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14 Abstract:

15 A quantitative and systematic assessment of uncertainty in life-cycle assessment is critical to informing 
16 sustainable development of carbon dioxide removal (CDR) technologies. Biochar is the most commonly 
17 sold form of CDR to date, and it can be used in applications ranging from concrete to agricultural soil 
18 amendments. Previous analyses of biochar rely on modeled or estimated life-cycle data and suggest a 
19 cradle-to-gate range of 0.20 – 1.3 kg CO2 net removal per kg of biomass feedstock, driven by 
20 differences in energy consumption, pyrolysis temperature, and feedstock sourcing. Herein, we quantify 
21 the distribution of CDR possible for biochar production with a compositional life-cycle inventory model 
22 paired with scenario-aware Monte Carlo simulation in a “best practice” (incorporating lower 
23 transportation distances, high pyrolysis temperatures, high energy efficiency, recapture of energy for 
24 drying and pyrolysis energy requirements, and co-generation of heat and electricity) and “poor practice” 
25 (higher transportation distances, lower pyrolysis temperatures, low energy efficiency, natural gas for 
26 energy requirements, and no energy recovery) scenarios. In the best-practice scenario, cradle-to-gate 
27 CDR (which is representative of the upper limit of removal across the entire life cycle) is highly certain, 
28 with a median removal of 1.4 kg of CO2e / kg biomass and results in net removal across the entire 
29 distribution. In contrast, the poor-practice scenario results in median net emissions of 0.090 kg CO2e / 
30 kg biomass. Whether this scenario emits (66% likelihood) or removes (34% likelihood) carbon dioxide 
31 is highly uncertain. The emission intensity of energy inputs to the pyrolysis process and whether the bio-
32 oil co-product is used as a chemical feedstock or combusted are critical factors impacting the net carbon 
33 dioxide emissions of biochar production, together responsible for 98% of the difference between the 
34 best- and poor-practice scenarios.

35 Keywords:

36 Pyrolysis, life-cycle assessment (LCA), Monte Carlo simulation, carbon sequestration, greenhouse gas 
37 emissions.

38

39 1. Introduction
40 Methods to take up and store atmospheric carbon dioxide are needed to limit global warming to less than 
41 2 °C and avoid the worst impacts of climate change.1 Currently, the production of biochar from biomass 
42 residues via pyrolysis is the most widely applied engineered method for carbon dioxide removal (CDR)2 
43 and is estimated to be at a technology readiness level of 8-9,3 which is higher than other CDR 
44 technologies such as direct-air capture.4 Continued rapid development of CDR technologies, including 
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2

1 biochar, is needed to meet targets of 2.1-2.6 Gt CO2 removal by 2030.5 Biochar can provide additional 
2 benefits beyond CDR in applications, including as an agricultural soil amendment6–8 or as an additive in 
3 concrete or plastics.9,10,11,12 

4 Biochar production is estimated to have stored 650 kt CO2 in 2023,13 but reports on biochar’s storage 
5 capacity vary. A comparison of 37 previous academic life-cycle inventories (LCIs) of biochar 
6 production shows a range of carbon emission values (Supplemental Table 1, negatives indicate 
7 removal): a 5th-95th percentile range of -0.20 to -1.51kg CO2e /kg and a median CDR of -0.70 kg 
8 CO2e/kg when normalized by functional unit (1 kg of feedstock), scope (cradle-to-gate), and allocation 
9 method (see Supplemental Information for details).6,14–21 Differences are driven primarily by pyrolysis 

10 temperatures, with low pyrolysis temperatures resulting in high CDR (average of -1.2 kg CO2e/kg for 
11 pyrolysis temperatures ≤ 400 °C) at the factory gate but more rapid decomposition during biochar 
12 application.22 Using purpose-grown crops as a feedstock can reduce CDR potential (average of -0.3 kg 
13 CO2e/kg) relative to using residual biomass (average CDR of -0.75 kg CO2e/kg) due to energy and 
14 fertilizer impacts from primary crop production. While limited previous life-cycle assessments (LCAs) 
15 have examined fossil energy sources during pyrolysis, emissions associated with fossil fuel energy 
16 inputs can reduce CDR potential.18 Other reported variations in carbon uptake can be driven by varying 
17 system boundaries, carbon accounting methods, and assumptions regarding land-use changes during 
18 biomass growth.23 Finally, the treatment of pyrolysis syngas and bio-oil co-products can play a key role, 
19 with some systems producing energy from these products, some systems using bio-oil as a chemical or 
20 material feedstock or injecting it for carbon storage, and some systems flaring these energy co-products, 
21 without energy recovery. 

22 All but one of the 37 biochar LCIs identified in the academic literature rely on process calculations,19 
23 kinetic models,14 machine-learning models,24 or compositional models17 to estimate at least a portion of 
24 their pyrolysis LCI data. Such modeling efforts are particularly useful when specific process data are 
25 unavailable but introduce additional uncertainty.25 The lack of comprehensive, public, real-world 
26 operational data for these processes means modeling is required to estimate life-cycle impacts, which 
27 leads to increased uncertainty. 

28 In addition to the academic LCIs, 16 commercial CDR values were identified, either based on the 
29 Puro.earth CDR standards26 or Environmental Product Declarations (EPDs) for biochar27. These 
30 commercial CDR values ranged from -0.2 to -1.22 kg CO2e / kg feedstock, with a median of -0.65 kg 
31 CO2e / kg (Supplemental Table 2) – a similar range to the academic LCAs, despite no harmonization. 
32 Variation in CDR from both academic and commercial approaches indicates that in addition to the 
33 uncertainty resulting from modeling approaches, there is significant variation resulting from differences 
34 in operating parameters that contribute to the total uncertainty in biochar CDR. Understanding the role 
35 of modeling uncertainty, process uncertainty, and process variations between different process 
36 parameters when examining future production scenarios is currently a critical gap in understanding the 
37 net CDR potential of biochar across the industry as a whole. When uncertainty is incorporated into 
38 decision-making, understanding the role of modeling uncertainty relative to process uncertainty (e.g., 
39 uncertainty surrounding facility-specific efficiency) and variation (e.g., different fuel mixes by country) 
40 can inform confidence in real-world CDR based on modeled data.

41 LCA data are fundamentally uncertain,28 which can arise from random error, statistical variation, 
42 differences between inventory data and the actual system, geospatial variation, temporal variations, 
43 differences in scope, and differences in carbon accounting method. This uncertainty is often accounted 
44 for in LCA with Monte Carlo simulation (MCS), data quality indicators (DQIs), sensitivity analysis, and 
45 pedigree matrices.29 Understanding the role of both variation and uncertainty in LCA results plays a 
46 critical role in the interpretation of LCA results and policy decisions based on those results.28 Noting the 
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1 substantial range in existing CDR values, determining the degree and causes of uncertainty is critical to 
2 accurately estimating biochar CDR and energy production potential and is underrepresented in existing 
3 biochar LCAs. 

4 In this work, we examine the role of critical production process parameters on biochar CDR potential by 
5 investigating energy and emission impacts from biochar production from wood residues with scenario-
6 aware Monte Carlo simulation (SA-MCS)29 paired with our previously published compositional model 
7 for predicting pyrolysis life-cycle inventory data.17 This paired approach allows for variation and 
8 uncertainty in process parameters to be input to the LCI model, giving a quantified understanding of 
9 how uncertainty and variation in each underlying parameter, as well as uncertainty from model error, 

10 impact the resulting CDR potential of biochar. A scenario analysis comparing a “best practices” scenario 
11 to a “poor practices” scenario is then applied in conjunction with this simulation to highlight the range 
12 of CDR potential possible for current industrial processes as well as the relative impact of key factors on 
13 uncertainty and median CDR potential. By examining variation and uncertainty in biochar CDR 
14 potential from a fundamental level, this work addresses key data needs regarding the uncertainty of 
15 existing LCA data for biochar production. The results of this model provide guidance on pyrolysis 
16 process design to maximize the carbon storage of this critical CDR method.

17

18 2. Methods
19 2.1 Scope

20 In this work, we follow a life-cycle assessment (LCA) methodology with a cradle-to-gate scope, ending 
21 at the pyrolysis plant gate, for a “best practices” Scenario 1 and a “poor practices” Scenario 2 to show 
22 the range of emissions possible with pyrolysis facility designs (Figure 1). As the goal of this work is to 
23 assess CDR potential, we exclusively examine greenhouse gas emissions. We note that, as this analysis 
24 excludes the application phase, biochar stability is not considered, and therefore, the CDR values 
25 presented herein should be considered a maximum for the whole lifecycle. Two bio-oil co-product 
26 applications are modeled: bio-oil as a feedstock for chemical products (Scenario 1) and combustion 
27 without energy capture (Scenario 2). All values are reported with a functional unit of 1 kg biomass 
28 feedstock. A mass feedstock functional unit is selected due to variations in the properties of the biochar 
29 produced, which may bias results if a functional unit of mass biochar is used. Additionally, this 
30 functional unit can be used to compare these results with other alternative uses of biomass residues, such 
31 as combustion or gasification.
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1
2 Figure 1. Scope and comparison of two examined scenarios. Differences between scenarios are bolded.

3

4 2.2 Life cycle inventory

5 2.2.1 Biomass growth and harvesting

6 We examine biochar produced from yellow poplar sawmill residues, with a range of compositions 
7 (Supplemental Table 3). Wood residues are one of the most applied biochar feedstocks,13 and their 
8 availability is expected to grow.30 For the impacts associated with growth and collection operations (e.g., 
9 fossil fuel use during logging), LCI data were based on published literature31,32 and GREET33 (See 

10 Supplemental Information). Scenario 1 (Figure 1) considers the impact of chainsaw-based harvesting 
11 (typical of smaller-sized sawmills), while Scenario 2 considers the impact of feller-buncher-based 
12 harvesting (common for medium to large-sized sawmills) during logging operations. A high- (240-280 
13 km) and a low-emission (200-240 km) transportation scenario are examined for transporting this 
14 feedstock from the forest to the sawmill. In both cases, transportation is modeled by truck, with an 
15 emission factor of 0.157-0.169 kg CO2e / t⋅km, with a uniform distribution34.
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1 Residues are calculated based on a median mass efficiency of 83.7% (Supplemental Figure 1). 
2 Emissions resulting from the growth, harvesting, and transportation of biomass residues from the site of 
3 harvest to sawmill were allocated to the final biochar product on a mass basis to normalize this analysis 
4 with agricultural residue feedstocks. All energy use associated with the sawmilling process is allocated 
5 to the primary lumber product, as this energy use is specific to the geometry of the final lumber product. 
6 We note that other allocation approaches could be used (e.g., no burdens assigned to residues, system 
7 expansion, or economic allocation).

8 2.2.2 Pyrolysis

9 Pyrolysis is modeled with a previously developed compositional pyrolysis model developed in our 
10 previous work.17 This compositional model predicts whole biomass pyrolysis products for a given 
11 temperature based on the cellulose, hemicellulose, lignin, and ash composition of the biomass feedstock 
12 by additively combining the pyrolysis products of each biomass constituent. This model estimates 
13 biochar, bio-oil, and syngas yields and composition, as well as the energy requirement of pyrolysis and 
14 drying. Pyrolysis is examined with a temperature range of 880-900 °C and 490-510 °C for Scenario 1 
15 and 2, respectively, and a heating rate of 10 °C/min for both Scenarios. In Scenario 1, a higher pyrolysis 
16 temperature was selected due to the similar bound carbon in biochar at high pyrolysis temperatures, 
17 alongside an increase in the syngas produced and increased carbon stability during the use phase due to 
18 reduced H content.35 Uncertainty distributions from the residuals of the predictive compositional 
19 model’s validation dataset are used as model uncertainty for each parameter.

20 The thermal efficiency of pyrolysis is considered at both a low and a high level: 50% (range of 45 – 
21 55%) and 90% (range of 85 – 95%) efficiency.6,24 Pyrolysis energy requirements are met with pyrolysis 
22 energy products from earlier pyrolysis reactions (Scenario 1) and the use of external energy source of 
23 natural gas (Scenario 2, emission factor of 0.0504 kg CO2e/MJ 36, with no uncertainty in emission factor 
24 considered).  Natural gas was selected for Scenario 2, as it is widely available, is considered a lower 
25 emission energy source than other fossil fuels (e.g., coal or oil), and has more limited regional variation 
26 in emission factor than electricity or biomass energy sources that have more commonly been examined 
27 previously (Supplemental Table 1).

28 2.2.3 Bio-oil and syngas co-products

29 In Scenario 1, syngas is combusted using a heat and electricity co-generation boiler (median efficiency 
30 of 50% of the lower heating value (LHV)as heat and 25% of LHVas electricity based on a review of 
31 literature data (Supplemental Table 5)37–51), and bio-oil is used as a feedstock for chemical products. No 
32 GHG emission credits are applied for energy production, and no allocation is performed to energy 
33 produced. All downstream processing impacts of bio-oil are allocated to the chemical product and no 
34 pyrolysis impacts are assigned to this product.  We assume carbon bound in bio-oil products contributes 
35 to CDR, however, this is strongly dependent on the length of the lifespan and end-of-life scenario for 
36 this exact product. In Scenario 2, both bio-oil and syngas are flared, with no energy recovery. 

37 Ranges of input data are given in Table 1 and complete distributions of input data and model error are 
38 shown in Supplemental Figures 1 and 3.

39

40 2.3 Scenario-aware Monte Carlo simulation

41 Scenario-aware Monte Carlo simulation (SA-MCS) is applied to determine the parameter, model, and 
42 scenario uncertainty of the LCA.29 This scenario-aware approach differs from conventional LCA MCS 
43 by accounting for variation and uncertainty probability distributions at the process parameter level and, 
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1 from this uncertainty, calculating uncertainty in both product yields and GHG emissions of the process. 
2 This approach allows for variations in parameter level values (Supplemental Figure 1) to be included in 
3 the uncertainty analysis, along with model uncertainty resulting from the methods used to estimate 
4 process data. By drawing on previously reported process data, this method can capture non-normal 
5 distributions of process parameters and more accurately describe these distributions. Combined, SA-
6 MCS gives a more holistic overview of uncertainty throughout the entire process.

7 The pyrolysis modeling process has three main dependencies (Supplemental Figure 2): (1) the 
8 relationships and inputs of the pyrolysis model (Table 1), (2) the properties of the biomass feedstock 
9 (Supplemental Table 3), and (3) the energy sources and application of the pyrolysis co-products. As the 

10 compositional pyrolysis model uses empirical relationships to determine pyrolysis CO2 and energy 
11 fluxes, the distributions of the residuals from the validation of pyrolysis modeling were sampled to 
12 account for the uncertainty of the model which was quantified in previous work.17 Beyond model 
13 uncertainty, variation in pyrolysis temperature leads to changes in the pyrolysis product yields, as well 
14 as CO2 and energy fluxes. We then incorporate uncertainty in efficiency factors for the subprocesses 
15 within the model, including the pyrolysis process, biomass drying, and the combustion of the different 
16 co-products based on the boiler technology used. A complete diagram of model dependencies is given in 
17 Supplemental Figure 2. 

18 The second main dependency of the pyrolysis process is related to the composition of the biomass 
19 feedstock, specifically the mass-weighted proportions of cellulose, hemicellulose, lignin, and ash. 
20 Supplemental Table 3 shows data regarding the possible weighted composition of yellow poplar, which 
21 introduces uncertainty into the overall modeling framework. 

22 The final main dependency is related to the energy sources used for the pyrolysis process and the 
23 application of co-products. Feedstock drying is examined either using an external energy source (natural 
24 gas combustion) or waste heat from the pyrolysis process. Similarly, the actual pyrolysis process could 
25 either be powered by the pyrolysis energy products or by an external energy source (e.g., natural gas). 
26 Finally, CO2 and energy fluxes could be affected by how the co-products are used. In this case, bio-oil 
27 could either be combusted for energy, combusted without energy recovery, or used as a feedstock for 
28 chemical application.

29 Table 1. List of process emission and energy calculations performed and sources of uncertainty and 
30 variation in each calculation parameter. Variables are defined as: GHG = greenhouse gas emissions, m = 
31 mass, EF = emission factor, D = distance, f =mass fraction, η = efficiency factor, ΔH = enthalpy, T = 
32 temperature, E = energy, Y = yield, and C = carbon content.

Process step Emission calculation Sources of uncertainty * Sources of variation *

Biomass 
growth **

𝐺𝐻𝐺𝑔𝑟𝑜𝑤𝑡ℎ =
𝑚ℎ𝑒𝑟𝑏𝑖𝑐𝑖𝑑𝑒

𝑚𝑔𝑟𝑒𝑒𝑛𝑤𝑜𝑜𝑑
⋅ 𝐸𝐹ℎ𝑒𝑟𝑏𝑖𝑐𝑖𝑑𝑒

+
𝑚𝑖𝑛𝑠𝑒𝑐𝑡𝑖𝑐𝑖𝑑𝑒
𝑚𝑔𝑟𝑒𝑒𝑛𝑤𝑜𝑜𝑑

⋅ EF𝑖𝑛𝑠𝑒𝑐𝑡𝑖𝑐𝑖𝑑𝑒

𝐸𝐹ℎ𝑒𝑟𝑏𝑖𝑐𝑖𝑑𝑒 8.22 - 26.63 kg CO2e / kg

EF𝑖𝑛𝑠𝑒𝑐𝑡𝑖𝑐𝑖𝑑𝑒 14.79 – 18.91 kg CO2e / kg

𝑚ℎ𝑒𝑟𝑏𝑖𝑐𝑖𝑑𝑒 5.239 kg/ha⋅yr; 37 – 79 t wood/ha

𝑚𝑖𝑛𝑠𝑒𝑐𝑡𝑖𝑐𝑖𝑑𝑒 0.03 kg/ha⋅yr; 37 – 79 t wood/ha

Harvesting ** 𝐺𝐻𝐺ℎ𝑎𝑟𝑣𝑒𝑠𝑡𝑖𝑛𝑔

=
𝑛=𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒, 𝑑𝑖𝑒𝑠𝑒𝑙, 𝑒𝑞𝑢𝑖𝑝,𝑙𝑢𝑏𝑟𝑖𝑐𝑎𝑛𝑡

𝑚𝑛
𝑚𝑔𝑟𝑒𝑒𝑛𝑤𝑜𝑜𝑑

⋅ 𝐸𝐹𝑛

𝐸𝐹𝑔𝑎𝑠𝑜𝑙𝑖𝑛𝑒 from 29

𝐸𝐹𝑑𝑖𝑒𝑠𝑒𝑙 from 29

𝐸𝐹𝑒𝑞𝑢𝑖𝑝 from 32

𝐸𝐹𝑙𝑢𝑏𝑟𝑖𝑐𝑎𝑛𝑡 from 32

𝑚𝑛 *** Scen. 1 = Chainsaw from 34

      Scen. 2 = Feller-buncher from 32
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Transportation 𝐺𝐻𝐺𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 =

𝑚𝑔𝑟𝑒𝑒𝑛𝑤𝑜𝑜𝑑 ⋅ 𝐸𝐹𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 ⋅ 𝐷𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 ⋅
𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 

𝐸𝐹𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 0.157 - 0.169 kg CO2e / t⋅km 𝐷𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 Scen. 1 = 200-240 km
                  Scen. 2 = 240-280 km

Drying 𝐺𝐻𝐺𝑑𝑟𝑦𝑖𝑛𝑔 = 𝑓𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 ⋅ Δ𝐻𝑑𝑟𝑦𝑖𝑛𝑔/𝜂𝑑𝑟𝑦𝑖𝑛𝑔 ⋅ 𝐸
𝐹𝑑𝑟𝑦𝑖𝑛𝑔 

𝑓𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 (see Supplemental Table 3) 𝐸𝐹𝑑𝑟𝑦𝑖𝑛𝑔  𝑆𝑐𝑒𝑛. 1 = 𝑁𝑎𝑡. 𝑔𝑎𝑠

            𝑆𝑐𝑒𝑛. 2 = 𝑊𝑎𝑠𝑡𝑒 ℎ𝑒𝑎𝑡

Pyrolysis 
compositional 
model

General form (see 17 for exact calculations): 
𝑂𝑢𝑡𝑐𝑜𝑚𝑒𝑝𝑦𝑟𝑜 =

     𝑓𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 ⋅ 𝑂𝑢𝑡𝑐𝑜𝑚𝑒𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 𝑇𝑝𝑦𝑟𝑜
+ 𝑓ℎ𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 ⋅ 𝑂𝑢𝑡𝑐𝑜𝑚𝑒ℎ𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒𝑇𝑝𝑦𝑟𝑜
+ 𝑓𝑙𝑖𝑔𝑛𝑖𝑛

⋅ 𝑂𝑢𝑡𝑐𝑜𝑚𝑒𝑙𝑖𝑔𝑛𝑖𝑛 𝑇𝑝𝑦𝑟𝑜

For outcomes of biochar, syngas, and bio-oil yield, 
enthalpy, LHV, and carbon content

𝑓𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒/ℎ𝑒𝑚𝑖𝑐𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒/𝑙𝑖𝑔𝑛𝑖𝑛(see Supplemental 
Table 3)

𝑂𝑢𝑡𝑐𝑜𝑚𝑒𝑝𝑦𝑟𝑜 Model error calculated from 
validation residuals (Supplemental Figure 3)

𝑇𝑝𝑦𝑟𝑜 𝑆𝑐𝑒𝑛. 1 = 880 ― 900 °𝐶

           𝑆𝑐𝑒𝑛. 2 = 490 ― 510 °𝐶

Pyrolysis fossil 
emissions

Δ𝐻𝑝𝑦𝑟𝑜 = 𝑌𝑏𝑖𝑜𝑐ℎ𝑎𝑟 ⋅ Δ𝐻𝑏𝑖𝑜𝑐ℎ𝑎𝑟 + 𝑌𝑏𝑖𝑜―𝑜𝑖𝑙 ⋅ Δ
𝐻𝑏𝑖𝑜―𝑜𝑖𝑙 + 𝑌𝑠𝑦𝑛𝑔𝑎𝑠 ⋅ Δ𝐻𝑠𝑦𝑛𝑔𝑎𝑠 ― Δ𝐻𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 ;

𝐺𝐻𝐺𝑝𝑦𝑟𝑜 𝑓𝑜𝑠𝑠𝑖𝑙 = Δ𝐻𝑝𝑦𝑟𝑜/𝜂𝑝𝑦𝑟𝑜 ⋅ 𝐸𝐹𝑝𝑦𝑟𝑜 

Δ𝐻𝑝𝑦𝑟𝑜 Model error (Supplemental Figure 3) 𝜂𝑝𝑦𝑟𝑜 Scen. 1 = 85 – 95%
          Scen. 2 = 45 – 55%
𝐸𝐹𝑝𝑦𝑟𝑜 Scen. 1 = Syngas
            Scen. 2 = Nat.gas

Pyrolysis 
biogenic 
emissions

𝐺𝐻𝐺𝑝𝑦𝑟𝑜 𝑏𝑖𝑜 = 𝑌𝑏𝑖𝑜―𝑜𝑖𝑙 ⋅ 𝐶𝑏𝑖𝑜―𝑜𝑖𝑙 ⋅ 44.01
12.01

⋅ 𝑈𝑠𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 + 𝑌𝑠𝑦𝑛𝑔𝑎𝑠 ⋅ 𝐶𝑠𝑦𝑛𝑔𝑎𝑠 ⋅ 44.01
12.01 

𝑌𝑏𝑖𝑜―𝑜𝑖𝑙/𝑠𝑦𝑛𝑔𝑎𝑠 Model error (Supplemental 
Figure 3)

𝐶𝑏𝑖𝑜―𝑜𝑖𝑙/𝑠𝑦𝑛𝑔𝑎𝑠 Model error (Supplemental 
Figure 3)

Use factor Scen. 1 = 0% (bio-oil for 
chemical/material feedstock)
                 
                 Scen. 2 = 100% (bio-oil 
combusted)

Pyrolysis 
bound 
emissions

𝐺𝐻𝐺𝑏𝑜𝑢𝑛𝑑 = 𝑌𝑏𝑖𝑜―𝑜𝑖𝑙 ⋅ 𝐶𝑏𝑖𝑜―𝑜𝑖𝑙 ⋅ 44.01
12.01

⋅ 𝑈𝑠𝑒 𝑓𝑎𝑐𝑡𝑜𝑟 + 𝑌𝑏𝑖𝑜𝑐ℎ𝑎𝑟 ⋅ 𝐶𝑏𝑖𝑜𝑐ℎ𝑎𝑟 ⋅ 44.01
12.01 

𝐶𝑏𝑖𝑜―𝑜𝑖𝑙/𝑏𝑖𝑜𝑐ℎ𝑎𝑟 Model error (Supplemental 
Figure 3)

Use factor Scen. 1 = 100% (bio-oil 
for chemical/material feedstock)
                  Scen. 2 = 0% (bio-oil 
combusted)

Pyrolysis net 
energy

𝐸𝑛𝑒𝑡 = 𝐿𝐻𝑉𝑠𝑦𝑛𝑔𝑎𝑠 ⋅ 𝜂𝑠𝑦𝑛𝑔𝑎𝑠 +𝐿𝐻𝑉𝑏𝑖𝑜―𝑜𝑖𝑙 ⋅ 𝜂𝑏𝑖𝑜―𝑜𝑖𝑙

― Δ𝐻𝑝𝑦𝑟𝑜
𝜂𝑝𝑦𝑟𝑜

― 𝐸𝑑𝑟𝑦𝑖𝑛𝑔 

𝜂𝑏𝑖𝑜―𝑜𝑖𝑙*** Scen 1 = 0% (not used for 
energy)
               Scen. 2 = 0% (no energy recovery)

𝜂𝑠𝑦𝑛𝑔𝑎𝑠*** Scen. 1 = 75-83%
               Scen. 2 = 0% (no energy recovery)

𝐸𝑑𝑟𝑦𝑖𝑛𝑔 Scen. 1 = Waste heat (0 MJ      
energy input)
               Scen. 2 = Nat. gas

1 * Variation and uncertainty from upstream factors not shown – see Supplemental Figure 2 for uncertainty and variation 
2 dependencies and sub-dependencies.
3 ** See SI for full details.
4 *** Includes both uncertainty and variation

5 3. Results
6 3.1 Deterministic pyrolysis outcomes

7 Comparing deterministic outputs for both Scenarios, the higher pyrolysis temperature results in a lower 
8 biochar yield (22 wt.% vs. 26 wt.%) and bio-oil yield (49 wt.% vs. 53 wt.%) but higher syngas yield (29 
9 wt.% vs. 22 wt.%). However, biochar-bound carbon remains relatively constant at 0.70 kg CO2 in 

10 Scenario 1 relative to 0.73 kg CO2 in Scenario 2. In Scenario 1, bio-oil carbon is also bound in a 
11 chemical product (0.71 kg CO2), while in Scenario 2 bio-oil is flared. A complete description of 
12 deterministic pyrolysis outcomes is given in Supplemental Table 4.

13 The two Scenarios differ in their treatment of energy inputs and products during pyrolysis (Figure 2). In 
14 Scenario 1, 3.62 MJ of energy products are produced, relative to 7.66 MJ consumption in Scenario 2. 
15 Those energy requirements in Scenario 2 are met with natural gas, resulting in emissions of 0.39 kg 
16 CO2e representing 53% of the atmospheric CO2 bound in the biochar. 
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8

1
2 Figure 2. Deterministic energy flow diagram for pyrolysis in (a) Scenario 1 and (b) Scenario 2. Yellow 
3 poplar, biochar, bio-oil, and syngas energy are shown as the higher heating values (HHV). Biochar HHV 
4 is estimated from the composition.52 Small imbalances in energy fluxes (e.g., the 4% lower pyrolysis 
5 inputs than outputs in Scenario 1) are due to the modeling of the pyrolysis process and product HHVs. 
6 Dashed lines represent energy recovery for use in later process units. Note no energy products are 
7 utilized in Scenario 2.

8

9 3.2 Scenario-Aware Monte Carlo Simulation

10 For upstream biomass production, the distributions of GHG emissions have a long right tail that signals 
11 MCS realizations where lumber production only generates a small mass of residues that can be used for 
12 biochar manufacturing (Figure 3a and b). This means that more inputs for biomass growth, harvesting, 
13 and transportation are required to yield enough mass of co-products that can be used for pyrolysis. For 
14 both processes, Scenario 2 emissions are generally higher than Scenario 1 due to the use of more carbon-
15 intensive harvesting configurations and longer transportation distances. 

Page 8 of 18AUTHOR SUBMITTED MANUSCRIPT - ERL-119292.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



9

1
2 Figure 3. Probability distributions for GHG emissions from (a) biomass feedstock growth and 
3 harvesting, (b) biomass feedstock transportation, (c) pyrolysis fossil fuel consumption, (d) pyrolysis 
4 from biogenic sources, (e) carbon bound in biochar and bio-oil products during pyrolysis, (f) net energy 
5 produced (including heat, electricity, and external energy inputs), and (g) total balance of CO2e 
6 emissions for the two scenarios examined. Negative values represent carbon dioxide removal, while 
7 positive values represent emissions. 

8 During pyrolysis, Scenario 1 does not consume any fossil fuels and, therefore, does not lead to any fossil 
9 GHG emissions. In Scenario 2, natural gas is used for biomass drying and pyrolysis, which leads to 

10 varying fossil GHG emissions (Figure 3c). Certain realizations (1.6% likelihood) in Scenario 2 show 
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1 negative fossil GHG emissions, which are cases in which the pyrolysis reaction generates energy. 
2 Pyrolysis biogenic emissions are again higher for Scenario 2 relative to Scenario 1 (Figure 3d), due to 
3 differences in bio-oil application, with bio-oil combusted without energy recovery in Scenario 2 versus 
4 used as a chemical feedstock in Scenario 1. As a result, more biogenic carbon is bound in Scenario 1 
5 than in Scenario 2 (Figure 3e), with a 5-95% range of -1.0 to -2.2 kg CO2e in Scenario 1 and -0.51 to -
6 1.0 kg CO2e in Scenario 2.

7 In total, the two scenarios result in a large difference in total GHG emissions, with a median of -1.4 kg 
8 CO2e for Scenario 1 and +0.090 kg CO2e for Scenario 2, with distributions that have only a 2.5% 
9 overlap. In Scenario 1, it is highly certain that the process will result in carbon removal (>99.99%). In 

10 contrast, Scenario 2 is highly uncertain, with a 66% likelihood of net emissions and a 34% likelihood of 
11 net CDR. 

12 The net energy balance in Scenario 1 has a median value of 4.4 MJ (5th-95th percentile from -3.5 to 13 
13 MJ), while Scenario 2 results in -11.5 MJ (-23.6 to -0.7 MJ). In Scenario 1, this energy balance is driven 
14 by produced electricity with a median of 2.7 MJ (0.7 to 6.3 MJ) and heat with a median of 5.5 MJ (1.4 – 
15 11 MJ), as well as heat consumed for pyrolysis of 4.1 MJ (0.01 – 9.0 MJ). In contrast, Scenario 2 results 
16 in no heat or electricity production and consumes 11 MJ of energy for pyrolysis (0.70 - 23 MJ. We note 
17 that Scenario 1 GHG emissions do not account for additional emissions in the 18% of the distribution 
18 where the net energy is less than zero, and additional energy sources beyond the syngas produced would 
19 be needed. The energy produced results in a broader distribution of emissions than other parameters 
20 (coefficient of variation of 112% and 103% for Scenario 1 and 2, respectively) because of compounding 
21 of model uncertainty through the calculation of pyrolysis energy requirement.

22 Many past studies assign a GHG emissions credit for avoiding fossil fuel emissions to pyrolysis energy 
23 products (Supplemental Table 1). If the energy produced replaced natural gas and electricity at the US 
24 grid average,36 energy credits would reduce GHG emissions by -0.35 kg CO2e (5th-95th percentile of -1.2 
25 to +0.31 kg CO2e) in Scenario 1. If included in the total emissions, avoided energy would decrease the 
26 total median emissions to -1.7 kg CO2e. However, we note that these benefits include avoiding 
27 emissions rather than removing CO2, which could be less substantial with future decarbonization of the 
28 energy grid.22 Further, some studies take different approaches to account for this energy product (e.g., 
29 system expansion to include biomass combustion20), which shifts the benefits of this product. 

30 A key difference between the two Scenarios is the use of bio-oil in a chemical application in Scenario 1, 
31 increasing the bound carbon by the carbon content of bio-oil. In Scenario 1, bio-oil bound carbon has a 
32 5th-95th percentile range of -0.35 to -1.42 kg CO2e, or 34 - 64% of total CDR potential. Importantly, the 
33 ability of bio-oil products to result in CDR is highly dependent on the exact product, the product 
34 lifespan, and end-of-life scenario of that product. If, instead, bio-oil was combusted in this scenario, net 
35 CDR potential would decrease to -0.48 to -0.99 kg CO2e, and an additional 3.7-6.3 MJ of heat and 1.8 - 
36 3.3 MJ of electricity would be produced (Supplemental Figure 4). This gives bio-oil a median effective 
37 emission factor of 0.109 kg CO2e / MJ, slightly higher than the US electricity average.36. In this 
38 scenario, 99.8% of the distribution of emissions results in net CDR, demonstrating that CDR is highly 
39 certain even while the extent of bio-oil to chemical or material pathways to secure net CDR is uncertain. 
40 A second key difference between Scenarios is the use of natural gas as an energy source in Scenario 2, 
41 contributing median emissions of 0.57 kg CO2e (5th-95th percentile of 0.14-1.04 kg CO2e). At the 
42 median, these two factors combined make up 98% of the difference in CDR between Scenario 1 and 
43 Scenario 2. 
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1
2 Figure 4. Coefficient of variation and CO2e emissions contribution for each process step for (a) 
3 Scenario 1 and (b) Scenario 2. Totals may not sum to 100% due to the mixture of positive and negative 
4 contributions.

5 The total GHG emissions of pyrolysis are relatively insensitive to uncertainty in growth/ harvesting and 
6 transport emissions, despite high coefficients of variation, with median contributions of 4.1% and 6.7% 
7 in Scenario 1 and 5.2% and 9.9% in Scenario 2 (Figure 4). In contrast, in both Scenarios, total emissions 
8 are highly sensitive to changes in bound carbon content, but this category shows a relatively narrow 
9 distribution. In Scenario 2, emissions due to fossil fuel inputs to meet the energy requirement of 

10 pyrolysis both make up a high contribution of total emissions (median of 37%) and show a broad 
11 distribution (coefficient of variation of 47%).

12  In this analysis, emissions from biomass growth/harvesting and transportation were allocated to the 
13 biomass residue feedstock on a mass basis. If, instead, no transportation or growth/harvesting emissions 
14 were assigned to residue feedstocks, net CDR would decrease to a median of -1.55 and -0.17 kg CO2 in 
15 Scenario 1 and 2, respectively. Notably, while this is only a 10.7% increase in net CDR in Scenario 1, in 
16 Scenario 2, no allocation of transport and growth/harvesting emissions shifts the median emissions from 
17 net emitting to net removal. With this allocation, Scenario 2 has a 67% likelihood of removal and a 33% 
18 likelihood of emissions. This shift in median highlights that when net GHG emissions are near zero, 
19 allocation assumptions can meaningfully shift median GHG fluxes, but net removal in these scenarios is 
20 still uncertain.
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1 4. Discussion
2 The two Scenarios represent likely real-world maxima and minima CDR of biomass pyrolysis. As such, 
3 it is not unexpected that all reviewed LCA data (academic: -0.05 to -1.45 kg CO2e, Supplemental Table 
4 1 and commercial: -0.22 to -1.2 kg CO2e, Supplemental Table 2) fall between the medians of the two 
5 Scenarios. However, in the alternative Scenario 1 with bio-oil combustion, the median is -0.52 kg CO2e 
6 (5th-9th percentile of -0.24 to -0.80 kg CO2e, Supplemental Figure 4), which is well aligned with 
7 previous data at pyrolysis temperatures of ≥ 500 °C from residue biomass (median of -0.64 kg CO2e and 
8 a 5th-95th percentile range of -0.22 to -0.80 kg CO2e) and industry CDR data (Supplemental Table 2). As 
9 bio-oil to chemical processes are currently not widespread,53 combustion of bio-oil or bio-oil 

10 sequestration via underground injection54 are more likely pathways for the use of this material at present.

11 Herein, all emissions are allocated to the biochar product, with no emissions allocated to produced 
12 energy. The inclusion of a GHG credit for energy products (e.g., the median of -0.35 kg CO2e in 
13 Scenario 1, as calculated in Section 3) would introduce additional uncertainty surrounding regional and 
14 temporal55 variation in energy emission intensity. The emission intensity of electricity production is 
15 expected to decrease over time, but meaningful uncertainty exists in how fast this decarbonization will 
16 occur, introducing variation and uncertainty surrounding the replacement of energy products with 
17 pyrolysis co-products over the lifespan of a pyrolysis plant. 

18 Recent industry reports for biochar production show that 37% of global producers use continuous 
19 processes, whereas 45% use batch or mobile processes.13 Only 26% of producers report recapturing 
20 energy products to produce electricity, whereas 31% of producers report using their energy co-products 
21 to fuel pyrolysis. As the use of fossil fuel energy sources for pyrolysis was identified as a key factor in 
22 higher emissions in Scenario 2 than in Scenario 1, and continuous processes would be expected to be 
23 more efficient than batch processes,56 this work highlights that the CDR potential of many existing 
24 commercial biochar operations is highly uncertain. The commercial data used as a comparison in this 
25 work (Supplemental Table 2) relied on reporting to comply with CDR markets, which have standards 
26 that prohibit the use of fossil fuel inputs for pyrolysis. Therefore, it is likely that the 69% of producers 
27 that do not report using energy co-products to fuel pyrolysis results in distributions of GHG emissions 
28 more similar to Scenario 2 than to existing public, commercial data. As available LCA data focuses on 
29 high-efficiency and low emission processes, CDR of producers with less efficient processes may be 
30 overestimated.

31 In the “poor practices” Scenario 2, natural gas was examined as the fuel source for pyrolysis. In previous 
32 assessments, biomass and electricity have been more commonly examined as energy inputs for pyrolysis 
33 (Supplemental Table 1). Emission factors for biomass-to-energy are highly variable,57 and emission 
34 factors for electricity are highly spatially variable. Therefore, it is likely that assessment of these energy 
35 sources would increase uncertainty in biochar CDR, as no uncertainty in natural gas emission factor was 
36 considered herein. 

37 4.1 Limitations

38 The cradle-to-gate scope of the analysis herein excludes the application phase. However, biochar can 
39 provide significant additional environmental benefits during the use phase in applications such as 
40 agricultural soil amendment 6–8,58, cement replacement,9,10 and plastic additive.11,12 These benefits are 
41 variable between applications18 and locations59 and, for many applications, are expected to be highly 
42 uncertain. For example, wide ranges of strength outcomes for biochar in concrete have been reported 
43 and limited data on the durability of biochar-concrete composites exists, resulting in increased 
44 uncertainty.10 In agricultural soil amendment applications, factors such as high geospatial variation, 
45 uncertainty surrounding long-term impacts of biochar addition to soil, variation in impacts depending on 
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1 the crop grown, and uncertainty surrounding future fertilizer decarbonization contribute to this 
2 uncertainty.58,60

3 In addition to benefits during application, biochar stability may vary between applications, locations, 
4 and with biochar properties.35 As a result, a portion of the bound carbon in biochar may oxidize to CO2, 
5 reducing the CDR of biochar over the cradle-to-gate analysis presented here. When considering the 
6 biochar produced in Scenario 1 and 2, the median bound carbon at the factory gate is 0.72 kg CO2e and 
7 0.74 kg CO2e, respectively. When applying the model developed by Budai et al.61 for biochar carbon 
8 stability in soil over 100 years, this is reduced to 0.68 and 0.56 kg CO2e for Scenario 1 and 2, 
9 respectively. Notably, despite less biochar bound carbon at the factory gate, Scenario 1 results in more 

10 bound carbon after 100 years with this model due to the lower H/C atomic ratio resulting from higher 
11 pyrolysis temperatures. Additionally, biochar stability is expected to vary by application; however, no 
12 studies were identified that examine biochar stability in applications other than soil amendment.

13 The distributions of data resulting from this analysis could be narrowed if more facility-specific 
14 processes and LCI data for commercial pyrolysis processes were available. Thermal efficiency is a 
15 particularly important data gap, with no facility-specific thermal efficiency data identified in the 
16 literature. Understanding thermal efficiency is key to understanding whether the heat produced via 
17 pyrolysis co-products is sufficient to meet the energy needs of pyrolysis, which was identified as a key 
18 factor in maximizing net CDR. The analysis of uncertainty herein highlights the importance of 
19 considering uncertainty when estimating LCI data, particularly across the biochar industry as a whole, 
20 and gives an understanding of how variation in industrial practices can impact net CDR, even in the 
21 absence of facility-specific data. 

22 4.2 Policy and Industrial Impact

23 Projections suggest 2,700 kt of biochar will be produced worldwide by 2025.13 To give context for scale, 
24 if this magnitude of biochar were produced with Scenario 1, -24 to -9.6 Mt CO2e of CDR would be 
25 achieved, while if Scenario 2 were used, the range would be from -4.5 to +6.8 Mt CO2e. We note that 
26 this does not account for variations in feedstock or local variations in transportation emissions or energy 
27 grids. The data presented herein can inform future industry growth via the selection of process 
28 parameters that are highly likely to secure net CDR, primarily avoiding the use of non-renewable fuel 
29 sources and maximizing thermal efficiency and use of fuel co-products. At a policy level, this work can 
30 inform ongoing efforts to develop and adopt standards for biochar CDR that ensure high confidence in 
31 net removal when accounting for broad variation and uncertainty in facility-specific practices. Current 
32 standards for biochar CDR (e.g., the European Biochar Certificate62 and World Biochar Certificate63) 
33 prohibit the use of fossil fuel energy sources and specify a minimum energy recovery of 70% of co-
34 product energy content. Scenario 2 does not meet the energy sourcing or efficiency requirements due to 
35 its use of natural gas and low energy recovery, and CDR is uncertain in this scenario. Of the scenarios 
36 examined, the alternative Scenario 1 with bio-oil combustion (Supplemental Figure 4) is closest to this 
37 minimum (but with higher thermal efficiency) and has a >99% likelihood of net CDR.
38
39 Beyond what is modeled herein, inefficient system designs may be more likely to emit methane present 
40 in syngas to the environment.65 If all of the methane produced in Scenario 1 were released to the 
41 environment, net GHG emissions would increase by a median of 0.37 kg CO2e. To maximize the CDR 
42 potential of biochar, it is critical to ensure that all producers are utilizing efficiently designed systems to 
43 avoid any unintended emissions from biochar production. This finding may be particularly applicable 
44 for mobile or small-scale pyrolysis units that are transported to the location of the feedstock; care should 
45 be taken to examine tradeoffs between transportation emissions, pyrolysis efficiency, and energy capture 
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1 against the potential benefits of mobile pyrolysis, such as forest fire fuel reduction and reduced biomass 
2 transportation distances.64 
3

4 5. Conclusions

5 Understanding the uncertainty inherent in the life-cycle data of pyrolysis is critical to informing the 
6 CDR potential of biochar, particularly when LCI data are estimated with modeling approaches. As the 
7 biochar industry continues to expand, focus should be placed on energy efficiency and the recapture of 
8 pyrolysis energy products, as well as data availability and standardization (e.g., EPDs), which can aid in 
9 narrowing uncertainty distributions and inform policy and industry development. The development of 

10 economical processes to produce currently fossil fuel-derived products from bio-oil, allowing for 
11 additional carbon sequestration of bio-oil carbon, is key to maximizing the CDR potential of waste 
12 biomass resources, particularly in future scenarios with decarbonized energy grids. To maximize the 
13 likelihood of net carbon removal, biochar producers should ensure that fossil fuel energy inputs are not 
14 used, syngas and bio-oil products are used to offset petroleum-derived energy or chemicals, and 
15 pyrolysis systems are efficiently designed. Ensuring that producers meet existing standards and 
16 guidelines for biochar production and expanding the acceptance of these standards is critical to avoiding 
17 unintended carbon dioxide emissions from pyrolysis.

18
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