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[bookmark: _Toc18954406][bookmark: _Toc62294831]1. Pine residue production
[bookmark: _Toc18954407][bookmark: _Toc62294832]1.1 Forest operations
Fig. S1 displays the system boundary used for pine residue production. All inputs and outputs were based on 1 oven dry metric ton of pine residues. The mass allocation was used to apportion the Life Cycle Inventory (LCI) data between logs and residues. 

[image: ]
Fig. S1 The process flow chart of pine residue production.

Fig. S2 shows the timeline of the forest operations included in Growth Case 1 and 2; Fig. S3 shows the timeline of Growth Case 3. The different end-of-life cases in each scenario will decide the detailed operations. 
[image: ]
Fig. S2 The timeline of Growth Case 1 and 2 in one rotation.
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Fig. S3 The timeline of Growth Case 3 in one rotation.

[bookmark: _Toc18954408][bookmark: _Toc62294833]1.2 Pine growth and yield
The FASTLOB model used in this study has been widely utilized to project stand level characteristics of loblolly pine plantations across the southern U.S., which served as the basis for further analyses to help answer numerous forest management and policy questions [1–5]. The detailed descriptions of data sources and equations and parameters that FATLOB uses in projecting stand-level dominant height, survival, basal area, and biomass volumes are summarized in work by Amateis et al. [6]. 
The number of trees to be planted varies by management objectives (e.g., desired products to be grown), site productivity, and thinning plan, which can vary from as low as 741 trees per ha to up to 2,965 trees per ha [7]. Stand densities are shown to have a substantial effect on the diameter growth of individual trees and as a result, stands with lower planting densities are shown to produce more board foot volumes than stands with higher planting densities [7,8]. A tree planting density of 1,480 to 1,980 trees per ha, depending on site, coupled with thinning are commonly considered as the best compromise where multiple products are the objectives (e.g., pulpwood and sawtimber) [7]. The selected high-end planting density (2,152 trees per ha) represents forest management aimed at maximizing total biomass growth [9]. 

Table S1 records the accumulative aboveground biomass data and removed biomass amount from thinning in one rotation (30 years) for three scenarios. 

Table S1 Accumulative aboveground biomass data for one rotation (metric ton/ha) a
	
	Growth Case 1
	Growth Case 2
	Growth Case 3

	Year
	Aboveground biomass
	Removed biomass
	Aboveground biomass
	Removed biomass
	Aboveground biomass
	Removed biomass

	1
	0
	0
	0
	0
	0
	0

	2
	0
	0
	0
	0
	0
	0

	3
	0
	0
	0
	0
	0
	0

	4
	0
	0
	0
	0
	0
	0

	5
	0.9
	0
	25.1
	0
	25.1
	0

	6
	6.9
	0
	55.4
	0
	55.4
	0

	7
	18.8
	0
	89.9
	0
	89.9
	0

	8
	34.5
	0
	124.9
	0
	124.9
	0

	9
	52.5
	0
	158.9
	0
	158.9
	0

	10
	73.1
	0
	194.4
	0
	190.8
	0

	11
	96.2
	0
	231.1
	0
	221.9
	0

	12
	118.8
	0
	265.4
	0
	189.0
	75.5

	13
	141.9
	0
	296.8
	0
	202.2
	75.5

	14
	163.6
	0
	328.0
	0
	214.3
	75.5

	15
	184.5
	0
	355.3
	0
	268.8
	75.5

	16
	208.0
	0
	384.0
	0
	303.8
	75.5

	17
	231.6
	0
	414.7
	0
	315.9
	75.5

	18
	254.4
	0
	442.1
	0
	328.6
	75.5

	19
	275.3
	0
	466.3
	0
	364.5
	75.5

	20
	297.2
	0
	491.2
	0
	381.8
	75.5

	21
	315.6
	0
	511.1
	0
	415.8
	75.5

	22
	332.2
	0
	528.1
	0
	431.5
	75.5

	23
	349.7
	0
	546.8
	0
	453.3
	75.5

	24
	364.3
	0
	560.6
	0
	466.7
	75.5

	25
	377.5
	0
	572.1
	0
	481.6
	75.5

	26
	389.2
	0
	586.7
	0
	492.3
	75.5

	27
	403.3
	0
	596.3
	0
	502.4
	75.5

	28
	414.0
	0
	607.7
	0
	510.4
	75.5

	29
	423.9
	0
	615.8
	0
	518.8
	75.5

	30
	436.0
	0
	621.8
	0
	525.3
	75.5


a 1 ha = 10,000 m2

The total residues available in each growth case are given by Equation 1 as shown below. All the biomass outputs from precommercial thinning are regarded as residues due to their non-merchantable size at the early stage of the rotation, while 19–25% of the biomass output from logging will be residues (the rest will be logs with bark). For example, in GC3 as shown in Table S1, the residues from precommercial are 75.5 metric tons; the residues from logging are around 525.3 × 22% = 115.6 metric tons. Hence, in GC3, the total residues averagely will be around 190 metric tons. 
  (1)

[bookmark: _Toc18954409][bookmark: _Toc62294834]1.3  Probability distribution of key parameters
As shown in Table 1 in the main context Section 5.2.1, there are 5 parameters and their distributions that were studied. The chi-square goodness-of-fit tests were conducted in Matlab at 5% significance level to identify the probability distribution of data samples [10]. Equation 2 described the probability density function for normal distribution [11,12]. If the parameter value data points were too few or did not follow the two distributions, then uniform distribution was assumed in Table S2. These assumed distributions can be modified by researchers when more data are available in the future. 
                                                                                                                 (2)

Table S2 Key parameter values and distributions based on literature data
	
	Unit
	Test Results
	Assigned Distribution

	Diesel consumption in site preparation[13–16]
	kg ha-1 a
	N/A
	Uniform
[43.65, 94.59]

	Diesel consumption in thinning (with collecting) [13,14,16–22]
	kg m-3 residue
	Fail
	Uniform
[0.62, 1.46]

	Diesel consumption in logging[13–15,17–27]
	kg m-3 log
	Normal
	Normal
N(1.40, 0.62)

	Collectable pine residue mass fraction [28–30]
	%
	N/A
	Uniform
[50,70]

	Mass fraction of residue in the whole tree[31]
	%
	N/A
	Uniform
[19,25]


a 1 ha = 10,000 m2



[bookmark: _Toc62294835]2. Time-Based Discounted GWP Method
[bookmark: _Hlk42951478]Fig. S4 shows the GWP factors of CO2 for 100 year using time-based discounted GWP method. 
 
[image: ]
Fig. S4 Time-based discounted GWP of CO2 for 100 years from the presence.




[bookmark: _Toc62294836]3. Carbon Emission Profile 
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Fig. S5 Annual CO2 emissions and sequestration (mean value) of 1 MJ of biofuel produced in Scenario 1 Growth Case 1. 
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Fig. S6 Annual CO2 emissions and sequestration (mean value) of 1 MJ of biofuel produced in Scenario 1 Growth Case 2. 
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Fig. S7 Annual CO2 emissions and sequestration (mean value) of 1 MJ of biofuel produced in Scenario 1 Growth Case 3. 
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Fig. S8 Annual CO2 emissions and sequestration (mean value) of 1 MJ of biofuel produced in Scenario 2 Growth Case 1. 
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Fig. S9 Annual CO2 emissions and sequestration (mean value) of 1 MJ of biofuel produced in Scenario 2 Growth Case 2. 
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Fig. S10 Annual CO2 emissions and sequestration (mean value) of 1 MJ of biofuel produced in Scenario 2 Growth Case 3. 




[bookmark: _Toc62294837]4. Biochar decay
[bookmark: _Hlk62294484]This study adopts the wide accepted exponential decay model for the biochar after soil application [32]. Equation 3 depicts the remaining carbon mass of biochar after t years.  
                                                                                                                                     (3)
[bookmark: _Hlk62294709]Ct is the remaining carbon mass of biochar at year t after applying biochar to the soil; C0 is the initial carbon mass of biochar at year 0; t is decay rate and estimated by the mean residence time of biochar [32]. In this study, C0 was derived from the ASPEN Plus simulation results. For the decay rate k, this study follows the practice given by the Intergovernmental Panel on Climate Change (IPCC) [33]. The remaining fraction of medium temperature pyrolysis biochar after 100 years is 80% for cropland or grassland applications. Hence, k used in this study is 0.00223.
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