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Abstract

Aluminium (Al) production generates approximately 1 % of worldwide greenhouse gas emissions
(270 Mt COzeq. in 2022). Even though the demand for cathode blocks for aluminium electrolysis
pots is only around 5 kg/t Al produced, the production of carbon and especially graphite cathodes
is energy intensive. Therefore, it is essential to evaluate the carbon footprint of such products.

In this paper, a cradle-to-gate assessment of graphitized cathode blocks based on our Polish
operation in Nowy-Sacz is conducted, building upon previous work done on our French product.
The life cycle assessment (LCA) methodology is utilized with a specific focus on the carbon
footprint.

The production steps that contribute the most to greenhouse gas emissions include coke
calcination, block baking and the graphitization treatment that follows. Hot spots in term of
carbon footprint include raw material production, energy consumptions and process emissions
resulting from volatiles combustion during heat treatment. For both our Nowy-Sacz and French
products, actual emission values as well as process optimizations and the influence of electricity
grid mix will be discussed to work towards a more environmentally friendly aluminium
production.

Keywords: Life cycle assessment, Carbon product footprint, Graphite cathode block, Aluminium
reduction technologies, Low carbon aluminium.

1. Introduction

Even though secondary aluminium production emits fewer greenhouse gas (GHG) than primary
aluminium production, the latter represents today more than 60% share of global aluminium
production volumes and will significantly increase its production capacity over the next decades
[1]. In 2022, primary aluminium production was responsible for approximately 1 % of global
GHG emissions [2].

As the aluminium (Al) industry strives to reduce its GHG emissions, the aluminium carbon
footprint has already been studied and improved over the past 25 years. In 2012, a review
inventoried 24 assessments of aluminium carbon footprints (CF) with a typical range of 9.7—
8.3 t COzeq./t Al [3]. Current global industry average is 12.7 t CO»eq./t Al [4]. The main GHG
emissions originate from the alumina refining process, the anode consumption with
approximately 0.4 tC/t Al released in the atmosphere, equivalent to 1.5 t COzeq./t Al and the
electricity consumption (if not from low-carbon source) with approximately 13 kWh
electricity/kg Al [5]. Until 2024, there had been no assessment dedicated to evaluating the
cathode carbon footprint. Consequently, most of recent assessments of aluminium carbon
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footprints did not consider the contribution of cathode production to the aluminium carbon
footprint [1].

In 2024, the first study dedicated to assessing Tokai COBEX’s French (TCX-FR) graphitized
cathode (best-in-class material) using a life cycle assessment (LCA, also called life cycle analysis)
methodology was conducted. This assessment is based on a lengthwise graphitization (LWGQG)
process route [1]. This paper presents a new CF assessment investigating the Tokai COBEX’s
Nowy-Sacz (TCX-NSZ) graphitized cathode production process. Although also based on a LWG
process route, there are differences in the processes of both countries. Therefore, this assessment
will simultaneously continue to build knowledge of GHG emissions along the graphitized cathode
processes while providing a better understanding of the process influence on these emissions.

2. Material and Methods

This section introduces the global scope of the assessment and details the data collection and
treatment required to obtain a complete life cycle inventory of the TCX-NSZ graphitized cathode.
The scope and hypothesis have been determined based on the previous study of TCX-FR
production [1] to allow for a fair comparison with the TCX-FR graphitized cathode.

2.1 Goal and Scope

Like the previously published assessment, this CF assessment also follows the Life Cycle
Assessment methodology standardized in ISO 14 067. This method is considered the most robust
and renowned for quantitatively evaluating the potential environmental impacts associated with a
product, process, or service throughout its life cycle stages. The goal and scope of this assessment
are similar to those of the previous study, allowing for comparability. The goal of the study is to
conduct an attributional CF assessment of the production of graphitized cathodes for aluminium
smelter (primary aluminium production) to identify its main contributors and potential process
improvements. This objective is also achieved through the process influence comparison with the
TCX-FR graphitized cathode [1]. A cradle-to-gate system boundary is considered to account for
all emissions associated with cathode production. Details about the flows included in the system
are provided in section 2.2. The functional unit is one tonne of graphitized cathode, as typically
produced in the cathode production plant, with slots for collector bars but excluding metal
collector bars (usually added at the aluminium smelter facility as part of the lining operation). The
foreground system includes the factory of Tokai COBEX, located in Nowy Sacz, a European
graphite and carbon products manufacturer with plants involved in cathode production for
aluminium smelting for more than a century. The foreground system is based on primary data
collected in the plant over 2022. The background system is modelled using the Sphera®™ MLC
2023.1 database (Managed LCA Content™, former GaBi DB®). The system modelling and
calculation are done using the Sphera® LCA for expert software (Previously GaBi®) [6]. The
selected impact assessment method is the Climate Change total impact category of the European
Environmental Footprint (E.F.) 3.1 [7].

2.2 System Boundary and Process Description

Figure 1 introduces an overview of the system boundary for the production of graphitized cathode
at TCX-PL.
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Figure 1. System boundary of graphite cathode for aluminium smelting. Process boxes
corresponds to workshops. Colours are related to carbon footprint contributors as defined
and used in section 3.2: Blue: ‘Delivery’, Dark Blue: ‘Energies’, Green: ‘Materials’, Grey:

‘Process emissions’, Yellow: ‘Wastes’.

The production process is divided into distinct gate-to-gate process groups, namely calcination,
green, baking, graphitizing and machining, defined based on workshops activities.

In the calcination step, the green coke (i.e. non calcined coke containing a high share of volatiles)
undergoes a thermal treatment to remove its volatile fraction. External fuel is natural gas even
though most heat is generated through the burning of green coke volatiles. The output material is
a calcined coke (CC). The process technology is a shaft calciner [8]. It should be mentioned that
only part of the CC required for cathode production is calcined in the plant. For TCX-FR cathode
production, this step is completely externalized [1]. The “green” step first consists of milling and
sieving raw material particles: CC, coal tar pitch (CTP) and graphite (GR) — including internally
recycled GR coming from cathode machining. Then, the raw materials are mixed, kneaded and
extruded by a press. The output material is a crude block. The workshop uses electricity as well
as natural gas, the later for heating. After extrusion, the blocks are cooled in a pool filled with
water. Raw material delivery is included in the system boundary. During baking, blocks are baked
in ring furnaces powered by natural gas [9]. Volatile matter released from the block and other
gaseous emissions from the coke packing media (working material) are burned in the furnace or
in a regenerative thermal oxidizer (RTO) using natural gas. The graphitizing is performed using
the energy-efficient LWG process which consists of the direct heating of the block through the
Joule effect. The process requires a preliminary short faces machining to allow for a good contact
between aligned blocks. Expanded graphite sheets are used to provide a better electrical contact
between the blocks and petroleum coke grains are used as a packing media to insulate the blocks
from the ambient air and to build up a thermal insulation to limit heat dissipation. This process
requires significant amounts of electricity. The exhaust gases are treated through a catalytic
oxidation process followed by a desulfurization process. Both processes also use electricity.
Finally, the machining process involves shaping the blocks to their final dimensions, forming
serrations and creating slots where metal collector bars will be placed at the aluminium smelter
facility (see Figure 2). This step requires electricity and produces a significant amount of graphite
shavings that are recycled as raw materials. Any excess graphite shaving is used as raw materials
for other products in the factory. Depending on the requirement of these other products, the size
of the crude block and its pre-slot dimensions are adjusted to produce additional GR chips.

1383



TRAVAUX 53, Proceedings of the 42nd International ICSOBA Conference, Lyon, 27 - 31 October 2024

- Figure 2. Picture of finished graphitized cathodes, with two slots and serrations.
The complete process generates little wastes (only approximately 0.1 kg of waste per kg of
graphitized cathode. This waste comes from both raw materials and working materials.

While the system boundary is similar to the previous study of TCX-FR cathode production, there
are slight differences in the process between production locations. This is due to the variations in
the raw material recipe, such as the share of raw materials. Additionally, some of the calcined
coke is calcined in the TCX-NSZ plant, whereas the TCX-FR plants only use externally-calcined
coke. Raw material recipes and process conditions may vary slightly between TCX-FR and TCX-
NSZ plants, primarily because of differences of cathode product grades, and in furnaces and
installations, due to the history of each plant.

2.3 Data Collection

Like in the TCX-FR study, data from the foreground system (i.e. material and energy flow
quantities) were collected as the average for the 2022 process step gate-to-gate data. All data were
measured, except for the process emissions (direct emissions originating from the materials and
released into the atmosphere during heat treatments) that are not continuously measured.
Therefore, process emissions were assessed based on mass balance and carbon stoichiometry. The
data collection was carried out with the goal of being as product-specific as possible. However,
all workshops involved in the production of graphitized cathodes are also used for processing
other product categories (see Table 2). Therefore, it is not possible to subdivide all flows to collect
quantities associated only with the production of graphitized cathodes.

This section explicitly presents the scope of the collected data in relation to the functional unit.

Table 2. Product categories and associated workshops.

Product/Workshop Forming | Baking | Graphitizing | Machining
Graphite Cathode X X X X
Carbon Electrodes X X X
Sidewalls X X X X

Raw materials input at the forming step and intermediate material losses (fire losses, machining
losses, etc) across all process steps are specifically collected for graphitized cathodes. Similarly,
supply chain data (materials type, suppliers’ location, supply routes, distances and transport types)
are also specific to cathodes. However, energy and auxiliary material consumptions are collected
as workshop averages across all manufactured products and are thus not specific to graphitized
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cathode. This limitation is assumed to have a minor impact on the forming and machining process
steps because energy consumption is expected to vary little between products and these steps have
small contributions to the cathode CF (see Section 3.2).

The graphitizing step is mainly performed on cathode products, so data collection is relatively
cathode-specific. However, for the baking, this issue is expected to have larger consequences as
cathodes and electrodes have significantly different natural gas consumptions. To address this
issue and since baking workshops have different ring furnaces, their specific consumptions are
weighted by the share of graphite cathode each furnace produces relatively to the total graphite
cathode production volume.

Auxiliary process heating (excluding baking, calcination, graphitization) is obtained from both
fossil fuels and waste heat recovery systems. These systems are interconnected in a complex
network within the plant, with each of them connected to multiple workshops and inter-connected
through heat exchangers. Due to the lack of heat meters, it is not possible to accurately allocate
consumptions to each workshop and installation. Therefore, a simplified approach is taken by
assigning the associated natural gas consumption to the connected workshops based on the heat
consumption measured at each workshop. The same method is used for electricity consumption
and for compressed air. Additionally, electricity consumption that serves multiple workshops
(such as administrative building, maintenance activities) is divided equally among the related
workshops. Since these energy consumptions are significantly lower compared to process
energies, these simplifications have minimal impact on the result.

A cut-off criterion of 0.5 % has been applied, meaning contributions expected to provide less than
0.5 % of the CF have been excluded. As discussed or shown in the previous LCA on TCX-FR
cathodes, this includes personnel travel, capital expenditures, forklifts fuel consumption, waste
water treatment, expanded graphite sheets and packaging materials. Data was reviewed for
consistency (based on mass balance) and plausibility (using Tokai COBEX’s experience with
processes and other internally conducted LCA studies). The data collection process is consistent
between both the TCX-NSZ and TCX-FR studies. Additionally, differences in the heating
network at the plant led to variation in data treatment. However, these differences to the TCX-FR
study are not expected to significantly impact the result.

2.4 Modelling

Material losses from the cathode along the production process are either internally re-used as raw
materials in other products or sold to other businesses as by-products. Since these materials have
a significant economic value relative to the cathode value, a mass allocation rule is used. This
means that they leave the system with GHG emissions proportional to their mass relative to the
main outputs. This methodological choice aligns with ISO 14 067 and the Environmental Product
Declaration® (EPD) graphite products Product Category Rule (PCR) guideline [10, 11]. This
choice is expected to have a significant impact on the cathode CF and will thus be studied in the
sensitivity analysis (see section 3.3).

Secondary datasets for modelling the background system (i.e. CF associated with the involved
flows — e.g. production of raw materials and energies, waste treatment, etc) are taken from the
Sphera® MLC 2023.1 database. Despite the availability of version 2024.2, the database version is
selected to ensure a fair comparison with the TCX-FR cathode CF assessment. Some limitations
arise from the use of non-geographical-representative datasets due to the LCA database
limitations. However, a minor impact on the cathode CF is expected.

In the primary scenario, electricity is modelled using a location-based approach utilizing the
polish national average consumption mix in the Sphera®™ MLC 2023.1 database. This approach is
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chosen for comparability with the TCX-FR process. However, TCX polish plants use guarantees
of origin (GoOs) [12]. In 2022, 81 % of the electricity consumed in polish plants was covered by
GoOs (75 % from biomass and 25 % from wind). Therefore, GoOs are considered in the
calculation of sensitivity scenarios to account for this specific electricity sourcing (Section 3.3).

Overall, the modelling is comparable to the previous study of the TCX-FR cathode.
3. Results and Discussion

To compare the TCX-FR reference [1] and the TCX-NSZ production processes (this study), their
life cycle inventory (LCI) is first compared. Next, the impact assessment introduces the CF
quantification for the TCX-NSZ cathode and its main contributors, followed by a detailed
comparison with the TCX-FR cathode. Finally, a sensitivity analysis is performed to emphasize
the consequences of methodological choices on the results, as well as the influence of the
electricity grid mix.

3.1 Inventory Analysis

From the LCI, the natural gas specific consumption of the baking process step (in kWh/t of in-
spec intermediate output) is 34 % lower in TCX-NSZ than in FR. This difference is known to
mainly originate from the use of larger ring furnaces in TCX-NSZ with a higher product load ratio
compared to chamber volume. For the graphitizing process step, the TCX-NSZ process has an
electricity specific consumption lower than TCX-FR by 10 %. This is due to the lower
conductivity requirement for the cathode requiring lower process temperatures and an improved
thermal insulation management provided by better insulating packing media used in larger
quantities.

The relative process step yield factors (here defined as the ratio between input material and good

output material quantities, the latter excluding process material losses as fire losses, machining
losses, ...) are introduced in Figure 3.
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Figure 3. Relative yield factor of the mail process step for the TCX-FR and TCX-NSZ
processes.
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In 2022, the lower yield factor for TCX-FR process mainly originates from the choice of
producing additional graphite quantities to provide raw material to all products of the plant. In
particular, this is achieved by oversizing the green blocks to provide more machining losses.

3.2 Impact Assessment

Based on the LCI and the modelling choices, the CF of the product is determined. In the result
analysis below, contributors to the CF are categorized as ‘energies’, ‘materials’, ‘process
emissions’ and ‘wastes’. Figure 1 summarizes the contributors’ classification (see figure and
legend). It should be noted that, to enable a consistent comparison between TCX-FR and TCX-
NSZ processes, the emissions related to the calcination process are considered as ‘material’.
Therefore, an analysis of the calcination is provided before investigating the cathode product’s
CF.

The modelling of the calcination yields a CPC CF of 1.25 t CO»eq./t CPC. The main contributors
are the CF of the input “green” (uncalcined) petroleum coke (44 %) and the process emissions
(53 %) originating from the input material fire losses (from volatiles combustion). This value is
lower than reported in available sources: approximately 20 % lower than the Sphera® MLC’s
dataset (Germany) and about 8 % lower than Rain Carbon’s Vizag calciner facility (excluding the
benefits from the waste heat recovery system considered in the study) [8]. Both above-mentioned
sources are based on kiln calciner technology whereas this study considers a shaft calciner
technology, known for having a higher process yield 8, 13].

The cradle-to-gate CF of the TCX-NSZ graphitized cathode is found to be of 5.5 t COzeq./t
cathode. Figure 4 and Figure 5 introduce CF breakdown details per process step and contributor

type. This value is based on the emission factor of the Polish electricity grid and does not include
the GoOs used in Poland. Their impact will be discussed in the sensitivity analysis in Section 3.3.

TCX-NSZ G-CA carbon footprint

tCO2eq./tG-CA
3.0

25
2.0
1.5
1.0
0.5
0.0 -

01 GREEN 02 BAKING 03 GRAPHITIZING 04 MACHINING

mDelivery mEnergies ®Materials = Process emissions Wastes

Figure 4. Stacked bar chart of the carbon footprint of graphitized cathode, per
contributor type and process step.
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Figure 5. Pie chart of carbon footprint share of the graphitized cathode, per contributor
type. Legend according to Figure 4.

58 % of the graphitized cathode CF is related to the energies involved in the process, mainly the
electricity consumption at the graphitization step (2.5 t CO,eq./t) and the natural gas consumption
at the baking step (0.4 t COseq./t). The dominant contribution to the carbon footprint from
electricity is strongly related to the choice of electricity modelling (in this case, the average Polish
national mix). Overall, the production of the materials is responsible for 31 % of the CF
(1.6 t COzeq./t from raw materials, including internally-calcined CPC and 0.1 t COeq./t of
packing media). Process emissions contribute to 9 % of the product CF, mainly related to baking
emissions of 0.4 t COzeq./t from the CTP fire losses and packing media oxidation and graphitizing
emissions of 0.1 t COzeq./t from packing media oxidation. Material production, baking and
graphitizing process energies and process emissions account for 99 % of the cathode CF. The
delivery of materials from the supplier to the TCX-NSZ plant, as well as waste treatment have a
relatively small impact (<1 % each).

Figure 6 compares the TCX-NSZ and TCX-FR CF differences for each type of contributor. As

discussed in section 2., the assessment of the TCX-NSZ cathode CF (in this study) has been
designed to allow for comparability with the TCX-FR cathode CF [1].

1388



TRAVAUX 53, Proceedings of the 42nd International ICSOBA Conference, Lyon, 27 - 31 October 2024

G-CA carbon footprint: TCX-NSZ vs TCX-FR
tCO2eq./tG-CA
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Figure 6. Waterfall chart comparing TCX-NSZ and TCX-FR CF by contributor type.
Compared to the TCX-FR cathode, the TCX-PL production has decreased GHG
emissions from is materials, delivery of its materials, process emissions and wastes
treatment. However, based on the national average polish electricity mix, it has a
significantly higher energy contribution to the cathode CF.

The TCX-NSZ cathode materials contribute -0.6 t CO»eq./t cathode to the CF. This difference is
mainly driven by the raw materials (-0.5 t COseq./t). Part of it comes from the quantity of
materials needed for the TCX-NSZ process (as it includes a slightly higher share of internally re-
used graphite raw material, see Figure 2) and part is related to the use of internally calcined coke
in TCX-NSZ which is associated with a lower CF than externally-sourced calcined coke. Overall
the TCX-NSZ raw materials are associated with a weighted average CF of ~14 % (in t COeq./t
raw materials). The lower CF contribution in TCX-NSZ (-0.2 t CO»eq./t) is related to the use of
trains for coke transportation in Europe whereas the TCX-FR supply chain solely relies on truck
transportation in Europe. Process emissions decrease (-0.2 t COzeq./t) mainly originate from a
twice lower consumption of packing media in TCX-NSZ. The significant increase in energy
contribution (+2.4 t CO2eq./t) is mainly related to the TCX-NSZ electricity mix choice as GoOs
are not included at this point.

Overall, the TCX-NSZ process is more material and energy-efficient than the TCX-FR process
(see above). Some of these gains are known to be related to the current facilities (i.e. larger ring
furnaces for baking in TCX-NSZ) or by the fact that the products do not have exactly the same
specifications (i.e. cathode produced in TCX-FR are slightly more conductive and thus required
higher electricity consumption). Nevertheless, TCX-FR plants might save energy and materials
consumption by implementing process management as performed in the TCX-NSZ plant, for
instance by managing the packing media used in baking and graphitizing differently.
Additionally, there is a non-negligible CF contribution gain thanks to the significant use of train
delivery in TCX-NSZ. In this first assessment of the TCX-NSZ cathode CF, a higher value is
obtained as compared to the TCX-FR cathode because of the electricity mix modelling choice
(national polish average mix, without considering the guarantees of origin).

3.3 Sensitivity Analysis

Finally, a sensitivity analysis is performed to highlight the influence of the main methodological
choices and important potentially variable parameters on the cathode CF result.
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Figure 6 presents the CF obtained from the sensitivity analysis, along with a comparison to the
TCX-FR cathode CF [1]. The focus is on the electricity grid mix. First, a market-based modelling
approach is considered by incorporating the guarantees of origin (biomass and wind), which
replace 81 % of 2022 TCX-NSZ consumption. Next, the average national electricity mixes for
France (considered a best-case scenario), Japan and China are examined, as well as coal-fired
electricity as a worst-case scenario, all based on Sphera™ MLC datasets. Additionally, the impact
of mass allocation on intermediate material losses is evaluated by providing the CF of the same
model without mass allocation.

TCX-NSZ Carbon footprint

tC0O2eq.tG-CA

TCX-PL GoOs FR elec JP elec CN elec Coal-fired elec

7.0
6.0 Noallocation
5.0
4.0
3.0
2.0

1.0

0.0

m Electricity CF contribution

Figure 7: Comparison and sensitivity analysis of the TCX-NSZ graphitized cathode
carbon footprint. The green component of the bars represents the CF contribution of the
electricity consumption, with electricity emission factor quantity.

The elimination of mass allocation for intermediate material losses increases the cathode CF to
6.0 t COseq./t cathode (+9 %), showing a significant impact of this methodological choice on the
cathode CF. Considering the use of GoOs has a very significant impact on the CF as it reduces
the cathode CF to 3.3 t COseq./t cathode (-40 %), highlighting the crucial role of low carbon
electricity sources to decrease the product CF in electricity-intensive processes. Depending on the
electricity source and/or country of production, the cathode CF varies from 2.8 (-48 %) to 6.4
(+18 %) t COzeq./t cathode when using French-average electricity and coal-fired electricity,
respectively. It is important to note that these values are based on the energy-efficient process
route implemented and optimized in Tokai COBEX’s plants. Different processes or plant may
result in different CF values.

4. Conclusions and Perspectives

Nowadays, many projects aim to reduce GHG emissions related to the production of aluminium.
However, the production of graphitized cathode for primary aluminium smelters has been barely
studied despite involving energy-intensive processes. Following the assessment of TCX-FR
cathode, this study evaluated Tokai COBEX TCX-NSZ cathode CF and provides a detailed
comparison with the TCX-FR process.
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The study considers a cradle-to-gate system boundary to account for all impacts (including
upstream) associated with the production of one ton of graphitized cathode. A mass allocation
strategy is implemented to consider valuable material losses that are internally re-used in the
plants or sold externally. The foreground system consists of primary data from plant operation in
2022, some of which requiring simplification treatment (as subdividing of all flows is not possible
to specifically consider the cathode production). The modelling and background data rely on the
Sphera®™’s international Life Cycle Assessment software and database, respectively. Both the data
collection and the modelling choices have been made in accordance with the previous TCX-FR
cathode production study. The few remaining differences have been detailed and are expected to
have a limited impact on the result.

A CF of 5.5 t COzeq./t graphitized cathode is calculated based on the national average electricity
mix in Poland, which is then reduced to 3.3 t CO»eq./t when accounting for guarantees of origin
purchased by Tokai COBEX in Poland. This value is primarily influenced by energy
consumptions (58 % overall, in the case of an average polish electricity mix), material production
(32 %) and process emissions (9 %).

The manufacturing process of TCX-NSZ graphitized cathode is more efficient in terms of
materials and energies compared to the TCX-FR production process, also resulting in lower
process emissions. Additionally, the delivery of raw materials to the plant by train contributes to
a decrease in CF. However, without considering guarantees of origin, the higher polish average
electricity mix offsets the CF gains of the efficient TCX-NSZ process. This comparison is based
on the previous study of the TCX-FR process which determined a CF of 4.1 t CO»eq./t cathode.

Finally, a sensitivity analysis enables the emphasis on the role of the electricity CF contribution
which leads to a graphitized cathode CF ranging from 2.8 to 6.4 t COzeq./t for the best-case
scenario of French-average electricity mix and the worst-case scenario of coal-fired electricity,
respectively.

The study highlights the major contributors to the cathode production CF that should be carefully
considered in the future to promote lower GHG emissions. Specifically, the electricity mix and
the raw materials carbon footprint are identified as the main drivers of the product CF. In the
TCX-NSZ plant, the electricity contribution could be decreased by using a higher share of
guarantees of origin. In the TCX-FR plants, there is likely room for process operation
improvement as both TCX-NSZ and TCX-FR plants use similar processes but show significant
differences in energy and auxiliary material consumptions.

Within the range of 3—6 t COseq./t cathode, this study confirms the significant GHG emissions
associated with the production of cathodes for aluminium smelters. Regardless of the CF
methodology chosen and the hypothesis, the use of fossil auxiliary materials and raw materials is
linked to a substantial portion of the impact (about 2.3 t CO»eq./t cathode). These emissions come
from both the production of these materials and the process emissions they generate and are
common across all production plants. Therefore, achieving net carbon neutrality by 2050 [14]
will likely require addressing the sourcing of these carbon-rich materials as of the biggest
challenges.
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