Table S1. Cost-effectiveness, scalability, and practicality of engineered-biochar applications
	Application
	Cost
	Scalability
	Challenges
	Opportunities
	References

	Crop Production
	Moderate to High
	High
	High initial cost of biochar production
Variable effects on crop yield
	Long-term soil health benefits
Reduced fertilizer costs over time
	Aller et al., 2018; Campion et al., 2023

	Water Retention in Arid Soils
	Low to Moderate
	High
	Variable performance based on soil type
 Requires frequent application
	Improved crop yields in dry regions
Reduced irrigation costs
	Condori‐Ataupillco et al., 2025

	Greenhouse Gas Mitigation
	High
	High
	High production costs
Uncertain long-term carbon sequestration effects
	Significant potential for climate change mitigation
Carbon credits
	Jokubė  et al., 2025
Li et al., 2025


	Crop Protection
	Low to Moderate
	Moderate
	Limited understanding of pathogen suppression mechanisms
 Variable efficacy
	Reduced pesticide use
 Enhanced plant resistance to diseases
	Dorjee et al., 2024
Bonanomi et al., 2022

	Heavy Metal Immobilization
	Moderate
	High
	Biochar type and dosage need optimization
Long-term stability concerns
	Effective in reducing heavy metal toxicity
Low maintenance required
	Beesley et al., 2015

	Organic Contaminant Remediation
	Moderate to High
	Moderate
	Limited effectiveness for certain pollutants
 High biochar dosage needed
	Synergistic effects with microbial degradation
Sustainable soil cleanup
	Huang et al., 2019
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