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Method S1 Cement mixing protocol. Class G cement was donated by A Plus Wells (Greely, CO), and a polycarboxylate (PCE) superplasticizer (item #97190) was donated by Fritz-Pak Corporation (Mesquite, TX).  All mixes were mixed using industrial supply water. Ratios of water, cement, biochar, and plasticizer used in each test can be found in . Eight 2”x 4” cylinders were poured for each test using Forney PVC cement molds (LA-0211-24) with caps. Biochar and dry cement were mixed for 1 minute dry before adding water. After water was added and mixture was completely wet, superplasticizer was added during mixing. Combined materials were mixed at high speed for 5 minutes before pouring into molds. Each mold was tamped 30 times after filling halfway, then 30 more times after filling completely. The molds were then capped and left in a heat and humidity-controlled room until demolding (Pecha, 2022). Demolding was accomplished by puncturing the bottom of the mold with a nail, then adding compressed air until the cement cylinder was released 
Method S2 Compressive strength. Compressive strength was measured using a Forney F-1500KN-VFD Automatic Compression Test Machine, which records stress applied to a sample every ~0.3 seconds until failure (pressure loss >100 PSI in one 0.3 second interval with no recovered pressure), or the sample is compressed enough that the machine no longer registers its presence. Compressive strength was measured every 1, 4, 7, and 28 days after each test started. It should be noted that only stress was measured, and no strain data was collected; therefore, Young’s Modulus could not be calculated
Method S3 Cement slurry viscosity: Viscosity was measured using the Zahn cup method (ASTM D 4212, D 816, D 1084). After the cement was fully mixed, the no. 3 Zahn cup (3.86mm) was fully submerged in the mixture and allowed to drain. The time from the start of draining to the breakup in the fluid stream was recorded and viscosity was calculated in centistokes (Bhattad, 2023) . The correct mass of superplasticizer needed to compensate biochar addition was elucidated by comparing the viscosity the control mix (no biochar), and PCE was added to biochar mixtures until similar viscosities were achieved (Pecha, 2022)



Table S1 Well plugging assumptions and parameters used in techno-economic analysis 
	Parameter
	Value
	References

	Well Type
	Conventional Vertical
	(CO DNR, 2024)

	Measured Well Depth
	2074 m
	(COGIS, 2024)

	Well Diameter
	23 cm (0 – 442 m depth)
13 cm (442 m – 2074 m depth)
	(COGIS, 2024)

	Plugs Used
	6
	(COGIS, 2024)

	Cement Used
	11.6 tonnes (271 sacks)
	(COGIS, 2024; WAC, 2024)

	Labor
	4 workers
	(Kaiser and Dodson, 2007)

	Well Plugging Timeline
	4 days
	(ND DMR, 2024)

	Service Equipment
	Bulk truck, triplex truck, workover rig
	(COGIS, 2024; Hawthorn et al., 2022)

	Procedures Performed
	Pressure test, wireline, squeezing, well plug placement, spacer placement, cut & cap
	(COGIS, 2024; Hawthorn et al., 2022)

	Transport
	185 km (roundtrip)
	(COGIS, 2024)

	Biochar Purchase Price (No Credits)
	$58-$348/tonne, (Avg - $209/ tonne)
	(Puro.earth, 2024; Oregon Biochar Solutions, 2024; Go Biochar, 2024; Blue Sky Biochar, 2024; Airterra, 2024; Biochar Now, 2023)





Table S2 Relevant properties of pyrolysis, biomass, and biochar for the various thermochemical conversion methods
	Method
	Operating Temperature
	Corg Content
	Biochar Yield
	Energy Used
	References

	Injection Auger
	500°C
	80%
	24%
	Electricity Natural Gas
	(Brassard et al., 2018; Bruckman et al., 2016; Kim et al., 2011; Hansson et al., 2020; Tisserant and Cherubini, 2019; Hassan et al., 2020)

	Rotary Kiln
	500°C
	80%
	38%
	Electricity Natural Gas
	(Khodaei et al., 2024; Chireshe et al., 2020; Gwenzi et al., 2015; Nan et al., 2020; Panwar et al., 2019)

	Batch Reactor
	500°C
	76%
	27%
	Electricity Natural Gas
	(Kizza et al., 2019; Morin et al., 2016; Mohabeer et al., 2020; Aguda, 2017; Lian et al., 2014, Bartoli et al., 2020; Dissanayake et al., 2020; Mohammadi et al., 2020)

	Portable Retort
	550-600°C
	88%
	16.5%
	Diesel 
Propane
	(Gaspard, 2024)

	Mobile Carbonizer
	680-750°C
	89%
	17%
	Diesel 
Propane
	(Puemmann et al., 2020; COGA, 2024)







Table S3 Slurry mix ratios
	Biochar-Cement Mixture
	Cement (g)
	Water (mL)
	Biochar (g)
	PCE (g)
	Mass Ratio (cement:water:biochar:PCE)

	Control
	2380
	1047.2
	0
	0
	1:0.44:0:0

	1%
	2380
	1047.2
	23.8
	0
	1:0.44:0.01:0

	3% 3x
	2380
	1047.2
	71.4
	24a
	1:0.44:0.03:0.01

	3%H2O
	2380
	1285.2
	71.4
	8
	1:0.54:0.03:0.003

	3%
	2380
	1047.2
	71.4
	8
	1:0.44:0.03:0.003

	5%
	2380
	1047.2
	119
	32a
	1:0.44:0.05:0.0134

	10%
	2380
	1047.2
	238
	46.6a
	1:0.44


aIndicates addition of excess PCE



Table S4 Slurry viscosity. Testing did not continue with the 10% mix due to very high viscosity. The 3%3x mixture represents the lowest possible viscosity a 3% biochar mix can achieve while adding only excess PCE and no extra water
	Mixture
	Control
	1%
	3% 
	3%3x
	3%H2O
	5%
	10%

	Kinematic Viscosity (cSts)
	72.31
+/- 0.48
	95.82
+/- 0.42
	286.65 
+/- 0.33
	122.89 +/- 0.39
	71.64
+/- 0.27
	336.26
+/- 0.67

	Infinite/does not flow

	Dynamic Viscosity (cP)
	135.69 
+/- 2.82
	181.84
+/- 3.16
	542.44
+/- 2.06
	231.03 +/- 13.78
	135.12 +/- 6.05
	632.16
+/- 2.67
	

	Comparison
	Maple syrup
	Tomato juice
	Apple sauce
	Maple syrup
	Maple syrup
	Castor oil or glycerin
	Silly Putty








Figure S1 Average compressive of the cement mixtures with different weight % biochar added in. n=2-4 cylinders broken each time point. The 5% mix did not show a clear point of failure, and the value shown represents the point of plastic failure instead 

Figure S2 Average compressive strength of cement mixes with controlled viscosity. The control, 3%3x, and 3% H2O samples all have similar viscosity, with ‘3%3x’ controlled by excess PCE, and the ‘3%H2O’ mix controlled by excess water. The ‘3%’ mix has a slightly higher viscosity and was designed to optimize performance over viscosity. The ‘3%3x’ mixture did not show a clear point of failure, and the value shown represents the point of plastic failure instead. n=2-4 cylinders broken each time point
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Figure S3 Stress at break vs. point of plastic deformation. In samples with a linear applied stress/time plot like the 3% biochar curve shown, there is a clear point of elastic failure, which is automatically recorded by the Automatic Compression Test Machine (shown in point A), and is the value recorded as the ‘stress at break’ used in further calculations. These samples result in longitudinal fractures and insignificant change to the length of the cement cylinder (shown in top image). Samples with excess PCE (5%, 3%3x) tended to show plastic failure (shown in point B), and dramatic deformation of the cylinder was observed (bottom image). These samples did not show a clear point of failure, and the Automatic Compression Test Machine stopped when the cylinder compressed so small that the machine could no longer register its presence. For this reason, the value recorded for future calculations was the plastic failure point shown in point B 
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Average Compressive Strength with Controlled Viscosity
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Stress at Break Vs. Plastic Deformation in Compressive Strength Modelling
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Stress (PSI)




Stress at Break Vs. Plastic Deformation in Compressive Strength Modelling
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Stress (PSI)




Average Compressive Strength of the Cement Mixtures

Control	28	446.12579192669665	168	186.5	28	446.12579192669665	168	186.5	1	4	7	28	1041	3101.3333333333335	3539	5932.5	1% Biochar	9.5	164.97743953509388	320.5	122	9.5	164.97743953509388	320.5	122	1	4	7	28	1049.5	3497.3333333333335	3983.5	6186	3% Biochar	36	324.47290590535704	26.5	121.5	36	324.47290590535704	26.5	121.5	1	4	7	28	1934	3846	4611.5	5973.5	5% Biochar	18.158500000000082	43.959999999999923	10.940000000000055	39	18.158500000000082	43.959999999999923	10.940000000000055	39	1	4	7	28	173.05850000000001	1229.1199999999999	1223.56	1207	Days Curing


Stress at Break (PSI)
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