO; reduction or removal. Refinement of measurement and verification
tools for carbon mineralization processes should be a priority.

FINDING 9: Field pilots and demonstration projects could significantly improve understanding
of the potential impacts and costs of carbon mineralization processes, while improving
monitoring and verification methods. The core questions regarding scale-up and deployment of
carbon mineralization are operational and must be addressed in field pilots and demonstration
projects. (Lab and benchtop research are insufficient.) Data and experience from field pilots and
demonstration projects will provide important insights regarding the cost, efficacy and scale of CO,
removal and storage with carbon mineralization processes. Some field pilots and demonstration
projects could be launched quickly (e.g., in operating mines under public-private partnership
agreements). Others would require more time in preparation. Field pilots and demonstration projects
are necessary precursors to investment, commercialization and scale up.
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RECOMMENDATIONS

Recommendation 1: Policy makers should add carbon mineralization to the portfolio of climate
change mitigation options. Governments should consider a range of options, including tax incentives,
procurement programs that favor products of carbon mineralization, and recognition of carbon
mineralization as a compliance option in emissions trading programs. Governments should examine the
regulatory framework for carbon mineralization activities, exploring ways to expedite permitting while
protecting public health and safety. Many nations should include carbon mineralization in their
Nationally Determined Contributions under the Paris Agreement.

Recommendation 2: Governments and companies should invest in R&D on carbon mineralization.
This should include basic and applied science, engineering tests and development, novel reactor design,
novel approach development, and dedicated field pilots. Priority topics should include (1) assessment of
geological resources and industrial wastes, with great detail and high fidelity, (2) development and
refining of measurement and verification protocols and (3) analysis of potential environmental demands
(e.qg., water requirements) and consequences (e.g., heavy metal contamination). Most importantly, R&D
programs should include field pilots and demonstrations, using public-private partnerships where
appropriate.

Recommendation 3: Mining companies and manufacturers should seek opportunities for carbon
mineralization in their exploration and production activities. Companies that extract mineral resources
from mafic and ultramafic rock bodies (e.q., nickel, chromium and diamond mines) should consider
assessing the carbon mineralization resources in tailings and host rock and modifying the treatment and
disposal of tailings. This assessment may entail new assays within existing operations and expanded
assays during exploration that identify potential lodes and minerals suited to rapid mineralization (e.q.,
rocks rich in brucite and/or olivine). Companies that produce alkaline metal wastes (e.g., primary iron
production and fly ash) should consider processes and approaches that can reduce or balance their
emissions. Both classes of companies should develop methodologies to validate and certify CO capture
and storage, as well as contracting CO, removal—-specific products and services.

Recommendation 4: Governments and companies with net-zero commitments should consider
carbon mineralization as part of their portfolio of options. As national and subnational governments
consider ways to meet net-zero targets in the years ahead, carbon mineralization provides an attractive
option for offsetting emissions that are difficult or impossible to eliminate. For companies intending to
reduce Scope 1 emissions through point-source carbon capture and storage, mineralization may offer
advantages over injection into saline aquifers. For companies intending to procure CO, removal services
to offset remaining emissions, carbon mineralization using CO, captured from the atmosphere or
biogenic sources may offer reliable, additional, long-duration CO,removal.




Carbon Mineralization Roadmap

FUNDAMENTAL
AND APPLIED
RD&D

Near-term
(1-3 years)

Launch 50 carbon mineral-
ization pilot projects across
multiple pathways

Establish methods for
assessing powdered rock
reactivity for ERW

Develop methods for
hazardous material removal
and handling

Map geological resource
and alkaline industrial waste
resource

Study job-creation potential
and timelines for deploy-
ment scale-up
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Medium-term
(2-8 years)

Launch 25 full-scale carbon
mineralization projects

p

Study interactions between
mineral additives (powdered
rock) and soils

Develop advanced/novel
mineralization processes

Develop improved methods
for monitoring carbon
uptake in surface systems

Long-term
(4-15 years)

A

100 megaton+ scale carbon
mineralization projects in
operation globally

Launch 25 new pilot projects
with advanced mineraliza-
tion mechanisms

P

Conduct fundamental R&D on increasing mineralization reaction
rates and reducing freshwater consumption/use




Carbon Mineralization Roadmap

POLICY &
STANDARDS

Near-term
(1-3 years)

Significantly increase
government R&D budgets
for carbon mineralization

Establish carbon
accounting methodologies
for measuring rates of
CO, removal

Include carbon mineraliza-
tion as compliance option in
emissions trading programs

4

-

Conduct regulatory reviews
to streamline relevant
permitting processes

Establish programs for
community consultation and

stakeholder engagement

Medium-term
(2-8 years)

Continue to significantly
increase government R&D
budgets for carbon
mineralization

&

Codify international
standards for mineralization
carbon accounting

Expand jurisdictions with

carbon mineralization as a
compliance option in

\emissions trading programs )

( Adopt streamlined permit-
ting processes that protect
public health and promote

carbon mineralization

Provide preferences to
carbon mineralization
products in government

procurement

Carbon Mineralization Roadmap

CORPORATE
LEADERSHIP

Near-term
(1-3 years)

Mining industry adopts
net-zero emissions goal

A

Major producers of
alkaline industrial waste
launch mineralization line
of business

Best practices for ERW
established and adopted in
agriculture industry

4

A

N
Major companies begin to
procure voluntary offsets

from carbon mineralization

November 2021

Medium-term
(2-8 years)

Leading mining companies
meet net-zero emissions
goal
@ 4
@ ™
Leading mining companies
launch carbon mineraliza-
tion lines of business

A
@ )
Unutilized alkaline industrial
waste cut by 50%, partly
through mineralization

> 10 megatons/year of

carbon mineralization

procured by voluntary
market

Long-term
(4-15 years)

Sustain high government
R&D budets for carbon
mineralization
g 4

Monitor large-scale projects
to measure impact on policy
goals

A

Increase carbon floor prices
in jurisdictions with
emissions trading programs

A 4

[ Provide policy support for )
retrofitting existing mines to
produce mineralization
feedstock

Long-term
(4-15 years)

Mining industry meets
net-zero emissions goal

g 4

d Y

Leading mining companies

scale carbon mineralization
lines of business

AV
@ D
Unutilized alkaline industrial
waste cut by 80%, partly
through mineralization

J

w

> 100 megatons/year of |
carbon mineralization
procured by voluntary
market
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