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Abstract

This thesis studies the technological and economic viability of producing graphite from lignin
using a microwave-assisted conversion process.

Lignin, an abundant by-product of the pulp and paper industry, presents a promising low-
cost and renewable source for advanced material production. The study assesses capital
(CAPEX) and operating expenditures (OPEX) to estimate the minimum selling price (MSP) of
the produced graphite, thereby evaluating both process performance and economic
viability.

The mass and energy balances were established from experimental data and served as the
foundation for the economic evaluation. The results indicate that the MSP of microwave-
assisted graphite is approximately 3.3 € per kilogram, which falls within the current graphite
market price range of 1.7 - 5.5 € per kilogram. Economic performance indicators show a net
present value (NPV) of 79,343,057 € over a 15-year project lifetime and an internal rate of
return (IRR) of 46% at a selling price of 3.4 € per kilogram, suggesting potential economic
feasibility under the studied conditions.

Although the study shows encouraging results, the technology is still in its early stages of
development, and more work is needed to address scaling issues, improve energy efficiency,
and enhance product quality. This study adds to the understanding of lignin valorization
routes and lays the groundwork for future advancements aimed at increasing the
commercial viability of microwave-assisted graphite production.

Keywords: Graphite, Microwave-assisted conversion, lignin, renewable source, economic
evaluation






Sammanfattning

Detta examensarbete undersoker den tekniska och ekonomiska genomférbarheten av att
producera grafit fran lignin med hjalp av en mikrovagsassisterad omvandlingsprocess.

Lignin, en riklig biprodukt frdn massa- och pappersindustrin, utgér en lovande,
kostnadseffektiv och fornybar kalla for produktion av avancerade material. Genom att
bedoma det lagsta forsaljningspriset (MSP) for den producerade grafiten samt
kapitalkostnader (CAPEX) och driftskostnader (OPEX) syftar studien till att utvardera bade
processens prestanda och ekonomiska potential.

En processmodell utvecklades for att faststalla detaljerade mass- och energibalanser, vilka
fungerade som grund for den ekonomiska utvarderingen. Resultaten visar att MSP for
mikrovagsassisterad grafit ar cirka 3.3 euro per kilo, vilket ligger nagot over det aktuella
marknadspriset. De ekonomiska resultatindikatorerna visar ett nettonuvarde (NPV) pa
79,343,057 euro over en projektlivslangd pa 15 ar och en internranta (IRR) pa 46 %, tyder pa
potentiell ekonomisk genomforbarhet under de studerade férhallandena.

Aven om studien visar uppmuntrande resultat befinner sig tekniken fortfarande i ett tidigt
utvecklingsskede, och mer arbete kravs for att lésa problem med skalbarhet,
energieffektivitet och produktkvalitet. Denna studie bidrar till 6kad forstaelsen for olika
metoder att vardesatta ligning och lagger grunden for framtida utveckling med syfte att 6ka
den kommersiella ldnsamheten for mikrovagsassisterad grafitproduktion.

Nyckelord: Grafit, mikrovagsassisterad omvandling, lignin, fornybar kalla, ekonomisk
utvardering
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Abbreviations

CAPEX Capital Expenditure

DCF Discounted Cash Flow

IRR Internal Rate of Return

MSP Minimum Selling Price

MW Microwave

NPV Net Present Value

OPEX Operating Expenditure

RISE Research Institutes of Sweden
SDGs Sustainable Development Goals
SiC Silicon Carbide

TEA Techno-economic Assessment

TFCI Total Fixed Capital Investment
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1. Introduction

Addressing climate change and meeting the Sustainable Development Goals (“United
Nations,” 2015) have highlighted the important role of critical raw materials in the green
energy transition. This has led to a rapidly growing demand for such materials, while
simultaneously exposing the environmental costs of producing them. Graphite is a prime
example of this challenge since it is an essential material in lithium-ion batteries and clean
energy technologies (Yoshino, 2012). Its demand is projected to rise sharply over the coming
decades, yet its production continues to depend heavily on fossil-based feedstocks and
energy-intensive processes (“European Commission,” 2023). This contradiction highlights
the growing need to explore alternative production routes that are both more sustainable
and economically viable.

Carbon is known for its allotropic properties, allowing it to adopt distinct structural forms
with varying physical properties based on the spatial configuration of carbon atoms (Siqueira
and Oliveira, 2017). Graphite exhibits athree-dimensional architecture consisting of stacked
hexagonal layers held together through van der Waals interactions. Within each layer, every
carbon atom is covalently bonded to three neighboring carbon atoms, resulting in strong
bonds within each layer, but not between adjacent layers (Novoselov et al., 2004; What is
graphite, 2024).

In each layer, every carbon atom contributes with one unhybridized 1 electron that is not
bound to any single atom but instead free to move throughout the plane (delocalized),
enabling electrical charge to flow. This gives graphite highly anisotropic electrical properties,
meaning that the conductivity is strong along the carbon layers, where electrons flow freely
between atoms, but much weaker between the adjacent layers. This combination of high-in-
plane conductivity and thermal stability makes graphite widely used in electrodes and
electrical contact applications (Castro Neto et al., 2007; Chung, 2002).

By 2040, the demand for graphite is expected to rise by up to a factor of 25, mostly due to the
growth of electric vehicles and green energy technology (“Mineral Commodity Summaries
2024,” 2024; Wachtler et al., 2021). Although graphite is considered a crucial raw material
inthe EU, itis currently produced using predominantly unsustainable approaches, either as
synthetic graphite made from fossil-based precursors or as naturally sourced graphite
(“Mineral Commodity Summaries 2024,” 2024). Conventional graphitization typically
requires very high temperatures and substantial energy input, motivating research for
alternative routes that can lower the energy demand while maintaining product quality.

Microwave-assisted graphitization is one of the most promising innovative approaches for
producing sustainable graphite. This technique uses rapid, energy-efficient microwave



heating to convert carbon-rich biomass feedstocks, such as lignin, into graphite, offering a
more sustainable alternative to conventional fossil fuel-based graphite manufacturing.
Conventional graphitization via Acheson furnaces is energy-intensive, requiring between 4.5
and 18 kWh/kg of graphite depending on the grade and process configuration (Hupp et al.,
2003; Shen et al., 2021). By enabling fast and localised volumetric heating, microwave-
assisted processing has the potential to significantly reduce this energy burden, as
demonstrated for high-temperature microwave heating of carbonaceous materials at
increasing process scales (Bermudez et al., 2015). Although previous studies have
demonstrated the technical feasibility of biomass-derived carbon materials and microwave-
assisted conversion, there is still limited knowledge regarding the scalability and economic
viability of producing graphite from biomass on an industrial scale. Therefore, a techno-
economic assessment is essential for evaluating the commercial potential of this process.

In the context of graphite production, TEA can be used to evaluate whether biomass-derived
graphite can compete economically with graphite produced through conventional routes or
other carbon-based materials. Accordingly, this study aims to address this gap by
conducting a preliminary techno-economic assessment of graphite produced from lignin-
based feedstocks via microwave-assisted graphitization.

1.1 Problem statement

Graphite is a carbon-based material composed of atoms arranged in staked planes with a
hexagonal crystalline structure. Some of the qualities that result from this unique
arrangement are high electrical conductivity, thermal stability and chemical inertness,
making graphite essential for a wide range of industrial applications. Of particular relevance
is its role in the battery and electric vehicle industries, where it functions as a critical active
material in electrode manufacturing (Wachtler et al., 2021; Wissler, 2006).

The European Union has formally designated graphite as a critical raw material, a
classification that reflects both its economic importance and the risks associated with
current supply arrangements. The global supply chain is heavily concentrated
geographically, with China alone responsible for an estimated 70-80% of global production
(“Mineral Commodity Summaries,” 2024). This dependence exposes European industries to
considerable geopolitical and logistical risk, particularly as downstream demand from the
energy storage and power electronics sectors continues to intensify. In response, the
European Union has identified domestic production as a strategic priority for ensuring
supply chain resilience and reducing reliance on overseas sources.

The requirement to align graphite production with more general decarbonization goals
contributes to the problem of supply security. Graphite manufacturing is one of the energy-



intensive industries that need to undergo significant changes in an effort to meet the mid-
century net-zero emissions targets (Shi et al., 2023). However, conventional mining methods
have major environmental and social impacts that are hard to balance with sustainability
objectives (Khobragade, 2020). Synthetic graphite, produced via the calcination of
petroleum coke or coal tar pitch attemperatures approaching 3000°C over processing times
of several days to two weeks, presents comparable challenges in terms of energy
consumption and feedstock origin (Demir et al., 2015). Against this background, there is a
clear need to explore alternative and more sustainable graphite production pathways that
can reduce environmental impacts, lower energy consumption, and contribute to increased
supply security within Europe. This challenge forms the basis for the aim and research
questions of the present study.

1.2 Aim and research questions

The overall aim of this project is to perform a techno-economical assessment of the
innovative process of obtaining lignin-based graphite through microwave treatment. More
specifically, the study addresses the following research questions:

i. How are advanced processing methods used to convert bio-based materials, such
as lignin, into electronic materials like graphite?
ii. What are the key techno-economic drivers influencing the lignin-based graphite
obtained with MW treatment?
iii. How does the graphite (production) method studied in this project compare to
existing graphite (production) methods currently available on the market?

1.3 Scope and limitations

This thesis investigates whether producing graphite from lignin via microwave-assisted
graphitization is technically and economically feasible. The assessment is built around the
development of mass and energy balances, process simulation, and cost estimation in order
to pinpoint the parameters that most significantly affect process performance and
economic viability.

Since large-scale production of lignin-derived graphite using microwave technology is stillin
its early stages, the study relies on process models and assumptions drawn from laboratory-
scale data, existing literature, and comparable industrial processes.

Environmental aspects are touched upon but are not the central focus, and detailed material
characterization is beyond the scope of this work. The core emphasis is placed on process
design. Scalability and techno-economic evaluation.



1.4 Benefits, ethics and sustainability

Developing a sustainable route for graphite production from lignin is well alighed with
broader global efforts to reduce reliance on fossil-based resources. By utilizing lignin, a
renewable by-product of the pulping industry, the microwave-assisted conversion process
proposed in this study offers a potentially more sustainable alternative to conventional
graphite production, with the added benefits of lower energy demand and reduced process
waste.

The techno-economic assessment carried out in this work provides insight into the
economic feasibility of the process, supporting the evaluation of its potential for scale-up
and industrial implementation. More broadly, this research contributes to the responsible
use of biomass resources and supports the transition toward a circular economy, where
renewable feedstocks are transformed into high-value materials.

1.5 Report structure

This thesis is structured into six chapters: Chapter 1 introduces the study, outlining the
problem statement, aims, research questions, scope, and limitations. Chapter 2 provides
the theoretical background, covering the graphite production industry, lignhin as a carbon
precursor, and microwave graphitization. Chapter 3 describes the methodology, including
the research framework, process description, industrial-scale scenario, and techno-
economic assessment approach. The results are presented in Chapter 4, covering the mass
and energy balance and economic performance analysis. Chapter 5 discusses the findings
in relation to the research questions, critically reflects the study’s relevance to the SDGs,
and suggests directions for future work. Finally, Chapter 6 concludes the thesis with a
summary of the key findings and overall reflections.

2. Literature Review

The following sections examine the scientific literature relevant to this project, beginning
with an overview of current graphite production methods before focusing on lignin as a
biomass-derived carbon precursor and microwave graphitization as the processing
technique of interest. It also identifies existing gaps in the current literature and highlights
areas where further research is needed, contributing to a broader understanding of
sustainable graphite production from lignin-based feedstocks using microwave processing.

2.1 Graphite production industry

Graphite has attracted considerable attention due to its outstanding properties, including
excellent electrical and thermal conductivity, high lubricity, and high chemical stability. Its



broad applications include lithium-ion battery anodes, refractories, lubricants, and
conductive additives, underscoring its critical role in energy storage and advanced materials
(Kadivar et al., 2025). As a result, global graphite demand has increased, driven by the
electric vehicle boom and renewable energy needs. However, conventional mining and
synthetic routes face sustainability challenges, such as high energy use, resource depletion
and emissions, hindering scalable, environmentally friendly production (Shi et al., 2023).

Natural graphite is primarily obtained through open-pit and underground mining operations,
with the specific method selected based on the depth and grade of the ore deposit.
Economically important graphite deposits exist in two main forms: vein graphite, which
occurs within fractures of hard rock formations and flake graphite, which is disseminated in
metamorphic rocks ranging from amphibolite to granulite facies. Following extractions, the
ore is transported to nearby processing facilities, where it undergoes primary crushing to
reduce particle size, grinding to liberate graphite flakes from surrounding minerals, and
subsequent beneficiation processes. Froth flotation serves as the dominant beneficiation
technique, effectively separating hydrophobic graphite flakes from gangue minerals such as
quartz, feldspar, and mica (Medagedara et al., 2023). Global natural graphite production
exhibits high geographic concentration, with approximately 75% originating from China,
followed by Mozambique (8%), Madagascar (7%), and Brazil (4%). This heavy reliance on a
few countries, combined with lengthy mine development timelines of 8-10 years from
discovery to full production, raises serious concerns about supply security and potential
disruptions in the graphite supply chain (Hegeman and Zhou, 2025).

Synthetic graphite is produced through the high temperature graphitization of carbon-rich
precursors, typically petroleum needle coke or coal tar pitch (Gulas et al., 2026; Wissler,
2006). The dominant industrial method is the Acheson process, in which the electrical
resistance of the carbon feedstock is used to raise temperatures to approximately 3000°C,
sustained over reaction times that can span many days to weeks. This extreme thermal
treatment is necessary not only to induce graphitic crystallization but also to volatilize
impurities including sulfur, nitrogen, and residual organics, yielding a product of high purity
suitable for electrochemical applications. Despite its high purity and tunable crystallinity,
synthetic graphite production leads to significant energy consumption and carbon
emissions, with 30-40% of the feedstock mass being converted into greenhouse gases
(Cherakkara et al., 2025; Wissler, 2006). Furthermore, the supply chain for synthetic graphite
is tightly coupled to petroleum refining, since needle coke is itself a byproduct of crude oil
processing, introducing a dependency on fossil fuel availability (Barre et al., 2024).

Biomass-derived graphite has emerged as a promising sustainable alternative to fossil-
based synthetic graphite, utilizing agricultural residues, forestry byproducts and other



organic waste streams as renewable carbon precursors. The production process involves an
initial pyrolysis or carbonization step, which converts raw biomass into carbon-rich
intermediates such as biochar or activated carbon, followed by a graphitization step to
induce crystalline ordering. Several Graphitization strategies have been explored, including
direct heat treatment, catalytic graphitization, and more advanced approaches such as
flash Joule heating, microwave synthesis and ultrasound-assisted methods (Cherakkara et
al., 2025). Compared to petroleum-based routes, biomass-derived precursors offer the
advantage of requiring lower graphitization temperatures, which is beneficial both from an
economic and environmental standpoint (Yap et al., 2023).

Recycled graphite, recovered from end-of-life lithium-ion batteries, also represents an
increasingly important secondary source as global battery deployment accelerates. Spent
graphite anodes suffer from structural degradation, surface contamination and the
accumulation of complex impurities during battery operation, posing significant challenges
for direct reuse and necessitating regeneration before reintegration into new cells (Mao et
al., 2026). The two main recovery approaches are pyrometallurgical and hydrometallurgical
processes. Pyrometallurgical routes involve high temperature smelting, which causes the
graphite to combust alongside organic battery components, effectively removing it from the
material cycle. Hydrometallurgical approaches instead use aqueous leaching agents to
dissolve impurities selectively, enabling graphite recovery, though at the cost of generating
significant volume of acidic wastewater (Tian et al., 2024). As global electric vehicle
adoption accelerates and spent battery volume grow, recycled graphite is expected to
transition from a niche secondary source to a mainstream supply stream, playing a central
role in securing sustainable graphite supply chains (Mao et al., 2026).
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Figure 2.1.1 Current production methods of graphite

Energy consumption is a critical parameter in the evaluation of graphite production
processes, both from an economic and environmental perspective. Among conventional
routes, the Acheson furnace remains the most widely employed method for synthetic
graphite production, yet it is characterised by considerable thermal inefficiency due to its
reliance on indirect resistive heating of the surrounding packing medium. Hupp et al,,
(2003)estimated energy consumption of approximately 4.5 kWh/kg for electrode-grade
graphite produced in Acheson furnaces, rising to 9 kWh/kg for nuclear-grade material. For
battery-grade synthetic graphite, which demands a higher degree of structural perfection
and purity, energy requirements are substantially greater. Shen et al., (2021) reported
integrated energy consumption figures of 15-18 kWh/kg for commercial Acheson units
producing battery-ready synthetic graphite in China. In the context of emerging bio-based
graphite production, a techno-economic assessment of lignocellulosic biomass-to-
biographite conversion via pyrolysis reported a total process energy demand of 10,784 kWh
per tonne of biographite, of which 36% could be offset through heat integration and on-site
power generation (Gonzalez-Aguirre et al., 2025). These figures collectively establish the



energy intensity benchmarks against which the microwave-assisted lignin graphitization
process evaluated in this study is assessed.

2.2 Lignin as a precursor for graphite

Among the major components of plant biomass, lignin stands out as the most abundant
naturally occurring aromatic polymer, accounting for between 18 and 35 wt% of the dry mass
of lignocellulosic materials (Mateo et al., 2025). It plays a critical structural role in plant cell
walls, acting as a binder that provides mechanical support to cellulose and hemicellulose
fibers while offering rigidity, water impermeability, and resistance to microbial degradation.
Its molecular structure is complex, cross-linked, and varies considerably depending on the
plant species, tissue type, and industrial process used to isolate it, which means that lignin
does not conform to a single universal chemical structure but rather exists as a group of
related atomic polymers. Despite this heterogeneity, one property that remains constant
across all lignin types is a carbon content that exceeds 60 wt% and a molecular framework
built predominantly from aromatic rings, which makes lignin one of the most chemically
relevant renewable carbon source available at industrial scale (Zhang et al., 2022).

The potential of lignin as a graphite precursor comes from the fact that its chemical
characteristics and industrial availability may offer a more sustainable and economically
viable route to graphite production. From a chemical perspective, lighin possesses a high
carbon content and a dense aromatic structure similar to the hexagonally arranged carbon
layers in the graphite crystal lattice. When exposed to high enough temperatures, the
aromatic units present in lignin can act as nucleation sites for the formation of graphitic
structures (Yi et al., 2026; Zhang et al., 2022). The pulp and paper industry generates
between 50 and 70 million tons of lignhin annually as a byproduct and approximately 98% of
this materialis simply burned for heat recovery with no material value being captured (Mateo
et al., 2025; Vieira et al., 2022). Therefore, turning even a small portion of this waste stream
to graphite synthesis would have two benefits: it would increase the value of an underutilized
industrial byproduct and lessen the industry’s need on carbon precursors generated from
fossil fuels like petroleum coke. When combined, these logistical and chemical benefits
have made lignin one of the most promising feedstocks produced from biomass meant to
supply the production of sustainable graphite (Zhang et al., 2024).

The main challenge of using lignin as a graphite precursor is that unlike conventional fossil-
based materials (i.e. petroleum coke), it is a thermally non-graphitizing carbon. This means
that under heat treatment alone, lignin does not form the well-ordered graphitic structures
required for high-performance applications, and additional processing steps such as
catalytic graphitization or advanced thermal techniques are needed to overcome this
limitation (Zhang et al., 2022). Despite this limitation, lignin remains an attractive option



given its low cost and renewable nature, and it has already been supported that with the right
processing approach, high-quality graphitic carbon can be obtained from this feedstock
(Gulas et al., 2026; Yan et al., 2025).

2.3 Microwave graphitization

Microwave graphitization is an innovative technique for converting carbon-rich precursors
into graphitic materials using microwave radiation as the energy source, rather than the
external furnace heating used in conventional furnace methods. Unlike traditional
graphitization, which requires temperatures of around 3000°C sustained over processing
times that can extend up to two weeks, microwave heating works by depositing energy
directly and uniformly throughout the bulk of the material simultaneously. This volumetric
heating mechanism eliminates the temperature gradients associated with conventional
furnace processing and significantly reduces both time and energy required to achieve
graphitization(Qiu et al., 2025).

The potential of microwave graphitization was clearly demonstrated by Kim et al. (2016), who
showed that amorphous carbon could be fully converted into crystalline graphite in as little
as 5 minutes using microwave heating combined with a metal catalyst. Islam et al. (2021)
further demonstrated that microwave-assisted catalytic graphitization could produce few-
layer graphene from coal-derived carbon at temperatures as low as 1300°C using iron as a
catalyst, well below what conventional processing would require.

While metal catalysts such as iron, nickel, and manganese are commonly used to promote
graphitization at lower temperatures, their use introduces a significant practical limitation:
the metallic particles become embedded within the graphitic structure during the process
and are difficult to remove without additional purification steps, compromising the purity of
the final product (Fogg et al., 2020). In the context of the present work, the use of metal
catalysts was therefore avoided in favor of an alternative approach that will be discussed in
more detail in the following chapters.

However, microwave graphitization also presents some practical challenges that are
important to acknowledge. Temperature control is considerably more difficult than in
conventional furnaces, and the process beyond laboratory level also remains a significant
engineering challenge, keeping the optimization of microwave graphitization for biomass-
derived precursors an active area of research.



3. Methodology

The following sections describe the methodological framework adopted in this study to
evaluate the technical and economic feasibility of producing lignin-derived graphite via
microwave graphitization at an industrial scale. The chapter begins by outlining the overall
research framework, including the data sources and tools employed, before presenting the
process description developed from laboratory-scale experimental data obtained from RISE
and Percyroc. It then detailed assumptions and process layout underpinning the industrial-
scale scenario, followed by a description of the techno-economic assessment
methodology, encompassing the capital and operating costs estimation approaches and the
economic indicators used to evaluate the commercial viability of the proposed process.

3.1 Research framework

The methodology adopted in this study follows a structured approach that moves from
experimental to financial evaluation. In parallel, a literature study was conducted to develop
an understanding of the research topic, identify important concepts and theories within the
field, and place the conducted research in a broader context (Bryman, 2016). To carry out
the literature review, scientific databases such as Science Direct and Elsevier were used to
identify relevant articles and documents. The literature search was conducted using
keywords related to the research such as lignin, graphite, microwave treatment and energy
consumption.

The study began with the collection of experimental data from laboratory-scale work at Rise
and Percyroc, which included information about the type of solvent used to obtain the lignin
slurry, conditions applied during the microwave graphitization, graphite yields obtained, and
the energy consumed throughout the process. Based on laboratory experiments and
literature review, a process-specific block diagram was developed to illustrate how the
conversion of lignin into graphite through microwave treatment could be organized and
scaled up.

The mass and energy balances obtained from this step were subsequently used as inputs
for the economic analysis, as they provided the necessary information to estimate the
energy and resources requirements of the process at a larger (production) scale.

The technical outputs were then integrated into an economic assessment framework.
CAPEX and OPEX were calculated using equipment cost correlations, raw material pricing,
and energy cost data, allowing for the calculation of the minimum selling price (MSP) of the
graphite product. This step aimed to evaluate the overall economic feasibility of transitioning



the microwave-based lignin conversion process from laboratory to commercial-scale
production.

Moreover, Microsoft Visio was used to represent the block diagram of the process and lastly,
Microsoft Excel was used to calculate the mass and energy balances, as well as the TEA
analysis.

3.2 Process description

As this process is currently being tested at both Rise and Percyroc, some of the data used in
this study was obtained directly from their laboratories. The process of obtaining graphite
using lignin as feedstock and microwave treatment is divided into five main steps, as
presented in Figure 3.2.1.

Lignin ——{ Dispersion of

~ Acetone/ lignin in
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Figure 3.2.1 Block diagram of studied process

Step 1: Dispersion of lignin in solvent. The first step of this process is mixing the lignin and
solvent together to form a slurry that will later be spin coated on the SiC wafers. The lignin
used for this project is kraft lignin provided by Lixea, and the solvent is a mixture of acetone
and water, both purchased from Sigma Aldrich. In this study, a lignin feed of 200 g was
selected as the calculation basis for the mass balance and related estimations. The lignin
was dissolved in a mixture of 70% acetone and 30% water under continuous agitation, with
the lignin to solvent ratio being 1:10.



Table 3.2.2 Mass balance for Step 1 of the process

INPUT UNIT QUANTITY
Lignin g 200
Acetone g 1293.2
Water g 706.8
TOTAL SLURRY g 110

Step 2: SiC wafers coating. The second step consists of spin coating the slurry on SiC
wafers. SiC wafers were selected as the substrate due to their thermal stability at high
processing temperatures, their ability to efficiently absorb microwave radiation for rapid and
uniform heating, and their previously demonstrated catalytic effect in lowering the
graphitization temperature (Niu et al., 2014). Additionally, SiC was preferred over metal-
based catalysts, such as nickel, which is commonly used in alternative graphitization
approaches but considered carcinogenic and therefore poses significant health and
environment concerns (Edberg et al., 2020; Kubo et al., 2003).

Step 3: Microwave pre-treatment on SiC. This step involves the microwave pre-treatment
of the lignin slurry coated onto the SiC wafers. In this stage, the samples are subjected to
microwave irradiation at a temperature of 250°C for a duration of 20 minutes. During this
treatment, the lignin undergoes initial thermal decomposition, facilitating the removal of
moisture and volatile components, as well as the partial breakdown of its complex polymeric
structure. The microwave heating enables efficient and uniform energy transfer within the
material, promoting early-stage carbonization and structural rearrangements. This pre-
treatment step is essential for stabilizing the precursor and enhancing its reactivity, thereby
preparing the material for the subsequent high-temperature graphitization process.

Step 4: Microwave graphitization on SiC. The next step involves the graphitization of the
lignin slurry that was spin-coated on the SiC wafers in the previous step. Under microwave
irradiation, the lignin is exposed to a temperature of 2000°C for a duration of 60 minutes,
during which the organic polymer structure of the lignin is progressively converted into a
graphitic carbon network through the elimination of non-carbonic elements such as oxygen
and hydrogen. This temperature treatment drives the reorganization of the carbon atoms into
ordered sp?-hybridized graphene layers.



3.3 Industrial-scale scenario study

The main difficulty in conducting a TEA for this process is the lack of existing large-scale
plants. Consequently, the industrial case evaluated in this project is a preliminary design
case based on laboratory work and literature study, and all process steps are assumed to be
technically feasible while the analysis focuses on capital cost estimation.

3.3.1 Key assumptions

To evaluate the process at an industrial scale, some simplifying assumptions were
introduced when scaling up from the laboratory experiments. Based on the mass-balance
presented in the following discussions, together with findings from literature study about
similar plants, the production capacity was set to 10 tonnes of graphite per hour,
representing a considerable increase compared to the laboratory scale. In this TEA, the plant
is considered to run gradually, with the facility operating at 30% and 70% of its nominal
capacity in the first and second year, respectively, and reaching full capacity from year three.

The proposed lignin-based graphite plantis assumed to be located in Sweden and to operate
for 15 years, starting 2026. Sweden was selected as the reference location due to its
extensive forestry and pulp and paper sectors which generate large volumes of
lighocellulosic by-products, that can serve as a stable and suitable feedstock for the
production of bio-based carbon materials. The main idea for this process includes using
microwave treatment for graphitization, reflecting current interest in energy-efficient
upgrading routes. This aligns with ongoing efforts to increase the use of renewable
resources, making Sweden a suitable setting for scaling up lignin-derived graphite.
Consequently, a discount rate of 10% is applied to represent the time value of money and
the investment risk over the assumed plant life.

The analysis is based on the key assumption that switching from traditional furnace
graphitization to microwave graphitization enables a decrease in operating temperature from
3000°C to 2000°C and thereby lowers associated energy consumption. The laboratory
experiments provide some reference data on energy and material consumption, which were
subsequently scaled and adjusted to represent expected performance of the process using
industrial-scale operating conditions.

A solvent recovery efficiency of 90% was assumed for acetone used in the process. This
assumption represents arealistic industrial scenario in which solvent recovery technologies
are implemented to recycle and reuse solvents within the production system. The
assumption was incorporated into the mass balance and economic calculations, and
contributes to reducing both raw material consumption and operating costs.



Additionally, the proposed scale-up scenario assumes that all the main process steps, for
instance mixing lignin with solvent, spin-coating the SiC wafers and microwave treatment
can be scaled-up without difficulties and without leading to losses in process yield or
product quality.

Moreover, laboratory data indicates that the current yield of obtaining graphite from lignin via
microwave treatment is approximately 40%. This implies, for example, from 10g of lignin, we
obtain 4g of graphite, while the remaining is released as gaseous by-products.

Lastly, the silicon carbide wafers cost were excluded from the techno-economic
assessment due to the current uncertainty regarding wafer reusability in the microwave
graphitization process. At this stage of the project, the maximum number of times a wafer
can be reused without compromising its performance or structural integrity has not been
experimentally determined. According to collaborators of this project, the cost of one wafer
ranges between 500-750 USD, which could represent a significant cost increase depending
on the number of processes cycles each wafer can withstand. Besides this, other methods
of using the lignin are currently being investigated, such as using lignin pellets instead of the
slurry, meaning that in the end the SiC wafres could be excluded from the process
completely.

3.3.2 Process Layout

A thorough understanding of the equipment requirements is necessary for estimating the
industrial-scale production process. The selection of the main equipment and the overall
process configuration were based on information obtained from RISE and partners involved,
as well as from literature.

Although the exact specifications of the equipment in this conceptual process have not yet
been finalized, the proposed choices are consistent with machinery typically used in
comparable large-scale production lines. The industrial-scale process layout considered in
this study is presented in Figure 3.3.2.
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Figure 3.3.2 Industrial-scale process layout

The proposed process scale-up is based on the laboratory procedure up to and including the
microwave treatment stage. The downstream processing steps, meaning centrifugation,
drying, scrubbing and final graphite recovery, were not directly taken from the laboratory
work, but were instead assumed based on unit operations from similar processes (Jin, 2024).

3.4 Techno-economic assessment

One of the main challenges facing biomass-based technologies is their limited uptake in
industrial settings. Despite their significant potential, these technologies often struggle to
compete economically with fossil fuel-based alternatives, mostly because of the high initial
investment costs and substantial operational expenses involved (Sadhukhan et al., 2014).

To work around this challenge, a techno-economic assessment (TEA) was used as the main
tool to assess whether the process of obtaining graphite from lignin via microwaves would
be feasible at an industrial scale. TEA is particularly useful in this context because it brings
together both the technical and financial aspects of a process into a single evaluation
framework, giving a clearer picture of whether a technology is realistically worth pursuing
beyond the laboratory setting.

3.4.1 Capital cost estimates

A full capital cost breakdown requires detailed engineering specifications that are
unavailable in the pre-commercial stage of this process. As a result, the estimation



methodology adopted here focused on major equipment costs as the principal driver of total
investment, supplemented by established scaling and inflation correction techniques
(Sinnott, 2020). In the absence of direct quotes, cost data from previously purchased
equipment expenses (Sinnott, 2020). Since equipment cost data are both scale and time
specific, two corrections must be applied before historical figures can be used in the present
assessment.

To account for differences between the known and required equipment capacity, costs can
be approximated using the six-tenths rule (Sinnott, 2020):
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Where Cg — estimated cost of equipment with capacity Sg
Ca-known cost of equipment with capacity Sa

Following the major equipment cost estimation, the Total Purchased Equipment Cost (TPEC)
is obtained by summing the costs of all major units in the microwave-assisted lignin
carbonization system. In this approach, TPEC is multiplied by a factor that accounts for
installation, instrumentation, piping, civilworks, and associated indirect costs (Lang factor).
According to Sinnott (2020), the Lang factor for solid-fluid processing plantis 3.63. The TFCI
is subsequently distributed across a three-year investment period, with 40% allocated in
year 1, 50% in year 2, and the remaining 10% in year 3.

3.4.2 Operating cost estimates

When conducting a TEA, understanding the composition of operating costs is essential for
accurately evaluating the economic performance of a process. OPEX is generally divided
into two broad components: variable and fixed costs. Variable costs fluctuate with
production output, meaning they increase or decrease depending on how much the plant
produces. Fixed costs, however, remain constant regardless of production levels and
include recurring expenses such as maintenance, insurance and taxation (Sinnott, 2020).

An important consideration when estimating operating costs for industrial-scale processes
is the difference in material pricing between small-scale purchases and large-scale
procurement. Scaling up to industrial production always allows for bulk purchasing
arrangements, which can substantially reduce per-unit material costs and better reflect the
economics of a commercial operation (Sinnott, 2020). It is therefore important to account
for this when translating laboratory-scale cost data to an industrial context.



3.4.3 Economic Indicators

Three economic indicators were used to assess the viability of scaling up the process of
obtaining lignin-derived graphite via microwave: MSP, NPV, and IRR.

The MSP defines the lowest price at which graphite would need to be sold for the process to
be self-sustaining, accounting for all capital and operational expenditures incurred
throughout the project (Abbati De Assis et al., 2018). In this study, the MSP was estimated
through a DCF analysis, a commonly used approach in techno-economic assessments that
converts projected future earnings into present-day values using a defined discount rate
(Sadhukhan et al., 2014). The point at which the DFC-derived NPV reaches zero corresponds
directly to the MSP (Abbati De Assis et al., 2018).

The NPV quantifies the long-term financial return of the project by accounting for the time
value of money across the plant’s operational lifespan (Sadhukhan et al., 2014). A positive
NPV would confirm that the process generates sufficient returns to justify the investment,
whereas a negative value would indicate the contrary. It is calculated as:
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Where Rt - net cash flow at period t
i —discount rate.

Table 3.4.3 Summary of parameters applied in the OPEX calculation

Parameters ‘ Value ‘ Unit Notes Reference

Variable manufacturing costs

i. Raw Materials

Lignin (kraft lignin) 415 EUR/t - (RISE Partners)
(“Acetone Prices,
Trends, Chart, Index
Acetone 1001 EUR/t -
& Forecast 2026,”
2026)
) (STMicroelectronics,
SiC wafers 537 | EUR/piece - 2026)
ii. Utilities
Water 3.6 EUR/m?3 - (Team, 2021)
Electricity 66.7 EUR/MWh - (Statista, 2026)

iii. Labor




Number of staff 10 - - (Sinnott, 2020)
(RISE)

Wages per employee | 3432 | EUR/month -

Direct supervisory and

) 18 % % of labor cost (Sinnott, 2020)
clerical labor

=

. Operational and maintenance
O&M cost 5 % % of TFCI (Sinnott, 2020)
Fixed manufacturing costs

Local taxes and .
] 2 % %TFCI (Sinnott, 2020)
insurance

Plant overhead costs | 15 % %total labor costs (Sinnott, 2020)

The IRR represents the rate of return at which the total value of the project equals zero, and
a project is generally considered attractive when its IRR surpasses the assumed discount
rate, signaling that returns are expected to exceed the minimum required threshold (Abbati
De Assis et al., 2018). It is defined as:

T
0=NPV = Z Ce C
- - - (1+IRR)t °

Where C; - net cash inflow at period t

Co—initial investment, T — project duration.

4. Results

This chapter outlines the results of the techno-economic assessment for the microwave
treatment of lignin-derived graphite. Two main areas are examined: the technical
performance of the process, looking at how mass and energy are distributed across different
stages, and the economic evaluation, which focuses on production costs and financial
indicators. Taken together, these two perspectives allow for a broader analysis on the
viability and upscaling potential of the process.

4.1 Mass and Energy balance

The mass and energy balance for the industrial-scale process was derived from
experimental data combined with appropriate scaling assumptions. While the target
production capacity is 10 tons of lignin-derived graphite via microwave treatment per hour,
the calculations presented in this section are based on a batch with 200 g of lignin as input.
This approach simplifies the analysis and allows for a clearer understanding of the material



and energy requirements per unit of product, which can then be extrapolated to the full
production target.

Table 4.1.1 presents the material and energy requirements normalized to the production of
8g, which represents the lab scale batch, starting from 200g of lignin.

In terms of energy consumption, the MW-assisted graphitization step constitutes the most-
energy intensive operation, accounting for the majority of the total electricity demand.

Overall, the mass and energy balance highlight MW graphitization and solvent consumption
as the principal contributors to process resource use, suggesting that these areas offer the
greatest potential for future process optimization and efficiency improvements.

Tabel 4.1.1 Material and Energy Inputs for different steps of the process

Input Quantity Unit
Material
Dispersion Lignin 200 g
Acetone 1293,2 g
Water 706,8 g
Energy
Mixing Electricity | 0.071 | kwh
Energy
Electricity | 0.0005 [ kWh
MW Pre- Energy
treatment Electricity ‘ 0.042 ‘ kWh
MW Energy
Graphitization Electricity ‘ 1.00 ‘ kWh
. . Energy
Centrifugation Electricity | 0.0158 | KkWh




4.2 Economic performance

4.2.1 Capital Investment

The projected capital investment necessary to start the production of lignin-based graphite
via microwaves is estimated to be 5.7 M€. Figure 4.2.1 displays the primary equipment
expenses for the MW graphitization method. Using a Lang factor of 3.63 to account for
indirect costs and contingencies, the TFCl was estimated to be approximately 21 M€. This
value represents the total financial requirement for setting up the production plant.

ESTIMATED CAPITAL INVESTMENT FOR MW LIGNIN-BASED GRAPHITE
PRODUCTION

High shear mixer;
Dryer; €16 588.89 €62002.55

Pump; €8 124.65

Centrifuge; € 954
975.72

Coating Line;
€2270883.77

Microwave oven;
€2460589.35

Figure 4.2.1 Primary equipment expenses for the MW graphitization method

As illustrated in Figure 4.2.1, the coating line and the microwave oven account for the largest
share of equipment costs, driven by their roles in applying the slurry to SiC wafers and
converting lignin into graphite. The scale of these investments reflect the financial
requirements of bringing this technology to commercial-level graphite production.

4.2.2 Operational cost

Operating costs represent a major part of the total expenses associated with the MW lignin-
based graphite production process. Table 4.2.2 presents an overview of the estimated
operational costs for this process.



Table 4.2.2 Estimated Operational Cost

OPEX Parameter Cost Unit

Raw material cost 214933800 Euro/year
Utilities cost 37843434 Euro/year
Labor cost 1419106 Euro/year
Operational and maintenance 1049039 Euro/year
Local taxes and insurance 419616 Euro/year
Plant overhead costs 3147118 Euro/year

The total annual operating expenditure (OPEX) for the MW graphitization process at full
production capacity of 80,000 tonnes of graphite per year is estimated at approximately
258,812,113 €/year. The cost structure is overwhelmingly dominated by raw material
consumption, with acetone identified as the principal economic driver.

Raw material costs account for 83% of total OPEX, amounting to 214,933,800 €/year. Within
this category, acetone represents the dominant expenditure, contributing 129,449,320
€/year, which means approximately 60% of the total raw material costs. This figure already
accounts for a 90% solvent recovery loop integrated into the process design, without which
acetone costs would approach 1.29 billion euro per year given its consumption rate of
16.165 tonnes per tonne of graphite at a unit price of 1,001 €/tonne. The recovery system
therefore reduces acetone expenditure by an order of magnitude and is a critical economic
lever in the process. Despite this mitigation, acetone remains the single largest cost driver
in the model, reflecting both its high volumetric demand in the slurry preparation stage (10:1
solvent-to-lignin ratio is employed) and the relatively high market price of technical-grade
acetone compared to other process inputs. The maximum recovery of the solvent, especially
acetone, is vital in the large scale process design.

The specific energy demand of the studied process was modelled at 7kWh/kg of graphite
produced. This value falls below the range reported for conventional Acheson furnace-based
graphitization, for which energy consumption figures of 15-18 kWh/kg have been
documented for battery-grade synthetic graphite production (Shen et al., 2021), and
approximately 4.5-9 kWh/kg for lower-purity electrode and nuclear-grade material (Hupp et
al., 2003).

Labor requirements are estimated at 3.1 operators per shift across five shifts, with an
average annual salary of 41,165 € per operator and an additional 18% supervisory overhead,
making the total labor costs 1,419,269.28 €/year. Operation and maintenance (O&M),
assumed at 5% of TFCI, contributes with 1,049,160.39 €/year, while the plant overhead is
estimated as 20% of total labor cost, reaching 3,147,481.18 €/year.



4.2.3 Production cost

The criteria based on which the production cost was realized are presented in Table 4.2.3

Table 4.2.3 Parameters used for scale-up calculation

Lignin input per batch 200g
Graphite yield per batch 80g
Batches per kg of graphite 12.5
Energy efficiency reduction 50%
Electricity price [Euro/MWh] 66.7
Water price [Euro/m3] 3.6
Water price [Euro/kg] 0.0036

and further discussed in the following chapters. Furthermore, the complete economic
calculations can be found in the Appendix A1 through A3.

5. Discussion

5.1 Discussions about research questions

How are advanced processing methods used to convert bio-based materials, such as
lignin, into electronic materials like graphite?

The results of this study indicate that microwave treatment, in combination with silicon
carbide substrates, constitutes an effective processing route for the conversion of lignin into
graphitic carbon. The process yields a graphite product at an operating temperature of
approximately 2000°C, which is notably lower than the 3000 °C conventionally required in
furnace-based graphitization. This reduction is attributed primarily to the microwave
irradiation itself which enables rapid and volumetric energy delivery throughout the material,
rather than relying on slower heat conduction as in conventional thermal processing. The
SiC substrate complements this by providing uniform heating across the coated lignin film,
thereby reducing thermal gradients that would otherwise compromise the structural
homogeneity of the resulting graphite.

The role of the pre-treatment stage at 250 °C also represents an essential step in this
process. Prior to high-temperature graphitization, the lignin film undergoes initial
devolatilization, during which residual moisture and thermally unstable components are
removed and the polymeric structure begins to reorganize. The graphitization stage at 2000
°C drives the structural transformation of the carbonized precursor into an ordered graphitic



network, characterized by the formation of sp2-hibridized graphene layers. Furthermore, the
uniform energy delivery characteristic of microwave irradiation promotes consistent
structural ordering across the material, which is particularly relevant for electronic
applications where the degree of graphitic order directly influences material performance.

What are the key techno-economic drivers influencing the lignin-based graphite
obtained with MW treatment?

The techno-economic performance of the MW lignin to graphite process is characterized by
a target MSP (NPV=0) of approximately 3.3 €/kg calculated over a 15-year plant lifetime at a
10% discount rate, with a total capital investment (TFCI) of 20,985,627.80 €. This was derived
from a total purchased equipment cost (TPEC) of 5,780,498.03 € and a Lang factor of 3.63.

At the selling price of 3.4 €/kg (MSP+5%), the NPV of 79,342,606 € with an IRR of 46% shows
that the proposed process is viable and profitable, especially if it continues to be improved
and optimized accordingly.

The selection of lignin as precursor represents an efficient economic strategy, as it allows
the process to exploit a low-cost, abundantly available industrial by-product. Lignin is
produced in quantities exceeding 50 million tonnes annually as a by-product of the pulp and
paper industry, of which 98-99% is combusted for energy recovery, meaning that this
structural underutilization implies that industrial-grade lignin can be procured at
comparatively low cost (Demuner et al., 2019). In this study, the lignin used as well as its
costs, comes from Lixea, one of the partners involved in this project alongside RISE.

CAPEX constitutes one of the most significant economic levers in any early-stage production
process. The TFCI, estimated here using the Lang factor methodology, includes not only equipment
purchase, but also installation, instrumentation, piping and indirect costs and has the value of
20,985,627.80 €. This is a standard approach for preliminary feasibility assessments, where
detailed engineering data are unavailable (Sinnott, 2020).

The OPEX structure reveals a marked imbalance across cost categories. As presented in Table
4.2.2, out of the total annual operating cost of approximately 258.8 €, raw material costs account
for 83%, amounting to 214,933,800 € per year. Utility costs represent a further 14.6% (37,843,434
€/year), while labour, maintenance, plant overhead, and taxes and insurance collectively account
for less than 3% of total OPEX. This distribution is characteristic for a solvent-intensive chemical
process, where fixed and labour costs are structurally subordinate to variable consumable
expenditure. In the assessment, the acetone is considered 90% recovered, which could further



achieve highly efficient practical recovery rates between 95% and 98% in optimized industrial
systems, which thereby drastically reducing fresh makeup solvent costs and accelerating
the project’s return on investment.

How can the method studied in this project compare to methods already existing on the
market?

When assessed against the other alternatives of obtaining graphite (mining, synthetic, bio-
massed derived using furnace, recycled), the MW lignin-derived graphite process shows a
distinct techno-economic profile. In terms of feedstock, the use of kraft lignin, an abundant
and low-cost by-product from the pulp and paper industry, provides a chemically consistent
carbon source.

The estimated energy consumption of the proposed process is 7 kWh/kg. While
graphitization remains an inherently energy-intensive unit operation regardless of the
heating method employed, this value compares favorably with consumptions figures
reported in the literature for conventional resistance furnace-based routes. Hupp et al.,
(2003) estimated the energy demand of Acheson furnace graphitization at approximately 4.5
kWh/kg for electrode-grade product, increasing to 9 kWh/kg for nuclear-grade material. Of
greater relevance to the present assessment, which targets battery-grade synthetic graphite,
Shen et al., (2021) reported integrated energy consumption figure of 15-18 kWh/kg for
commercial Acheson units producing battery-ready synthetic graphite. Relative to this
battery-grade benchmark, the microwave-assisted route proposed in this project represents
an estimated reduction of 50-60% in specific energy demand. In addition, the heating setup
employed in this work was intended for a laboratory scale study rather than energy-efficient
production. Industrial scale systems typically benefit from optimized reactor designs,
enhanced heat recovery strategies and improved process integration, which can
substantially lower specific energy consumption. Therefore, the energy demand reported
here should be viewed as a reflection of the current experimental setup rather than an
inherent limitation of the proposed process route.

A further opportunity for energy efficiency improvement lies in the potential recovery of
sensible heat from the hot inert purge gas exiting the microwave graphitization unit, which
could in principle preheat the incoming lignin feedstock via a gas-to-solid heat exchanger.
However, the scope for heatrecovery in microwave processingis inherently more limited that
in conventional thermal systems. The volumetric heating mechanism of microwave-assisted
processing eliminates temperature gradients and operates with a low thermal mass (Qiu et



al., 2025), meaning thermal losses are localised rather than carried in a sustained high-
temperature exhaust stream as in an Acheson furnace. Nevertheless, industrial microwave
units have been shown to generate a moderate, continuous exhaust stream carrying
sensible heat and water vapour from devolatilisation (Mostafa et al., 2026), which could
serve as a low-grade heat source if exit temperatures and flow rates prove sufficient.
Characterizing these parameters through dedicated process simulation and pinch analysis
would be a valuable extension of the present techno-economic model.

Besides energy consumption, processing time is an important factor when evaluating the
industrial feasibility of graphite production routes. Conventional graphitization methods
generally rely on prolonged high-temperature treatments, often requiring temperatures over
2500°C and residence times of several days to up to two weeks (Demir et al., 2015). In
contrast, MW assisted process investigated in this study is assumed to achieve
graphitization within approximately one hour. This reduction in processing time can be
atributed to the volumetric heating mechanism of microwave irradiation, which enables
rapid and direct heating of the material rather than slower heat transfer associated with
conventional furnace-based processes (Beneroso et al., 2017; Li et al., 2016).

Therefore, the MW-assisted lignin graphitization process assessed in this study
demonstrates a competitive and strategically differentiated techno-economic profile
relative to the principal graphite production routes currently available. The combination of
low-cost, abundantly available bio-based feedstock, a modelled energy consumption of 7
kWh/kg that compares favourably with conventional Acheson furnace benchmarks for
battery-grade graphite, and a substantially reduced processing time of approximately one
hour compared to the multi-day cycles characteristic of resistance furnace-based
graphitization collectively position this route as a technically promising alternative. Besides
these arguments, continued optimisation of process integration, solvent management, and
microwave oven design will be critical to realising the full economic and environmental
potential of this route at commercial scale.

5.2 Impact of study on SDGs

The development of a lignin-based graphite production process through microwave-assisted
treatment has the potential to contribute positively to several of the United Nations
Sustainable Development Goals (SDGs). The most relevant contributions are outlined
below.

SDG 7: Affordable and clean energy. Graphite is an essential component of lithium-ion
battery anodes, which are critical to energy storage systems underpinning the global
transition to renewable energy. By producing graphite from lignin, a widely available



industrial by-product, this study proposes a potentially more sustainable supply route for
battery-grade materials. The microwave-assisted process offers a modern, efficient
alternative to conventional high-temperature graphitization, potentially enabling lower-
temperature processing and faster reaction times. When powered by renewable electricity,
this approach aligns with SDG 7 by supporting the development of clean energy storage
technologies while utilizing a waste-derived feedstock.

SDG 9: Industry, Innovation, and Infrastructure. This research contributes to the
development of novel biorefinery pathways that vary from traditional fossil-based carbon
material production. The application of microwave technology to lignin valorization
represents and innovative processing strategy that could facilitate the industrial-sclae
utilization of lignocellulosic waste streams, which are currently underutilized or primarily
combusted for low-value energy recovery. Microwave heating offers distinct advantages,
including faster heating rates, more uniform temperature distribution, and the potential for
process intensification, all of which could improve resource-use efficiency.

SDG 12: Responsible Consumption and Production. Kraft lignin is produced in large
quantities as a by-product of the pulp and paper industry, yet predominantly it is burned for
energy recovery rather than valorized into high-value products. Diverting this waste stream
toward high-value graphite production aligns with circular economy principles by
transforming an industrial residue into a critical material for clean energy technologies,
thereby supporting more responsible usage of industrial residues and reducing waste.

SDG 13: Climate action. Switching from fossil-based synthetic graphite to bio-based
graphite from lignin directly supports climate mitigation by avoiding the usage of petroleum
coke, a fossil fuel precursor that releases carbon into the atmosphere. This bio-based
pathway offers a potential route to lower the carbon footprint of battery materials, which are
essential for scaling renewable energy and electric mobility. While a full lifecycle
assessment is needed to quantify the exact climate benefits, the substitution of fossil
precursors with industrial residue-based lignin represents a meaningful step toward
decarbonizing the carbon materials sector and aligns with the objectives of SDG 13.

SDG 17: Partnership for the Goals. This study was conducted with multiple industrial
partners, exemplifying the cross-sector partnership emphasized under SGD 17 as essential
for translating research findings into scalable solutions. Such collaborations facilitate the
transfer of knowledge between academia and industry, enabling faster technology
development, access to industrial-scale equipment and expertise, and validation of
laboratory findings under more realistic conditions. Moreover, they help align research
priorities with industrial needs, increasing the likelihood of successful technology adoption
and market entry.



5.3 Future work

The results of this research highlight the potential of using microwave-assisted
graphitization of lignin-based graphite for electronic uses, yet several aspects of the
process require further exploration and optimization.

One area for further research would be the management of solvents, since acetone was
recognized as a major factor influencing the operational expenses. Future work should
assess the feasibility of integrating a closed-loop solvent recovery system to reduce acetone
consumption and inprove the overall economic efficiency of the process. Since acetone in
this contextis used as a solvent, high purity rectification via fractional distillation would likely
be disproportionate to the value recovered, a more cost-effective approach being a simple
evaporation-condensation cycle.

Further research is also required to optimize the MW treatment step. As mentioned before,
the energy consumption reported in this study is derived from laboratory-scale experiments
combined with simplified scale-up assumptions, and therefore may not accurately reflect
the efficiencies available under optimized industrial conditions. Further research should
examine the influence of key operating parameters, including microwave power, oven design
and material loading on both graphitization quality and energy efficiency. Optimization of
these parameters has the potential to substantially reduce specific energy consumption
while preserving the desired material properties.

In addition, the durability and reusability of the silicon carbide wafers used as substrates
require thorough evaluation. As substrate costs become significant at industrial scale, it is
essential to assess the operation lifetime of the wafers and their performance over multiple
processing cycles. Experimental studies focusing on substrate degradation, performance
retention, and replacement frequency would provide critical data for more accurate
techno-economic assessments and process feasibility evaluations.

Future work should also consider alternative approaches that do not rely on SiC, as
emerging materials and processes may offer comparable or superior performance
depending on the operating conditions applied. Moreover, a comprehensive life cycle
assessment (LCA) is recommended to capture the full environmental impact of the
proposed process. Incorporating this broader sustainability perspective would strengthen
technology selection and provide a more complete basis for evaluating the process's
overall viability.



6. Conclusion

This thesis evaluated the technological and economical viability of producing graphite from
lignin through a microwave-conversion process. By performing mass and energy balance
calculations, the study assessed the economical performance of the proposed production
route through estimates of capital expenditure (CAPEX), operating expenditure (OPEX), and
the minimum selling price (MSP) of the resulting graphite product.

The results indicate an MSP 3.3 €/kg, which is competitive within the market range for
battery-grade synthetic graphite and comparable to MSP values reported for other emerging
bio-based graphite production routes (Gonzalez-Aguirre et al., 2025). The calculated NPV of
approximately 79,342,606 euro and the IRR of 46%, evaluated over a 15-year plant lifetime
at a 10% discount rate, suggest that the process is economically viable and capable of
generating returns substantially in excess of the cost of capital under the assumptions
considered.

The analysis also highlighted several strengths of the proposed process relative to
conventional graphite production routes. The estimated specific energy consumption of 7
kWh/kg compares favourably with the 15-18 kWh/kg reported for commercial Acheson
furnace production of battery-grade synthetic graphite (Shen et al., 2021), representing an
estimated reduction of 50-60% in specific energy demand. It should be noted that this figure
is derived from laboratory-scale experiments and linear scale-up assumptions, and that the
heating system employed was not optimised for industrial operation. As such, the modelled
energy consumption should be regarded as a conservative estimate, with further reductions
likely achievable through optimised reactor design, enhanced heat recovery, and improved
process integration at scale. In addition to its energy advantage, the microwave approach
offers a substantial reduction in processing time of approximately one hour compared to the
multi-day residence times characteristic of conventional resistance furnace-based
graphitization, providing meaningful advantages in terms of productivity, reactor utilisation,
and process intensification.

Overall, the findings demonstrate the potential of lignin as renewable feedstock for the
production of graphite and support the continued development of the microwave-assisted
graphitization technologies. While further work is required to optimize the energy
consumption, validate large-scale operation, and refine economic estimates, this study
provides a foundation for further efforts toward sustainable and commercially viable bio-
based graphite production via microwaves.
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Appendix

A1. Mass calculation starting from 200g lignin, for 40% yield

Tabel A1.1 Mass Calculations based on lignin to solvent ratio

Mass [g] Lignin:solvent Acetone:Water  Density [kg/m®] Volume [m3] Volume [L]
Lignin 200 1to 10 70to 30 1300 0.000153846  0.15384615
Acetone 1293.2 784 0.00164949 1.6494898
Water 706.8 1000 0.0007068 0.7068
Solvent 2000 - - -
Slurry 2200 876.45 0.002510136 2.51013595

Tabel A1.2 Mass calculation for MW assisted process

Stream C (atom) H (atom) O (atom) MW Mass (g) ‘
(g/mol)
Input Lignin 15 14 4 258.273 200
Output Graphite 1 0 0 12.011 80
Gases - - - - 120
A2. Energy Balances for different quantities of product
Table A2.1 Energy calculation for a batch of 200g of lignin
| Step Equipment Measured energy [kWh] |
Mixing Speed Mixer (Hauschild DAC 0.071
400)
Coating Coating machine 0.0005
MW Pre-treatment Microwave at 250°C for 20 min 0.042
MW graphitization Microwave at 2000°C for 60 min 1.00
Centrifuge Centrifuge 0.0158




Table A2.2 Energy calculation for industrial scale with 50% energy efficiency

| Step Energy [kKWh/Kkg] Energy [kWh/tonne] |
Mixing 0.44375 443.75
Coating 0.003125 3.13
MW Pre-treatment 0.26 260.42
MW Graphitization 6.25 6250
Centrifuge 0.09875 98.75
Total 7.05604 7056.04

Table A2.3 Pump Energy Calculation

Density Of Slurry (kg/m?®) 876.45
Gravitational Acceleration (m/s?) 9.81
Flow Rate (m?/h) 313.8
Pump Head (m) 25
Pump Efficiency 0.7
Power (kwh) 26.76

A3 CAPEX and OPEX Calculation

Table A3.1 CAPEX Calculations

CAPEX
Parameter ‘ Value
A. Major Process Equipment

High shear mixer 62,066.99 Euro
Pump 8,133.09 Euro
Coating Line 2,273,243.81 Euro
Microwave oven 2,463,146.55 Euro
Centrifuge 955,968.18 Euro
Dryer 16,606.13 Euro
Total Purchased Equipment Cost (TPEC) 5,779,164.74 Euro
Lang Factor 3.63 -
Total Fixed Capital Investment (TFCI) 20,978,368.01 Euro




Tabel A3.2 OPEX Calculations

OPEX
Parameter ‘ Value Euro/year
A.Raw Materials
Lignin 415 Euro/tonne 82,940,000
Acetone 1001 Euro/tonne 129,449,320
Water 3.60 Euro/tonne 2,544,480
Total Raw Materials Cost - - 82,940,000

Mixing (electricity) 66.70 Euro/Mwh 2,367,850
Pump (electricity) 66.70 Euro/Mwh 14,282.4
Coating (Electricity) 66.70 Euro/Mwh 16,675.00
MW Pre-treatment (Electricity) 66.70 Euro/Mwh 1,389,583.33
MW Graphitization (Electricity) 66.70 Euro/Mwh 33,350,000.00
Centrifuge (Electricity) 66.70 Euro/Mwh 526,930.00
Water 3.60 Euro/tonne 178,113.60
Total Utilities Cost - - 37,843,434.38
Operators 645,048.00 Euro/year

Supervisor 774,057.60 Euro/year

Total Labor Cost 1,419,105.60 Euro/year

Op&Maintenance 1,049,039.40 Euro/year

Local taxes and insurance 419,615.76 Euro/year

Plant overhead costs 3,147,118.19 Euro/year

Total other costs 4,615,773.35 Euro/year

Total Annual Opex 258,812,113.33 Euro/year




Tabel A3.3 Minimum Selling Price calculation

Annual Production output 80,000 tonne/year
Raw material cost 214,933,800 Euro/year
Utilities cost 37,843,434 Euro/year
Labor cost 1,419,106 Euro/year
Operational and maintenence 1,049,039 Euro/year
Local taxes and insurance 419,616 Euro/year
Plant overhead costs 3,147,118 Euro/year
Totl OPEX 258,812,113 Euro/year
Annulized CAPEX 2,758,423 Euro/year
Total annual cost 261,570,537 Euro/year
MSP 3269.6 Euro/ton
MSP 3.27 Euro/kg

Tabel A3. 4 Calculations for IRR and NPV (euro)*

0 -20971108 0 0 0 0 -20,971,108
1 0 82,393,441 76,258,706 4,613,644 30,422 1,490,670
2 0 192,251,363 177,936,980 4,613,644 194,015 9,506,724
3 0 274,644,804 254,195,685 4,613,644 316,709 15,518,765
4 0 274,644,804 254,195,685 4,613,644 316,709 15,518,765
5 0 274,644,804 254,195,685 4,613,644 316,709 15,518,765
6 0 274,644,804 254,195,685 4,613,644 316,709 15,518,765
7 0 274,644,804 254,195,685 4,613,644 316,709 15,518,765
8 0 274,644,804 254,195,685 4,613,644 316,709 15,518,765
9 0 274,644,804 254,195,685 4,613,644 316,709 15,518,765
10 0 274,644,804 254,195,685 4,613,644 316,709 15,518,765
11 0 274,644,804 254,195,685 4,613,644 316,709 15,518,765
12 0 274,644,804 254,195,685 4,613,644 316,709 15,518,765
13 0 274,644,804 254,195,685 4,613,644 316,709 15,518,765
14 0 274,644,804 254,195,685 4,613,644 316,709 15,518,765
15 0 274,644,804 254,195,685 4,613,644 316,709 15,518,765

46%

79,344,412




Tabel A3. 5 Summary of TEA calculations

Parameter

Summary of TEA

Value Unit
A. General Process Parameters

Notes

Plant Capacity 80000 t/year Annual Production Capacity
Operating Hours 8000 h/year -
Plant Lifetime 15 years Economic Evaluation Period
Discount rate 10 % -

B. Mass Balance

Lignin 2.50 t/t tonne lignin/tonne graphite
Acetone 16.165 tt tonne acetone/tone graphite
Water 8.835 t/t tonne water/tonne graphite
Nitrogen

C. Energy Balance

Mixing 0.44375 Mwh/t per tonne product
Coating 0.003125 Mwh/t per tonne product
MW Pre-treatment 0.26 Mwh/t per tonne product
MW Graphitization 6.25 Mwh/t per tonne product
Separation (centrifuge) 0.09875 Mwh/t per tonne product
D. Labor Parameters

Number of operators per shift 3.1

Number of shifts 5

Operator annual salary 644,973.60 | Euro/year

Supervisor annual salary 773,968.32 | Euro/year
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