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A B S T R A C T   

This paper aims to address research gaps surrounding the environmental impact of Hard Carbon (HC) production 
by conducting a Life Cycle Assessment (LCA) based on data from two laboratories with differing backgrounds and 
scenarios. HC is commonly used as anode material for sodium-ion batteries, a potentially sustainable and cost- 
efficient alternative for lithium-ion batteries. The study identifies environmentally sustainable routes for HC 
synthesis by comparing various biomass and synthesis pathways. The study reveals that the energy consumption 
of the pyrolysis process is the primary contributor to the environmental footprint of lab-scale HC production. A 
prospective LCA is performed by upscaling the laboratory processes to pilot- and industrial scale based on expert 
judgement and assumptions on energy and material balance. The results show that the environmental profile of 
HC can be significantly improved when the production scale is expanded. At large production scales, HC shows 
great potential to be used as a counterpart to graphite in future battery systems. However, direct emissions, such 
as methane, and the depletion of materials, such as argon and acid, become more critical to the environmental 
footprint, highlighting the need for energy recovery, emission treatment strategies, and more efficient use of 
materials. This work provides a framework for future LCA studies of HC, highlighting the limitations of simplified 
upscaling. It also provides a foundation for developing sustainable energy storage systems, thereby contributing 
to more informed decision-making in HC industrial production.   

1. Introduction 

Batteries are considered to be a key technology for the energy and 
mobility transition, with a high share of renewable energy provision. [1] 
Lithium-ion batteries (LIBs) are currently the most commonly used en-
ergy storage technology, but face many problems in respect of sustain-
ability aspects, such as the usage of critical materials from politically 
unstable countries, and related supply risk, material availability, and 
cost issue. [2] Sodium-ion batteries (SIBs) have been proposed as a 
promising alternative to LIBs in many applications, such as stationary 
storage and electric vehicles. [3,4] SIBs share the same cell structure 

with LIBs, with main components of anode, cathode, separator, elec-
trolyte, etc. However, SIBs have the important advantage of not using 
critical raw materials in those components such as cobalt, nickel and 
lithium in cathode, and graphite in anode. Therefore, SIBs have poten-
tial to alleviate the strain of environmental impacts [5,6], supply risks 
and costs [7,8]. 

However, the commonly used graphite anode from LIBs cannot be 
combined stably with the sodium-ion, which makes this anode type 
unsuitable for SIBs. [5] Hard Carbon (HC), a non-graphitizable carbo-
naceous material, emerges as a viable anode material for SIBs, due to its 
good balance between performance, cost and sustainability and huge 
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potential for large-scale commercialization. [5,9] HC is now commonly 
used in various commercial prototype SIBs [10]. 

HC can be derived from fossil-based precursors such as resin or petrol 
coke, but also from various types of biomass. Bio-based HC offers a 
supply-risk-free alternative. Despite HĆs huge potential, there is a lack 
of comparative sustainability studies between different bio-waste pre-
cursors and processing routes, which hinders the identification of key 
factors for minimizing the environmental burden of HC production. 
Furthermore, a study considering different scales and throughput was 
not offered by previous work, due to lack of data availability. At the 
stage prior to large-scale commercialization, it is urgent to fill the data 
gap and crucial to conduct a holistic study that can identify the drivers in 
the production chain of HC. 

Addressing these gaps, this study introduces an novel, comprehen-
sive life cycle assessment (LCA) study of HC production, examining 
environmental impacts across different scales, from laboratory to in-
dustrial, and suggesting improvement strategies. By incorporating 
diverse data sources and investigating into the effects of processes, this 
LCA study not only fills primary data gaps but also improves the un-
derstanding of upscaling effect on environmental performance and 
provide a consistent comparison with other LCA studies. 

This study, comparing HC synthesis in two labs with several elec-
tricity mixes and emission scenarios. It addresses uncertainties in data 
collection and system modeling (e.g., efficiency of equipment), analyses 
multiple biomass types and synthesis pathways, and provide a founda-
tion for industrial-scale implementation feasibility. The research further 
explores upscaling from laboratory to pilot- and industrial production. A 
prospective LCA integrates upscale methodologies from previous studies 
to predict the environmental footprint with higher throughput, and 
demonstrates the upscaling effect of carbon-based anode materials. A 
follow-up comparison with the previous LCAs of HC and graphite es-
tablishes the benchmarks of HĆ carbon footprint against existing anode 
materials from laboratory to industrial scale, using consistent back-
ground data and methodology for fair comparison. 

This LCA study represents a novel approach to the field of HC, 
demonstrating the correlation between environmental performance, 
process design and production scale,. Furthermore, it provides a detailed 
blueprint for advancing HC production along an environmental sus-
tainability roadmap. 

2. Literature review 

Recent research has identified that the HC is in the early market 
development phase, positioned between Technology Readiness Level 
(TRL) 6–7 with significant growth potential. [9] At this stage, there is a 
high degree of flexibility to design the system, offering opportunities to 
mitigate environmental impacts before it escalates to a higher level. 
Conducting LCA at this stage enables the prospective identification of 
potential environmental concerns and hotspots related to HC produc-
tion. [11] Studies have investigated various manufacturing pathways for 
HC [12–14] and assessed their environmental footprints. [15–20]. 

A key process in manufacturing HC from organic material feedstock 
is carbonization (or pyrolysis), which involves decomposing precursor 
materials at temperature above 1000 ◦C in an inert atmosphere. 
Carbonization is often complemented by pre-treatment of precursors (e. 
g., grinding, washing, drying) and post-treatment (e.g., ball milling, 
sieving, scrubbing) to enhance the quality of final product and alleviate 
emission. [5] Additional treatments, such as acid treatment, hydro-
thermal carbonization (HTC), and stepwise pyrolysis have been 
explored to improve the electrochemical performance of HC in SIBs. 
[13,14,17,21,22] Strategies to reduce the energy consumption in HC 
production include increasing carbon yield, lowering carbonization 
temperature, and shortening reaction time. [17,23,24] As many 
manufacturing processes of HC are similar to those of graphite, such as 
pyrolysis and de-ashing, it is suggested that leveraging existing expertise 
and equipment from graphite production could accelerate HĆs 

commercial viability. [9]. 
Peters et al. conducted the first LCA of HC anode materials in SIBs, 

indicating that the production of HC material from sugar exhibits the 
highest environmental impacts among various precursors. [25] 
Conversely, HC from biowaste and petroleum coke demonstrated lower 
impacts, attributed to lower impacts from upstream feedstock and 
higher yield percentage, respectively. [18] This research underscores 
the complexities of utilizing bio-based materials, which may not always 
be practical or cost-effective. [7,8] Indeed, bio-based materials such as 
resin and sugar could be burden-intensive as the upstream supply chain 
for production could have high impacts, for instance associated to 
intensive energy consumption. However, the series of studies modeled 
the HC synthesis mainly based on secondary data and emphasized the 
need for experimental and industrial data from the most probable pro-
duction pathways, and the need to identify processes and precursors 
associated with low impacts. 

Titirici et al. explored alternative HC production methods, such as 
HTC, as a way to curtail the energy use and greenhouse gas emissions. 
[16,17] Follow-up research by Trotta et al. emphasized the importance 
of investigating the upscaling effects on the environment impacts and 
optimizing process routes to minimize the impacts. [15] Other pre-
liminary LCA studies based on primary data have been conducted to 
investigate the effects of processes and precursors, but only with a 
limited extent of LCA methodology implementation. A comprehensive 
comparison of these effects is not offered. [13,26]. 

Graphite as a conventional anode material and other candidate for 
SIB anode materials are good references and baseline for identifying the 
environmental performance of HC. The commercial LCA database 
ecoinvent 3.8 contains a dataset for battery grade natural and synthetic 
graphite based on literature and approximates the industrial baseline for 
graphite production. [27] Detailed LCI proposed by Engels et al. for 
natural graphite based on primary data from manufacturers are re- 
modeled as a solid reference for comparison. [19] Surovtseva et al. 
offer a combined LCI for synthetic graphite for commercialized scale but 
based on public literature data. [20] This study draw upon those 
extensive datasets, including the commercial LCA database ecoinvent 
3.8 and scientific papers, and compare these with new data from 
advanced HC manufacturing processes to establish a robust environ-
mental baseline. There are also LCIs for graphite manufactured by new 
technologies or for other emerging anode materials for SIBs, such as 
synthetic graphite via electrochemical graphitization provided by Kul-
karni et al. [28] and Fe2O3 anode materials for SIBs proposed by Malara 
et al. [29] These technologies are at a very early stage of development. 
Thus, the LCA results of these emerging materials are in most cases 
excessively high and are not included in the comparison of this study. 

A significant gap in current research is the lack of a deep investiga-
tion into primary driver of HĆs environmental burden comparing 
different precursors, process strategies and parameters in the HC pro-
duction chain, inconsistency of data. [8]. Most studies rely on secondary 
data or limited data from a single laboratory. Secondary data can lead to 
uncertainties and inaccuracies due to the differences between actual 
production and inconsistent assumptions based on literature. The pri-
mary data from single source might lead to potential uncertainties 
caused by infrastructure and measurement protocols. There is a need for 
experimental and industrial data, and robust LCA methodologies for 
accurate and standardized comparisons. [15]. 

Furthermore, existing LCAs often overlook crucial emissions data 
(such as methane, biogenic CO2, and SO2) and made broad assumption 
about electricity consumption, leading to high uncertainties in impact 
assessment. However, these aspects have been identified as sensitive 
factors in LCAs, where slight variations of emission and energy con-
sumption can significantly alter environmental impact results. The 
electricity mix (a part of background system) used to manufacture HC 
can significantly impact the environmental impact and has also not been 
discussed. [33]. 

Many methodologies have been proposed to upscale laboratory data 
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for prospective LCA studies of higher manufacturing scales and matu-
rities of whole cells or batteries. Erakca et al. discussed how the influ-
ence of production scale on the environmental impacts of LIB cell 
production had been demonstrated with the strong correlation of spe-
cific energy demand and production scale. [30,31] However, similar 
research demonstrating the upscale approach does not exist for HC 
materials. There has been no research on the pilot- and industrial-scale 
production of HC. LCA based solely on laboratory-scale data only pro-
vides a preliminary direction and cannot represent large-scale 
commercialization and fabrication. Also, most graphite LCA studies 
are based on industrial scale. In order to offer a fair comparison between 
HC and graphite, prospective results associated with the environmental 
impact of HC pilot- and industrial production are urgently needed. By 
integrating methodologies designed to predict the environmental foot-
print at higher throughputs, this research not only contextualizes the 
scaling effects on hard carbon anode materials but also sets new 
benchmarks against existing anode materials from laboratory to indus-
trial scale. 

Unlike previous studies, this research critically examines HC pro-
duction from various bio-waste precursors across different scales. This 
study seeks to bridge these gaps by offering a comparison with previous 
LCAs, to establish an environment baseline for HC production and 
providing a detailed insight into sustainable advancement of HC as 
anode materials for SIBs. This work stands out by incorporating a sys-
tematic approach to upscale from laboratory data to pilot and industrial 
production, offering a unique perspective on the environmental impacts 
at each stage of scaling. The holistic approach proposed by this work is 
crucial for transitioning HC from a promising laboratory innovation to a 
commercially viable and environmentally sustainable solution. 

3. Method and materials 

According to ISO 14040/14044, the four main stages of an LCA 
include goal and scope definition, inventory analysis, impact assess-
ment, and interpretation. [32,33]. 

3.1. Goal and scope definition 

The primary objective of the present LCA study is to identify the 
environmental hotspots of HC production produced from different bio- 
waste and to evaluate sustainability potentials of HC for large-scale 
applications in comparison with graphite. The LCA starts at a labora-
tory perspective by leveraging primary data from two laboratories, 
aiming to explore various biomass precursors and synthesis pathways. 

This initial phase lays the groundwork for a prospective pilot and 
industrial-scale LCA. The upscale model, built upon laboratory data and 
supplemented with values from literature, facilitates a balanced com-
parison with commercial anode materials. The presented results 
examine the key factors influencing the environmental impact during 
the escalation of production scale and maturity. 

This is a cradle-to-gate LCA study, i.e. the use phase and the end-of- 
life treatment are excluded from the scope of this study, as shown in 
Fig. 1. The foreground system consists of the synthesis process based on 
primary data, while the supply chain of raw materials and energy are 
modeled in the background. Data from the database ecoinvent 3.8 is 
used for the background system. The functional unit of this LCA study 
was primarily set to 1 kg of HC. However, aligning with literature 
practices, the results can also be converted into a secondary functional 
unit, such as 1 mAh, to take the electrochemical performance of HC into 
consideration and provide a different perspective on the findings. 
[13,15,26]. 

3.2. Data source and assumptions 

Primary data, including process routes for the synthesis of HC, ma-
terial flows and energy consumption, were collected directly in two 
laboratories, respectively in China (A) and Germany (B). Studies related 
to both measurements have been published in [14] and [13]. The main 
precursors presented in the two publiactions are bamboo and hazelnut. 
However, additional biomass, listed in Table 1, were tested using the 
same process design for comparison in these two laboratories. The 
experimental primary data for all listed raw materials are provided to 
conduct the laboratory LCA. More details about the electrochemical 
domain can be found in these two publications. The primary data ob-
tained through measurements and calculations are the main components 
of the foreground system. 

To ensure the consistency and comparability across different sce-
narios, assumptions and extrapolation are employed. Energy consump-
tion from the two laboratories is recalibrated based on the maximum 
capacity of the infrastructure, considering that laboratory facilities do 
not always operate at peak efficiency. [30,31] Additionally, energy 
allocation in multi-output processes in the laboratory, such as a drying 
oven and fume hood used in acid soaking, is determined through a 
combination of assumptions and expert judgment by laboratory scien-
tists. For example, drying oven is determined by the heating time, space 
required, and maximum operating space of the oven. Fume hood is for 
different chemicals simultaneously. Thus the ratio of energy is also 
determined by the space suggested by scientists. In the contribution 

Fig. 1. System boundary of lab-scale synthesis from laboratories A and B. The diagram on the left represents the cradle-to-gate boundary of the lab-scale LCA for hard 
carbon synthesis, which encompasses the supply chain of raw materials and other input materials. The diagram on the right depicts the laboratory synthesis process 
route for hard carbon, with data from two laboratories. The main production steps are identical, with some additional processing steps listed alongside. The supply 
chain of the input substances is taken from the background system (modified and adapted from [34,35]). 
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analysis, data from both laboratories are modeled using the same 
background system, i.e. German energy mix and supply chain (If 
German supply chain is not available, average EU supply chain is used). 
Then the scenario analysis was conducted to investigate different loca-
tions, including Germany (DE) and China (CN). Additionally, a scenario 

was developed to examine the potential of a pure renewable energy 
supply, with 50 % wind and 50 % PV. These scenarios were designed to 
demonstrate the importance of location and energy supply selection. 
The grid mix data was sourced from Ecoinvent 3.8, which has considered 
both transmission losses and electricity generation specifics. However, it 
is important to note that these modeling assumptions introduce a degree 
of uncertainty, which is further investigated through scenario analysis to 
understand the inherent uncertainties of these assumptions. 

Transportation are not considered in this laboratory LCA. The goal of 
this study is to compare the effects of process design and inherent dif-
ferences of biomass on the environmental impacts. Therefore, the 
transportation is not a necessary consideration, especially when it in-
volves a high degree of uncertainty and only makes minor contribution 
to the overall impacts. 

3.3. Assessment method 

The ILCD (International Life Cycle Data System) 2011 midpoint is 
used as base Life Cycle Impact Assessment method (LCIA). This method 
is recommended by the European Commission for LCA and is widely 
recognized by previous battery-related LCA studies. [36] The calcula-
tion is conducted in the software openLCA V11.1. [37] To conduct the 
impact assessment, LCI data were converted into midpoint indicators 
using characterization factors provided by the ILCD 2011 methodology. 
This step involves aggregating emissions and resource consumption data 
from the inventory analysis and calculating the contribution of each 
process to the selected impact categories. The results are then analysed 
to identify the most significant environmental impacts and hotspots in 
the life cycle of HC. Comprehensive environmental impacts of all other 
impact categories from the ILCD method are shown in S3.1. Among 
them, the impact categories selected for contribution analysis focus on 
global warming potential (GWP), acidification potential (AP), and 
resource depletion potential (RDP), as these three categories have been 
verified to represent the most significant impacts and always been dis-
cussed in previous hard carbon LCAs. [16,18]. 

Scenario analysis is conducted on several variables to evaluate the 
sensitivity of input material and robustness of results. The variables 
considered in this analysis included process parameters (e.g., volume of 
inert gas amount, carbon yield of pyrolysis), type of acid, throughput of 
pyrolysis equipment, and assumptions related to geographical supply 
chain (including electricity mix and raw material supply). The goal of 
this scenario analysis is to assess the sensitivity of the process parame-
ters and approaches to the overall environmental impacts of HC. For 
example, a scenario analysis of inert gas was conducted, in which the 
flow rate was linearized based on theoretical considerations. In the 
scenario analysis of acid type, we proceeded to consider the theoretical 
possibility of a change in the type of acid, while maintaining the 
quantity and other material balance constants. 

3.4. Life cycle inventory modeling 

Various biomasses are considered for the laboratory-scale manufac-
ture. The biomass materials need to have a suitable structure for HC, 
easy to collect on a large scale, and low cost. The biomass investigated in 
this study has been selected by the researchers and validated in labo-
ratory to provide stable performance for hard carbon. The laboratory 
synthesis of HC can be divided into three main stages: pre-treatment, 
pyrolysis, and post-treatment. In this way, a typical route for HC syn-
thesis mainly consists of pre-treatment (washing–drying–mechanical 
grinding)–pyrolysis–post-treatment (ball milling, scrubbing). Based on 
this main route, acid treatment, intensive grinding, and secondary py-
rolysis are optional steps, as shown in Fig. 1. Noted that the grinding 
conducted at the end of the process route is distinct from the grinding 
conducted prior to pyrolysis. Based on expert interview, the hand 
grinding and ball milling are essential for achieving the desired particle 
size and uniformity of battery-grade anode active materials. [38] 

Table 1 
Description, parameters, and properties of HC synthesis in laboratories A and B.   

Laboratory A Laboratory B 

Basic information 
Raw material Bamboo bulk, pine bulk, 

coconut shell, tea seed 
Hazelnut shell, peanut shell 

Process route Direct pyrolysis: raw 
materials are directly put 
into the tube furnace for 
two-step pyrolysis 
Mechanical grinding: raw 
materials are crushed by 
mechanical grinder into 
small particles 
Acid treatment: raw 
materials are treated by 
sulfuric acid for 6 h and 
then washed before two- 
step pyrolysis 

Direct pyrolysis: raw materials 
are washed by deionized water 
and dried, then put into the 
tube furnace for one-step 
pyrolysisIntensive grinding: 
after mechanical grinding, raw 
materials are ground with 
intensive grinder and sieved to 
get smaller particles  
(<32 µm or 1 mm) 
Acid treatment: raw materials 
are treated by phosphoric acid 
for 2 weeks and then washed 
with deionized water before 
pyrolysis 

Scenarios and 
abbreviation  

• bamboo_direct: direct 
pyrolysis with bamboo 
bulk  

• bamboo_at: pyrolysis 
with acid treatment with 
bamboo bulk  

• pine_at: pyrolysis with 
acid treatment with pine 
bulk  

• coconut_at: pyrolysis 
with acid treatment with 
coconut shell  

• teaseed_at: pyrolysis 
with acid treatment with 
tea seed  

• hz_ww_1mm: direct 
pyrolysis with water 
washing, grinding below 
1 mm, hazelnut shell  

• hz_ww_32µm: direct 
pyrolysis with water 
washing, intensive grinding 
below 32 µm, hazelnut shell  

• hz_at_1mm: pyrolysis with 
acid treatment, grinding 
below 1 mm, hazelnut shell  

• peanut_at: pyrolysis with 
acid treatment, hand 
crushing (due to low 
hardness of peanut shell), 
peanut shell  

Acid treatment 
Acid agent Sulfuric acid Phosphoric acid 

Treatment time 6 h 2 weeks  

Pyrolysis 
Pyrolysis type Two-step fast pyrolysis One-step slow pyrolysis  

Primary 
pyrolysis 

Secondary 
pyrolysis  

Max. operation 
capacity of 
furnace (g/ 
batch) 

10 10 15 

Temperature (◦C) 500 1300 1100 
Heating rate (◦C/ 

min) 
10 10 1 

Holding time 
(hour) 

2 2 1 

Cooling rate (◦C/ 
min) 

10 10 3.13 

Inert gas Argon 
Flow rate (mL/ 

min) 
200–1000 (200 mL/min applies for base case) [39]  

Measurement 
Location China Germany 
Energy 

consumption 
Primary data directly 
measured 

Primary data based on power 
and time 

Scaling of energy Based on maximal 
operation capacity 

Based on maximal operation 
capacity 

Reference [14] [13]  
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Although the specific process route varies up to raw material selection 
and equipment functionality, the overarching framework remains 
consistent across different scenarios in this study. 

The aim of both laboratories is to identify the most environmentally 
sustainable approach and material for the production of HC. All sce-
narios of process design in laboratory A and B were strategically 
designed to isolate and compare the effects of different treatment 
methods on a single raw material. This approach was employed prior to 
any subsequent extensions of such methods to other materials. For 
example, in laboratory A, bamboo was initially investigated to compare 
the environmental impacts of direct pyrolysis and acid treatment. This 
controlled comparison ensured that any differences observed in envi-
ronmental impact could be attributed solely to the treatment method, 
rather than to variations in the raw materials. Different raw materials 
were then subjected to the same process route and conditions to assess 
the influence of raw materials on environmental impact. 

Cooperating with scientists Laboratory A and B, the material flow 
data and energy consumption on a laboratory-scale was measured 
directly on-site during the experiments. There are two ways to measure 
energy consumption: direct measurement of the energy consumed dur-
ing a certain time in the format of kWh; or measuring the power (W) and 
then calculating the total energy consumption (

∑
W*h) based on the 

time (h), Energy use by unmeasurable equipment is calculated using 
maximum power and actual running time. The energy consumption is 
recalculated based on the maximum acceptable feeding capacity of the 
equipment, when the equipment is fed according to the actual needs of 
scientists in laboratory activities and does not run at its maximum 
power. The HC synthesis system is therefore modeled with a bottom-up 
approach, providing the material flows and energy consumption of each 
process. 

Data collection in two laboratories enables a comparison of different 
routes and a discussion of laboratory-specific LCA from a methodolog-
ical perspective. However, it can also lead to discrepancies in data 
collection, as the two laboratories apply different equipment (including 
measurement and synthesis equipment) and have different background 
(including energy-mix and supply chain, room environment, and 
experimental routines). Table 1 illustrates the detailed parameters and 
properties in laboratories A and B in order to present the details of and 
differences between the two sources. 

A comprehensive inventory of the material and energy flows asso-
ciated with the laboratory-scale production of HC is provided in S1.1. 

3.5. Upscaling to pilot- and industrial scale 

A simplified scale-up and predictive LCA based on the laboratory 
results was performed in order to get a general idea of the sustainability 
level of HC on the map of anode materials and the scale effect. The best 
case demonstrated in the laboratory scale (i.e. “bamboo with H2SO4 
treatment”) is upscaled to two different levels: pilot scale (based on 100 
kg/batch), which is currently technically feasible and has been executed 
by commercial manufacturers, and hypothetical industrial scale (based 
on 1000 kg/batch), which is expected to be achieved in future HC plants. 
This information has been provided by developers of HC industry. 

Pilot trials have been conducted by many commercial HC manufac-
turers. Previous studies have suggested that energy consumption is 
likely not linearly related from laboratory to higher scale. [40] The 
process route and parameters (e.g., time, temperature) of laboratory 
scale are used to extrapolate the energy consumption of pilot scale. 
Moreover, the energy efficiency and equipment size vary from the pilot 
plant setting. Based on expert interviews [9], most of the current HC 
pilot equipment has been converted from past graphite equipment, and 
pyrolysis indeed is seen as a low temperature graphitization. [5,9] 
Therefore, energy consumption for graphite pilot production equipment 
can be adapted to generate the energy balance for pilot-scale LCA of HC. 
[41] The material balance (e.g., reactants, products) is proportionally 
upscaled according to throughput (from 10 g to 100 kg/batch) and then 

modified based on the empirical values of equipment efficiency. This 
equipment-based upscaling of energy and material balance enables a 
process-to-process reflection of the real situation. 

However, there is currently limited information on large-scale pro-
duction equipment or processes of HC. This means no such equipment- 
based energy expansion for pilot-scale is available for industrial scale. 
This study employed an alternative thermodynamic and chemical 
reaction-based energy estimation method to estimate energy consump-
tion and scale-up laboratory experiment to industrial scale. Before 
continuous production, it is expected that HC production will be first 
batch setup in the future. Therefore, the prospective LCA of industrial 
scale is based on a reaction setup of 1000 kg/batch, with 20 % material 
saving due to due to efficiency. [42] The energy balance for each process 
is calculated with corresponding theoretical energy exchange equations. 
[42–44] This scenario excludes direct emissions treatment and conse-
quential recycled energy. 

Energy recovery by combustion of exhaust gas from pyrolysis, also 
called pyrogas, is expected to be applied in future industrial plants, 
followed by flue gas treatment. To explore the potential emission 
reduction in the future, a hypothetical industrial “best case” scenario is 
formulated with the following assumptions:  

• Complete emissions treatment (no additional carbon footprint)  
• Renewable energy (50 % PV and 50 % wind)  
• Utilization of flue gas-derived energy for 50 % drying  
• 68 % material recovery rate [42] 

It is assumed that flue gases and bio-oils from the pyrolysis furnace 
are treated through complete combustion. A conservative assumption 
suggests that the energy recovered by the combustion of flue gas can 
cover 50 % energy requirement of drying process in the acid treatment. 
The industrial-scale production of hard carbon is an emerging technol-
ogy that is still in need of detailed and recent data on material recovery 
rates. To ensure consistency across the upscaling, the 68 % recovery rate 
is adopted from the primary data source [42], which represents the most 
relevant average value currently available. It is noted that this model is 
an ideal scenario with simple energy balance calculation and conser-
vative assumptions in order to demonstrate the potential for environ-
mental impact reduction through simple optimization approaches in the 
future. It is recommended that future research conduct a more detailed 
analysis. 

The objective of this study is to examine the general upscaling effect 
of HC, rather than to identify a specific supply chain or absolute value. 
Therefore, the transportation and co-product are not included in this 
study. It is crucial to recognize the significance of their contributions in 
future research, especially in the context of industrial scale consider-
ations. Average material efficiency rate and infrastructure data are 
based on average value from literature. Since this method is based on 
theoretical calculations, large uncertainties are taken into consideration. 
Considering the goal and scope of this study to provide a preliminary 
estimation of a future situation, it allows us to roughly draw a baseline of 
the industrial scale for an initial comparison with other commercially 
available anode materials. Further details of calculation and assumption 
for the pilot- and industrial scale are available in S2.1 and S2.2. Life 
cycle inventories are found in S1.2. 

3.6. Harmonization of other LCA studies for comparison 

Findings from this study are benchmarked against previous LCA 
studies and existing commercial datasets of other anode materials, 
including HC and graphite, focusing on carbon footprint and energy 
consumption as key indicator, as these impact factors of the greatest 
interest. This comparison aims to validate results of this study and assess 
the impact of different production scales. It assists to verify the sus-
tainability level of HC in current anode systems in order to identify its 
environmental mitigation potential and enhance the sustainability of 
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SIBs. 
To ensure a consistent and fair comparison, this study reconstructs 

models from selected LCA studies using an identical assessment meth-
odology and background data. [15–20,27] The results are reproduced 
based on LCI data provided in the literature, while consistent back-
ground data (Germany / European dataset), the modeling approach 
(bottom-up modeling), and impact assessment method (ILCD 2011 
midpoint+) of LCA are used across different research. Potential meth-
odological variances are minimized by adopting an identical framework 
encompassing the same geographical and temporal scope, emissions, 
and waste treatment methods, and LCIA approach. This harmonization 
ensures that differences in the environmental impact between HC and 
graphite are attributed solely to the materials, rather than discrepancies 
in assessment methodologies. By comparing results from this study with 
the results from adopted models, the analysis highlights the areas where 
HC shows superior environmental performance. 

3.7. Limitations 

This study is subject to several limitations. One significant limitation 
is the unaddressed uncertainties associated with upscaling. Due to lack 
of data, these uncertainties cannot be eliminated at current stage. Some 
assumptions were drawn from the reference that may be outdated, such 
as the material recovery rate, due to data availability. It is recommended 
that further research is conducted with updated data to potentially 
validate or revise the assumed value taken in this research. Moreover, 
the current upscale model, based on laboratory-scale data, lacks opti-
mization of parameters and processes at a higher scale. It still has dis-
tance from the realities of actual mass production. Therefore, further 
research with a more reliable upscale method of HC is needed. Another 
limitation pertains to the lack of modeling for continuous processing, 
which, according to Elginoz et al. [43], could significantly differ in en-
ergy and material flow from batch processing. Finally, this study does 
not encompass the environmental impact of the biomass supply chain 
and transportation, as this aspect was beyond the studýs scope. Future 
research could delve into the consequences and potential alternatives of 
using biomass waste, to gain a comprehensive understanding of HC 
production and its environmental footprint. 

4. Results and discussion 

4.1. Contribution analysis of lab-scale production 

4.1.1. Energy consumption analysis 
Fig. 2 presents the energy consumption breakdown of lab-scale HC 

synthesis. The results highlight that the pyrolysis process plays domi-
nant role (up to 98 %) in the energy consumption. Also, the equipment 
efficiency and the preparation methods employed in the laboratories 
have a significant impact. For example, despite recalibrated to 
maximum capacity, there is still a significant gap between laboratory A 
and B, stemming from the efficiency of the employed equipment, espe-
cially pyrolysis furnace. Furthermore, Laboratory A implemented a two- 
step pyrolysis process incorporating a high-temperature secondary stage 
(1300–1800 ◦C). While this short duration and the higher temperature 
stage consumed more energy compared to the primary pyrolysis 
(300 ◦C–650 ◦C), it reduces even more energy of the primary pyrolysis 
process and increase the overall HC yield, therefore leading to energy 
savings for the entire system. This indicates the potential benefits of 
optimizing the pyrolysis process for enhanced sustainability perfor-
mance. Secondary pyrolysis also represents a potential method for 
enhancing the electrochemical performance of hard carbon. [14] 
However, possible barriers hindering the widespread adoption of sec-
ondary pyrolysis and the potential adverse effects on the HC produced 
should be further investigated in future research. 

In laboratory B, an additional acid treatment step enables the 
removal of impurities from the biomass raw material and increases the 
carbon content in the precursor, increasing the yield of the consequen-
tial pyrolysis process and reducing pyrolysis ́ energy consumption 
(bamboo reduced the overall energy demand by 5.9 % and hazelnut 
shells by 16.4 %). Comparatively, the added energy consumption of acid 
treatment is significantly less than the saved consumption from the 
pyrolysis process. In addition, in order to generate 32 µm hazelnut 
particles, intensive grinding and vibratory sieving are conducted, which 
lead to substantial material losses (approximately 80 %). Therefore, the 
quantity of dried raw material required for 32 µm is greater than that 
required for 1 mm. This results in a notable increase in the energy 
consumption required for drying. In contrast, the energy associated with 
additional intensive grinding and vibratory sieving is relatively 
insignificant. 

Different biomasses feedstocks exhibit varying yields even with 
identical treatment approaches, parameters, and conditions for pro-
cesses like acid treatment or pyrolysis. These disparities arise from their 
internal structure and material composition. These yield variations 
impact both energy consumption and environmental footprint. The se-
lection of biomass type can influence energy consumption by affecting 
the yield. Interestingly, the difference between raw materials type 
(biomasss) is not as significant as the difference between the process 
routes. This is likely due to the fact that in our study, all biomass raw 
materials were treated as bio-waste, and therefore, their inherent envi-
ronmental burden was excluded. 

Fig. 2. Energy consumption (MWh/kg) based on maximum capacity from laboratories A and B.  
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4.1.2. Environmental impact analysis 
Fig. 3a–c showcases the environmental impacts of HC production in 

laboratories A and B using identical background data (German energy 
mix, European supply chains of raw materials). Fig. 3a reveals that lab Á 
secondary pyrolysis, despite contributing to 23–35 % GWP, significantly 
reduces the primary pyrolysis GWP by over 50 % through increased HC 
yield and reduced the temperature/time of the first pyrolysis. The 
shorten pyrolysis time also means the reduction of corresponding inert 
gas consumption. The GWP of the pyrolysis process are strongly corre-
lated with the pyrolysis temperature and time. Inert gas supply emerges 
as the third major contributor, strongly linked to pyrolysis time and 
heating rate. Longer acid treatment times, such as for peanut shell, in-
crease GWP (up to 5.1 % more GWP impact) due to higher electricity 
consumed in treatment facilities. Similarly, preparing finer particles of 
hazelnut shell involves an additional intensive grinding, contributing an 
additional 4.4 % to GWP. 

As shown in Fig. 3b and c, the highest contribution to the Acidifi-
cation Potential (AP) and Resource Depletion Potential (RDP) is also the 
energy demanded for both pyrolysis processes. Unlike GWP, the use of 
phosphoric acid in laboratoy B causes significantly more AP and RDP 
impacts, and the inert gas used in laboratoy B also contributes notably 
in. In contrast, laboratoy A uses surfuric acid with less environmental 
burden than the phosphoric acid supply chain. Moreover, laboratoy A 
minimizes the argon consumption due to the shorter heating time 
required by the more efficient equipment (faster heating rate). Section 

4.2 presents further scenario analysis exploring the distinct impacts of 
acid types and inert gas amount on various environmental categories. 

Note that the low energy efficiency and material utilization inhere in 
the experimental-laboratory-scale foreground data, coupling with 
industrial-scale background data (ecoinvent 3.8) for modeling, can 
amplify background system impact and diminish foreground data dif-
ferences. This emphasizes the importance of matching the foreground 
and background system scales when performing LCA. The subsequent 
upscaling analysis in this study provides further insights into this 
phenomenon. 

4.2. Scenario analysis 

The scenario analysis results are presented by the most important 
impact categories identified in the contribution analysis in order to 
assess the influence of key parameters on environmental performance. 
Fig. 2 highlights energy consumption as the primary driver of HC pro-
duction. A dedicated scenario (Section 4.2.1) explores the potential 
impact of shifting production location and utilizing a pure renewable 
energy mix, compared to the base case with German E-mix and supply 
chain. 

Previous literature and expert feedback suggest a wide range of 
accepted inert gas quantities that can be fed into the pyrolysis furnace, 
which introduces uncertainty. To assess its influence on the results, a 
sensitivity analysis of inert gas is conducted in Section 4.2.2. 

Fig. 3. A).Global warming potential (GWP), b). Acidification potential (AP), c). Resource depletion potential (RDP) of hard carbon synthesis from laboratory scale 
including laboratories A and B. 
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The acid used in laboratory B exhibits different contributions to the 
AP and RDP against laboratory A, which is attributed to the utilization of 
different acid types. Section 4.2.3 analyzes scenarios involving different 
acid to elucidate their impacts. 

The pyrolysis efficiency, based on carbon yield and furnace 
throughput, are directly linked to the pyrolysis ́ energy consumption and 
inert gas amount, representing a important factor for enhancing HC 
environmental performance. Section 4.2.4 explores scenarios with 
varying pyrolysis efficiency to showcase the importance and potential 
for improvement. 

4.2.1. Background: Electricity and supply chain 
Fig. 4 shows the AP, GWP, and RDP of different background system 

on HC production and compares Chinese (CN), German (DE), and 
renewable (REV) electricity mix. The impacts associated with GWP and 
AP resulting from the German supply chain are significantly lower than 
those of the Chinese supply chain. In contrast, the RDP is higher in the 
German scenario, primarily due to the high proportion of photovoltaic 
(PV) electricity in the grid, as production of PV entails higher embodies 
depletion of metal resource. The REV E-mix, representing pure renew-
able electricity mix scenario (50 % PV + 50 % wind) can further evident 
this influence. However, renewable energy supply can reduce substan-
tial GWP and AP impact of production process, indicating the crucial 
role of electricity supply in optimizing carbon footprint and acidification 
potential of HC production. Reduction of GWP and AP of different E-mix 
outweighs the differences between laboratories, which employs 
different process routes. It is important to consider the potential benefits 
of adopting cleaner electricity sources and supply chain as a key strategy 
for reducing carbon footprint of HC production. 

4.2.2. Inert gas 
Previous studies have discussed the influence of the flow rate and 

type of inert gas on the properties and electrochemical performance of 
HC. [45–47] According to consulted developers, the flow rate of inert 
gases is not strictly controlled in real experiments. The possible gas flow 
rate can fluctuate in a wide range (+/- 500 % based on current esti-
mation). The flow rate of the inert gas (argon in this study), needs to be 
investigated in LCA of HC, especially considering future industrial 

production. Table 2 shows that a variation between 0.15 % and 2.8 % for 
environmental effects was observed by increasing the argon flow rate by 
10 % (base case assumption of 200 mL/min argon flow). Laboratory B, 
with longer pyrolysis time and more inert gas consumption, exhibits 
greater environmental dependence on flow rate, especially for ionizing 
radiation and water resource depletion. Considering the effect of inert 
gas flow on electrochemical performance, the overlap due to excessive 
inert gas might lead to a significant sustainability risk in HC production. 

There is no way to measure the argon flow rate in neither laboratory 
and previous literature suggest a wide range (200–1000 mL/min). [39]. 
Due to high sensitivity to inert gas flow rate, shifting the minimum flow 
(200 mL/min, base case) to the maximum flow rate (1000 mL/min) can 
lead to changes in ionizing radiation of up to 131 % (details in S3.2). 

4.2.3. Type of acid 
The sensitivity of acid type on AP and RDP is investigated using 

scenarios with varying acid types while keeping the same amount. 
Table 3 reveals that phosphoric acid contributes the most to both impact 
categories among the investigated acids. Therefore, substituting phos-
phoric acid with sulfuric acid, hydrochloric acid or nitric acid can 
potentially reduce the impact from acid treatment process. Existing 
research has discovered the potential impact of acid type on the elec-
trochemical performance of HC used in batteries. [13,21] Future 
research should consider this potential coupling between environmental 
and electrochemical performance when evaluating alternative acid 
types. 

4.2.4. Pyrolysis: Carbon yield and throughput 
The electricity consumed in the pyrolysis processes is directly 

correlated with parameters, such as carbon yield and the allowed 
equipment throughput. The sensitivity of GWP to these key parameters 
is presented in Fig. 5 (details in S3.3). Based on the base case (carbon 
yield and throughput measured in laboratory), it is assumed that the 
carbon yield and throughput can be improved respectively by different 
percentage, considering future technology development and upscale 
effect. 

Compared to the laboratory A, the improvement in carbon yield of-
fers significant GWP reduction on the laboratory B that employs one- 

Fig. 4. Environmental impacts (AP, GWP, and RDP) of laboratory B based on Chinese (CN E-mix), German (DE E-mix), and renewable with 50% wind and 50% 
photovoltic (REV E-mix) electricity. The results are normalized to percentage based on the maximum values (100%) of each impact category. The numbers at the end 
of each bar show absolute impact results. 
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step pyrolysis, due to decreased energy consumption. However, there is 
limited potential exist to improve the yield during the secondary py-
rolysis due to the negligible material loss. Therefore, the assumptions for 
carbon yield optimization only target the primary pyrolysis, where the 
mass loss of biomass mainly occurs. 

In contrast, the increasing throughput consistently reduces GWP by 
lowering electricity and resource consumption (e.g. inert gas) across 
both o laboratory/process pathways. Therefore, enhancing carbon yield 
of the pyrolysis process and applying more efficient equipment to 
maximize throughput potential is critical to improve the environmental 
sustainability of the system in further R&D of HC industrial 
manufacturing. As demonstrated in this and previous studies, pre- 
treatment methods such as acid treatment and HTC can improve the 
carbon yield of pyrolysis and thus increase the environmental perfor-
mance. [16] However, as carbon yield and throughput increase, the 
benefits in GWP eventually approaches a plateau. Future research needs 
to find the optimal point balancing the equipment investment and 
environmental performance for sustainable hard carbon production at 

an industrial scale. 

4.3. Relationship of scale and LCA result 

Fig. 6 highlights the significant environmental benefits of scaling up 
HC production from laboratory to industrial scale. The GWP impact of 
HC production reflects a 265-fold reduction from 10 g to 100 kg per 
batch, and a further 73 % decrease from 100 kg to 1000 kg per batch. 
While the marginal GWP reduction diminished with upscaling, the GWP 
impact per kg of HC is optimized with higher throughput and may reach 
a limit. However, the hypothetical best-case scenario shows that the 
incorporation of advanced production techniques, including emission 
treatment, energy recovery, higher material efficiency, and use of 
renewable energy, can further reduce the GWP of HC. 

The results reveal key factors driving the upscaling effect. High GWP 
in the laboratory setting reflects inefficient equipment and low energy 
utilization, particularly evident in the pyrolysis step (>90 % of GWP 
emissions). As production scale increases, more efficient equipment 

Table 2 
Sensitivity of argon gas inlet flow rate: increase of environmental impacts with 10% higher argon flow rate (mL/min). The color changes according to the size of the 
change value (red: better sustainability, green: worse sustainability).  

Table 3 
Senstivity of acid type: increase/decrease percentage (colour blocks) of a). acidification (ADP) and b). resource depletion potential (RDP) compared to originally-used 
acid (black blocks with absolute value,) when different kinds of acid are used. The color changes according to the size of the change value (red: better sustainability, 
green: worse sustainability).  
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leads to a decreasing ratio of GWP attributed to energy consumption, 
especially electricity for pyrolysis. Conversely, the ratio of materials 
increases due to the assumption of limited material savings in the 
upscaling simulations. Similarly, direct emissions are assumed to in-
crease linearly with scale, leading to an increase in their contribution to 
the total GWP. 

Additional information of the other impact categories can be found 
in S3.1. 

As mentioned in Section 3.6, the results of this study are compared 
with previous studies. As there is still no LCA of industrial scale HC 
production, the results are compared only with traditional graphite on 
industrial scale, to better understand the industrial-scale results and 
identify the classification of HC environmental performance. The 
maximum and minimum values of a set of results are selected for pre-
senting different scenarios in one study. 

As shown in Fig. 7, the laboratory-scale results of this study are in 
line with the results of a previous laboratory-scale LCA study of HC. 
However, notable discrepancies are observed when comparing different 
production scale. Specifically, it is observed that the preparation of HC 
exhibits a significant scale effect, although different process route and 
raw materials are applied. These findings highlight the importance of 
considering the scale of production when evaluating the environmental 
performance and sustainability of HC synthesis processes. A comparison 
between HC and other anode products that have been successfully 
commercialized on a large scale, such as graphite, needs more infor-
mation and data for industrial-scale HC. The production of HC involves 
chemical and thermodynamic reactions, it is better to take into account 
the factors associated with these reactions during upscaling of HC 
production. 

It must be also considered that there is a huge difference in 

Fig. 5. Sensitivity of carbon yield and equipment throughput of pyrolysis. Change in GWP result (kg CO2 eq/kg HC) by increasing the carbon yield of the primary 
pyrolysis and the maximum capacity of the pyrolysis equipment (throughput) by 25 %, 50 %, 75 % and 100 %. 

Fig. 6. Contribution of each process to GWP of laboratory-, pilot-, industrial-scale and the hypothetical bestcase industrial production of the process route “bamboo 
with H2SO4 treatment”. 

H. Liu et al.                                                                                                                                                                                                                                      



Chemical Engineering Journal 495 (2024) 153410

11

electrochemical performance between different anode materials. The 
electrochemical performance, i.e. the average gravimetric capacity 
density (mAh/g), is considered and the resulting GWP value is relative to 
the average gravimetric capacity density. If the capacity density of 
anode materials is not provided in the corresponding study, the theo-
retical energy density is taken. Information on different scenarios and 
the comparative results based on secondary functional unit mAh is 
shown in S3.4. In this case, the physicochemical properties of the HC 
would affect the LCA results. If the properties and technical parameters 
of HC are improved in manner that leads to, for example, an increase in 
energy density of HC without additional energy demand, the cell per-
formance should be enhanced. As a result, the environmental perfor-
mance can be improved based on the functional unit of the energy 
offered by the cell. However, it is currently not possible to quantify this 
correlation with sufficient precision, as it is not possible to evaluate the 
effect of material properties on the cell performance at the material level 
in a quantitative manner. 

It should be noted that the current assumption of pilot- and industrial 
scale of HC are both batch-based and bottom-up modeled, which could 
bring inaccuracy. Large-scale production that may occur in the future is 
ideally through a continuous process route to meet the high demand of 
HC, informed by industrial technology developers. [48] But there is as 
yet no continuous production of HC in the existing plants, due to cost 
and technical threshold. Compared with batch process, continuous 
process can meet the huge throughput requirements, reduce production 
time, and increase throughput and efficiency. [42,43,49] Furthermore, 
the process-to-process upscaling approach establishes a bottom-up 
modeling of the energy consumption, which might lead to underesti-
mation. [31]. 

5. Conclusion 

This study has made significant progress in understanding the 
environmental impact of HC production through a simplified upscaling 
approach. By combining existing upscaling methods from the literature 
with gathered primary data on a laboratory-scale, the resulting out-
comes then compared with the broader literatzre to gain an additional 
perspective on the environmental impact of future batch production of 
HC on larger scales. 

The laboratory-scale LCA conducted in this study focused on iden-
tifying the key factors influencing the environmental footprint per ki-
logram of HC, utilizing data from two laboratories with distinct 
manufacturing routes. The objective was to identify the most efficient 
pathway for HC manufacturing while reducing its potential environ-
mental impacts. 

The results revealed that the pyrolysis process constituted the pri-
mary contributor to the environmental footprint of HC production, 
consuming the largest amount of energy and generating the most GWP. 
The acid treatment process also played a significant role, given the 
environmental burden such as acidification associated with the acid 
supply chain. To further investigate environmental hotspots and explore 
potential avenues for reducing the environmental impacts of HC 
manufacturing on a hypothetical industrial scale, a sensitivity analysis 
was performed. This analysis identified several influential factors, 
including the energy mix, acid type, inert gas amount, carbon yield, 
pyrolysis process throughput, and production scale. These findings un-
derscore the importance of enhancing the efficiency of pyrolysis pro-
cesses and considering the sustainability of upstream supply chains, 
such as electricity and acid, to refine HC manufacturing procedures. In 
this study, the treatment of bio-waste and the supply chain of precursors 
were treated as burden-free as these study focuses on different process 
design. In further research, these aspects should be considered. The use 
of bio-based precursors might bring the challenges of consequential 
environmental burden from substitute usage, challenges in consistent 
supply and quality, and challenges in anode processing. 

This work contributes to the field by highlighting the environmental 
challenges and opportunities in scaling up HC production for SIBs. Un-
like graphite, there is a lack of LCA studies focusing on the mass pro-
duction of HC. This study found that in large-scale production, HC 
exhibited comparable results to graphite in terms of GWP. Electricity 
consumption remained the primary impact factor in the large-scale 
production of HC. However, the proportion of electricity consumption 
gradually decreased due to scale effect, while the proportion of materials 
and direct emissions, such as methane, increased. Therefore, addressing 
the treatment of exhaust gas, which can be incorporated with recovery 
of energy, and efficient utilization of materials becomes crucial for 
future industrial-scale production. One potential solution involves en-
ergy recovery through the combustion of exhaust gas to be fed back into 

Fig. 7. Comparison of GWP and energy consumption between this and previous LCA studies of HC and a commercial dataset of graphite, with consideration of scale. 
All results are replicated based on an identical modeling and assessment method for a consistent comparison. Alphabets (e.g. A, B, C) represents different scenarios, 
more details and explaination of each scanrios are offered in S3.4. 
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the pyrolysis process, combined with carbon storage technology, to 
simultaneously reduce emissions and energy consumption. However, 
the economic feasibility and environmental sustainability of such ap-
proaches require further exploration, making them a focus of future 
studies. Future research should focus on enhancing the sustainability of 
the entire HC supply chain, from bio-waste treatment to advanced anode 
processing techniques. Addressing these challenges will not only 
improve the feasibility of large-scale HC production but also position HC 
as a leading candidate for future sustainable battery material solutions. 

In conclusion, this study provides valuable insights into the envi-
ronmental implications of HC manufacturing and paves the way for 
future research in this field. It highlights the necessity of improving the 
efficiency of the pyrolysis process and ensuring a clean energy supply to 
mitigate the environmental impacts associated with HC production. This 
work is a step towards sustainable and cost-effective HC production for 
SIBs, contributing to informed decision-making processes in of sustain-
able energy storage development. 
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