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Abstract: Resource- and energy-efficient biomass exploitation for green graphite production 

is one of the most effective strategies for satisfying graphite demand while minimizing energy 

consumption and carbon emissions. This study investigated green graphite production from 

biomass waste and its applications to establish a green graphite industry. Biomass pyrolysis 

and catalytic graphitization of biochar were studied first to produce green graphite. The 

optimized green graphite exhibited a reversible capacity of 264 mAh/g and 97% capacity 

retention over 100 cycles in a half-cell. Green graphite electrodes with a resistivity lower than 

5 μΩ·m were fabricated by using organic fraction bio-oil as a green binder. Other green 

graphite applications, including printing, conductive printing, pencils, and refractories, were 

also achieved. The overall process of graphite anode and electrode synthesis from biomass 

waste and short-rotation energy crops was modeled. Approx. 95 kg of battery graphite or 109 

kg of metallurgical graphite electrodes can be produced per ton of biomass with low primary 

energy consumption and carbon footprint. Prominently, the modeling result and life cycle 

assessment demonstrated that, for the production of battery graphite from biomass waste, net-
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negative-CO2 emissions (-0.57 kg CO2-eq/kg graphite powders) with net-negative-primary 

energy consumption (-28.31 MJ/kg graphite powders) was achieved.  

1. Introduction 

Graphite and graphite-based materials, listed as a "strategic and critical mineral" by the U.S. 

government and the European Union, have key applications in various industries, including 

batteries and metallurgy 1–3. Currently, the growing demand of the battery and the increasing 

use of environmentally friendly electric arc furnaces (EAFs) in emerging countries have 

contributed to the graphite market's expansion, as illustrated in Figure S1, resulting in a tight 

supply of graphite and a surge in graphite prices4–6. 

Today’s commercial graphite can be categorized into natural graphite and synthetic graphite. 

Natural graphite is mined from natural mineral deposits, subjected to geographical restrictions 

7,8. Graphite excavation causes significant environmental damage 9, and graphite purification 

involves a series of energy- and chemical-sensitive processes 10.  The energy demand for 

producing one ton of battery-grade natural graphite is estimated to be approximately (approx.) 

1.1*10^4 MJ, associated with global warming potential (GWP) of approx. 5.3 tons CO2-

equivalence(CO2-eq) emissions 11. Another concern regarding natural graphite is the mining 

sources. The majority of natural graphite powders are currently mined and produced in China 

and India, which hold 66% and 14% share of total world production, whereas the production 

of natural graphite powders in Europe is less than 1% 12. Synthetic graphite, on the other hand, 

is produced using fossil-based carbon resources as raw materials, and the graphitization 

process requires ultra-high temperatures (> 2500°C) for several weeks 13–15. Manufacturing 1 

metric ton of graphite (in terms of graphite electrodes) consumes over 4.0*10^4 MJ of energy, 

with over 10 metric tons of CO2-eq emissions 
16,17. In short, today’s graphite production 

processes are incredibly energy-intensive, high-carbon footprint, and thus unsustainable. As 

the world moves towards achieving net-zero emissions, the contradiction between the high 

demand for high-quality graphite products and its unsustainable production process is 

increasingly prominent.  

Approximately 140 Gt of biomass is generated each year globally. Energy- and resource-

efficient biomass utilization as green graphite product precursors can address issues such as 

graphite supply constraints and high energy consumption and emissions in traditional graphite 

production processes 18–20. For decades, scientists have been researching catalytic 

graphitization to convert amorphous carbon from renewable sources into graphitic carbon 21,22. 

So far, most research in this area has focused on developing more efficient catalysts, and 

corresponding catalytic graphitization processes 22–24. While bio-based graphite is primarily 
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used as battery anode material, other potential applications, such as metallurgy and refractory, 

have not yet been fully explored 25–27.  In addition to solid carbon materials, it is important to 

consider other products that can be produced from biomass to achieve high resource 

efficiency. A comprehensive and sustainable approach is currently missing, including a full 

life cycle assessment (LCA), for producing green graphite from biomass for various 

applications.   

In this study, a tandem biorefinery process that includes biomass pyrolysis, catalytic 

graphitization of biochar, acid washing, and recycling of the catalyst was developed to 

produce green graphite in powder. The performance of graphite powders as anode material in 

lithium-ion batteries was investigated. Thereafter, the green graphite powders were 

compacted and shaped into electrodes using a portion of the bio-oil as a renewable binder, and 

a prototype of EAF was constructed by using green graphite electrodes, to demonstrate its 

potential for application in the metallurgical industry. Additionally, the study also explored 

other potential applications of green graphite, such as pencil leads, refractories, and 

conductive inks. In the end, the study evaluated the overall process under different scenarios 

where the bio-oil and gas derived from the pyrolysis process were utilized as energy sources 

and determined the cumulative energy demands (CEDs) and GWPs of the process.  

2. Results and Discussion 

2.1. Biomass pyrolysis and catalytic graphitization of biochar to produce green graphite 

2.1.1. Biomass pyrolysis 

This work started with the biomass pyrolysis process, followed by the catalytic graphitization 

of biochar to produce graphite, as illustrated in Figure 1a. A pilot-scale continuous biomass 

pyrolysis process was considered, which resulted in the production of solid biochar (20.6 

wt. %), organic fraction bio-oil (OFB, 9.85 wt.%), aqueous fraction bio-oil (AFB, 32.1 wt.%), 

and gas (37.0 wt.%), as depicted in Figure 1b. For liquid, OFB and AFB were separated by 

gravity. The elemental compositions and corresponding water content of OFB and AFB are 

listed in Table S1, while the specific chemical composition of OFB and gas is presented in 

Table S2 and Figure S2. From an energy perspective, OFB, AFB, and gas have high heating 

values (HHV) of 27.77 MJ/kg, 4.64 MJ/kg, and 14.36 MJ/kg, respectively (Figure 1b), which 

indicated that the process could coproduce other green fuels apart from biochar which is 

employed as graphite precursor. From an element perspective, biochar is a carbon-rich 

product with a H/C atomic ratio of approximately one-quarter of biomass and an O/C atomic 

ratio of approximately a fifth of biomass, indicating a promising precursor of graphite with 

H/C and O/C atomic ratios close to zero (Figure 1c). 
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2.1.2. Catalytic graphitization of biochar   

Iron-based catalysts were selected for catalytic graphitization of biochar due to their good 

catalytic performance 25,28,29, earth-abundance 30, and low cost 31. In this work, a systematic 

study was conducted on the iron catalyst's influence and the processing parameter on the 

graphite crystalline property. Figure S3 showed that the X-ray diffraction (XRD) pattern of 

untreated biochar had an amorphous carbon structure, whereas that of all graphite products 

performed a typical graphitic structure with intensity shifts corresponding to different 

graphitic crystal planes. And as illustrated in Figure S4, Raman spectroscopy for graphite 

displayed a much higher G-shift intensity but a much lower D-shift intensity than untreated 

biochar. Graphite crystal characterization parameters (i.e., d002, G%, Lc, and La), as well as 

the conversion rate from amorphous carbon to graphitic carbon (i.e., α) were calculated based 

on the XRD and Raman spectra (Table S3). These characterization parameters are 

summarized in Figure 1d-1e. It was observed that when Fe(NO3)3 catalyst was incorporated 

into biochar via the wet impregnation method, the G%, Lc, and α values of the graphite 

samples positively correlated with the graphitization temperature and duration time. The Lc 

and α values of those samples also had a positive correlation with the catalyst loading amount. 

However, the G% value of the graphite reached a maximum at a catalyst loading of 22.4 wt.%. 

When Fe(NO3)3 catalyst and Fe catalyst were added to biochar via the dry impregnation 

method (1300 ºC, 22.4% iron loading, 3 hours), relatively low G% and α values were obtained, 

while the Lc value of the graphite sample was slightly higher than the G-1300-22.4-WET-3h-

FENO sample. It turned out that, regardless of the catalyst type, loading, and addition method, 

graphite samples that were produced using longer graphitization duration time and higher 

graphitization temperature always had higher La values. And the results indicated that the La 

value was more sensitive to the duration time instead of temperature. Moreover, compared 

with the dry impregnation method, the wet impregnation method led to smaller catalyst 

particle sizes but higher dispersion degrees of the catalyst. For the wet impregnation method, 

an increase in catalyst loading caused an increase in the catalyst particle size. All these can be 

verified in Figure S5. These results indicated that good catalyst dispersion was favorable for 

increasing G% and α values, and a relatively large catalyst particle size was favorable for high 

Lc values.  

The XPS spectra of the G-1300-22.4-WET-3h-FENO sample are presented in Figure 1f. As 

can be seen in the figure, only the signals from C and O elements were detected in the full-

scan XPS spectra. Figure 1g showed the C1s XPS spectra and the resulting curves fit for C-C, 

C=C, C-O-C, and π- π. The characteristic peaks of C=C and π- π suggested a highly ordered 
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graphitic structure in the graphite sample. TEM, in conjunction with the selected area electron 

diffraction pattern (SAED) of the G-1300-22.4-WET-3h-FENO sample, as shown in Figure 

1g, also verified the existence of graphitic crystalline. 

Generally, two kinds of mechanisms for catalytic graphitization have been extensively studied 

and admitted: (i) dissolution–precipitation and (ii) metal carbide formation–decomposition. 

Dissolution–precipitation is believed to be the primary mechanism in this work due to the 

good solubility of carbon in iron21. Our results suggested that, apart from the influence of the 

temperature, uniform dispersion of the catalyst could also contribute to a high degree of 

graphitization (G%) and a high conversion rate (α). The uniform dispersion of catalysts could 

increase the contact between the catalyst and carbon 21,32, resulting in a great number of active 

sites for dissolution–precipitation, and the enhanced formation of the graphitic nanocrystals. 

As shown in TEM in Figure 1h, the annular graphitic domains suggested the graphitic 

nanocrystals surrounding the iron catalyst were formed via the dissolution–precipitation 

mechanism at the initial stage.  

However, this mechanism seems to be responsible for the initial stage of catalytic 

graphitization, but it is difficult to explain the growth of graphite crystals throughout the 

catalytic graphitization process. It turned out that a relatively large catalyst particle size could 

induce a relatively high graphitic crystal stacking height (Lc). Moreover, the extension of the 

graphitization duration was found to be most favorable for the growth of the graphitic crystal 

size (La). In this study, a mechanism of crystal nucleation and growth was proposed to 

describe the growth of graphitic crystalline during the catalytic graphitization process, as 

shown in Figure 1i. The mechanism is also commonly used in metallurgy to explain graphite 

nucleation and growth in liquid metals 33,34. At the onset of catalytic graphitization, crystal 

nuclei were formed according to the dissolution-precipitation mechanism between carbon and 

Fe 21,23. In the presence of catalysts at high temperatures, this nucleus grew in ‘a’ (graphite 

crystal plane extension) and ‘c’ (graphene layer stacking) directions to form a larger graphite 

crystalline structure. High dispersion of iron catalyst favored the formation of the crystal 

nucleus, which resulted in relatively high G% and α values. Larger catalyst particle sizes 

promoted the growth in the ‘c’ direction (an increase of Lc), and the extending duration time 

boosted the growth in the ‘a’ direction (an increase of La). 
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Figure 1.  a) Schematic diagram of the biomass pyrolysis and catalytic graphitization of 

biochar process; b) Yield versus higher heating value (HHV) of pyrolysis products obtained 

after a continuous biomass pyrolysis test; c) Atomic O/C-H/C ratios of raw biomass and 

pyrolysis products (Permanent gas, HFBO, and biochar); d) Calculated Lc and La values 

versus catalytic graphitization process parameters; e) Calculated G and α values versus 

catalytic graphitization process parameters; f) A full-scan XPS spectra of G-1300-22.4-WET-

3h-FENO sample; g) C1s high resolution XPS spectra of G-1300-22.4-WET-3h-FENO 

sample; h) Transmission electron micrographs of G-1300-22.4-WET-3h-FENO sample with 

the selected area electron diffraction (SAED) pattern; i) Proposed mechanism for the 

evolution of graphitic crystalline during catalytic graphitization process. 

2.1.3. Catalyst removal and recycling  

Acid washing of the sample was performed to remove and recycle the iron catalyst embedded 

into carbon during catalytic graphitization of biochar. According to Figure 2a, α-Fe was the 

major resulting state of the catalyst after the graphitization process. And iron carbide was also 

detected in the sample. Specifically, a two-step washing method was employed, with the first 

step involving washing in hydrochloric acid (HCl). The influence of the acid concentration 

and treatment temperature on the iron catalyst removal efficiency was studied, as shown in 

Figure 2b. The result revealed that increasing the HCl concentration improved the catalyst 

removal efficiency. At 60°C and 80°C, the catalyst removal efficiency increased from 97.29% 

to 98.33% and from 98.34% to 98.59%, respectively. Figure 2c showed that the color of the 

spent solutions deepened with increasing temperature and HCl concentration due to enhanced 

oxidation. Below 80 °C, a higher temperature was found to be more effective than a higher 

acid concentration for iron catalyst removal. However, at a higher temperature of 80°C, an 

increase in the acid concentration was more effective for catalyst removal. 1 mol/l HNO3 at 

80°C was confirmed to be the optimal condition based on both the iron catalyst removal 

efficiency and the HCl utilization efficiency. Dissolved iron salts in spent HCl solutions could 

be recycled and used as catalysts for the graphitization process, which is essential to establish 

a sustainable graphite production process. Theoretically, the catalyst recycling efficiency 

could be 98 %, equal to the iron catalyst removal efficiency. In practical recycling trials, an 

iron recycling rate of approx. 90% was achieved, as illustrated in Figure 2d. To meet the low 

ash requirement of advanced applications such as batteries, the second step which consisted of 

microwave-assisted digestion with aqua regia was subsequently performed to further 

decrease the iron content. The process further reduced the average Fe mass content to 0.2 

wt.%, as shown in Figure 2d. SEM photos revealed that purified graphite particles existed as 



A
u
th
or

M
an
u
sc
ri
p
t

This article is protected by copyright. All rights reserved.

  

8 

 

flakes with a particle size distribution ranging between 1 and 100 μm, as shown in Figure 2e. 

The morphology of the green graphite powder did not have distinct differences from that of 

raw biochar powder, which was attributed to the graphitization process occurring on a 

microscopic level 35. The corresponding energy dispersive spectroscopy mapping micrographs 

of unwashed and ultimate (washed) samples cleared confirmed the removal of the iron 

catalyst (Figure 2e 5-8).   

 

Figure 2.  a) XRD patterns of unwashed, nitric acids washed and nitric acids+ Aqua regia 

washed G-1300-22.4-wet-3h-FENO samples; b) Catalyst removal efficiency at different acid 
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washing conditions; c) Photographs of the liquid collected after the first step of HCl washing; 

d) Iron content of unwashed samples, samples after one-step washed, and samples after two-

step washed and corresponding catalyst recycle efficiency; e) EDS mapping of unwashed and 

ultimate (after the two-step washed) G-1300-22.4-wet-3h-FENO samples: e-1, Overall SEM 

of unwashed graphite particles; e-2, Overall SEM of ultimate graphite particles; e-3, SEM of 

unwashed graphite particles; e-4, Distribution of carbon elements on unwashed graphite 

particles; e-5, Distribution of Fe elements on unwashed graphite particles; e-6, SEM of 

ultimate graphite particles; e-7, Distribution of carbon elements on ultimate graphite particles; 

e-8, Distribution of Fe elements on ultimate graphite particles. 

2.2. Application of green graphite as anode material for lithium-ion batteries 

The anode of a lithium-ion cell is predominantly made of graphite, constituting 15–30% of the 

total cell mass and 11–23% of the total cell manufacturing cost ($10-$20 per kilogram) 36. 

The production of high-quality green graphite powers as anode materials for lithium-ion 

batteries was one of the main motivations behind this study. A schematic diagram of the 

battery assembling process using green graphite as an anode material is shown in Figure 3a.   

In this work, the optimized graphite sample, G-1300-22.4-WET-3h-FENO, was selected for 

electrochemical evaluation in a coin-type half-cell. Figure 3b-3c showed galvanostatic 

charge-discharge profiles and long-cycle stability plots were obtained at a current density of 

25 mA for 100 cycles. The graphite sample displayed an initial discharged and charged 

capacity of approx. 382 mAh/g and 257 mAh/g, corresponding to an initial coulombic 

efficiency (ICE) of 67%. Although the ICE value is lower than that of current-use battery 

graphite (~100%), it is comparable to that reported in the literature for graphite samples 

(55%-90%) 25,37. The capacity loss is attributed to the reduction of electrolytes and the 

formation of stable solid-electrolyte interphase (SEI) layer. The irreversibility of the SEI 

formation is well supported by the disappearance of the cathodic peaks originating from SEI 

formation reactions in subsequent cycles. The significant SEI formation is strongly correlated 

to the relatively abundant electrolyte-accessible edge/defect surface areas of the graphite 

sample detected by the nitrogen adsorption-desorption measurement 38. Figure S6 indicates 

that the BET (Brunauer, Emmett and Teller) surface area of the graphite sample was 70 m2/g, 

much higher than the commercial battery-use graphite (5–20 m2/g) 39. After the first ~5 cycles, 

the stable SEI layer and the activation of the electrode were achieved with coulombic 

efficiency (CE) increasing to above 99%. The reversible capacity of the graphite sample was 

sable at approx. 264 mA/g, which was slightly lower than the value reported in the literature 

(~ 300 mA h/g) 25,37. But the capacity retained approx. 97% after 100 cycles with CE higher 
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than 99.3%, which is superior to that of green graphite samples in the literature 25,37. As 

shown in Figure 3d, the cyclic voltammetry of the 1st to 5th cycles demonstrated the 

electrochemical reversibility of the green graphite. Furthermore, the rate capacity of the green 

graphite sample was tested to assess the reversible capacity at a high charging rate. As plotted 

in Figure 3e, the specific reversible capacity values of 267, 259, 246, and 223 mA h/g were 

observed at charging rates of 25, 50, 100, and 200 mA /g, respectively. The result indicated 

that the green graphite sample exhibited reasonable capacity reduction at high charging rates 

as well as outstanding capacity self-recovery.  

In summary, the green graphite sample was found to be a viable anode material for lithium-

ion batteries, with electrochemical properties comparable to those of graphite samples 

reported in the literature. Although there is still a slight gap compared to commercial battery-

grade graphite, these results manifest the potential of green graphite in energy storage 

applications. 
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Figure 3.  a) Schematic diagram of the green battery assembly process using green graphite 

as anode material; b) Galvanostatic charge-discharge profiles of green graphite in half cells; 

c) Cycling performance of green graphite in half cells; d) Current-Voltage curve of green 

graphite in halt cells; e) Rated capacity of the green graphite in half cells. 

2.3. Graphite electrodes prototype fabrication and application     

2.3.1. Development of a green binder  
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Figure 4.  a) Schematic diagram of the graphite electrode production process; b) TGA curves 

of OFB and UOFB; c) Characterization results of binders; d) I-V curves of representative 

graphite electrodes and calculated resistivity values; e) Schematic diagram of the EAF furnace 

prototype. 

As shown in Figure S1, graphite electrodes used in metallurgy industries are expected to be 

one of the largest downstream markets of graphite within the next 10 years. In this study, 

graphite electrodes were fabricated from the produced green graphite powders following the 

production process outlined in Figure 4a. In this process, a green binder was developed first 

to make the entire graphite electrode production process fossil-free. OFB usually has high 

viscosity (>1 mm2/s) as well as the possibility of being used as a binder for graphite powder 

shaping 40. However, the first attempt of OFB as a binder to fabricate graphite electrodes 

failed due to its relatively lower viscosity (Table S4). Aging OFB by heat treatment has been 

reported to be effective in increasing bio-oil viscosity 41. To overcome the issue of low 

viscosity, OFB was subjected to a 72-hour heat treatment at 80 ºC. Figure S7 showed, after 

heat treatment, the upgraded OFB (UOFB) was transformed into a solid form rather than 
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liquid as OFB at room temperature. TGA and other characterization results, as shown in 

Figure 4b-4c, illustrated that UOFB performed much higher asphalten content (from 3.75% 

to 25.2%), fixed carbon (from 18.3% to 29.23%), and viscosity (from 21.63 mm2/s to a too 

high value not measurable) than OFB. Moreover, all these values of UOFB were comparable 

with those of Asphalt (APT) which was applied as a commercial binder. All these findings 

indicated that UOFB could serve as an appropriate binder for graphite electrode fabrication.  

2.3.2. Graphite electrode fabrication  

The successful fabrication of the graphite electrodes using UOFB as a binder is shown in 

Figure 4a. For comparison, APT was also used as a binder for graphite electrode fabrication. 

To fabricate compact and well-shaped graphite electrodes with good resistivity, a systematic 

study was conducted to determine the optimal binder-to-graphite powder ratio, the final heat 

treatment temperature, and the corresponding heating rate. The results are summarized in 

Table S4. A binder-to-graphite powder ratio of 30-35 wt. %, heating rate above 50°C/min, 

and final heating treatment temperature of 1300°C were verified to be essential for fabricating 

compact and well-shaped graphite electrodes. Graphite electrodes not prepared with the above 

parameters were either in powders, shaped but deformed (seen in Figure S8), shaped but 

fragile (seen in Figure S9), or highly resistive (> 1500 μΩ·m).  

Compact and well-shaped graphite electrodes (using either UOFB or APT as a binder) all 

exhibited a resistivity lower than 5 μΩ·m (seen in Figure 4d and Table S5), which is 

comparable to commercial graphite electrodes 42. OFB, especially UOFB, was mainly 

composed of phenolic substances derived from lignin decomposition 43, and the coke 

generated after the carbonization of these compounds contained non-graphitic hard carbon 44. 

Nevertheless, our results indicated that the existence of a certain amount of hard carbon did 

not significantly affect the resistivity of the graphite electrode. One possible explanation could 

be either the relatively low amount of hard carbon being left after a subsequent heating 

treatment or the good conductivity of the bio-oil-derived hard carbon 45. Previous studies have 

shown that hard carbon produced from biomass via high-temperature treatment had good 

electrical conductivity due to the existence of graphene layers 46. 

2.3.3. Application of graphite electrodes 

Thereafter, we constructed a prototype of EAF to demonstrate the use of graphite electrodes 

in metallurgy industries. A completely renewable graphite electrode fabricated by using green 

graphite powders and UOFB was used. The schematic figure of the EAF can be seen in 

Figure 4e. As illustrated in Video S1, the EAF produced a steady arc when both electrodes 

were graphite electrodes. Real metal melting tests were carried out by replacing one of the 
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graphite electrodes with pure metal, i.e., Cu, Al, and Fe. The melting process was recorded in 

Video S2. Based on the lab-scale melting tests, Figure S10 showed that approximately 1.2, 

11, and 49 kg of graphite electrodes (UOFB binder) were consumed to melt one metric ton of 

Cu, Al, and steel, respectively. All these results indicated a promising potential of the 

produced graphite electrodes in the metallurgical application.  

2.4. Other application  

 

Figure 5.  a) Schematic diagram of green inks and pencil lead production from green 

graphite; b) appearance of prepared inks; c) Photo of normal printing example; d) Photo of 

conductive circuit example; e) Photo of pencil leads; f) Photo of writing example using pencil 

leads; g) Photo of high-temperature thermal shock testing using graphite electrodes. 

Other applications of green graphite powders were explored in this section. As illustrated in 

Figure 5a, the green graphite powders were successfully used for the preparation of inks and 

pencil leads. The inks synthesized by mixing the fine green graphite powders (< 80 um) with 

OFB (seen in Figure 5b) were used as normal and conductive inks to produce normal printing 

and conductive circuits (length in a total of 26 cm, width of 0.5 cm), shown in Figure 5c-5d. 

Successful lighting of the LED light confirmed the continuity of the circuit, and the resistance 

value of the circuit was measured to be 1.3 Ω/cm (Table S5). Pencil leads were also produced 
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successfully from green graphite powders. The preparation process of pencil lead is very 

similar to that of graphite electrodes, except that clay is used as the binder for pencil lead 

production instead of UOFB. Figure 5e-5f showed examples of pencil leads and the 

corresponding writing. At last, as shown in Figure 5g, high-temperature thermal shock testing 

was conducted to evaluate the refractory performance of the green graphite. The green 

graphite electrode prototype produced in section 2.2 was used for testing. After exposure to a 

high-temperature flame of above 1000 ℃ for 3 minutes, no obvious damage or collapse of the 

graphite block was observed, indicating that the green graphite products also have the 

potential to be applied in refractory production.  

2.5. Process model design and evaluation 

2.5.1. Mass and energy balance 

Based on the experimental results, the overall process models were designed, modeled, and 

evaluated. Considering that the major markets for graphite are batteries and metal processing, 

two process models were developed. Model Ⅰ aimed to produce graphite powders for batteries 

(battery graphite), and Model Ⅱ intended to produce graphite electrodes for metallurgy 

(metallurgical graphite electrodes). A detailed description of the two models can be seen in 

Figure 6a. For highly efficient utilization of biomass, coproducts generated from biomass 

pyrolysis, including OFB (either fully or partially), AFB, and gas, were used for internal 

energy supply and excess energy export through combined heat and power generation (CHP). 

The generated heat and power were assumed to furnish the heat and power required within the 

process.  
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Figure 6.  a) Scope of the process model and boundary clarification of the LCA study; b) 

Mass flow for process model that produces graphite for battery; c) Mass flow for process 

model that produces graphite electrodes for metallurgy; d) Calculated cumulative energy 

demand (CED) values of process under different scenarios; e) Calculated global warming 

potential (GWP) values of process under different scenarios. 

The mass flows of the two models are shown in Figures 6b-6c, respectively. Results 

indicated that for Model Ⅰ, approx. 95 kg of graphite powders could be produced per ton of 

biomass. And for Model Ⅱ, approx. 109 kg of graphite electrodes could be produced per ton 

of biomass. Approx. 327 kg of AFB, 340 kg of gas, and 103 kg of OFB were coproduced per 

ton of biomass in Model Ⅰ, which could generate approx. 4960 MJ of electricity and 2056 MJ 

of heat. And approx. 327 kg of AFB, 340 kg of gas, and 56 kg of OFB were coproduced per 

ton of biomass in Model Ⅱ, generating approx. 2055 MJ of electricity and 4274 MJ of heat. 

Specifically, in both models, the energy required by the grinding, graphitization, and shaping 

(only in Model Ⅱ) was assumed to be supplied by the generated electricity. The energy 

required by the rest units, including pyrolysis, drying, etc., was designed to be provided by the 

generated heat. The excess heat was recognized as waste heat for a conservative estimation 

and the excess electricity was exported to the grid as an alternative to the electricity produced 

from other sources. 

2.5.2. Life cycle assessment (LCA) 

The driving force behind using renewable biomass as an alternative to fossil resources for 

graphite production is to achieve a lower carbon footprint. In this study, we evaluated the 

environmental impact of the proposed process models through an LCA study in which the 

cumulative energy demand (CED) and the global warming potential (GWP) were calculated. 

As illustrated in Figure 6a, four scenarios were considered: Scenarios 1 and 2 referred to the 

production process of graphite products from industrial-available biomass waste, i.e., sawdust 

in this study. For scenarios 3 and 4, the energy crops were involved in graphite production 

instead of biomass waste, requiring the inclusion of biomass cultivation and harvesting into 

the overall process. Scenarios 3 and 4 extended the viability of establishing a green graphite 

industry to regions where biomass is scarce. 

CEDs for each process model under different scenarios can be found in Figure 6d. To 

produce 1 kilogram of battery-use graphite powders from biomass waste, 34.51 MJ of 

cumulative energy was required, comprising 32.71 MJ for process, 1.09 MJ for chemical 

production, and 0.71 MJ for transportation. Meanwhile, 62.82 MJ could be produced from the 

CHP unit, resulting in a CED of -28.31 MJ/ kg graphite powders (scenario 1, a negative CED 
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referred to that the process has the potential to produce more energy than it consumes), 

whereas to produce 1 kilogram of graphite electrodes, 47.94 MJ (46.37 MJ for process, 0.95 

MJ for chemical production, and 0.62 MJ for transportation) was required, with 47.07 MJ of 

energy produced from the CHP unit. The net CED of the process was 0.87 MJ/kg graphite 

electrodes (scenario 2).  Compared with the production of battery-use graphite powders, the 

production of graphite electrodes has higher energy consumption and lower energy 

compensation, mainly due to the deployment of forming process and the consumption of 

partial OFB as the binder. For scenarios 3 and 4, biomass cultivation, harvesting, and storage 

led to extra CEDs of 8.04 MJ/kg graphite powders and 6.99 MJ/kg graphite electrodes. As a 

result, the CEDs of graphite powders production and electrode production from energy crops 

were estimated to be -20.27 MJ/ kg graphite powders (scenario 3) and 7.86 MJ/kg graphite 

electrodes (scenario 4).  

GWPs for each process model under different scenarios are presented in Figure 6e. In 

scenario 1, the production of 1 kilogram of battery graphite from biomass waste emitted 1.21 

kg of CO2-eq (0.92 kg from process, 0.07 kg from chemicals, and 0.22 kg from transportation). 

Generated electricity from the CHP unit could offset the emission of 1.78 kg CO2-eq/kg 

graphite powders, leading to a net GWP of -0.57 kg CO2-eq/kg graphite powders (scenario 1). 

In scenario 2, 1.59 kg CO2-eq/kg graphite electrodes (1.3 kg from process, 0.07 kg from 

chemicals, and 0.19 kg from transportation) were estimated to be emitted, with an emission 

offset of 1.32 kg CO2-eq/kg graphite electrodes. The net GWP of scenario 2 was 0.27 kg CO2-

eq/kg graphite electrodes. In comparison with scenario 1, the higher GWP in scenario 2 was 

attributed to the higher energy consumption of the shaping process and lower emission offset 

resulted from the binder consumption. For scenarios 3 and 4, biomass cultivation, harvesting, 

and storage gave rise to extra GWPs of 3.05 kg CO2-eq/kg graphite powders and 2.65 CO2-

eq/kg graphite electrodes, respectively. Consequently, the net GWPs of graphite powders 

production and graphite electrode production from energy crops were 2.48 kg CO2-eq/ kg 

graphite powders (scenario 3) and 2.89 kg CO2-eq/ kg graphite electrodes (scenario 4).  

To summarize, the process in scenario 1 (from biomass waste to battery-use graphite 

powders) was found to be the most energy-efficient, accompanied by a net reduction in CO2-

eq emissions. The process in scenario 2 (from biomass waste to metallurgical electrodes) 

showed very low CED and GWP, which are negligible compared to the commercial process. 

Additionally, scenarios 3 and 4 manifested that using energy crops as raw materials induced a 

minor change in CED but an obvious increase in GWP. Combining the analysis from four 

scenarios, it turned out that using industrial biomass waste as raw material was more 
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sustainable in terms of energy and environmental impact than using energy crops. 

Nonetheless, it is noteworthy that all the processes outlined in the four scenarios exhibited 

significantly lower CEDs and GWPs than the current natural and synthetic graphite 

production processes.    

3. Conclusion  

This study investigated the production of green graphite from biomass waste and its various 

applications for establishing a complete green graphite industry. Specifically, a tandem 

process that includes biomass pyrolysis, catalytic graphitization of biochar, acid washing, and 

recycling of the catalyst was first developed to produce green graphite. Thereafter, this study 

explored the application of green graphite powders as anode material for lithium-ion batteries, 

and further shaped the green graphite powders by using a portion of the bio-oil as a renewable 

binder to produce green graphite electrodes. Moreover, other small-scale applications using 

graphite, such as pencil leads, refractories, and printing, have also been examined. Finally, the 

overall process was designed, modeled, and evaluated under different scenarios.  

In the catalytic graphitization of biochar tests, the relationship between the graphite product 

properties (including crystallite size, degree of graphitization, and graphite morphology) and 

the graphitization process parameters (iron catalyst type, catalyst loading, temperature, and 

duration) was clarified. Subsequently, the electrochemical performance of the optimized 

green graphite sample was determined by assembling half-cells (ICE of 67% and reversible 

capacity of 264 mA/g). In long-term cycling tests, the capacity retained approx. 97% after 100 

cycles with CE higher than 99.3%. A green binder was developed during the graphite 

electrode fabrication attempts to create a fossil-free process for graphite electrode production. 

Graphite electrodes with resistivities lower than 5 μΩ·m were successfully fabricated by using 

the developed green binder. Furthermore, other green graphite products, including normal and 

conductive ink preparation, pencil leads production, and refractories were also successfully 

achieved. 

Overall process modeling and LCA study indicated that approx. 95 kg of battery-use graphite 

powders accompanied by 4960 MJ of electricity and 2056 MJ of heat, or 109 kg of 

metallurgical graphite electrodes accompanied by 2055 MJ of electricity and 4274 MJ of heat 

were estimated to be produced per ton of biomass. When using both biomass waste and 

energy crops as raw materials, the processes' CEDs and GWPs were found to be significantly 

lower than those of current natural and synthetic graphite production processes. The process 

of producing battery-use graphite powders from biomass waste was found to have net-energy-
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exporting capabilities (-28.31 MJ/kg graphite powders) and net-negative-CO2 emissions (-

0.57 kg CO2-eq/kg graphite powders). 
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The production of green graphite from renewable biomass resources was thoroughly 

examined alongside its numerous applications and life cycle. Graphite products were 

demonstrated to be effective in various applications (e.g. batteries and metallurgical 

electrodes). Life cycle assessment predicted that the production of green graphite results in 

significantly lower energy consumption and GHG emissions compared to the production of 

natural or synthetic graphite. 

 


