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Methods

Soil Collection and Preparation

To identify these soil types, we combined mapped soil classification data(Cook et al., 

2024) with recent satellite-derived maps of existing cotton fields (USDA, 2020) and managed 

pine stands (Thomas et al., 2021) across the southeastern US. We ranked each soil type by the 

total acreage of cotton or loblolly each hosted and selected the top 100 soil types for each crop 

(out of approximately 42,000 unique soil types present in the southeastern US). After excluding 

soil types with an average pH > 6 (Soil survey staff, 2020), we searched for qualifying top-100 

soil types within up to approximately 100 miles of any of the identified pulp mills, then contacted 

landowners managing either cotton or plantation pine covering any of these soil types to 

arrange for site access and sample acquisition.

Life Cycle and Techno-Economic Analysis

𝑔 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒
𝑔 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙

=  𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 ( 𝑔
𝑚𝑜𝑙) ∗

1 𝑚𝑜𝑙𝑒 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒
# 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙 𝑖𝑛 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒

∗
1 𝑚𝑜𝑙 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙

𝑚𝑎𝑠𝑠 𝑜𝑓 1 𝑚𝑜𝑙 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙 (𝑔)
 (𝑆1)

 

 (S2)
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 (𝑔)

𝑚𝑎𝑠𝑠 𝑜𝑓 𝐷𝐺 (𝑔)
=  𝑀𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙 𝑖𝑛 𝐷𝐺 (%) ∗  

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 (𝑔)
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑒𝑡𝑎𝑙 (𝑔)

 (S3)

𝑚𝑎𝑠𝑠 𝑜𝑓 𝐶𝑂2 (𝑔)

𝑚𝑎𝑠𝑠 𝑜𝑓 𝐷𝐺 (𝑔)
=  

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 (𝑔)
𝑚𝑎𝑠𝑠 𝑜𝑓 𝐷𝐺 (𝑔)

∗  
𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐶𝑂2 ( 𝑔

𝑚𝑜𝑙)
𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒 ( 𝑔

𝑚𝑜𝑙)



Figure S1. Process flow diagram and mass balance of carbon within dregs and grits

For every 1 tonne of pulp produced, 20.5 kg of DGs are produced as byproduct. Within 

the DGs, a certain percentage of the mass is made up of metals that are capable of forming 

carbonates in the recovery boiler, namely calcium, potassium, magnesium, iron, and 

manganese. Using the mass of metals in the DGs, the mass of their respective carbonates, and 

the ratio of the molar mass of CO2 to the molar mass of carbon, we were able to calculate the 

mass of CO2 that is drawn down for every tonne of pulp or DGs produced (Figure S1). For 

calcium, several additional steps (shown in equations S4-S5) were taken to calculate the 

calcium that originates in tree biomass as opposed to the mineral CaCO3 used in the pulping 

process. 

𝐶𝑎𝑂 𝑖𝑛 𝑝𝑖𝑛𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐾2𝑂 𝑖𝑛 𝑝𝑖𝑛𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠

= 𝐴𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑝𝑖𝑛𝑒 𝑐ℎ𝑖𝑝𝑠 (%) ∗  
𝑀𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝑎𝑂 (%)
𝑀𝑎𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐾2𝑂 (%)

 (𝑆4)



(S5)

𝑀𝑎𝑠𝑠 𝑜𝑓 𝐶𝑎 𝑓𝑟𝑜𝑚 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑖𝑛 𝐷𝐺 (𝑔)
1 𝑔 𝑜𝑓 𝐾 𝑖𝑛 𝐷𝐺

=  
𝐶𝑎𝑂 𝑖𝑛 𝑝𝑖𝑛𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
𝐾2𝑂 𝑖𝑛 𝑝𝑖𝑛𝑒 𝑏𝑖𝑜𝑚𝑎𝑠𝑠

∗  
𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐶𝑎 ( 𝑔

𝑚𝑜𝑙)
𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐶𝑎𝑂 ( 𝑔

𝑚𝑜𝑙)
∗

𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐾2𝑂 ( 𝑔
𝑚𝑜𝑙)

𝑀𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠 𝑜𝑓 𝐾( 𝑔
𝑚𝑜𝑙)

 

The mass fraction of the carbonates within the ash content of trees was used in order to 

determine the amount of calcium relative to the other previously mentioned metals (Vassilev et 

al., 2010). Using this ratio, the mass fraction of Ca2+ within DGs that originated in the tree 

biomass can be calculated which enabled us to repeat equations S4-S5 to finish off the 

carbonate mass balance and resulting levelized CO2 removal. Following the calculation of the 

CO2 drawdown attributed to DGs, the emissions released by preparing DGs for soil application 

were then modeled.  

We assumed a transport distance of 50 miles to the agricultural fields, and the emissions 

of the trucks returning to the pulp mill are accounted for. The cost of the industrial crusher was 

calculated based on the amount of DGs processed per year (Breunig et al., 2024). The cost of 

the dryer was based on an industry quote (FEECO International, 2025). The plant utilization, 

indirect capital costs, capital cost contingency, return on equity, project life, and capital recovery 

factor were chosen based on standards found in industry and literature (Humbird et al., 2011; 

Keith et al., 2018; Pett-Ridge et al., 2023). The overall costs of the proposed system were 

calculated using equations S6 – S12 listed below. The inputs required are capital recovery 

factor, facility utilization, return on equity, capital costs, and operating costs.

𝐿𝑒𝑣𝑒𝑙𝑖𝑧𝑒𝑑 𝑐𝑜𝑠𝑡 𝑜𝑓 𝐷𝐺 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =  𝑛𝑒𝑡 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 +  𝑙𝑒𝑣𝑒𝑙𝑖𝑧𝑒𝑑 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 (𝑆6)

𝐿𝑒𝑣𝑒𝑙𝑖𝑧𝑒𝑑 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 =  𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 ×  
𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑓𝑎𝑐𝑡𝑜𝑟
𝑏𝑖𝑜𝑟𝑒𝑓𝑖𝑛𝑒𝑟𝑦 𝑢𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛

(𝑆7)

𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =  
𝑡𝑜𝑡𝑎𝑙 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡

𝐶𝑂2 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
 (𝑆8)



𝑇𝑜𝑡𝑎𝑙 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 = 𝑑𝑖𝑟𝑒𝑐𝑡 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 + 𝑖𝑛𝑑𝑖𝑟𝑒𝑐𝑡 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 + 𝑐𝑜𝑛𝑡𝑖𝑛𝑔𝑒𝑛𝑐𝑦 𝑐𝑜𝑠𝑡 (𝑆9)

𝐷𝑖𝑟𝑒𝑐𝑡 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡

=  ∑
𝑖

𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑜𝑟 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑖 ×  ( 𝑐𝑜𝑠𝑡 𝑦𝑒𝑎𝑟 𝑖𝑛𝑑𝑒𝑥𝑖

𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛𝑑𝑒𝑥𝑖
) ××  𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 (𝑆10)

𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 =  
𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 (𝑖) ×  (𝑖 + 1)𝑝𝑟𝑜𝑗𝑒𝑐𝑡 𝑙𝑖𝑓𝑒

(1 + 𝑖)𝑝𝑟𝑜𝑗𝑒𝑐𝑡 𝑙𝑖𝑓𝑒 ‒ 1
(𝑆11)

𝑊𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑐𝑜𝑠𝑡 𝑜𝑓 𝑐𝑎𝑝𝑖𝑡𝑎𝑙 (𝑖)
= (𝑟𝑒𝑡𝑢𝑟𝑛 𝑜𝑛 𝑒𝑞𝑢𝑖𝑡𝑦 ×  𝑒𝑞𝑢𝑖𝑡𝑦 𝑓𝑖𝑛𝑎𝑛𝑐𝑖𝑛𝑔 (%)) + (𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 𝑜𝑛 𝑑𝑒𝑏𝑡 ×  𝑑𝑒𝑏𝑡 𝑓𝑖𝑛𝑎𝑛𝑐𝑖𝑛𝑔)

 (𝑆12)

Material Characterization

X-Ray diffraction (XRD) was used to identify the diffraction patterns of the various materials, 

specifically the DGs to compare to calcite. A PANalytical Empyrean X-ray diffractometer was 

used for data collection in the 2Θ range of 10° - 80°. Diffraction was scanned at 0.1313-degree 

intervals. Scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy 

(EDS) was used for elemental analysis and backscattered electron images. A variable pressure 

Hitachi SU3900 at a voltage of 20 kV and a resolution of 4.0 nm was used for SEM imaging. 

The North Carolina Department of Agriculture (NCDA) analyzed the 22 soils using a Mehlich-3 

soil extraction test which provided information on common nutrients such as phosphorus and 

calcium, heavy metals such as arsenic and nickel, and chemical properties including cation 

exchange capacity and base saturation. The NCDA also provided nutrient measurements, 

chemical properties, and heavy metals content of the DGs.





Figure S2. North Carolina Department of Agriculture soil report data 



Figure S3. North Carolina Department of Agriculture soil report abbreviations



Figure S4. North Carolina Department of Agriculture waste report data for dregs and grits

Figure S5. North Carolina Department of Agriculture waste report abbreviations



Figure S6. Scanning electron microscopy images of calcite (top), dregs (middle), grits 

(bottom)



Figure S7. SEM Results with elemental mapping for calcite (left) and grits (right)

Table S1. Heavy metal concentration of DGs and limits established by EPA for soil 

amendments

Maximum allowable 

concentration of 

industrial solid waste 

applied to soil  (ppm) 

(USDA, 2000)

Dregs (ppm) Grits (ppm)

Arsenic 75 0.64 0.83

Cadmium 85 1.93 0.01

Chromium 3000 13.1 5.31

Nickel 75 30.6 6.7

Lead 420 69 0.4

Selenium 100 1.69 0.16



Figure S8. Testing of Normality for soil pH change data (Q-Q Plot)



Figure S9. Testing of Homogeneous Variance for soil pH change data

Figure S10. Testing of Normality for soil carbon change data



Figure S11. Testing of Homogeneous Variance for soil carbon change data

Table S2. Emissions associated with the post-production drying, crushing, and transport 

of dregs and grits following generation at a pulp mill without drying

Process step Emissions 

(tCO2/year)

Levelized 

emissions 

(tCO2/tDG)

Atmospheric fixation of 

CO2 

-1818 -0.17

Crushing 4 0.00

Embodied equipment 

emissions

293 0.04

Front end loading DGs 476 0.07



into trucks and transport 

to fields

Field weathering of DGs -1 0.00

Total -498 -0.07

Figure S13. 0-day soil incubation results



Figure S14. 1-day soil incubation results

Figure S15. 7-day soil incubation results



Figure S16. 30-day soil incubation results



Figure S17. Variable Importance Plot – Soil pH Random Forest Model

Figure S18. Random Forest Model Out-Of-Bag Estimates



Figure S19. Random Forest Model Out-Of-Bag Error Plot



Figure S20. Pre-incubation carbon contents of all 22 soils



Figure S21. Waterfall plot of annual life cycle emissions associated with the production 

of dregs and grits as a soil amendment without drying. Gray bars represent carbon 

drawdown, black bars represent carbon emissions to the atmosphere.
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