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            Abstract
Enhanced silicate rock weathering (ERW), deployable with croplands, has potential use for atmospheric carbon dioxide (CO2) removal (CDR), which is now necessary to mitigate anthropogenic climate change1. ERW also has possible co-benefits for improved food and soil security, and reduced ocean acidification2,3,4. Here we use an integrated performance modelling approach to make an initial techno-economic assessment for 2050, quantifying how CDR potential and costs vary among nations in relation to business-as-usual energy policies and policies consistent with limiting future warming to 2 degrees Celsius5. China, India, the USA and Brazil have great potential to help achieve average global CDR goals of 0.5 to 2 gigatonnes of carbon dioxide (CO2) per year with extraction costs of approximately US$80â€“180 per tonne of CO2. These goals and costs are robust, regardless of future energy policies. Deployment within existing croplands offers opportunities to align agriculture and climate policy. However, success will depend upon overcoming political and social inertia to develop regulatory and incentive frameworks. We discuss the challenges and opportunities of ERW deployment, including the potential for excess industrial silicate materials (basalt mine overburden, concrete, and iron and steel slag) to obviate the need for new mining, as well as uncertainties in soil weathering rates and landâ€“ocean transfer of weathered products.
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                    Fig. 1: CDR via ERW with croplands.


Fig. 2: Augmentation of pledged CO2 emissions reduction by ERW.


Fig. 3: Costs of carbon extraction via ERW with croplands.


Fig. 4: Forecast increases in national bulk silicate production over the next century.
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                Data availability


Datasets on global crop production and yield are available at http://www.earthstat.org/, accessed on 18 December 2019. Datasets on global crop irrigation are available at https://zenodo.org/record/1209296, accessed on 18 December 2019. Datasets on global precipitation are available at http://www.climatologylab.org/terraclimate.html, accessed on 18 December 2019. Datasets on global soil surface pH are available at https://daac.ornl.gov/SOILS/guides/HWSD.html, accessed on 18 December /2019. Datasets on global soil temperature are available at https://esgf-node.llnl.gov/search/cmip5/, accessed on 18 December 2019. Datasets on diesel prices are available at https://data.worldbank.org/indicator/EP.PMP.DESL.CD. Datasets on mining costs are available at http://www.infomine.com/. Datasets on gross national income per capita are available at https://data.worldbank.org/indicator/ny.gnp.pcap.pp.cd. Datasets for projections of future GDP linked to Shared Socioeconomic Pathways are available at https://tntcat.iiasa.ac.at/SspDb.Â Source data are provided with this paper.



Code availability


The Matlab codes developed for this study belong to the Leverhulme Centre for Climate Change Mitigation. The authors will make them available upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Performance model schematic.
Detailed methods are provided in Methods sections â€˜CDR simulation frameworkâ€™ and â€˜Model advancesâ€™. Spatially resolved key drivers are mapped in Extended Data Fig. 8; sources given in Supplementary Table 14.


Extended Data Fig. 2 Cumulative energy demand for rock grinding by nation.
Results are shown for the top seven nations of the world (aâ€“g), and the top five European nations (hâ€“l), as ranked by net CDR capacity, with increasing fractional cropland area of ERW deployment. Curves depict simulations for the BAU and 2â€‰Â°C energy policy scenarios. The grey-shaded area for each nation represents the 90% confidence interval calculated for basalts with relatively slow- versus fast-weathering rates for the BAU scenario; short green dashed lines indicate the 90% confidence limits of the corresponding 2â€‰Â°C scenario simulations.


Extended Data Fig. 3 Simulated net CDR with croplands via ERW.
Net rates of CO2 sequestration on croplands (annual and perennial combined) for the four targeted global CDR rates, 0.5Â GtÂ CO2Â yrâ€“1, 1.0Â GtÂ CO2Â yrâ€“1, 1.5Â GtÂ CO2Â yrâ€“1 and 2.0Â GtÂ CO2Â yrâ€“1 (Table 1) for the BAU (aâ€“d) and the 2â€‰Â°C (eâ€“h) energy policy scenarios.


Extended Data Fig. 4 Schematic overview of the environmental economics model.
Interactions between the performance model, calculating net CDR, and the major components of the environmental economic model. Spatially resolved key drivers are mapped in Extended Data Fig. 9; sources given in Supplementary Table 14. Brown shading denotes inputs; blue shading denotes processes.


Extended Data Fig. 5 Cumulative silicate demand by nation.
Results are shown for the seven nations of the world (aâ€“g) and the five European nations (hâ€“l)Â with the highest CDR, as ranked by net CDR capacity, with increasing fractional cropland area deployment of ERW. Note theÂ y-axis scale changes for European countries. Curves are the same irrespective of energy policy scenario.


Extended Data Fig. 6 Secondary CO2 emissions from logistical ERW operations in 2050.
aâ€“d, Results are shown for the seven nations of the world (a, c) and the five European nations (b, d) with the highest CDR potentialÂ for the BAU scenario (a, b) and for the 2â€‰Â°C energy policy scenario (c, d). For each country, from left to right, bars are for fractions of 0.25, 0.5, 0.75 and 1.0 of ERW deployment on croplands. Under the BAU scenario, CO2 emissions from grinding dominate secondary emissions associated with ERW, except for France, where low-carbon nuclear power dominates. Under the 2â€‰Â°C energy policy scenario (c and d), secondary CO2 emissions generally drop for most nations as they transition to low-carbon energy sources in 2050 and implement negative emissions.


Extended Data Fig. 7 Multi-year performance model simulations of weathering.
Illustrative multi-year simulations of annual basalt application with the performance model showing the effects on soil pH, average efficiency of CDR (RCO2), and soil mineral masses over a 10-year time horizon. aâ€“c, pH, RCO2 and mineral mass results for the tholeiitic basalt, respectively. dâ€“f, pH, RCO2 and mineral mass results for the alkali basalt (Supplementary Tables 1â€“3). All simulations used the same p80 particle size (100Â Âµm) and were undertaken at 20â€‰Â°C. Multi-year simulations capture the effect of basaltic minerals undergoing dissolution at different rates, with some minerals continuing to undergo dissolution and capture CO2 after the first year of application. Such simulations allow average rates of weathering and CDR from repeated basaltic rock dust applications to be computed. Our extended theory underpinning the simulation framework tracks cohorts of particles applied each year and their mineral composition over time to account for cumulative effects (Supplementary Methods).


Extended Data Fig. 8 Spatially resolved drivers of the performance model.
a, Soil temperature from the Hadley Centre coupled Earth System Model (HadGEM) RCP 8.5 simulation for 2050 (the worst-case scenario). b, The HYDE harmonized soil pH database. c, Annual cropland soil water infiltration (irrigation water + precipitation minus evapotranspiration). d, e, Net primary production index for perennialÂ  and annualÂ crops as derived from FAO datasets, respectively. Data sources and spatial resolution are specified in Supplementary Table 14.


Extended Data Fig. 9 Spatially resolved drivers for environmental economics modelling.
a, Industrial diesel prices. b, c, CO2 emissions intensity for the BAU scenario (b) and the 2â€‰Â°C scenario (c). d, Gross national income per capita. e, Industrial electricity prices. Data sources and spatial resolution are specified in Supplementary Table 14.


Extended Data Fig. 10 Relationship between particle size, surface area and grinding energy.
a, Relationship between particle size and surface area. b, Relationship between surface area and grinding energy. c, Relationship between particle size and grinding energy. p80 is defined as 80% of the particles having a diameter less than or equal to the specified size. Derived from data in ref. 73.
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