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Geochemical negative emissions technologies (NETs) comprise a set of

approaches to climate change mitigation that make use of alkaline minerals

to remove and/or permanently store carbon dioxide (CO2) as solid carbonate

minerals or dissolved ocean bicarbonate ions. This roadmap accompanies

the comprehensive review of geochemical NETs by the same authors and

o�ers guidance for the development and deployment of geochemical NETs at

gigaton per year (Gt yr.−1) scale. We lay out needs and high-priority initiatives

across six key elements required for the responsible and e�ective deployment

of geochemical NETs: (i) technical readiness, (ii) social license, (iii) demand,

(iv) supply chains, (v) human capital, and (vi) infrastructure. We put forward

proposals for: specific initiatives to be undertaken; their approximate costs and

timelines; and the roles that various actors could play in undertaking them.

Our intent is to progress toward a working consensus among researchers,

practitioners, and key players about initiatives that merit resourcing and action,

primarily focusing on the near-term.

KEYWORDS
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Introduction

The recent IPCC AR6 report reflects a broad consensus that, even under

optimistic decarbonization scenarios, a non-trivial amount of negative emissions will be

necessary within a generation to minimize catastrophic warming, irreversible damage

to ecosystems, and reduced quality of life (Shukla et al., 2022). Geochemical NETs

are a set of technologies that use alkaline minerals for removing and/or permanently
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FIGURE 2 (Continued)
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FIGURE 2

Proposed priority initiatives and relevant actors, based on assessment of our work presented in Campbell et al. (2022), along with previous
reports and roadmapping e�orts (National Academies of Sciences, Engineering, and Medicine, 2019; Sandalow et al., 2021; Ocean Visions,
2021). Solid blue squares indicate a role in which leadership is essential, striped squares indicate a role in which there is significant opportunity to
contribute, and open squares indicate a role in which there is some opportunity to contribute. The provided cost estimates represent best
guesses based on available information, where “Hi” >$100M by 2030, “Med” = $10–100M by 2030, and “Low” <$10M by 2030. The rough time
estimates for reaching Mt CO2 yr.−1 and Gt CO2 yr.−1 scales are provided to help illustrate the overall scope of work.
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Other research and development
opportunities that merit exploration and
investment

Other initiatives that merit exploration and investment

because they could yield important and valuable new

gains include:

• Research infrastructure to enable the cross-disciplinary

study across physics, geology, chemistry, biology, ecology,

engineering, social sciences, law and governance necessary

to bridge gaps and address problems in tangible and

actionable ways.

• Selection and optimization of mineral deposits/feedstocks

to maximize the labile Mg2+ and Ca2+ content and

enhance reaction rates, while reducing the release of

toxic metals and limiting environmental impacts. This

work may benefit from computer modeling and artificial

intelligence, to identify potential candidate feedstocks

and materials.

• Advancement of methods for studying and manipulating

soil and root microbiomes to promote weathering in soils

of various biomes, including agricultural fields.

• Advancement of understanding of the mechanisms of

chemical catalysts of dissolution of alkaline minerals,

identification of optimal catalysts, and assessment of their

utility, including development of platform technologies for

their study and engineering.

• Advancement of understanding of the biological

mechanisms influencing mineral weathering and CO2

mineralization and their utility, through development

of new platform technologies for their study and

engineering (e.g., methods for high-throughput study of

relevant mechanisms and biomolecules in microbes and

microbial communities).

• Design and techno-economic assessment of methods

leveraging chemical and biological enhancement.

• Improvement in understanding potential co-benefits of

enhanced weathering in soils, including whether release of

key limiting nutrients (e.g., P or K) from basalt weathering

has the potential to boost biomass production, resulting in

additional CO2 removal (Goll et al., 2021).

• Further lab and field testing of the complex interactions

and feedbacks between permeability, reaction rate, reactive

surface area, fluid flow dynamics, and in particular, the

effects of pore clogging and cracking, during circulation of

CO2-rich fluids through subsurface mafic and ultramafic

rocks (Kelemen et al., 2020).

• Creating databases and maps of sub-surface mafic and

ultramafic rock resources, as well as alkaline material

deposits at Earth’s surface, to help identify, with the aid of

multi-criteria decision analysis or other decision-making

tools, prime sites for negative emissions via mineralization

(Raza et al., 2022).

• Greater exploration of the potential synergies between

mineralization technologies and DAC and BECCS, and

in particular, the benefits of producing and using gasses

with a range of CO2 purities, with their potential to

lower costs compared to systems requiring pure CO2

(Wilcox et al., 2017; Kelemen et al., 2020). Co-location

of in situ CO2 mineralization activities with geothermal

energy production.

• Further development of solid mineral DAC systems, which

utilize abundant, low-cost natural and artificial alkaline

minerals (e.g., lime, magnesia, or other alkaline materials),

to remove CO2 from the air. In particular, there is

potential for new materials, other than lime, which can

capture ambient CO2 at comparable rates, but which

have lower kiln temperatures for regeneration (i.e., more

facile carbonate decomposition) thus decreasing energy

consumption and enabling integration with renewable

energy (e.g., enabling a move away from natural gas-based

kilns toward renewable-energy powered kilns) (Nikulshina

et al., 2008; Campbell, 2019; Kelemen et al., 2020; McQueen

et al., 2020).

• Innovation in developing new products or disposal

techniques for the carbonates produced, as well as

in commercial and societal side-products, such as

fertilizers, soil remediation, coastal protection, or hydrogen

production (Beerling et al., 2018; Hargis et al., 2021).

• Creation of Focused Research Organizations (FROs),

which exist outside traditional research infrastructure to

streamline and fast track research, in order to tackle some

of the outstanding challenges listed in this and the previous

section (Marblestone et al., 2022).

Opportunities for innovation in
partnership with existing industries

Other opportunities for innovation in partnership with

many of the world’s largest existing industries include:

• Deployment of enhanced weathering in soils in

combination within agriculture, forestry, and soil

management, including in combination with biochar.

• Integration of CO2 mineralization into cement/concrete

and construction industries as a storage option for

distributed DAC.

• Integration of CO2 mineralization into ore mining and

processing. Mining activities that deliver carbon removal

and produce metals and minerals for other uses, such as the

extraction of rare earth metals, could enhance economics

and sustainability. Carbonation could provide the mining
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industry with valuable carbon offset opportunities, while

simultaneously reducing safety risks from mine tailings

(Harrison et al., 2013).

• Integration of CO2 mineralization into other existing large-

scale industries, such as iron and steel production, could

provide feedstocks, reaction sites, or storage solutions

for carbon mineralization in a manner that is relatively

economical and highly scalable.

• Innovations in the decarbonization of processes like

calcination, e.g., development of non-fossil fuel-powered

kilns, which could simultaneously advance decarbonization

in cement production (Fennell et al., 2021) and the

prospects for ocean liming, or hybrid metal oxide looping

approaches (Kelemen et al., 2020; McQueen et al., 2020).

• Many large commercial companies, in construction,

mining, and other sectors, produce waste streams

that could be used as CO2 mineralization reactants.

Demonstration trials with these wastes may be relatively

economical and low-hanging fruit for deployment-led

innovation, with the potential for upscaling.

Action plan

Requisite scales of carbon removal through geochemical

NETs will never be reached without engagement across multiple

domains. Coordination and collaboration across sectors and

domains are required to advance the field on relevant timescales,

similar to the accelerated development of multiple COVID-

19 vaccines (Bok et al., 2021). Ensuring efficient information

exchange between groups in a way that leads to relevant and

timely action may require creativity in terms of strengthened

interactive discussions and sharing of informational resources

and datasets, as well as accelerated technology transfer from

laboratories to the public or private sector.

Near-term, many required actions focus on the research and

development needed to assess risks, improve efficiencies, and

establish robust MMV systems that enable public acceptance

and market systems for carbon removal outcomes. All actions

undertaken will need to consider environmental justice

and equity concerns, as public acceptance will only build

as successful projects including geochemical NETs are seen

to benefit communities, through means such as increased

employment, revenue-sharing schemes, environmental

restoration, or combinations of these.

While action is required across all sectors, local, national and

international governments deserve special mention, as it is their

role to provide leadership in addressing climate change. They

are uniquely able to establish laws and regulations, assemble and

distribute certain types of data, and incentivize behavior and

markets through policy decisions. They can act as major leaders

in the marketplace through procurement decisions and setting

of geochemical NET targets. They can also ensure that data

and information are collected and shared openly. Furthermore,

governments can develop integrated regional strategies for

industrial and economic development based on assessments

of local assets, such as mineral deposits, clean energy sources,

deployment locations, R&D capabilities, and transportation

infrastructure. They can identify locations for Gt yr.−1

clusters and lead early planning and stakeholder engagement.

Additionally, governments can make foundational investments

in infrastructure, energy systems, feedstock sourcing, and/or

storage sites to catalyze those clusters. They can lead R&D

funding on integral and structurally important technologies

across domains, e.g., calcination for cement manufacturing and

for various geochemical NET pathways, construction materials,

energy systems, and mining practices. Governments should

also lead on setting and harmonizing standards and permitting

regimes, defining acceptable ecosystem impacts, and providing

targeted subsidies and carbon pricing.

Figure 2 lists detailed recommendations for actions by all

actors in addressing gaps across the six elements in the section

Needs assessment, as well as levels of requisite engagement by

each actor, highlighting specific initiatives for which specific

actors have opportunities to lead or to contribute. These

recommendations are presented along with rough cost estimates

in order to signal the level of effort required to undertake these

recommendations and the degree to which certain actors can

spark activity through funding mechanisms [e.g., the recent

Ocean Alkalinity Enhancement Engineering Award funded

through philanthropy (Additional Ventures, 2022)].

Also depicted in Figure 2 are rough estimates for the

minimum time necessary for each recommended action to help

bridge gaps between now andMt yr.−1 andGt yr.−1 deployment

scenarios, which are included as a means of reckoning with

the overall scope of work required. For example, we generally

expect that lab research and field trials might require∼2–5 years,

but larger scale demos might require at least ∼5–8 years, and

any significant deployment cannot take place before then. And

while we may be only partially confident we have cost and time

estimates for each initiative correct, we are confident that these

are initiatives thatmust begin happening now if we are to achieve

Mt yr.−1 deployment of geochemical NETs by 2030, with a path

toward Gt yr.−1 deployment during the following two decades.

Discussion

With increasing consensus on the need for NETs to limit

warming to 1.5◦C (Shukla et al., 2022), the question is no

longer whether negative emissions are necessary to stay within

carbon budgets, but how we develop and implement them.

Geochemical NETs are a potential opportunity to not only

remove atmospheric CO2, but to address wider environmental

and sustainability issues, such as ocean acidification. This

roadmap highlights gaps in current technical readiness, social
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license, demand, supply chains, human capital, infrastructure for

geochemical NETs, and that required for Gt yr.−1 deployment,

and provides our initial ideas for how to address these gaps.

Decarbonizing industry while developingNETs is a daunting

challenge. Geochemical NETs could potentially reduce the need

for land- or energy-intensive carbon removal approaches, as well

as enhance synergetic approaches, such as coupling with biochar

or DAC (Buss et al., 2021). Further, wide-scale deployment of

geochemical NETs could help enable some of the world’s largest

industries, including agriculture, concrete, mining, shipping,

and steel, to reduce their emissions, toward net zero and perhaps

even achieve net negative, in line with global climate targets.

Application of geochemical NETs should not be considered

a parallel track to reach these climate targets separate from

decarbonization efforts; rather, the two should complement and

reinforce one another and reciprocally unlock possibilities.

Geochemical NETs are generally characterized by low

technology/system readiness, and there are significant gaps in

our understanding of their kinetics and impacts. In our view, this

only highlights the imperative to accelerate and expand research

and development efforts in this field.

For geochemical NETs, large quantities of material will

need to be safely extracted, transported, and transformed,

and large quantities of low-emissions energy will be needed.

Generating economies of scale, scope, and learning may

require the development of regional clusters, in which

mineral resources, modeling and monitoring tools, energy

and transportation infrastructure, processing facilities,

deployment sites, and labor pools can be strategically

developed and maximally utilized and provide a basis for

continuous learning and improvement. This suggests a

need for geospatial assessments to map available mineral

and infrastructure resources and ecological considerations

and facilitate intelligent long-term regional planning and

cluster development.

So how do we suggest prioritizing next steps? Near term,

R&D is the priority. It should be accelerated across all aspects

of geochemical NETs, including through multiple pilot projects

and research experiments to evaluate the efficacy of carbon

drawdown and the ecological impacts across geographies,

climates and feedstocks. Activities advancing MMV of all

geochemical NETs will be critical to getting them off the ground.

Dedicated activities to address the lack of public understanding

should begin now. The synergism with existing mining and

mineral processing and distribution activities, critical for large

scale-up of geochemical NETs, should be exploited as a way

to make use of existing feedstocks and infrastructure. Finally,

we encourage leaders in government, philanthropy, finance,

and in relevant industries—such as agriculture, lime and

cement/concrete, mining, shipping, and iron/steel—to assess

what they can uniquely add to advance geochemical NETs, given

the assets, capabilities, and opportunities of each specific region

or organization.

Ultimately, society must be confident that it can deploy

geochemical NETs safely, and that these technologies are

competitive with other possible climate remediation efforts in

terms of efficacy, cost, and other less tangible impacts and

benefits, such as biodiversity, impacts on land and ocean

ecosystems, social equity, economic activity, and political

acceptability. And while there is a growing community of

research and practice, dominated byNorth America and Europe,

a considerably more global set of actors and efforts are needed

to advance the field. We propose a concerted effort to engage

and cultivate this global community, using this roadmap and

others that follow it, to coordinate and strategically grow the

field of geochemical NETs in a way that is safe, scalable, effective,

and timely.

Author’s note

This novel roadmap work is a collaboration between
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