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Highlights 

• Uncovering the key mechanism of biochar carbon sequestration efficiency: The coupling effect 

of feedstock (high carbon, low ash, low volatile matter) and pyrolysis process (temperature 500-

600°C, residence time 120-180 min) was systematically elucidated as the key to achieve high 

carbon sequestration rate (>30%). 

• Clarifying the core drivers of carbon sequestration: Through multiple regression analysis, 

biochar yield and total carbon content were identified for the first time as the most important 

drivers determining its carbon sequestration efficiency (CS). 

• Quantifying the carbon benefits of multi-sector applications: 

Iron and steel smelting: Biochar application can achieve >20.3% carbon reduction. 

Building materials: 5% biochar blending can have a significant carbon negative effect (541-980 

kg CO₂eq/t). 

Soil improvement: applying 20-40 t-ha-¹ of biochar can significantly increase soil organic 

carbon stock by 26-30%, highlighting its potential as a soil carbon sink. 

• Innovative construction of carbon sequestration prediction model: Successful application of 

machine learning (Random Forest, Neural Network) model reveals for the first time the 

complex non-linear influence of parameters such as pyrolysis temperature, total carbon, fixed 

carbon, volatile matter, ash and specific surface area on carbon sequestration rate, which 

provides a data-driven tool for targeted preparation. 

• Suggest key future research directions: 

Multi-objective optimization models need to be developed to synergistically optimize the 

carbon benefits of biochar (carbon sequestration and emission reduction) with its functional 

needs in agriculture, construction, and other fields. 

There is a need to expand the data base of the models to improve their generalization and 

interpretation ability in terms of feedstock diversity and parameter scales. 
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Abstract 

Biochar, as a prominent carrier of carbon-negative technology, plays a pivotal role 

in achieving the Dual Carbon Goals through its preparation process and carbon 

sequestration mechanisms. This review synthesizes literature on how feedstock 

properties (C, Ash, VM) and pyrolysis parameters (temperature, residence time) jointly 

influence the carbon sequestration efficiency of biochar. The literature indicates that 

carbon sequestration (CS) rates exceeding 30% can be attained using high-carbon, low-

ash feedstocks at pyrolysis temperatures ranging from 500 to 600 ℃ and residence 

times between 120 and 180 minutes. We summarize reported findings showing that 

yield and total carbon content are the primary factors driving carbon sequestration. We 

also summarize carbon benefits of biochar across several typical application scenarios:  

a 17-23% reduction in carbon emissions in steelmaking (depending on the biochar 

substitution ratio); a carbon-negative effect of 541-980 kg CO₂ eq/t when blending 5% 

biochar into construction materials, and an enhancement in organic carbon storage by 

26-30% when applying 20-40 t·ha⁻¹ of biochar to soil. Furthermore, reported machine 

learning models (random forest and neural network) reveal the nonlinear effects of 

pyrolysis temperature, total carbon, fixed carbon, volatile matter, ash content, and 

specific surface area on the carbon sequestration rate. This research provides a 

theoretical foundation and technical support for the targeted preparation of biochar, 

clarifying its sequestration mechanisms and its potential low-carbon applications across 

various fields. 

Keywords：Biochar; Pyrolysis; Carbon sequestration; Steelmaking; Building materials; 

                  



Soil ; Machine learning  

1 Introduction 

The global climate system is undergoing profound transformations characterized 

by warming trends. In response to this crisis, the Intergovernmental Panel on Climate 

Change (IPCC) has established a non-negotiable target of limiting global temperature 

rise to 1.5 ℃ [1]. Anthropogenic greenhouse gas emissions – with CO₂ constituting the 

primary driver – account for over 60% of increased radiative forcing. This establishes 

decarbonization as the central focus of global climate mitigation strategies [2]. Aligning 

with this scientific consensus, signatories to the Paris Agreement have committed to 

carbon neutrality timelines, including China's Dual Carbon Goals (carbon peaking by 

2030, carbon neutrality by 2060) [3]. Nevertheless, conventional emission reduction 

approaches face dual constraints of technological limitations and economic feasibility, 

necessitating urgent development of efficient negative emission technologies and 

advanced carbon sequestration vectors [4]. 

Biomass exhibits a significantly lower contribution to atmospheric CO₂ 

accumulation compared to fossil fuels. At the same time, its renewable nature 

constitutes a fundamental distinction that provides inherent cost-effectiveness for 

developing carbon sequestration materials like biochar [5]. Direct biomass combustion 

re-releases carbon, maintaining a closed carbon cycle. In contrast, biochar sequesters 

carbon permanently, creating a carbon-negative pathway from atmospheric CO₂ to solid 

carbon [6]. Through synergistic carbon sequestration and resource regeneration 

mechanisms, biochar presents a climate solution that concurrently addresses economic 

viability and technical feasibility for achieving carbon neutrality goals [7,8]. In this 

review, biochar consistently refers to solid carbon derived from thermochemical 

conversion of lignocellulosic biomass. While traditionally applied to soil uses, the term 

is broadly adopted here to cover steelmaking and construction materials, 

acknowledging that specifications vary by application. All forms, however, share a 

common feedstock and carbon-negative potential. 

Importantly, the biomass used for biochar production is highly diverse in both 

source and supply-chain setting. In addition to agricultural and forestry residues, many 

                  



recent biochar initiatives draw on a broad range of organic waste streams (e.g., urban 

green waste, food-processing and kitchen residues), indicating a growing integration of 

carbon removal with waste management and circular-economy strategies [9]. This 

diversity goes beyond availability: feedstock-dependent differences in ash/mineral 

content, elemental composition, and possible contaminants can affect biochar yield, 

stability, and end-use constraints, and ultimately shape key performance indicators and 

life-cycle carbon budgets under a consistent assessment benchmark [10]. Spatially 

explicit assessments spanning multiple feedstock categories suggest that both feedstock 

type and spatial distribution strongly influence negative-emission potential, costs, and 

practical deployment priorities [11].  

Thermochemical conversion technologies (pyrolysis, hydrothermal carbonization) 

transform unstable organic carbon in agricultural and forestry waste into stable biochar 

materials. The resulting hierarchical pore networks and abundant surface functional 

groups endow biochar with dual carbon sequestration mechanisms: physical adsorption 

and chemisorption [12]. Its highly carbonized aromatic-alkyl composite structure 

contributes significantly to emission reduction. Global modeling projections indicate 

that scaled biochar deployment could achieve an annual carbon mitigation potential of 

1.0 Gt CO₂e by 2050, simultaneously establishing a closed-loop decarbonization 

system through enhanced carbon sequestration efficiency [13]. Nevertheless, the life-

cycle carbon budget of biochar— from production to degradation— exhibits high 

variability due to coupled influences of feedstock provenance, pyrolysis parameters, 

and environmental responses. The absence of standardized quantitative assessment 

frameworks for sequestration efficacy across diverse application scenarios necessitates 

urgent development of multiscale carbon flow regulation theory [14]. Carbon 

sequestration (CS) refers to the amount of carbon that remains stored in biochar after 

pyrolysis, as opposed to being released back into the atmosphere. This value is 

calculated by measuring the carbon content in the biochar and comparing it with the 

carbon content in the original feedstock before pyrolysis [15]. The CS value is 

influenced by feedstock properties such as carbon content, ash content, and volatile 

matter, as well as pyrolysis conditions including temperature and residence time. 

                  



Recent years have witnessed a significant increase in biochar research. As 

demonstrated by data from the Web of Science Core Collection (Figure 1), publications 

have risen at an annualized rate of 23.72% from 2015 to 2024. Notably, only 473 articles 

explicitly addressed carbon emission implications, highlighting a critical research gap 

that motivates the present review. Research domains have expanded beyond traditional 

soil applications, demonstrating significant potential in engineering materials, 

composting, and blast furnace Steelmaking. However, investigations into its carbon 

emission implications remain limited (Only 473 results). Consequently, a 

comprehensive assessment of biochar's carbon sequestration potential necessitates 

further examination of its priming effects. Simultaneously, divergent physicochemical 

requirements across construction, metallurgy, and agriculture sectors demand 

integrated system analyses evaluating material properties, environmental impacts, and 

economic viability for accurate carbon sequestration assessment. 

 

Fig. 1. Number of articles with biochar as a keyword during 2015-2024. 

 

As a core vector within negative emission technology systems, research on chain-

wide carbon regulation mechanisms of biochar holds strategic significance for 

                  



advancing global carbon neutrality. Although existing studies have made progress in 

optimizing individual processes, the cross-scale coupling effects among feedstock, 

process, and sequestration scenarios remain inadequately characterized. This review 

provides an overview of the carbon sequestration mechanisms and mitigation potential 

of biochar across the preparation, modification, and application chain. From the 

perspectives of feedstock selection and pyrolysis optimization, we elucidate key 

parameters governing carbon emission regulation while evaluating the 

multidimensional carbon benefits in steel production, construction materials, and soil 

applications. Finally, we develop machine learning models to predict carbon 

sequestration rates and interpret feature importance. Through this multiscale 

investigation, we aim to provide scientific support for scaling biochar technology and 

designing pathways to carbon neutrality. To ensure methodological consistency, all 

sequestration and decarbonization results discussed in this review are interpreted under 

a unified benchmark framework. The 100-year Global Warming Potential (GWP100) 

is adopted as the climate metric, with functional units defined as per ton of dry biomass 

(production), per ton of steel (Steelmaking), per ton of concrete (construction), and per 

hectare year (soil application).  

2 Carbon Emission Regulation in Biochar Preparation 

Although traditional biomass carbon sequestration pathways temporarily fix 

atmospheric CO₂, their organic carbon components remain susceptible to microbial 

mineralization during natural degradation, ultimately releasing carbon as CO₂ or CH₄ 

back to the atmosphere. To address this carbon cycle limitation, pyrolysis technology 

reconstructs biomass organic carbon into solid, liquid, and gaseous carbonaceous 

products [16]. Biochar— the carbon-rich solid residue from biomass pyrolysis—

exhibits high carbon content and structural stability. Optimizing pyrolysis conditions 

(temperature, heating rate, residence time) significantly influences biochar yield and 

quality, thereby regulating carbon partitioning among phases [17]. Beyond biochar, 

pyrolysis concurrently generates liquid byproducts and gaseous products. Syngas 

produced during pyrolysis consists of key components, including CO₂, CO, CH₄, and 

                  



trace VOCs, each contributing differently to carbon reduction. While CO and CH₄ can 

be utilized as fuels to reduce net carbon emissions, CO₂ is a greenhouse gas that requires 

capture or management [18]. Efficient carbon sequestration strategies must optimize 

the recovery of CO and CH₄ for energy, while managing CO₂ emissions to maintain a 

carbon-negative process. 

2.1 Raw material properties 

In this review, biomass refers specifically to lignocellulosic agricultural and 

forestry residues (e.g., crop straws, wood residues, branches, forest litter). Biowaste 

such as municipal solid waste, sewage sludge, and livestock manure is excluded unless 

otherwise noted. Biomass is defined as organic material synthesized by photosynthetic 

organisms. All proximate (fixed carbon, volatile matter, and ash content) and ultimate 

(total carbon, hydrogen, oxygen, and nitrogen) analyses of biomass and biochar 

reported in this study are expressed on a dry basis, consistent with the standard 

methodology described by Lehmann and Joseph [15]. Unless otherwise specified, all 

data have been normalized to exclude moisture content to ensure comparability across 

different feedstocks and pyrolysis conditions. The regression analysis presented later in 

this paper is also based on these dry-basis values to maintain consistency throughout 

the dataset. 

Biomass constitutes organic material synthesized by photosynthetic organisms 

through assimilation of atmospheric CO₂, water, and minerals. This heterogeneous 

assemblage encompasses plant-derived organics, microorganisms, their metabolites, 

and animal-derived organic waste, fundamentally representing chemically stored 

energy in organic carbon chains [19]. Consistent with this scope, we focus on 

lignocellulosic biomass. References to biochar in steelmaking or construction denote a 

common feedstock origin, without implying identical performance to soil applications. 

Identifying specific biomass types is crucial for efficient utilization. Despite significant 

compositional and spatiotemporal variations, biomass shares feedstock commonality 

for biochar production. Based on composition and origin, biomass is broadly classified 

as Lignocellulosic biomass: Primarily agricultural and forestry residues (post-harvest 

                  



crop straws, wood processing debris, naturally shed branches, forest litter); Non-

lignocellulosic biomass: Mainly municipal solid waste (food waste, sewage sludge, 

concentrated livestock manure) [20]. Lignocellulosic biomass is preferred for biochar 

production due to its high carbon density, low moisture, and low contaminants, enabling 

efficient pyrolysis with higher yield and greater stability [12]. Lignocellulosic biomass 

is preferred for biochar production due to its low moisture content, high carbon density, 

and minimal contaminant levels, significantly outperforming non-lignocellulosic 

alternatives, which exhibit heavy metal accumulation risks, heteroatom-containing 

contaminants, and elevated processing costs [21]. Consequently, this study focuses 

exclusively on lignocellulosic biomass systems. 

The carbon conversion efficiency and stability of lignocellulosic biomass during 

pyrolysis stem fundamentally from its unique physicochemical property matrix: highly 

developed porosity, exceptional specific surface area, carbon-enriched aromatic matrix, 

surface-active site distribution, and prominent cation exchange capacity [14]. These 

characteristics originate not only from processing conditions but are intrinsically 

governed by feedstock composition. Carbon content, ash, and volatile matter directly 

determine biochar yield and properties during pyrolysis, consequently influencing the 

total life-cycle carbon emissions [2]. The intrinsic cellulose–hemicellulose–lignin 

composition also shapes pyrolysis behavior: cellulose and hemicellulose decompose 

rapidly at lower temperatures with higher volatile release, whereas lignin, rich in 

aromatic carbon, favors stable char and long-term sequestration [17]. As most datasets 

lack detailed cellulose fraction data or correlations with sequestration efficiency, this 

factor was excluded from the regression modeling but noted for future refinement. 

Biomass selection, therefore, plays a crucial role in defining biochar 

characteristics. Only through understanding parameter-specific impacts can biochar 

with tailored properties be produced. As summarized in Table 1, high carbon-

sequestration feedstocks (CS > 30%) universally exhibit high yield (>40%), elevated 

total carbon content (>45 wt%), and low ash (<15 wt%). Conversely, low-carbon 

feedstocks (CS < 26%) are constrained by either high ash content (waste paper: 26.3 

wt% ash) or low yield (rice straw: 28.1% yield), necessitating targeted optimization of 

                  



process parameters and feedstock blending strategies. For Table 1, additional 

descriptors (e.g., moisture, cellulose/hemicellulose/lignin fractions, heating value, trace 

metals) were considered but inconsistently reported across studies, with heterogeneous 

methods, units, and frequent missing data. To ensure comparability and avoid 

imputation bias, only consistently available parameters (TC, VM, Ash, pH, Yield, CS) 

were retained, aligning the table with the scalable evidence base. 

 

Table 1 

Chemical composition of different feedstocks [14,15,16,19,20]. 

Biomass TC (%) VM (%) Ash (%) pH Yield(%) CS (%) 

Waste paper 56.0 30.0 53.5 9.9 36.6 24.7 

Sawdust 75.8 17.5 9.9 10.5 28.3 28.5 

Grass 62.1 18.9 20.8 10.2 27.8 28.0 

Peanut shell 73.7 16.0 10.6 10.5 32.0 34.4 

Chlorella 39.3 29.3 52.6 10.8 40.2 33.0 

Waterweeds 25.6 32.4 63.5 10.3 58.4 47.1 

Wheat straw 63.7 17.6 18.0 10.2 29.8 26.4 

Poplar twigs 75.3 29.9 9.9 9.7 30.1 27.2 

Poplar bark 72.7 30.5 11.4 9.3 34.3 30.4 

Poplar leaves 55.6 28.4 27.1 10.6 36.6 26.7 

Rice straw 60.6 28.9 22.5 11.5 33.4 25.9 

(TC, Total Carbon; VM, Volatile Matter; CS, Carbon Sequestration—Biochar produced at 500 ℃.) 

 

Biomass selection, therefore, plays a crucial role in defining biochar 

characteristics. Only through understanding parameter-specific impacts can biochar 

with tailored properties be produced. As summarized in Table 1, high carbon-

sequestration feedstocks (CS > 30%) universally exhibit high yield (>40%), elevated 

total carbon content (>45 wt%), and low ash (<15 wt%). All data in Table 1 were 

obtained under a pyrolysis temperature of 500 °C, ensuring comparability across 

feedstock types. Conversely, low-carbon feedstocks (CS < 26%) are constrained by 

either high ash content (waste paper: 26.3 wt% ash) or low yield (rice straw: 28.1% 

yield), necessitating targeted optimization of process parameters and feedstock 

blending strategies. 

Based on Table 1 data, a multiple linear regression model predicting carbon 

sequestration rate (CS) was fitted, demonstrating robust explanatory power (R²=0.901 ). 

                  



Regression analysis (Figure 2) indicates carbon sequestration (CS) is jointly influenced 

by feedstock traits: yield strongly enhances retention; TC is positive but offset by VM 

and Ash, which reduce CS through volatilization and mineral inhibition. To reduce 

reporting bias, correlations were based on a harmonized subset and are presented as 

indicative rather than causal [13]. While pyrolysis temperature dominates surface area 

and acidity [22], our interpretation now emphasizes the multi-parameter coupling 

among yield, TC, VM, and Ash in governing CS, rather than a primary reliance on TC 

alone. Thus, feedstock screening should prioritize high-TC, high-yield, low-ash 

materials (peanut shells, Chlorella vulgaris), enhancing yield through pyrolysis 

parameter control; for high-ash feedstocks (waste paper), pretreatment modification or 

co-pyrolysis blending is required. 

 

 

Fig. 2. Heat map of correlation matrix for different feedstock properties. 

 

2.2 Pyrolysis parameters 

The formation mechanisms of biochar properties exhibit significant dual 

dependency: constrained by the physicochemical characteristics of biomass feedstocks 

on one hand, and correlated with pyrolysis process parameters (heating rate, final 

                  



temperature, residence time) on the other. Pyrolysis temperature critically shapes 

biochar’s sequestration performance: higher temperatures (500-600 °C) enhance 

carbonization, stability, and sequestration efficiency [20]. Lower temperatures (below 

400 °C) produce biochar with lower carbon content and less stability, reducing its 

ability to sequester carbon in the long term [17]. Prolonged residence time enhances 

biochar yield through intensified polymerization of carbon skeletons, while the synergy 

of high temperatures and brief residence facilitates rapid volatilization and 

recombination of volatile matter, thereby promoting bio-oil formation [7]. 

Consequently, a balance must be struck between enhancing biochar quality and 

reducing greenhouse gas emissions. Optimizing pyrolysis conditions (temperature, 

heating rate, residence time) significantly influences biochar yield and quality, 

regulating carbon partitioning among phases [23]. Slow pyrolysis, typically at 300-

550 °C with heating rates <0.8 °C·min⁻¹ and residence times from minutes to hours, is 

widely regarded as the optimal method for maximizing biochar yield. This process 

maximizes biochar yield through secondary char formation during prolonged residence 

[24]. For slow pyrolysis, peak treatment temperature and residence time most 

substantially impact resultant biochar properties, determining its future carbon 

sequestration performance and application viability [20]. 

Pyrolysis atmosphere is critical: inert gases (N₂, Ar) favor high yields and stable 

pores; CO₂ or steam enhance porosity but lower carbon retention; limited oxygen 

promotes rearrangement yet reduces sequestration. Owing to scarce standardized data, 

this factor was excluded from regression modeling but qualitatively acknowledged. 

2.3 Pyrolysis temperature 

Temperature influences pyrolysis reactions by governing the distribution of solid, 

liquid, and gaseous products, thereby determining biochar yield and properties. At 

lower temperatures (300-400 °C), volatile matter is released more gradually, resulting 

in relatively higher proportions of bio-oil but lower solid carbon retention. From a 

carbon emission perspective, reduced CO₂ emissions offer advantages for greenhouse 

gas control. Within the medium-high temperature range (500-600 °C), pyrolysis 

                  



accelerates significantly, enhancing carbon retention rates as organic volatiles undergo 

thorough cracking. Concurrently, CO₂ emissions increase substantially, imposing 

greater environmental burdens [25]. Elevated temperatures (≥500 °C) increase carbon 

stability, aromatization, and pore volume, promoting long-term sequestration but 

reducing nutrient availability [26]. Table 2 summarizes pyrolysis products and the 

corresponding carbon sequestration performance of straw-based biomass across 

different temperatures. In addition to the values reported in the literature, the carbon 

sequestration values for biochar that are not explicitly mentioned are calculated based 

on the method described in reference [27]. 

 

Table 2 

Carbon sequestration rate of biochar at different pyrolysis temperatures. 

TP (°C) Biochar (%) Bio-oil (%) Syngas (%) CS(%) References 

200 99.3 0.5 0.2 40.7a [27] 

350 52.5 35.0 10.0 45.3a [27] 

450 18.2 54.0 28.0 10.9b [28] 

489 19.2 42.0 32.0 13.7b [29] 

500 24.5 44.9 24.1 20.6b [30] 

530 26.1 51.0 22.0 18.5b [31] 

542 20.6 44.0 36.0 20.1b [29] 

595 22.2 46.0 40.0 24.1b [29] 

600 34.3 32.5 29.0 38.3b [32] 

650 26.8 20.0 50.0 34.1a [27] 

(TP, Temperature; CS, Carbon Sequestration—All data in this table refer to biochar produced from 

straw; aCS directly reported in Ref. [27]; bCS calculated using the method described in Ref. [27].) 

 

Research on the relationships among carbon sequestration, bio-oil, syngas, and 

biochar reveals that temperature elevation promotes char formation and stability, 

thereby enhancing carbon sequestration. Bio-oil yield peaks at 350-400 ℃ while char 

yield and carbon sequestration capacity remain relatively low; balanced product 

distribution occurs at 530-550 ℃, enabling multi-purpose utilization; optimal carbon 

sequestration performance emerges at 500-600 ℃ with elevated biochar and gas yields 

but diminished bio-oil production, favoring carbon sequestration applications. The 

                  



incremental gain in carbon sequestration diminishes progressively with rising 

temperature, with the most significant increase occurring primarily within the 350-500  

℃ range [33]. To optimize the balance between carbon emissions and biochar quality, 

a stepwise pyrolysis protocol can be implemented. Through in-depth analysis of 

feedstock properties, a staged temperature program is designed: initial low-temperature 

treatment (300-400 ℃) removes volatile components while preserving carbon matrices, 

followed by medium-high temperature pyrolysis (500-600 ℃) to crack residual 

organics. This approach effectively controls carbon emissions, simultaneously retaining 

high-carbon biochar and suppressing peak greenhouse gas emissions. 

2.4 Reaction residence time 

Residence time duration critically determines the ultimate quality of pyrolysis 

products and carbon emissions. While prolonged residence facilitates stable biochar 

structure formation, it reduces carbonaceous material yield. Conversely, shorter 

residence times result in incomplete initial biomass decomposition, leaving tar 

components under-cracked and generating secondary emissions. This not only 

compromises product purity but also complicates emission control, imposing additional 

carbon mitigation challenges [34]. 

Table 3 

Specific surface area at different residence time and temperature. 

Biomass TP (°C) RT (min)  pH Bet(m2g−1) References 

Corn stover 650 15 10.50 43.40 [35] 

Paper  500 120 8.78 47.42 [36] 

Peanut shell 700 180 10.57 448.20 [37] 

Pine wood 500 30 8.70 380.00 [38] 

Rice husk 500 120 7.99 230.91 [39] 

Rice straw 600 180 9.70 156.20 [40] 

Wheat straw 600 180 9.10 183.30 [40] 

Wood bark 500 30 9.80 350.00 [41] 

Peanut shell 500 120 10.32 7.53 [42] 

Corn cobs 500 60 10.16 477.00 [43] 

Corn stalk 280 60 9.64 11.18 [44] 

Walnut shell 260 60 9.40 9.43 [45] 

Mango pit 400 120 10.34 29.14 [46] 

Waste wood 240 60 9.14 25.74 [47] 

(TP, Temperature; RT, Retention Time.) 

                  



Residence time is a key factor influencing the formation of biochar pore structure, 

but its effect requires comprehensive consideration combined with feedstock 

characteristics and pyrolysis temperature. Data in Table 3 show that under high-

temperature and long-duration conditions (700 °C /180 min), peanut shell achieved a 

specific surface area of 448.2 m²/g, indicating a synergistic effect between temperature 

and time. For comparison, rice and wheat straw showed more limited pore expansion 

under identical conditions due to their higher silica content. In contrast, rice and wheat 

straw under the same temperature and time (156-183 m²/g) exhibited limited pore 

expansion due to their higher silica content. Generally, within the residence time range 

of 120-180 min, a relatively optimal combination can be achieved between biochar 

quality, energy efficiency utilization, and carbon emission control. Within this interval, 

a relatively stable carbon structure of the biochar is ensured while avoiding the 

undesirable outcomes associated with excessively short or long residence times, 

enabling efficient and low-carbon operation of the pyrolysis process. 

2.5 Properties of Biochar 

The carbon sequestration performance of biochar is significantly influenced by its 

physical and chemical structural characteristics, among which specific surface area and 

surface functional groups are the two most critical parameters [18]. Specific surface 

area is a key parameter governing the overall performance of carbonaceous materials. 

Biochar requires additional properties to compensate for lower specific surface areas, 

enabling it to exhibit reactivity comparable to conventional carbonaceous materials [48]. 

A larger specific surface area provides biochar with more reaction sites and adsorption 

zones, thereby enhancing its capacity to fixate greenhouse gases such as carbon dioxide. 

Particularly in biochars rich in micropores (<2 nm) and mesopores (2-50 nm), CO₂ 

molecules can be stably embedded within the pore structure through physical 

adsorption, delaying their release into the atmosphere. Surface functional groups on 

biochar, such as carboxyl (–COOH), hydroxyl (–OH), phenolic hydroxyl (–ArOH), and 

aldehyde (–CHO) groups, can engage in diverse interactions including hydrogen 

bonding, coordination bonding, and van der Waals forces. These interactions facilitate 

                  



stable binding with carbon molecules, heavy metals, and pollutants [49]. Such chemical 

adsorption is generally more stable than physical adsorption, contributing to enhanced 

long-term carbon fixation in soil environments. Beyond adsorption, functional groups 

govern sequestration performance. Carboxyl and hydroxyl groups enhance 

hydrophilicity and cation exchange, improving CO₂ retention and soil stability; 

carbonyl and phenolic groups facilitate redox reactions, stabilizing carbon–mineral 

complexes. Modification strategies further optimize functionality: alkaline activation 

increases carboxyl/phenolic groups, oxidation promotes carbonyl/carboxyl groups, 

nitrogen doping introduces pyridinic/pyrrolic sites that strengthen CO₂ binding, and 

metal impregnation (e.g., Fe, Mg) forms catalytic complexes enhancing conversion and 

stability. Collectively, these modifications extend biochar’s carbon persistence. Polar 

functional groups like carboxyl and hydroxyl groups can improve the hydrophilicity 

and surface charge distribution of biochar in soil, thereby increasing its cation exchange 

capacity (CEC). These indirect factors further influence carbon sequestration efficiency 

[20]. 

Modification of biochar through chemical and physical processes can enhance its 

surface properties, significantly improving CO₂ adsorption capacity [50]. KOH 

activation increases micropore volume and introduces more carboxyl and phenolic 

hydroxyl groups, while H₃PO₄ treatment tends to incorporate phosphate-containing 

groups, improving phosphorus availability and indirectly enhancing soil carbon fixation 

capacity. Strategies such as nitrogen doping, metal loading, and redox modification are 

increasingly applied in biochar modification. These methods regulate electronic 

structures and promote chemical reactions between CO₂ molecules and surface groups, 

thereby achieving more efficient and stable carbon fixation [2]. 

High-temperature pyrolysis (600-700 ℃) typically results in extensive removal of 

volatile components from biomass, endowing the resulting biochar with higher degrees 

of aromatization, graphitization, and structural stability [3]. This highly aromatic 

structure is less susceptible to microbial decomposition in the environment, thereby 

exhibiting longer carbon residence time. In contrast, although low-temperature 

pyrolysis (300-400 ℃) retains more surface-active functional groups, enhancing cation 

                  



exchange capacity (CEC) and nutrient retention capabilities, its relatively loose carbon 

structure is prone to oxidation or microbial degradation. This compromises its long-

term carbon sequestration effectiveness [51]. Collectively, specific surface area and 

functional groups constitute the structural foundation and chemical reactivity core of 

biochar in carbon sequestration applications. Optimizing feedstock selection, regulating 

pyrolysis temperature, introducing hierarchical pore structures, and applying 

modification techniques can substantially enhance carbon sequestration efficiency and 

environmental adaptability. Therefore, practical biochar applications require 

comprehensive consideration of structural characteristics, reactivity, stability, and soil-

climate conditions for targeted optimization and regulation. 

3 Carbon Sequestration Benefits of Biochar Carbon for Different Applications 

3.1 Carbon substitution potential in Steelmaking 

The steel industry is a pillar of the global economy. In this context, biomass-

derived char (often termed charcoal in metallurgical practice, but referred to here 

consistently as biochar for comparability) has attracted attention as a renewable carbon 

source. Fossil fuels account for nearly three-quarters of energy input in steel production, 

and their extensive use results in substantial CO₂ emissions. Approximately 1.9 tons of 

CO₂ are released per ton of steel produced [52], contributing to 7%-9% of global energy 

system carbon emissions [53]. Under the dual-carbon goals, the low-carbon 

development of the steel industry faces significant challenges. As a renewable carbon 

source, biochar offers a novel solution for carbon emission reduction in this sector due 

to its low production-related carbon emissions and potential to substitute fossil fuels. 

In blast furnace Steelmaking, biochar application can reduce reliance on coal and coke. 

Compared to conventional coal, biochar exhibits higher volatile matter content, larger 

specific surface area, and lower carbon structural order. These properties shift the 

combustion curve toward higher-temperature zones in blast furnaces, thereby 

improving combustion efficiency and reducing carbon emissions [54]. Furthermore, the 

combustion process of biochar can absorb atmospheric CO₂, creating a carbon 

neutrality effect that effectively mitigates CO₂ emissions during Steelmaking [44]. In 

                  



sintering processes, replacing part of conventional carbon sources (coke breeze or coal 

powder) with biochar reduces multiple pollutant emissions. At a 10% substitution ratio, 

SOx emissions decrease; when substitution increases to 40%, NOx and CO₂ emissions 

are also reduced. However, in practical applications, the rapid combustion rate of 

biochar makes sustained stable combustion difficult to maintain over extended periods. 

This may cause sintering temperatures to drop in high-temperature zones, necessitating 

careful control of biochar substitution ratios [55]. 

Practical evidence supports biochar as a steelmaking substitute. In Brazil, 

charcoal-based biochar has long replaced coke in pig iron production [56]. Rio Tinto’s 

BioIron™ pilot in Australia achieved up to 95% CO₂ reduction using biomass-derived 

biochar with renewable hydrogen and electricity [52]. Smaller-scale trials (5-10% 

substitution in sintering or coal injection) also reduced emissions without impairing 

furnace performance. These cases demonstrate both technical feasibility and scalability 

of biochar as a low-carbon fuel replacement. 

From a life cycle perspective, the application of biochar in blast furnace 

Steelmaking can significantly reduce greenhouse gas emissions. The global warming 

potential (GWP) of the biochar-integrated blast furnace Steelmaking process is 2054.00 

kg CO₂-eq, representing a reduction of 420.61 kg CO₂-eq compared to conventional 

processes [57]. Rio Tinto’s BioIron™ R&D facility in Western Australia has established 

a low-carbon Steelmaking process that integrates fast-growing biomass with renewable 

energy and carbon cycling. This approach may reduce carbon emissions by up to 95% 

compared to traditional blast furnace methods [52]. This demonstrates that biochar 

application not only reduces fossil fuel consumption but also effectively mitigates 

carbon emissions throughout the Steelmaking process. Biochar utilization can further 

improve other environmental indicators in blast furnace operations. For instance, 

compared to conventional Steelmaking, biochar addition significantly reduces 

acidification potential (AP), eutrophication potential (EP), and non-carcinogenic health 

impact potential. These improvements in environmental metrics underscore the critical 

importance of biochar implementation for achieving sustainable development in the 

steel industry. 

                  



The application of biochar in blast furnace Steelmaking begins with a series of 

preprocessing stages—including biomass collection, transportation, drying, and 

grinding—followed by slow pyrolysis to produce biochar. This process consumes 

resources such as electricity, diesel fuel, and water while generating emissions and 

byproducts. The resulting biochar is then utilized in blast furnace Steelmaking (Figure 

3) [42]. The carbon footprint analyses for steelmaking and construction follow a 

standardized lifecycle assessment, covering processes from feedstock to end-of-life. 

Emissions and sequestration data were normalized per ton of product (steel or concrete) 

using the GWP100 metric, and harmonized from literature sources under consistent 

boundary conditions to ensure reproducibility. As shown in Figure 3, the system 

boundary includes raw material preprocessing, pyrolysis conversion, and downstream 

substitution of fossil carbon in the furnace, ensuring full life-cycle accounting of carbon 

flows. It substitutes for conventional fossil fuels, enhances combustion efficiency, 

optimizes reaction kinetics, and generates synergistic effects with other materials. 

These mechanisms effectively reduce carbon emissions in the Steelmaking process, 

providing a viable solution for low-carbon transition in the steel industry and advancing 

its trajectory toward green and sustainable development. 

 

 

Fig. 3. System boundary and material flow MPB scenario [46]. 

                  



 

3.2 Application of carbon sequestration in building materials 

Construction-based industries contribute significantly to global CO₂ emissions 

across various manufacturing processes. When incorporated into this sector, biomass-

derived char is usually treated simply as a carbonaceous additive; here we consistently 

retain the umbrella term biochar, while discussing specifications unique to building 

materials. Cement production alone accounts for 7% of total global CO₂ emissions 

during its production, processing, and preparation stages [58]. Incorporating biochar 

into building materials not only enhances material performance but also achieves 

substantial carbon capture and sequestration, supporting carbon reduction goals [59]. 

In concrete applications, studies have added peanut shell biochar at incorporation rates 

of 1%-5%. Results demonstrate that BC500 and BC700 significantly enhance 

mechanical properties at optimal incorporation rates of 5% and 3%, respectively. 

Concurrently, BC500 and BC700 achieve carbon sequestration capacities of 541 kg 

CO₂-eq and 980 kg CO₂-eq, respectively [42]. Another study designed carbon-negative 

core-shell aggregates with biochar cores and cement-based shells via cold-bonding 

methods. Carbon emission assessments reveal that producing one ton of these 

aggregates emits only 69 kg CO₂, significantly lower than commercial sintered 

aggregates [43]. 

Life cycle assessment and cost-benefit analysis demonstrate that biochar as 

concrete aggregate enhances mechanical strength and successfully achieves carbon-

negative concrete production, sequestering 59 kg CO₂ per ton [60]. Utilizing biochar 

derived from agricultural waste to partially replace cement paste—at a substitution rate 

of 5 wt%—effectively promotes carbonation, achieving 10.2% CO₂ absorption after 28 

days[61]. Incorporating biochar into super sulfated cement accelerates hydration, 

increasing compressive and flexural strength by 16.2% and 28.9%, respectively, while 

reducing the system’s global warming potential (GWP) to 53.3 kg·CO₂·eq/m³. This 

approach provides insights for developing near-zero or carbon-negative construction 

materials[62]. Combining modified biochar with multi-source solid waste enables the 

                  



development of novel cold-bonded artificial lightweight aggregates (CALAs) with high 

carbon sequestration performance and negative carbon footprints. Adding 3 wt% 

modified biochar significantly improves CALAs’ physical and mechanical properties, 

accelerates mineralization reaction rates, and achieves negative carbon emissions—

exhibiting 14.56 wt% CO₂ absorption with an emission intensity of 76.7 kg CO₂/t. 

Throughout the aggregate’s life cycle, substantial negative carbon effects are realized, 

offering a sustainable alternative for artificial aggregates with dual CO₂ emission 

reduction and capture capabilities [63]. Replacing 5% cement with biochar fills 

concrete pores, resulting in a denser microstructure while enhancing compressive and 

splitting tensile strength. Although 10% biochar incorporation provides greater carbon 

sequestration capacity, it may slightly compromise mechanical performance. Low 

temperatures adversely affect concrete properties; nevertheless, biochar-integrated 

shotcrete shows developmental potential for enhancing buildings overall carbon 

sequestration performance [64]. 

The carbonation process of biochar in concrete is illustrated in Figure 4. This 

schematic highlights both the role of biochar pores in storing water and CO₂, and its 

participation in forming stable carbonates during hydration. During the mixing process, 

biochar absorbs a portion of water and stores it within its pores. Throughout the 

concrete curing period, this free water is gradually released, promoting the hydration 

reaction process. Concurrently, CO₂ diffuses into the interior of the concrete through 

the pores of the cementitious matrix. Biochar also provides active sites for CO₂ 

adsorption. The CO₂ dissolves in the pore solution within both the concrete and the 

biochar in its liquid phase. Finally, the dissolved carbon dioxide interacts with 

substances produced during hydration, such as Ca(OH)₂ and C-S-H, forming 

compounds like CaCO₃ [64]. 

 

                  



 

Fig. 4. Schematic diagram of carbon sequestration process of biochar in  

concrete [64]. 

Current research indicates that the application of biochar in cement-based 

construction materials demonstrates significant potential for carbon sequestration and 

performance enhancement. Through the optimization of incorporation rate (typically 

1%-5%), pyrolysis temperature (500-700 ℃), and modification processes, biochar can 

not only improve the material's mechanical strength, reduce porosity, and enhance 

durability, but also achieve a carbon-negative effect via carbon mineralization and 

substitution of carbon-intensive raw materials. However, the balance between biochar 

incorporation level and material performance, the influence of pyrolysis conditions on 

structural stability, and the efficiency of carbon fixation under long-term environmental 

exposure still require further investigation. 

3.3 Carbon sequestration efficiency in agricultural soil 

The addition of biochar to soil can improve soil conditions and increase plant 

biomass, thereby reducing greenhouse gas emissions. In this application, the narrower 

definition of biochar as a soil amendment coincides with our terminology, so no further 

distinction is required. During the production of biochar, approximately 50% of the 

initial carbon is retained within the biochar. Annual soil application of biochar could 

offset up to nearly 12% of total global CO₂ emissions, potentially serving as a long-

term solution for global CO₂ emission reduction [8]. The biochar-induced reduction 

effects on CO₂ and CH₄ primarily stem from its microporous structure, alkaline 

                  



constituents, and extensive adsorption effects. As the pyrolysis temperature increases, 

the surface adsorption capacity of biochar is enhanced, leading to stronger adsorptive 

protection of soil organic matter by the biochar [65]. 

The carbon sequestration efficiency of biochar in soil is influenced by multiple 

factors, including its physicochemical properties, application rate, soil type, and 

management practices [49]. Due to its highly aromatic carbon structure and resistance 

to decomposition, biochar can significantly increase soil organic carbon (SOC) stocks. 

In agricultural systems, biochar alters the agricultural carbon flow pathway, 

encompassing input substitution, process regulation, and ultimately output suppression 

(Figure 5). Applying biochar at 20-40 t·ha⁻¹ can increase SOC content by 26.3%-

29.8%[66]. In a wheat-maize rotation experiment, SOC increased by 141.8% one year 

after biochar application [67]. High-dose application (40 t·ha⁻¹) of straw-derived 

biochar is more conducive to SOC accumulation [66]. 

 

 

Fig. 5. System boundary for calculating GHG emissions in the sunflower 

cropping system [68]. 

 

                  



Through the adsorption of greenhouse gases (CO₂, CH₄) and the suppression of 

soil organic carbon mineralization, biochar can indirectly reduce carbon emissions. In 

farmland within a freeze-thaw region, consecutive application of biochar at 30 t·ha⁻¹ 

for two years resulted in an average annual carbon emission reduction of 16.7% [69]. 

In saline-alkali soil, biochar combined with specific tillage practices reduced the net 

global warming potential (NGWP) by 12660.4-43431.9 kg CO₂-eq·ha⁻¹ [68]. The 

southeastern United States, due to its abundant biomass resources and significant yield 

increase effects, represents an economically optimal region for biochar application [70]. 

In saline-alkali soil, the contribution of biochar to carbon sequestration is higher than 

that of conventional straw return [68]. In semi-arid farmland, biochar combined with 

biodegradable plastic film significantly increased carbon use efficiency (CUE) by 26.93% 

while reducing the net GWP by 7.08% [71]. Under intermittent alternate wetting and 

drying irrigation (IAWD) in paddy fields, biochar application decreased the net GWP 

to -23.0 t CO₂-eq·ha⁻¹ and increased SOC stocks by 56.9 t C·ha⁻¹, with synergistic 

effects significantly superior to those under continuous flooding conditions [72]. 

Application of acid-modified biochar (HBC) in soybean fields within black soil regions 

increased soil organic matter by 42.57%, reduced greenhouse gas emission intensity, 

and enhanced net ecosystem economic benefit (NEEB) by 57.86% [73]. 

Biochar may help mitigate climate impacts associated with land-use change and 

enhance carbon sequestration in soil. Future research needs to focus on the challenges 

of scaling up production, such as balancing biomass collection radius and carbon 

footprint, alongside the trade-off inherent in high-temperature pyrolysis, which 

enhances stability but reduces nutrient availability. Simultaneously, research should 

optimize biochar modification techniques (magnetization, bio-activation) and 

application strategies tailored to specific soil-climate conditions to balance carbon 

sequestration with agricultural sustainability goals [74]. 

                  



4 Predictive modeling of biochar carbon sequestration performance 

4.1 Feature database construction 

In multiple studies, machine learning models widely adopt pyrolysis parameters 

(pyrolysis temperature, heating rate, residence time) and feedstock properties (volatile 

matter, ash content, fixed carbon, and C/H/O/N ratios) as input features. Li et al. 

constructed a database encompassing 10 input variables, including the proximate 

analysis of the feedstock (fixed carbon, volatile matter, ash), ultimate analysis (C, H, O, 

N), and pyrolysis conditions (temperature PT, heating rate HR, residence time RT), to 

predict biochar yield and its elemental composition [75]. Furthermore, Tee et al. 

highlighted the influence of pyrolysis conditions and the proximate and ultimate 

analysis of biomass on biochar specific surface area and yield. They noted that the 

ultimate composition of the feedstock has a greater impact on BET specific surface area, 

while the proximate composition significantly influences yield [76]. Wang et al. utilized 

ML to predict the capabilities of biochar in areas such as pollutant adsorption and heavy 

metal removal [77]. 

Although many factors influence biochar’s sequestration potential, this analysis 

focused on quantifiable indicators (TC, VM, Ash, Yield) and process parameters 

(temperature, heating rate, residence time). Due to the challenges in quantifying 

biomass type, we opted to use other measurable indicators (such as Total Carbon (TC), 

Volatile Matter (VM), Fixed Carbon (FC), and Specific Surface Area (SSA)) as indirect 

representations of biomass type. These indicators reflect the main components and 

properties of the biomass and are more feasible for modeling purposes. Two aspects 

were excluded due to data gaps but merit acknowledgement. First, cellulose-

hemicellulose-lignin composition strongly shapes pyrolysis: cellulose/hemicellulose 

decompose at lower temperatures with high volatile release and low char yield, whereas 

lignin enhances aromatic stability and long-term retention. Yet standardized cellulose 

data linked to sequestration indices are scarce. Second, pyrolysis atmosphere affects 

char structure and carbon retention, but most studies report only temperature and 

residence time, with atmosphere conditions seldom standardized. Both factors are 

                  



qualitatively noted here and should be incorporated once broader datasets enable robust 

modeling. 

We compiled and organized references relevant to biochar carbon sequestration. 

For references not explicitly addressing carbon sequestration, estimates were made 

based on the following calculation method: the net carbon sequestration of 1 kg biochar 

is equivalent to 1.41 kg CO₂ [78]. This conversion factor is used to account for carbon 

emission reductions at the application stage when such data are not explicitly provided 

in the literature. It enables consistency in the calculation of carbon sequestration across 

different studies, particularly when application-specific carbon reductions are not 

reported. 

The summarized data are presented in Table 4 to facilitate model construction and 

validation. This dataset comprises seven elements: columns 1 to 6 are predictor 

variables, and column 7 (carbon sequestration rate) is the response variable. These six 

predictor variables are: pyrolysis temperature (TP), total carbon content (TC), fixed 

carbon content (FC), volatile matter content (VM), ash content (Ash), and specific 

surface area (SSA). These parameters were selected because they collectively 

characterize key physicochemical properties of biochar (pyrolysis temperature 

determines pore structure evolution; TC, FC, VM, and Ash reflect carbon matrix 

composition characteristics; SSA indicates surface active sites) and its pyrolysis 

transformation mechanisms. Analyzing these predictors based on the carbon 

sequestration rate aids in establishing a multifactorial coupling model. This model 

reveals the quantitative relationships between biochar stability and feedstock 

properties/preparation conditions, thereby providing a scientific basis for feedstock 

screening, process optimization, and long-term carbon sequestration efficacy 

assessment in carbon sequestration applications. The dataset used for modeling was 

comprehensively evaluated to ensure completeness and consistency across different 

feedstocks and pyrolysis conditions. The predictive analysis explicitly quantifies the 

relationships between CS and the governing parameters—TC, FC, VM, Ash, SSA, and 

TP. Random forest and neural network models were implemented to capture complex 

nonlinear dependencies among these variables, while multiple linear regression 

                  



provided an interpretable baseline for comparison. The ensemble models demonstrated 

strong predictive capability and allowed identification of dominant variables 

influencing CS performance, thereby establishing a robust multivariate framework for 

assessing carbon sequestration dynamics across diverse application scenarios. 

 

Table 4 

Characterization database. 

TP(°C) TC (%) FC (%) VM (%) Ash (%) SSA(m2/g) CS (%) References 

280 73.17 49.88 47.93 2.19 11.18 22.53 [44] 

500 80.91 64.49 34.09 1.42 15.43 8.45 [79] 

260 69.72 47.68 51.11 1.21 9.43 33.80 [45] 

220 56.50 21.53 74.88 3.59 1.95 56.33 [80] 

400 72.79 61.53 30.65 6.28 47.40 45.06 [46] 

600 79.20 63.36 25.94 4.20 25.90 19.15 [81] 

210 60.32 21.06 74.76 1.56 2.53 16.90 [82] 

240 63.95 39.95 58.21 1.84 1.36 12.39 [47] 

500 43.70 14.70 17.20 67.50 21.90 12.50 [15] 

500 42.70 40.20 11.00 48.40 47.40 34.17 [15] 

500 52.10 18.90 26.60 53.80 13.30 16.07 [15] 

500 24.20 10.50 11.00 77.60 113.00 8.93 [15] 

500 26.60 20.60 15.80 61.90 71.60 17.51 [15] 

500 56.00 16.40 30.00 53.50 133.00 13.94 [15] 

500 75.80 72.00 17.50 9.94 203.00 61.20 [15] 

500 62.10 59.20 18.90 20.80 3.33 50.32 [15] 

500 62.90 63.70 17.60 18.00 33.20 54.15 [15] 

500 73.70 72.90 16.00 10.60 43.50 61.97 [15] 

500 39.30 17.40 29.30 52.60 2.78 14.79 [15] 

500 25.60 3.84 32.40 63.50 3.78 3.26 [15] 

200 37.00 12.60 50.70 35.70 3.59 10.71 [15] 

300 39.10 34.70 27.40 37.20 4.26 29.50 [15] 

400 42.70 40.20 11.00 48.40 47.40 34.17 [15] 

500 45.30 19.20 10.70 69.60 42.40 16.32 [15] 

200 38.70 22.50 70.20 7.21 2.53 19.13 [15] 

300 59.80 53.20 31.30 14.70 3.48 45.22 [15] 

400 62.90 63.70 17.60 18.00 33.20 54.15 [15] 

500 68.90 72.10 11.10 16.20 182.00 61.29 [15] 

300 65.80 52.64 39.80 7.55 12.13 34.15 [14] 

500 75.25 60.20 29.89 9.90 17.48 23.09 [14] 

700 77.44 61.95 26.94 11.10 27.43 21.88 [14] 

300 63.78 51.02 40.87 8.09 11.09 37.63 [14] 

500 72.67 58.13 30.48 11.37 19.06 25.83 [14] 

                  



TP(°C) TC (%) FC (%) VM (%) Ash (%) SSA(m2/g) CS (%) References 

700 77.57 62.05 25.19 12.75 597.01 22.25 [14] 

300 51.56 41.24 43.26 15.48 10.05 47.89 [14] 

500 55.61 44.48 28.36 27.14 35.61 22.69 [14] 

700 57.55 46.04 24.03 29.92 121.00 19.54 [14] 

300 57.31 45.84 36.31 17.83 4.51 31.79 [14] 

500 60.63 48.50 28.95 22.54 7.52 21.98 [14] 

700 62.61 50.08 25.94 23.96 25.92 19.67 [14] 

500 76.80 53.10 16.00 10.60 7.53 43.02 [42] 

700 83.40 55.80 31.30 14.70 36.50 14.84 [42] 

700 61.95 37.85 58.21 1.84 124.70 9.70 [60] 

500 79.50 69.60 18.30 12.80 477.00 11.29 [43] 

500 56.60 56.60 35.70 1.80 7.53 13.85 [83] 

500 73.40 75.00 15.40 9.60 141.00 12.27 [63] 

800 62.61 50.08 25.94 23.96 37.47 6.53 [62] 

400 68.92 55.13 60.32 4.56 3.72 17.32 [84] 

500 52.12 41.69 41.26 16.48 8.35 14.24 [85] 

450 57.55 46.04 23.03 28.92 11.34 11.04 [68] 

500 50.69 40.55 40.26 15.48 34.47 13.79 [73] 

(TP, Temperature; TC, Total Carbon; FC, Fixed Carbon; VM, Volatile Matter; CS, Carbon 

Sequestration.) 

 

4.2 Multiple linear regression model 

In the field of biochar carbon sequestration research, understanding the key factors 

influencing the CS is crucial for optimizing biochar production and enhancing carbon 

sequestration efficiency. By fitting a multiple linear regression (MLR) model, the 

influence of each variable on the target variable was quantified, thereby revealing the 

intrinsic relationships among factors within complex systems [86]. Based on the data 

in Table 4, an MLR model for predicting the CS was fitted. 

The MLR provides a transparent baseline: TC and FC are positively associated 

with CS, VM and Ash are negative, while SSA shows a weak positive effect. Analysis 

of the heatmap and multiple linear regression model (Figure 6) revealed significant 

correlations between the biochar CS and multiple variables. The model exhibited strong 

goodness-of-fit (R ²= 0.91), enabling effective prediction of variations in carbon 

sequestration. Analysis based on correlation coefficients indicated a combined 

influence of various parameters on biochar carbon sequestration. Among these, TC and 

                  



FC were identified as key positive influencing factors, showing weak (r = 0.22) and 

significant (r = 0.47) positive correlations with CS, respectively. Additionally, specific 

surface area (SSA) exerted a weak positive influence on carbon sequestration (r = 0.28).  

Conversely, VM and Ash negatively impacted carbon sequestration, exhibiting 

negative correlations with CS (r = -0.24 and r = -0.23, respectively). The negative 

correlation between ash content and CS can be attributed to the fact that higher ash 

content often corresponds to lower carbon content in biochar. Ash, being inorganic, 

does not contribute to the carbon sequestration potential of biochar, and high levels of 

ash can reduce biochar stability and carbon retention capacity. Therefore, ash content 

indirectly hinders long-term carbon sequestration, as biochar with higher ash content 

tends to have a lower overall carbon fixation capability. 

Within the correlation relationships, TC was highly positively correlated with FC 

(r = 0.83), while TC was negatively correlated with VM (r = -0.53), and FC was also 

negatively correlated with VM (r = -0.68). This suggests that increasing TC and FC 

contributes to reducing VM, thereby benefiting carbon sequestration. Simultaneously, 

SSA was negatively correlated with VM (r = -0.28), indicating that reducing VM may 

help increase SSA, consequently enhancing carbon sequestration. Therefore, to 

optimize carbon sequestration effectiveness, priority should be given to enhancing TC, 

FC, and Yield, while controlling the content of VM and Ash to mitigate their negative 

impacts. 

 

                  



 

Fig. 6. Multiple Linear Regression Heatmap. 

 

4.3 Random forest model 

Random Forest (RF) is an ensemble model based on decision trees. It creates 

multiple decision trees using random subsets of data and aggregates predictions through 

voting or averaging to enhance generalization and prevent overfitting. Its advantage lies 

in the ability to automatically evaluate feature importance [87]. Wang et al. pointed out 

that RF is not only suitable for prediction but can also identify the degree of influence 

of input variables on the outcome, such as the dominant role of pyrolysis temperature 

on Yield [77]. Tee et al. employed Garson's algorithm and the connection weight 

approach to analyze feature importance, revealing that volatile matter (VM) and fixed 

carbon (FC) are the primary factors influencing biochar Yield [76]. 

We utilized the data from Table 4 to train a Random Forest (RF) model for 

predicting the carbon sequestration rate (CS). To enhance model performance, we 

performed feature engineering on the data, creating interaction features and polynomial 

features to capture more complex patterns and relationships within the data. 

Subsequently, based on the feature importance evaluation provided by the RF model, 

we conducted feature selection, retaining only features with importance higher than the 

                  



average value. This reduced the feature dimensionality and lowered the model's 

complexity and risk of overfitting. Following feature selection, we employed grid 

search to optimize and adjust the model's key parameters. The number of decision trees 

(numTrees) was set to 300 to balance model complexity and computational cost. The 

two parameters adjusted were MinLeafSize and NumPredictorsToSample, with the 

value range for MinLeafSize being [1, 5, 10] and for NumPredictorsToSample being [2, 

3, 4, 5, 6]. To evaluate the model performance more accurately, we used cross-

validation to assess both the base model and the model after feature selection based on 

feature importance. Ultimately, on the training set, the RF model after feature selection 

and parameter optimization demonstrated good predictive performance, achieving a 

training MAE of 6.35 and a testing MAE of 10.85. This indicates that the model can fit 

the training data well and possesses strong predictive capability (Figure 7). 

 

Fig. 7. Comparison of Random Forest training model and testing model. 

 

4.4 Neural network model 

Artificial Neural Networks (ANNs) exhibit distinct advantages in predicting 

complex nonlinear multivariate processes, particularly in scenarios involving carbon 

sequestration rate (CS) prediction. Even without prior knowledge of the correlations 

between input and output variables, neural networks can achieve effective prediction 

by learning underlying patterns within the data [76]. Although the dataset is limited 

(~50 samples), it is sufficient for exploratory ANN modeling using a simple network 

                  



architecture and early stopping. Within the field of biochar research, numerous ANN-

based models have been applied to various directions. Li et al. employed Bayesian 

optimization for hyperparameter tuning and enhanced network generalization based on 

cross-validation [75]. Tee et al. utilized a feedforward neural network trained with the 

Levenberg-Marquardt algorithm, optimizing the number of hidden layers and neurons 

through trial-and-error, which effectively mitigated overfitting [76]. 

The neural network training results employing the Levenberg-Marquardt 

algorithm indicated that the model achieved the minimum gradient (1e-7) at epoch 41, 

leading to early stopping before reaching the maximum epoch limit of 1000. The 

optimizer reduced the gradient from 2.41 to 7.94e-11, decreased the performance metric  

from 0.826 to 7.85e-21, and lowered the Mu value from 0.001 to 1e-9. The training 

process required merely 4 seconds, demonstrating good convergence and high 

efficiency. Analysis of variable importance using Partial Dependence Plots (PDPs) 

revealed that temperature (TP) exhibited a significant negative correlation with carbon 

sequestration (CS). The CS value decreased substantially within the 300-600 °C range, 

identifying TP as a key regulatory factor. The influence of specific surface area (SSA) 

was relatively stable, showing noticeable fluctuation at low values and plateauing after 

exceeding 100 m²/g (Figure 8). 

 

Fig. 8. Bias dependence analysis of temperature and specific surface area. 

                  



 

The prediction comparison on the test set revealed scatter points deviating from 

the ideal 1:1 line with the presence of outliers, yielding a low R² value of only 0.53. 

This indicates that the model’s predictions were less accurate for some data points 

(Figure 9). The potential causes may include the limited size of the test set (only 

approximately 50 samples), complex interactions between features not being 

adequately captured, and limited generalization capability. Subsequent research needs 

to encompass: expanding the sample size, optimizing feature engineering 

(incorporating pH, ash content, etc.), adjusting the model architecture (attempting 

deeper architectures or ensemble learning), and handling outliers, aiming to enhance 

overall model performance. 

 

Fig. 9. Neural Network Training Models and Testing Models. 

 

5 Conclusions and outlook 

This review analyzed carbon emission regulation during biochar preparation, 

assessed sequestration benefits across steelmaking, construction, and soil applications, 

and established a machine learning-based predictive model for carbon sequestration 

                  



rate (CS). Results show that feedstock properties and pyrolysis conditions critically 

shape sequestration efficiency: high-carbon, low-ash feedstocks processed at 500-

600 °C with 120-180 min residence times yield superior CS performance. Regression 

results highlight Yield and TC as primary drivers, while SSA, VM, and Ash exert 

secondary influences. Applications confirm biochar’s potential to reduce the carbon 

footprint by >20%, enhance SOC storage, and deliver carbon-negative effects, 

underscoring its role as a negative emission technology. 

Despite progress, challenges remain in long-term stability, multi-objective 

optimization, and predictive model generalizability. In particular, the moderate 

performance of the neural network model (R²= 0.53) indicates that larger and more 

diverse datasets incorporating additional physicochemical parameters are required to 

fully capture the nonlinear relationships governing carbon sequestration. Priority 

should be given to four directions: (1) developing sector-specific standards and testing 

protocols for steelmaking, construction, and soils; (2) conducting long-term, multi-

climate field trials with standardized monitoring, reporting, and verification (MRV) 

systems; (3) optimizing pyrolysis processes and co-feeding strategies alongside risk 

management for PAHs and heavy metals; and (4) integrating open datasets, machine 

learning, and techno-economic assessments to enable industrial scale-up and credible 

carbon crediting. Taken together, these priorities highlight that biochar is positioned as 

a scalable negative emission pathway, contingent upon systematic resolution of these 

research gaps. 
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