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Abstract 14 
Biochar production from biomass may be a scalable and cost-effective means of 15 

atmospheric carbon dioxide removal. Current accounting frameworks, however, focus 16 

primarily on persistent organic carbon and overlook how pyrolysis alters the return of 17 

biomass-derived ions to soils and waters. Here, we quantify a first-order alkalinity-related 18 

adjustment to biochar CDR by comparing the inorganic carbon cycling implications of 19 

biochar production with a biomass-decay counterfactual. During plant growth, net cation 20 

uptake generates soil acidity, which can consume bicarbonate alkalinity and shift the 21 

carbonate system toward dissolved CO2, causing CO2 emissions upon re-equilibration with 22 

the atmosphere. Biomass decay can eventually reverse this acid-base perturbation by 23 

returning cations to the biogeochemical cycle. Biochar formation delays or prevents part 24 

of this return flux by retaining cations and anions within the biochar matrix, making 25 

permanent or prolonging what would otherwise have been a temporary CO2 source. We 26 

estimate the resulting change in inorganic carbon cycling from the cation–anion charge 27 

equivalent imbalance associated with the retained elemental inventory relative to 28 

recalcitrant organic-carbon storage. Across observations reporting complete Ca, Mg, K, 29 

Na, N, and S data (n = 85), the mean alkalinity-related reduction in effective CDR is 3.2% 30 
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when the retained elemental inventory is assumed to be released in proportion to biochar 31 

degradation. If cations and anions are instead retained preferentially as organic carbon is 32 

lost, the mean reduction increases to 3.9% and 5.1% when 82% and 63% of organic carbon 33 

persists, respectively. The fraction of observations showing a reduction in effective CDR 34 

of ≥5% similarly increases from 18.8% under proportional release to 21.2% and 22.4% 35 

under the two complete element retention scenarios. Individual biochars span a wide range 36 

of compositions and durabilities through time, including cases in which the inorganic 37 

carbon effect instead increases estimated net CDR. 38 

 39 
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1 INTRODUCTION 45 
Carbon dioxide removal (CDR) is viewed as an essential part of meeting international 46 

climate goals (IPCC, 2023; Lehmann et al., 2021). Most pathways that keep peak climate 47 

warming below 2°C will require a dramatic and rapid increase in CDR deployment in the 48 

coming decades as a supplement to aggressive decarbonization (IPCC, 2023; Lehmann et 49 

al., 2021). Although there is an increasing focus on government procurement programs, to 50 

date most CDR projects have been developed and funded through voluntary carbon 51 

markets (VCMs). However, there have recently been a series of articles strongly critiquing 52 

the efficacy of VCMs. Projects aiming to scale organic carbon storage (e.g., forest and soil 53 

management) have proven particularly contentious (Wu et al., 2023). In step with a 54 

reevaluation of the efficacy of VCMs and a crash in prices for carbon credits, there have 55 

been more vocal calls for investment in “durable” CDR - pathways for which carbon is 56 

removed for timescales of at least hundreds of years. There has been a particular focus on 57 

the production of biochar (Lefebvre et al., 2023; Lehmann et al., 2021), the persistent form 58 

of solid, carbonaceous residue of anoxically pyrolyzed organic matter.  59 

 60 

Biochar projects can be implemented in most working lands and potentially deployed at 61 

scale. For instance, it has been proposed that biochar has the potential to account for 3 62 

gigatons (Gt = 109 tons) of CDR annually, out of roughly 5-10 Gt/year of CDR necessary 63 

by 2050 to meet climate goals (IPCC, 2023). Assuming a nominal price of $100 per ton of 64 

biochar derived CDR, this process could rapidly become a >$100 billion dollar/year 65 

industry. As CDR marketplaces grow, there has been a proliferation of companies aiming 66 

to remove carbon via biochar application to soil. These companies strive to commercially 67 

produce biochar as an affordable and effective soil amendment in a wide range of 68 

agricultural settings. Currently, there are more than 250 biochar suppliers listed on the 69 

largest CDR supplier database, and as of May 2026, these companies have pledged to 70 

remove ~16 million tons of carbon dioxide via biochar with more than 1.4 million tons of 71 

CDR having already been delivered (CDR.Fyi, 2026). Furthermore, biochar CDR sales 72 

increased nearly three orders of magnitude between 2020 through 2025 (CDR.Fyi, 2026).  73 

 74 
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Existing CDR crediting protocols frame biochar as a CDR strategy based upon the 75 

comparison of two scenarios. In the first scenario, biomass waste is pyrolyzed to produce 76 

biochar and amended to soil as an alternative to disposal, meaning organic carbon is 77 

transformed into stable, recalcitrant structures and stored over the long term in a soil 78 

environment. In the second (counterfactual) scenario, biomass waste is left to decompose 79 

back into the soil as a method of disposal or otherwise lost (e.g., via burning) and the 80 

organic carbon is released back into the environment. With respect to biogeochemical 81 

storage in soil, this comparison is therefore centered primarily on the fate and persistence 82 

of organic carbon, alongside the life-cycle emissions associated with biochar production 83 

and deployment (Etter et al., 2025; Schimmelpfennig & Glaser, 2012).  84 

 85 

Biomass growth and decay also involve the cycling of inorganic nutrients that affect soil 86 

acid–base balance (H. Marschner, 2011; Tang & Rengel, 2003). In particular, net cation 87 

uptake generates soil acidity, which can be reversed when biomass decomposes and 88 

associated net cation charge equivalents are returned to the soil. By stabilizing biomass and 89 

retaining part of its elemental inventory, biochar can delay or prevent this reversal and 90 

thereby preserve an alkalinity deficit that would otherwise be transient. Because acidity 91 

release can promote CO2 release upon carbonate-system re-equilibration, biochar 92 

production may impose an inorganic carbon-removal penalty alongside its primary 93 

organic-carbon storage benefit. Here, we quantify this first-order alkalinity-related 94 

adjustment of carbon storage and compare its magnitude with the durable organic-carbon 95 

storage conventionally credited to biochar. 96 

 97 

1.1 Plant cation cycling and soil acidification 98 
Plants acquire mineral nutrients from the soil solution, many of which are taken up as 99 

positively or negatively charged ions. Major nutrient cations include K+, Ca2+, and Mg2+, 100 

while important nutrient anions include NO3
-, H2PO4

-/HPO4
2-, and SO4

2- (H. Marschner, 101 

2011). Depending on metabolic and structural needs, living plants, including crops, 102 

maintain charge balance within their tissue by absorbing and releasing cations and anions 103 
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(Cunningham, 1964; de Wit et al., 1963). These species become constituent parts of the 104 

biomass.  105 

 106 

Net cation uptake—the uptake of more positive than negative charge—is compensated by 107 

the release of charge-equivalent protons from roots, whereas net anion uptake is 108 

accompanied by proton uptake and/or release of base equivalents (Hinsinger et al., 2003; 109 

Tang & Rengel, 2003). Plants commonly take up more cation than anion charge during 110 

growth, making net cation uptake a well-established source of rhizosphere and soil 111 

acidification (de Wit et al., 1963; Hinsinger et al., 2003; Tang & Rengel, 2003). In 112 

agricultural systems, this process contributes to long-term soil acidification, particularly 113 

where biomass containing excess cation charge is removed through harvest rather than 114 

returned to the soil (Tang & Rengel, 2003). 115 

 116 

However, in the biomass-decay counterfactual considered here this growth-associated 117 

acidification is not necessarily permanent. Decomposition returns the elemental and acid-118 

base inventory stored in plant material to the soil system, and incorporation of plant 119 

residues with high excess-cation or ash alkalinity can increase soil pH as these base 120 

equivalents are released (Sparling et al., 1999; Tang & Rengel, 2003). Thus, for the first-121 

order growth–decay cycle considered here, decomposition of biomass tends to reverse the 122 

acid-base perturbation associated with plant growth.  123 

 124 

 125 
1.2 Effect of biochar pyrolysis on carbon and elemental storage 126 
Biochar is produced by pyrolyzing biomass, an anoxic thermochemical process that 127 

converts part of biomass carbon into persistent structures resistant to oxidation and 128 

degradation (Joseph et al., 2021). This stabilization of biomass-derived carbon is biochar’s 129 

primary CDR function, extending carbon residence times in soil far beyond those of the 130 

original biomass (Lefebvre et al., 2023; Lehmann et al., 2021). Biochar can also affect soil 131 

fertility, pH, water retention, greenhouse-gas emissions, and soil organic-matter dynamics, 132 

although these broader effects are not the focus here (Huang et al., 2023; Joseph et al., 133 

2021; Lehmann et al., 2021; Van Zwieten et al., 2015; J. Wang et al., 2016). 134 
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  135 

Pyrolysis also transforms and redistributes the biomass elemental inventory. Cations (e.g., 136 

Na, K, Ca, Mg) and anions or anion-forming elements (e.g., N, S, P, Cl) can remain 137 

embedded in biochar in organometallic complexes, oxides, carbonates, carbonaceous 138 

structures, or micropores, depending on feedstock and pyrolysis conditions (Buss et al., 139 

2022; Joseph et al., 2021; Nan et al., 2021; Xu et al., 2017). These mineral- and cation-140 

associated phases contribute to carbon retention and biochar stability (Buss et al., 2022; 141 

Nan et al., 2021). In contrast, exchangeable ions are transiently sorbed to charged surfaces 142 

and remain responsive to surrounding porewater chemistry (Joseph et al., 2021). Analytical 143 

protocols may remove this exchangeable pool by leaching or extraction before quantifying 144 

the more strongly retained elemental inventory considered here. The non-extractable and 145 

non-leachable ions are the subject of this study. 146 

 147 

Relative to biomass decomposition, pyrolysis therefore alters two coupled return fluxes: 148 

organic carbon and the biomass elemental inventory. Some biomass constituents are 149 

volatilized or partitioned into ash, whereas others remain in the biochar. Nitrogen, for 150 

example, can be lost as N2O or NOx during pyrolysis or quenching (S. Li, 2024), while 151 

plant-derived cations can be preferentially retained. Consequently, the retained cation-to-152 

anion charge ratio can vary among biochars as a function of feedstock composition and 153 

pyrolysis conditions (Buss et al., 2022; Joseph et al., 2021; Nan et al., 2021). 154 

 155 

 156 

1.3 Inorganic CDR implications of biochar generation 157 
The effects of biomass growth and degradation on soil acid–base balance also have 158 

consequences for inorganic carbon cycling. In bicarbonate-bearing soils and waters, acidity 159 

consumes carbonate alkalinity and shifts carbonate-system speciation toward dissolved 160 

CO2: 161 

 162 

𝐶𝐶𝑂𝑂2(𝑔𝑔) + 𝐻𝐻2𝑂𝑂 (𝑙𝑙) ⇌ 𝐻𝐻2𝐶𝐶𝑂𝑂3 (𝑎𝑎𝑎𝑎) ⇌ 𝐻𝐻𝐻𝐻𝑂𝑂3
−(𝑎𝑎𝑎𝑎) + 𝐻𝐻+(𝑎𝑎𝑎𝑎) 163 

 164 
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Addition of acidity therefore shifts this equilibrium toward the left, titrating bicarbonate to 165 

CO2: 166 

 167 

𝐻𝐻+ + 𝐻𝐻𝐻𝐻𝑂𝑂3− → 𝐶𝐶𝑂𝑂2 + 𝐻𝐻2𝑂𝑂 168 

 169 

and can ultimately lead to CO2 evasion as the aqueous system re-equilibrates with the 170 

atmosphere. This response does not need to occur where protons are released: acidity can 171 

be buffered or transported through soils and hydrological networks before encountering 172 

bicarbonate-rich waters, so carbonate-system re-equilibration may occur locally or 173 

downstream (DeVries, 2022; Drever, 1988; Zeebe & Wolf-Gladrow, 2001). Over a given 174 

carbon accounting horizon, biochar production can therefore delay or prevent reversal of 175 

an acidity effect that would otherwise tend to be transient during a complete biomass 176 

growth–decay cycle. Although biochar cation and anion storage and charge balance in soil 177 

waters are well-established concepts (Buss et al., 2022; Drever, 1988; Nan et al., 2021; Xu 178 

et al., 2017; Zeebe & Wolf-Gladrow, 2001), to our knowledge their implications for 179 

alkalinity-related biochar CDR accounting have not been quantified. An analogous charge-180 

equivalent framework is widely used for enhanced weathering, where alkalinity generated 181 

by mineral dissolution contributes to CDR while acidity inputs consume alkalinity and 182 

reduce creditable removal (Beerling et al., 2020; Clarkson et al., 2024; Suhrhoff et al., 183 

2026).  184 

 185 

Here, we apply a first-order inorganic carbon-accounting framework to biochar by 186 

comparing biochar production with a biomass-decay counterfactual while holding other 187 

background acid–base inputs constant. Our quantitative estimates therefore apply 188 

specifically to biomass decay as the counterfactual considered here; actual biochar projects 189 

may involve alternative biomass fates, for which the magnitude and timing of the 190 

adjustment would require project-specific evaluation. We term the resulting difference the 191 

“alkalinity-driven CDR adjustment” and compare it with durable organic-carbon storage. 192 

Using a novel database pairing biochar carbon content with incorporated cation and anion 193 
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concentrations, we quantify the magnitude and variability of this adjustment arising from 194 

the net elemental charge retained in biochar over the accounting horizon.  195 
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2. MATERIALS AND METHODS 196 
2.1 Biochar database and elemental data 197 
Based on a literature review of diverse types of biochar (see data SI), we collected 198 

information about elemental composition of base cations (i.e. Ca2+, Mg2+, K+, Na+), anions 199 

(i.e. N and S when provided), and the biochar’s percent organic carbon. Manure- and animal-200 

litter-derived biochars were retained in the dataset. For these feedstocks, we assume that the 201 

measured cation–anion imbalance predominantly reflects elements originally incorporated into 202 

biomass and subsequently transferred through animal feed, such that the same biomass-growth–203 

decay acid–base framework can be applied. Elemental concentrations were converted to molar 204 

concentrations and then to charge equivalents according to the valence assigned to each 205 

element. Biochar’s cation concentrations in the database are from studies that first leached 206 

out the exchangeable fraction of cations and then carried out elemental analysis of the 207 

biochar. Elemental concentrations were derived from either X-ray fluorescence (XRF) 208 

analysis or elemental analysis following acid digestion (Abdel-Fattah et al., 2015; 209 

Alburquerque et al., 2016; Al-Rabaiai et al., 2024; Altıkat et al., 2024; Al-Wabel et al., 210 

2013; Anđelini et al., 2023; Anjum et al., 2014; Boraah et al., 2023; Brantley et al., 2016; 211 

Butnan et al., 2015; Cantrell et al., 2012; Drané et al., 2024; Enders et al., 2012; Fernández 212 

et al., 2014; Jia et al., 2012; Katuwal et al., 2022; Kwoczynski et al., 2024; Lataf et al., 213 

2022; S. Li & Shangguan, 2018; Macdonald et al., 2014; Mohanty et al., 2013; Naeem et 214 

al., 2014; Novak et al., 2013; Noyce et al., 2017; Nwajiaku et al., 2018; Obey et al., 2022; 215 

Omotade et al., 2020; Singh et al., 2010; Subedi et al., 2016; Tepecik et al., 2024; Usman 216 

et al., 2015; K. Wang et al., 2020; Y. Wang et al., 2013; Williams & Thomas, 2023; 217 

Wrobel-Tobiszewska et al., 2015; Xiao et al., 2018; Yang et al., 2023; Zhang et al., 2020; 218 

Zhao et al., 2018). Because the charge-equivalent calculation is based on total elemental 219 

inventories rather than the molecular species present after pyrolysis, post-pyrolysis 220 

molecular speciation was not used in the calculation. Acid digestion provides total 221 

elemental concentrations irrespective of molecular speciation, while XRF similarly 222 

quantifies elemental composition of the analyzed solid. We restricted the literature 223 

compilation to studies published from 2005 onward; this criterion had little effect on 224 

database size because most biochar characterization studies were published after this date. 225 



 

 

10 

 

Following Woolf et al. (2021), pyrolysis products containing less than 10 wt.% organic 226 

carbon were excluded from the database. 227 

 228 

 229 

2.2 Net cation uptake impact on CDR 230 
Excess cation charge of biochar was calculated by subtracting anionic charge (nitrogen, 231 

sulfur) from cationic charge (calcium, magnesium, potassium, sodium): 232 

 233 

𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛 = 2𝑛𝑛𝐶𝐶𝐶𝐶 + 2𝑛𝑛𝑀𝑀𝑀𝑀 + 𝑛𝑛𝐾𝐾 + 𝑛𝑛𝑁𝑁𝑁𝑁 − 𝑛𝑛𝑁𝑁 − 2𝑛𝑛𝑆𝑆 234 

 235 

where nx is the molar concentration of element x in the biochar (mol kg-1 biochar), and Qnet 236 

is expressed as mol charge equivalents kg-1 biochar. Importantly, Qnet does not represent a 237 

net electrical charge of the biomass or biochar. Rather, it represents the net ionic charge 238 

imbalance associated with uptake of the quantified cations and anions from soil porewaters 239 

during plant growth. Electroneutrality is maintained during uptake through compensating 240 

processes, including proton release or uptake by roots (de Wit et al., 1963; Hinsinger et al., 241 

2003; Tang & Rengel, 2003) ; thus, Qnet is an acid–base accounting balance calculated from 242 

the measured elemental inventory under the ionic-equivalent assumptions specified below 243 

and is used as a first-order proxy for the net ionic imbalance associated with biomass 244 

nutrient uptake and return. Positive values indicate an excess of retained cation charge, 245 

whereas negative values indicate an excess of retained anion-equivalent charge.  246 

 247 

For this first-order accounting, Ca, Mg, K, and Na are treated as Ca2+, Mg2+, K+, and Na+, 248 

respectively. Total reported N and S are assigned nitrate- and sulfate-equivalent charge in 249 

the biomass-decay counterfactual, corresponding to one negative charge equivalent per 250 

mole of N and two negative charge equivalents per mole of S. This represents an end-251 

member acid–base accounting assumption regarding the forms in which biomass-derived 252 

N and S ultimately enter the aqueous biogeochemical cycle, rather than an assumption 253 

about their molecular forms within biochar which is not relevant to this analysis. 254 

Subsequent processes—including nitrogen transformations, nutrient re-uptake and 255 
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leaching, cation exchange processes, and mineral precipitation and dissolution (Calabrese 256 

et al., 2022; Jahanzad et al., 2016; Redin et al., 2014; Suhrhoff et al., 2026)—can generate 257 

or consume acidity and therefore modify the ultimate inorganic carbon response but are 258 

not assessed here.  259 

 260 

Chlorine, a plant micronutrient (Broadley et al., 2012), and phosphorus were excluded from 261 

the database because both are inconsistently reported in the biochar elemental-composition 262 

literature. Because Cl and P are not represented, calculated net cation charge may be biased 263 

positive where these elements contribute materially to the retained anion-equivalent 264 

inventory; the available dataset does not permit the magnitude of this potential bias to be 265 

quantified systematically, but since these are minor components of biomass (H. Marschner, 266 

2011) we expect the impact of this accounting choice to be low. 267 

 268 

The measured Qnet describes the initial cation-anion equivalent imbalance associated with 269 

the reported elemental inventory of the biochar. To account explicitly for release of this 270 

inventory as biochar mineralizes, we define rion as the fraction of the initial equivalent 271 

imbalance released back to the biogeochemical cycle over the 100-year accounting 272 

horizon, and fion as the fraction that remains withheld in the biochar-associated pool: 273 

 274 

𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖 = 1 − 𝑟𝑟𝑖𝑖𝑖𝑖𝑖𝑖 275 

 276 

The fraction of the initial equivalent charge imbalance that is withheld was converted to an 277 

equivalent alkalinity-related CO2 adjustment. For this first-order calculation, consistent 278 

with standard accounting in enhanced weathering CDR quantification (Clarkson et al., 279 

2024; Suhrhoff et al., 2026) and the carbonate-system assumption described in Section 1.3, 280 

one mole of retained excess cation equivalents was treated as one equivalent of foregone 281 

alkalinity export due to plant-based soil acidification and approximated as one mole of 282 

foregone CO2 removal. The alkalinity-related CO2 adjustment remaining at the accounting 283 

horizon was therefore calculated as: 284 

 285 
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𝛥𝛥𝐶𝐶𝐶𝐶2,𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛 × 𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖 × 𝑀𝑀𝐶𝐶𝐶𝐶2 286 

 287 

where 𝑀𝑀𝐶𝐶𝐶𝐶2 = 44.009 g mol-1. Positive values represent foregone CO2 removal relative to 288 

the biomass-decay counterfactual, whereas negative values represent an increase in 289 

calculated CO2 removal. This formulation separates the initial elemental equivalent 290 

imbalance from the fraction of that imbalance that remains withheld over the accounting 291 

horizon. 292 

 293 

 294 

2.3 Organic-carbon persistence and overall adjustment of biochar CDR 295 
The overall effect of the alkalinity-driven adjustment on net biochar CDR depends on the 296 

persistence of both components of the accounting: the net elemental charge retained over 297 

the accounting horizon and the fraction of organic carbon that remains unmineralized. The 298 

relative adjustment is therefore controlled by the amount of persistent net elemental charge 299 

per unit of persistent organic carbon. To quantify the latter, we calculated durable organic-300 

CDR from the measured organic-carbon content and the fraction assumed to remain 301 

unmineralized over 100 years. Following Woolf et al. (2021), we evaluated two end-302 

member persistence assumptions: 63% (low recalcitrance) and 82% (high recalcitrance). 303 

We denote this organic-carbon persistence fraction as frec. For each biochar, we estimate 304 

𝐶𝐶𝐶𝐶2,𝑜𝑜𝑜𝑜𝑜𝑜 as: 305 

 306 

𝐶𝐶𝐶𝐶2,𝑜𝑜𝑜𝑜𝑜𝑜 = 10 × 𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜 × 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟 × (𝑀𝑀𝐶𝐶𝐶𝐶2/𝑀𝑀𝐶𝐶) 307 

 308 

where Corg is the measured organic-carbon content of the biochar (wt.%), frec is either 0.63 309 

or 0.82 (Woolf et al., 2021), and MC = 12.011 g mol-1. The resulting CO2org is expressed as 310 

grams of CO2-equivalent durably stored per kilogram of biochar. The alkalinity-related 311 

CDR adjustment (ACDR) was then expressed relative to durable organic-carbon storage. 312 

Substituting the expressions above makes explicit that the relative adjustment depends on 313 

the net elemental charge-to-organic-carbon ratio, scaled by their respective persistence 314 

fractions: 315 
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 316 

𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶[%] = 100 ×
𝛥𝛥𝛥𝛥𝛥𝛥2,𝑎𝑎𝑎𝑎𝑎𝑎

𝐶𝐶𝐶𝐶2,𝑜𝑜𝑜𝑜𝑜𝑜
= 100 ×

𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛 × 𝑀𝑀𝐶𝐶

10 × 𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜
×
𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖
𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟

 317 

 318 

Accordingly, a positive percentage represents a reduction in net CDR relative to organic-319 

carbon storage alone, whereas a negative value represents an increase in calculated CDR 320 

under the first-order accounting assumptions, representing an excess of anion charge 321 

compared to cation content.  322 

 323 

 324 

2.4 Biochar degradation scenarios 325 
Long-term constraints on the relative release rates of biochar organic carbon and matrix-326 

associated elemental inventories are limited. We therefore evaluate three bracketing 327 

persistence scenarios. In the first, proportional-release scenario, release of the cation-anion 328 

equivalent imbalance scales proportionally with organic carbon loss from biochar 329 

degradation, such that rion = 1 - frec and therefore fion = frec. Under this assumption, the 330 

persistence fractions cancel from the relative CDR adjustment: 331 

 332 

𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟 ⇒ 𝐴𝐴𝐶𝐶𝐶𝐶𝐶𝐶 = 100 ×
𝑄𝑄𝑛𝑛𝑛𝑛𝑛𝑛 × 𝑀𝑀𝐶𝐶

10 × 𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜
 333 

 334 

Consequently, the proportional-release scenario gives the same relative alkalinity-related 335 

CDR adjustment for frec = 0.63 and frec = 0.82, although the absolute amounts of durable 336 

organic-carbon storage and the remaining alkalinity-related CO2 adjustment both scale 337 

with frec. 338 

 339 

There is a mechanistic basis to consider proportional release a conservative lower-bound 340 

assumption for the magnitude of the relative adjustment. Mineral cations and mineral-341 

associated phases can participate in organometallic associations, protective phases, and 342 

other structures that enhance carbon retention and biochar stability (Buss et al., 2022; 343 

Joseph et al., 2021; Nan et al., 2021; Xu et al., 2017). Because cations may contribute to 344 
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biochar stability through cation bridging, carbon that is less strongly stabilized by these 345 

interactions may be preferentially degraded, leading to preferential retention of cations in 346 

the residual biochar. Hence, we evaluate two additional scenarios that together with the 347 

proportional release scenario bracket the plausible range of biochar degradation processes 348 

in which fion = 1 over 100 years while organic carbon persists at either frec = 0.63 or frec = 349 

0.82 (see Table 1). 350 

 351 

Table 1: Organic-carbon and elemental-retention scenarios used to calculate the alkalinity-related CDR adjustment 352 
Scenario frec fion fion / frec Interpretation 

Proportional 
release 

0.63 or 
0.82 

fion = 
frec 

1.00 
Elemental equivalent imbalance is released in 
direct proportion to organic-C loss; relative 
adjustment is independent of frec. 

Complete 
elemental 
retention; low C 
persistence 

0.63 1.00 1.59 All measured equivalent imbalance remains 
withheld while 63% of organic C persists. 

Complete 
elemental 
retention; high C 
persistence 

0.82 1.00 1.22 All measured equivalent imbalance remains 
withheld while 82% of organic C persists. 

 353 

Primary summary statistics were calculated for observations reporting Ca, Mg, K, Na, N, 354 

and S together (n = 85). This complete-element subset minimizes directional bias from 355 

omission of individual represented ion pools and is therefore used for the main estimates 356 

under each persistence scenario. To characterize the sensitivity of inferred adjustments to 357 

the incomplete elemental reporting common in the source literature, we additionally 358 

analyzed three broader datasets: (i) all observations using whatever subset of Ca, Mg, K, 359 

Na, N, and S was reported for each biochar (n = 215); (ii) observations reporting both N 360 

and S, with the cation-equivalent balance calculated from whichever of Ca, Mg, K, and Na 361 

were reported (n = 121); and (iii) observations reporting N, with the cation-equivalent 362 

balance calculated from whichever of Ca, Mg, K, and Na were reported (n = 194 Summary 363 

values are reported as means ± sample standard deviations and medians. To evaluate 364 

sensitivity to unequal representation among source studies, observations in the complete-365 

element primary subset were additionally averaged within study before summarizing 366 

across the represented studies. Analytical measurement uncertainty was not propagated 367 
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because measurement uncertainties are not reported consistently across the source 368 

literature.  369 
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3. RESULTS 370 
Our analysis suggests that net cation incorporation during biochar production can have a 371 

non-negligible effect on the overall CDR associated with biochar amendment to soil. Our 372 

database comprises 215 biochar observations drawn from 39 source publications, some of 373 

which are review papers compiling data from additional studies. Our primary analysis was 374 

restricted to the 85 observations reporting Ca, Mg, K, Na, N, and S together, representing 375 

eight source studies. Under the proportional-release scenario (fion = frec), the mean ACDR was 376 

3.2% ± 7.4%, with a median of 0.74% and a range from −7.8% to 39.1% (Fig. 1). Assuming 377 

complete retention of the measured cation–anion imbalance over the accounting horizon 378 

(fion = 1) increased the mean ACDR to 3.9% ± 9.0% at frec = 0.82 and 5.1% ± 11.7% at frec = 379 

0.63, with corresponding medians of 0.91% and 1.18% and ranges of −9.5% to 47.7% and 380 

−12.3% to 62.1%, respectively (Fig. 1). The proportion of observations with ACDR ≥ 5% 381 

was 18.8%, 21.2%, and 22.4% under proportional release, complete elemental retention 382 

with frec = 0.82, and complete elemental retention with frec = 0.63, respectively (Fig. 2a). 383 

 384 

For a specific example, a grapevine-residue biochar containing 77.2% organic carbon 385 

contained 17.38 mol of base-cation charge and 1.67 mol of anion-equivalent charge per 386 

kilogram of biochar, giving Qnet = 15.71 mol charge equivalents kg−1. This corresponds to 387 

an initial alkalinity-related CO2 adjustment of 691 gCO2 eq kg−1 biochar. At frec = 0.82 and 388 

0.63, durable organic-carbon storage is 2,319 and 1,782 gCO2 eq kg−1 biochar, respectively. 389 

Under proportional release, the remaining alkalinity-related CO2 adjustment scales to 567 390 

and 436 gCO2 eq kg−1, yielding the same relative ACDR of 24.4% at both persistence 391 

assumptions. If the measured elemental imbalance is instead completely retained (fion = 1), 392 

the full 691 gCO2 eq kg−1 remains withheld, increasing ACDR to 29.8% at frec = 0.82 and 393 

38.8% at frec = 0.63. In contrast, a eucalyptus-wood biochar containing 69.7% organic 394 

carbon contained 0.67 mol of base-cation charge and 0.17 mol of anion-equivalent charge 395 

per kilogram, giving Qnet = 0.50 mol charge equivalents kg−1 and an initial alkalinity-396 

related adjustment of only 22.1 gCO2 eq kg−1. Its ACDR is consequently 0.87% under 397 
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proportional release and 1.06% and 1.37% under complete elemental retention at frec = 0.82 398 

and 0.63, respectively. 399 

 400 

A biochar with a negative ACDR contains more assigned anion-equivalent charge than base-401 

cation charge and, under the first-order accounting assumptions used here, would therefore 402 

increase calculated CDR relative to accounting based on recalcitrant organic carbon alone. 403 

Within the complete six-element subset, 25 of 85 observations (29.4%) had negative ACDR. 404 

Because the three persistence scenarios scale the same underlying cation–anion balance 405 

without changing its sign, this fraction is identical among scenarios. Only two observations 406 

(2.4%) had ACDR < −5% in each of the three scenarios, whereas the positive tail extended 407 

to 39.1%, 47.7%, and 62.1% under proportional release and the two complete-element-408 

retention scenarios, respectively (Figs. 1–2). 409 

 410 

The estimated magnitude and distribution of ACDR were sensitive to elemental-data 411 

completeness (Figs. 2–3). When all 215 observations were analyzed using whatever subset 412 

of Ca, Mg, K, Na, N, and S was reported for each biochar, mean ACDR values were 3.8 ± 413 

7.2%, 4.6 ± 8.8%, and 6.0 ± 11.5% under proportional release, complete elemental 414 

retention with frec = 0.82, and complete elemental retention with frec = 0.63, respectively; 415 

corresponding medians were 1.18%, 1.44%, 1.88%. In this available-element analysis, 416 

26.0%, 30.2%, 34.0% of observations had ACDR ≥ 5%, compared with 18.8%, 21.2%, and 417 

22.4% in the complete six-element subset (Fig. 2). The N+S subset, in which Qnet was 418 

calculated from whichever cations were reported (n = 121), yielded lower mean ACDR 419 

values of 2.52%, 3.07%, 4.00%, whereas observations reporting N together with any 420 

reported cations (n = 194) yielded means of 3.69%, 4.51%, 5.86% for the same three 421 

persistence scenarios (Fig. 3).  422 

 423 

Our primary analysis is conducted at the individual-biochar level because multiple 424 

observations reported within a single study generally represent distinct biochars, 425 

feedstocks, pyrolysis conditions, or experimental treatments and therefore contain 426 

genuinely different compositional information. To nevertheless evaluate sensitivity to 427 



 

 

18 

 

unequal representation among source studies, we additionally averaged the complete six-428 

element observations within study before summarizing across the eight represented studies. 429 

Study-level mean ACDR values were 3.5% ± 8.5% under proportional release, 4.3% ± 10.4% 430 

under complete elemental retention with frec = 0.82, and 5.6% ± 13.5% under complete 431 

elemental retention with frec = 0.63, with corresponding medians of 1.98%, 2.41%, and 432 

3.14%. Study-level means ranged from −7.6% to 21.7%, −9.3% to 26.4%, and −12.0% to 433 

34.4%, respectively. In each scenario, two of eight studies (25%) had a mean ACDR ≥ 5%. 434 

The study-level analysis therefore retains the broad variability and positive mean 435 

adjustment observed at the row level, indicating that the result is not solely driven by 436 

studies contributing large numbers of observations. 437 

  438 
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4. DISCUSSION  439 
 440 

4.1 Magnitude, persistence, and reversibility of the alkalinity-related CDR 441 
adjustment 442 
We present a data compilation and a simple framework to demonstrate that consideration 443 

of cation and anion incorporation into biochar can affect biochar CDR estimates when 444 

inorganic carbon cycling is considered alongside persistent organic-carbon storage. The 445 

compilation allows us to provide an initial, first order, assessment of the impact of net 446 

cation incorporation in biochar on CDR accounting over the 100-year persistence horizon 447 

considered here. Our results indicate that excluding this inorganic contribution can lead to 448 

either over- or under-estimation of CDR relative to accounting based on persistent organic 449 

carbon alone, depending on the net retained charge. However, the consistently positive 450 

mean adjustment across persistence scenarios suggests that current biochar CDR 451 

accounting approaches that omit this effect are, on average, likely to slightly overestimate 452 

net CDR.  453 

 454 

The consistency between row- and study-level estimates indicates that the central result is 455 

not driven solely by studies contributing large numbers of observations. The differences 456 

among our three scenarios highlight that the alkalinity-related CDR adjustment depends on 457 

the relative persistence of organic carbon and the relative rate at which the associated 458 

elemental inventory is released. In this context, the relative extent to which cations are 459 

released upon biochar degradation is an important area of future research. While analyses 460 

based on more limited elemental reporting allow us to utilize a larger fraction of the 461 

existing data with findings generally showing similar tendencies between subsets, the 462 

differences among these estimates also demonstrate that more complete reporting of 463 

biochar cation and anion inventories would be valuable in future studies. 464 

 465 

A process not explored here is long-term (>100 years) aging of the recalcitrant biochar 466 

matrix, which may eventually return part of the stored carbon and elemental inventory to 467 

the biogeochemical cycle. The alkalinity-related adjustment may therefore partly or fully 468 

reverse if retained cations and anions are released beyond the accounting horizon, 469 
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representing a delay rather than a permanent reduction in CDR over the full lifetime of the 470 

biochar. However, this timing remains relevant (Cabiyo et al., 2026). In the biomass-decay 471 

counterfactual, decomposition returns net cation charge and associated base equivalents, 472 

allowing recovery of the growth-associated alkalinity deficit within the shorter timescale 473 

of plant growth and decomposition. Delaying this return of net cation change and 474 

associated base equivalents through biochar formation correspondingly delays that 475 

alkalinity recovery and associated CO₂ removal to a future, higher-CO2 atmosphere, 476 

lowering the overall climate benefit of biochar at the time of biochar production. Thus, 477 

even where the adjustment is ultimately reversible, its timing affects the climate benefit 478 

and time-bounded accounting of biochar CDR. 479 

 480 

An additional process that may influence inorganic carbon cycling is the evolution of 481 

biochar surface charge during aging. As biochar surfaces oxidize, new cation-exchange 482 

sites can develop, altering cation retention and associated acid–base dynamics (H. Li et al., 483 

2019; L. Wang et al., 2020). Increased adsorption of base cations at newly developed 484 

exchange sites (Qadir et al., 2024) could further modify the alkalinity-related CDR 485 

adjustment because, where these sites are initially protonated, their deprotonation and 486 

subsequent occupation by base cations can release H+ to soil solution. This represents an 487 

additional source of acidity distinct from the delayed return of biomass-derived net cation 488 

charge quantified here and could therefore increase the magnitude of the alkalinity-related 489 

adjustment. Conversely, cation desorption from exchange sites would also affect base-490 

cation mobility and associated alkalinity dynamics. The magnitude of these effects will 491 

depend on the development and protonation state of exchange sites, soil pH, cation 492 

availability, and the degree of cation saturation during biochar aging, and is not quantified 493 

in our present framework. 494 

 495 

4.2 Additional processes modifying the first-order alkalinity adjustment 496 
Beyond the relative persistence of organic carbon, the retained elemental inventory, and 497 

aging-dependent changes to biochar surface chemistry considered above, several additional 498 

biogeochemical processes could modify the magnitude or even the direction of the first-499 
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order alkalinity-related CDR adjustment. These processes act either on the subsequent fate 500 

of the released elemental inventory or through broader changes to nutrient cycling and 501 

requirements, soil buffering, and mineral reactions following biochar deployment. 502 

 503 

While cations can form secondary phases upon release or be lost to cation exchange 504 

(Calabrese et al., 2022; Kanzaki et al., 2025) and N can undergo subsequent 505 

transformations such as denitrification (Chiaravalloti et al., 2023), timescales of elemental 506 

release upon biochar degradation and post-release processes modulating these remain 507 

poorly constrained. Nevertheless, these processes can substantially alter the fate, timing, 508 

and ultimate impacts of the associated alkalinity perturbation during transport through soils 509 

and waters. Additionally, total elemental N also does not constrain either the ionic form 510 

through which N was acquired during plant growth or the form in which it is returned 511 

during decomposition. Because nitrate carries negative charge, treating all measured N as 512 

nitrate-equivalent represents a deliberately conservative choice with respect to the net-513 

cation signal quantified here. Uptake as ammonium or neutral organic N would increase 514 

the inferred net cation-equivalent imbalance and, all else equal, strengthen the alkalinity 515 

related downward adjustment of net CDR. We do not attempt to account for subsequent N 516 

cycling following biomass decomposition, including ammonification, nitrification, 517 

denitrification, or biological re-uptake, and their associated effects on acidity and alkalinity 518 

(Bolan et al., 1991). Rather, our framework isolates the direct first-order consequence of 519 

stabilizing biomass and thereby altering the return of its elemental acid–base inventory 520 

relative to biomass decomposition. 521 

 522 

A further consequence of diverting biomass from decomposition to biochar production is 523 

delayed or reduced nutrient recycling. If biomass that would otherwise decompose is 524 

converted to persistent biochar, part of its N and P inventory may be withheld from near-525 

term return to soil, potentially increasing external nutrient requirements where these inputs 526 

are needed to maintain fertility and productivity. Any resulting increase in mineral-527 

fertilizer demand would constitute an additional life-cycle carbon cost relative to 528 

decomposition (Menegat et al., 2022; Walling & Vaneeckhaute, 2020). Biochar also affects 529 
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N and P cycling through numerous other processes whose magnitude and direction depend 530 

on feedstock, pyrolysis conditions, soil properties, and time since application (Gao et al., 531 

2019; Gul & Whalen, 2016). We do not quantify these effects here, but they represent an 532 

additional life-cycle consequence of the biochar versus biomass decay counterfactual that 533 

would further reduce net project level CDR. 534 

 535 

As biochar CDR projects scale up and expand to a wider range of settings, such as highly 536 

acidic (Waheed et al., 2026), calcareous, arid, or submerged soils, biochar’s net cation 537 

incorporation will interact with soil-specific buffering and transport processes, depending 538 

not only on the biomass feedstock and pyrolysis conditions as explained earlier, but also 539 

on soil pH, mineralogy, exchange capacity, hydrology, and background alkalinity. The 540 

impact of soil variability on the alkalinity-related CDR adjustment and its fate considering 541 

downstream processes is an important area for future soil science and aqueous 542 

geochemistry research. Dissolution of biochar-associated ash and mineral phases can also 543 

return retained base cations to the biogeochemical cycle. To the extent that this represents 544 

release of the biomass-derived net cation inventory quantified here, it constitutes a reversal 545 

of the alkalinity-related adjustment and is represented at first order by our elemental-546 

release scenarios, including the proportional-release case. However, ash dissolution may 547 

also generate alkalinity through mineral phases or processes not captured by the retained 548 

cation–anion balance, which could further modify net CDR. Stacking biochar and 549 

enhanced weathering as a means of CDR (Buss et al., 2021; Sohng et al., 2025; Meyer zu 550 

Drewer et al., 2026) has also been proposed and tested experimentally, further emphasizing 551 

the need to resolve interacting organic and inorganic carbon fluxes. 552 

553 
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5. CONCLUSION 554 
Biochar CDR is typically quantified primarily from persistent organic-carbon storage, 555 

together with project-level life-cycle emissions and permanence considerations. Our results 556 

show that changes to inorganic carbon cycling can introduce an additional, and in some 557 

cases material, adjustment to net CDR that mostly reflects a net reduction in CDR. The 558 

magnitude of this effect depends on biochar composition, the relative persistence of organic 559 

carbon and retained elemental inventories, and the biogeochemical context in which 560 

biochar is deployed. Where this adjustment is material, it therefore has direct implications 561 

for how much CDR can defensibly be attributed to a biochar project and, consequently, 562 

how that removal is quantified and credited. 563 

 564 

This is particularly relevant because biochar projects are increasingly evaluated through 565 

carbon-crediting methodologies on the VCM that translate project-level carbon accounting 566 

into issued CDR credits. Current verification frameworks used by platforms such as Verra, 567 

Isometric, and Puro account for greenhouse-gas emissions associated with feedstock 568 

transport, biochar production, transport, and application, as well as changes in CDR 569 

permanence as biochar ages (Etter et al., 2025; Schimmelpfennig & Glaser, 2012). 570 

However, to our knowledge current biochar verification methodologies do not explicitly 571 

account for the fate of incorporated net cations and the associated alkalinity-related CDR 572 

adjustment. The life cycle assessment of these projects may be robust, but this potentially 573 

represents an omitted geochemical term in carbon accounting (Nordahl et al., 2024). If the 574 

alkalinity-driven adjustment identified here is material under a project’s specific feedstock, 575 

soil conditions, and counterfactual, omitting it could bias estimates of net CDR and 576 

associated crediting. However, the magnitude of this effect will likely vary considerably 577 

between projects.  578 

 579 

Therefore, we suggest that biochar CDR quantification frameworks should consider the 580 

geochemical impacts of net cation incorporation into the biochar matrix and associated 581 

inorganic carbon cycling. More broadly, robust carbon accounting requires consideration 582 

of biogeochemical effects beyond the process that defines the primary CDR pathway: just 583 
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as enhanced weathering assessments must account for potential effects on organic carbon 584 

cycling (Suhrhoff et al., 2026; Vienne et al., 2026), biochar assessments should likewise 585 

account for consequences for inorganic carbon cycling. Durable biochar CDR is therefore 586 

not defined by carbon persistence alone, but by the full biogeochemical consequences of 587 

stabilizing that carbon including impacts on inorganic carbon cycling.   588 
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Figures 589 
 590 

 591 
Fig. 1. Kernel density distributions (a) and cumulative frequency distributions (b) of the alkalinity-related 592 
CDR adjustment (ACDR) for biochars with complete Ca, Mg, K, Na, N, and S data (n=85). Three elemental-593 
retention scenarios are shown: proportional release (fion = frec), complete cation and anion elemental retention 594 
with high organic-C persistence (fion=1, frec =0.82), and complete cation and anion retention with low organic-595 
C persistence (fion=1, frec =0.63). Mean ACDR values are 3.2% ± 7.4%, 3.9% ± 9.0%, and 5.1% ± 11.7%, 596 
respectively, with corresponding medians of 0.74%, 0.91%, and 1.18%.  597 

  598 
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 599 

 600 
Fig. 2: Distribution of alkalinity-related CDR adjustment (ACDR) categories under three elemental-retention 601 
scenarios for (a) biochars reporting complete Ca, Mg, K, Na, N, and S data (n = 85) and (b) all biochars using 602 
whatever subset of these elements was reported (n = 215). Bars show the fraction of observations with ACDR 603 
< −5%, −5% ≤ ACDR < 0%, 0% ≤ ACDR < 5%, and ACDR ≥ 5%. For the complete-element dataset, the fraction 604 
of observations with ACDR ≥ 5% was 18.8%, 21.2%, and 22.4% for proportional release (fion = frec), complete 605 
elemental retention with frec = 0.82, and complete elemental retention with frec = 0.63, respectively. Using all 606 
available elemental data increased these fractions to 26.0%, 30.2%, 34.0%, respectively. The larger positive 607 
adjustments in the available-element analysis partly reflect more frequent reporting of cations than anions 608 
across source studies, such that omission of unreported anion pools can bias the calculated cation–anion 609 
equivalent imbalance toward positive values.  610 
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Fig. 3: Cumulative frequency distributions of the alkalinity-related CDR adjustment (ACDR) under three 612 
elemental-retention scenarios and alternative levels of elemental-data completeness: (a) complete Ca, Mg, K, 613 
Na, N, and S data (n = 85); (b) all observations reporting N and S, with the cation-equivalent balance 614 
calculated from whichever of Ca, Mg, K, and Na were reported (n = 121); and (c) all observations reporting 615 
N, with the cation-equivalent balance calculated from whichever of Ca, Mg, K, and Na were reported (n = 616 
194). Each panel shows proportional release (fion = frec), complete elemental retention with fion = 1 and frec = 617 
0.82, and complete elemental retention with fion = 1 and frec = 0.63. Differences among panels reflect both 618 
incomplete reporting of elemental pools and differences in the biochar observations represented in each 619 
subset and therefore characterize sensitivity to elemental-data availability rather than formal uncertainty 620 
bounds. 621 

  622 
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