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Abstract

The world now pushes for a low-carbon future, and international goals for greenhouse gas emission reductions have been set.
Industrial processes, including metallurgical processes, make up more than a fifth of the total global emissions, and those
have been rising with infrastructure development and the expansion of the middle-class worldwide. This paper focuses on two
energy-intensive processes, aluminum production and metallurgical grade silicon production, and how the carbon footprints
from these industrial processes have developed in recent decades. The main trend is that the increased demand for these
metals has led to expanding primary production for both of them, based on energy with an increasing share of fossil-based
electric power. In fact, the average carbon footprint of the energy used in aluminum and silicon production has increased by
38% and 43%, respectively, from 2000 to 2019. The change in energy mix offsets any progress in process efficiencies. This
work addresses this and discusses opportunities for improvements.
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Introduction

The Paris agreement has as an aim to limit the global warm-
ing to well below 2 °C, and preferably to 1.5 °C. It is a
legally binding international treaty and has been adopted by
196 countries. The world is pushing for a low-carbon future
in order to limit climate change. The most recent report from
IPCC [1] states that the total greenhouse gas emissions in
2030 must have fallen by 45% from 2010 levels, and that
“net zero” has to be achieved around 2050, to prevent more
than 1.5 °C rise in temperature.

At the same time, populous regions of the world are
developing rapidly, and the number of people enjoying a
middle-class lifestyle is increasing, which increases con-
sumption. This is unavoidably associated with the rapid
development of infrastructure and increased demand for
necessary materials. According to a recent review article by
Davis et al. [2], direct emissions from industrial processes
are the source of around a quarter of all global greenhouse
gas emissions, and these are among the emissions that will
be the hardest to eliminate. While there are alternatives
available for reducing emissions from electric power pro-
duction, industrial processes such as cement and steel pro-
duction are more challenging, as alternative emission-free
processes are not available at industrial scale at this time.

This is also true for other materials. Aluminum and sili-
con are examples of materials that have seen rapid growth
in demand in recent years, which has been met by expand-
ing primary production. Since year 2000, the primary pro-
duction of aluminum and metallurgical grade silicon has
increased by a factor of 2.6 and 2.4, respectively. This paper
addresses how this has affected the carbon footprint for these
two metals that fall into the category of light metals, which
together consume around 70% of the electric power pro-
duced in Iceland. To be accurate, silicon is a semiconduc-
tor and not a metal, which indeed is integral to its use in
electronics, but for the purpose of the production process
it behaves as a metal and it will therefore be referred to as
one in this paper.

Silicon is a very useful material for many applications
[3]. By volume, the largest application is as an alloying ele-
ment in cast alloys of aluminum, used for example in engine
blocks, cylinder heads and machine tools, and through
ferrosilicon as a deoxidising agent for steel and to make
dynamo and transformer plates. Silicon is also used to make
silicones, which are silicon—oxygen polymers with methyl
groups attached. Silicon rubber makes a waterproof seal-
ant, and silicone oil is a lubricant, which is added to some
cosmetics and hair conditioners. Purified solar grade silicon
is used in photovoltaics, and hyper pure, electronic grade
silicon is the dominating semiconductor used in solid-state
devices in computers and microelectronics. Most MG silicon

is used as an ingredient in other materials, so recycling back
to silicon metal is not feasible in most cases.

Aluminum has a density of 2.7 kg/dm® at room tem-
perature, which is about one-third of the density of iron
and steel. With proper alloying and microstructure, a high
strength-to-weight ratio can be achieved, along with great
flexibility for efficient formability into complex shapes using
modern design features [4]. Aluminum is also durable, and
aluminum products often serve for decades in use. There-
fore, only around 20% of the current demand can be met
with end of life recycled material, and 34% if new scrap is
included [5]. Aluminum is, however, infinitely recyclable,
which requires only around 5% of the energy demand for pri-
mary production, making it a perfect candidate for a circular
economy [6]. A significant proportion of the products aris-
ing from the finished articles using aluminum contributes
to energy saving due to the light weight, and thus reducing
the carbon dioxide emission that would otherwise arise from
the population. The most common uses of aluminum include
construction (buildings and structures), transportation, elec-
trical conductors, and packaging.

The carbon footprints are composed of direct emissions
from the production process, the raw materials for the pro-
duction processes, as well as indirect emissions that are
inferred when producing the electrical energy used to power
the production processes. This paper will address both these
types of emission sources and discuss strategies to reduce or
eliminate these emissions.

The Aluminum Production Process

Aluminum occurs in nature in the form of chemically very
stable compounds, in particular oxides. The raw material
for aluminum production, alumina (Al,O3), is refined from
bauxite, which is an ore mined from strip mines. The pro-
duction process also requires carbon anode production, elec-
trolysis, casting, and secondary metal treatment. The fol-
lowing approximate amounts of raw materials are needed to
produce 1 kg of aluminum from alumina by electrolysis [7]:

e 2.0 kg of smelter-grade cell-feed secondary alumina
(Al,O3) from dry scrubbers

e (.40 to 0.46 kg of carbon (in the form of carbon anodes
used in the electrolysis process)

e 12.5to 16 kWh/kg Al of electrical energy (direct current,
DC).

Aluminum is produced by the Hall-Héroult process,
where the alumina is dissolved in a sodium-aluminum-fluo-
ride molten salt mixture (mainly cryolite, Na;AlF) at about
960 °C to form an ionic conducting medium that enables the
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products to be formed via three processes that occur between
the two electrodes [8]:

e electrochemical reduction of the aluminum-containing
species to aluminum metal at the cathode

e electrochemical oxidation of the oxide-containing species
with the carbon anode to predominantly form CO, but
also some CO

e energy (heat) transfer to enable the reaction products to
achieve a state that enables removal from the cell.

Ideally, the overall stoichiometry of the electrochemical
reaction in the cell is:

1/2A1,0,(dissolved) + 3/4C(s) = Al(l) + 3/4 CO,(g)
()

But a part of the oxygen will react to form CO:

1/2 Al,O4(dissolved) + 3/2C(s) = Al(l) + 3/2 CO (g)
@

In fact, the formation of CO by Eq. (2) is thermodynami-
cally favored, but fortunately, due to kinetics CO, is the
primary anode product, while carbon monoxide is also co-
evolved. The electrode must nevertheless be polarized suf-
ficiently to lift the electrode potential above that of carbon
monoxide formation, so there is always some direct electro-
chemical formation as well as quite a bit of indirect reaction
[7]. Virtually all of the CO is oxidized in the flame of the cell
gases, an almost spontaneous reaction with the oxygen of air
mixing, as the thermodynamic equilibrium between CO, O,,
and CO, favors CO, at low temperatures. This increases the
CO, emissions from the stoichiometry of Eq. (1).

If the electrolyte gets depleted of alumina, but the current
still passes through the cell, the anode voltage will become
sufficient to oxidize electrolyte components and perfluoro-
carbon (PFC) gases will be evolved at the anode. This phe-
nomenon is called anode effect. These gases, mostly CF, and
C,F¢ are extremely potent greenhouse gases, with between
6600 and 11,100 times the greenhouse gas potential of CO,
and they have historically contributed with almost half the
greenhouse gas emissions from the electrolysis process [9].
But as awareness of this arose in the 1980s, the industry has
focused on reducing the frequency and duration of anode
effects, which now contribute to less than 2% of the carbon
footprint [10]. PFC co-evolution also occasionally occurs at
much lower rates in localized zones of the cell, when operat-
ing conditions change through spatial or operating reasons
and the interfacial potential at the anode exceeds a critical
value. The main operating factors that cause this localized
potential increase are the presence of zones where the alu-
mina concentration has dropped substantially, or the anodes
are carrying a very high electrochemical current density. The
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propensity for the occurrence of such continuous emissions
is higher in large cells with high amperage [11].

The contribution from process emission sources in the
aluminum production process are summarized in Table 1.

The Silicon Production Process

Metallurgical Grade silicon (MG silicon) is produced in sub-
merged arc furnaces by carbothermic reduction of quartz.
The main raw materials are SiO, in the form of quartz and
carbon materials that consist of coal, coke, charcoal, and
woodchips. In this continuous process, the raw materials are
fed into a submerged arc furnace (SAF) from above, and are
penetrated by electrodes, in most cases three electrodes car-
rying three-phase electric current, that form a star connec-
tion in the furnace. Ideally, the stoichiometry of the overall
reaction in the furnace can be written as [12]

Si0,(s) + 2C(s) = Si() + 2CO (g) 3)

This stoichiometry is a result of a series of sub-reactions,
and the raw material charge consists of partially reacted raw
materials and intermediate reaction products further down
in the furnace. The current flows from the electrodes sub-
merged in the charge, through the material filling the fur-
nace, and to a large extent passes through an electric arc as
it leaves the electrode.

One of the most important parameters for this process
is the fraction of incoming Si in quarts, which is tapped
as metal, also termed silicon yield. As the metal produc-
ing reaction deep in the furnace needs almost 2000 °C to
obtain a good silicon yield from the process, the presence
of electric arcs is important for the yield, and thus for both
emissions and energy consumption.

It is the stoichiometry of Eq. (3), which accounts for
most of the greenhouse gas emissions from the MG-silicon
production process, decided by the four-valent Si in quarts
and thermodynamics, which favor the formation of CO gas
rather than CO,. The stoichiometric production of CO, is
3.26 kg for each kg of Si metal produced. This is unavoid-
able for a carbothermic process, as carbon is needed to cap-
ture the oxygen from the quarts, leaving the metal behind.
In the actual furnace there are inefficiencies and losses that
increase the carbon consumption per unit metal produced.
As an example, SiO gas, which is one of the intermediate
products in the process, escapes the process in some amount
to form silica fumes reducing the silicon yield. Thus, the
greenhouse gas emissions, as well as the energy consump-
tion of the process, are closely linked to the silicon yield for
the process. The process emission factor for MG silicon as
reported in the IPCC guidelines [13, 14] as well as Lind-
stad et al. [15] is estimated as 5 kg CO,/ton silicon metal.
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Table 1 Typical process
emissions for aluminum
production based on an estimate

Processes

Global average CO,

emissions

Best Available Technology
(BAT) emissions (t CO,e/t

in 7] (t CO4e/t Al Al)
Bauxite mining 0.03 0.03
Alumina production 1.5 1.4
Calcined petroleum coke production 0.3 0.3
Carbon anode production (anode baking) 0.3 0.2
Cathode and spent potlining (SPL) 0.03 0.03
Net cell carbon consumption 1.5 1.4
Perfluorocarbon (PFC) emissions 0.2 0.02
Ingot casting related to fuel combustion 0.3 0.1
Total from process 4.2 3.5

This estimate is based on assuming no use of biocarbon,
apart from an unspecified minimum amount of woodchips.
Monsen et al. [16] estimated an emission factor of 4.68,
assuming that around 10% of the carbon used originates
from biocarbon. As most smelters use a significant share of
biocarbon, that number is used by Saevarsdottir et al. [17],
but the more conservative estimate of 5 kg CO,/ton silicon
metal used by IPCC serves as a basis for the estimates in this
paper. It should be noted that any fraction of biocarbon in
the reductant mix should be accounted for by reducing the
emission factor, but as the focus of this paper is on the effect
of the energy mix, the IPCC carbon footprint is used for all
regions. Regional variation in the process carbon footprint
based on the use of biocarbon is a topic for another study.

The Indirect Emissions

As addressed in the introduction, the demand for both alu-
minum and silicon has increased rapidly in recent years, a
trend which is likely to continue. In fact, the primary pro-
duction of aluminum and metallurgical grade silicon has
increased by a factor of 2.6 and 2.4, respectively, since 2000.
The production of both these metals is characterized as
energy intensive, as both processes require significant elec-
trical energy for their operation. This is different from, for
example, iron production, which runs mostly on the chemi-
cal energy in the reduction agents used in the process and
does not require much electrical energy. Aluminum requires
12.5-16 kWh/kg Al in the electrolysis process, while the
specific electrical energy consumption for MG-silicon pro-
duction is in the range of 10.5-13 kWh/kg Si. Therefore,
the energy mix for the production of the electric power used
in these processes is very important for the total carbon
footprint of the final product. Most of the added produc-
tion capacity this century for both processes has been con-
structed in Asia, and in particular in China. Also, the GCC
countries have become significant contributors to aluminum

production. The energy mix for the electric power consumed
has changed with this shift in location, but differently for the
two processes.

Development of Indirect Emissions
in Aluminum Production

The increase in aluminum production since 2000 has been
mostly in China with almost 90% coal thermal power, and
in the Middle East based on power produced from natural
gas. The share of renewable energy and nuclear has been
reduced from 51% in 2000 down to 28% in 2019, accord-
ing to data from World Aluminum, as seen in Fig. 1 [17].
As a result of this, the contribution of indirect emissions,
due to energy production, to the overall carbon footprint of
the metal production, has increased by 39%, from 7.2 to 10
CO,e/kg Al, and this increase in emissions from energy pro-
duction amounts to almost twice that of the emissions from
the electrolysis step itself. Thus, the total global average car-
bon footprint from aluminum production is now 14.3 CO,e/
kg Al, and thereof 70% are due to the production of the
electric power used in the process. The development of the
average carbon footprint for primary aluminum production
is seen in Fig. 2. It is therefore clear that the most important
opportunities for reducing the carbon footprint of aluminum
are through shifting the production to low-carbon energy
resources, such as renewables or nuclear power.

Development of the Carbon Footprint
for Metallurgical Grade Silicon Production

Historically, the deciding factor for the site selection for
silicon and ferrosilicon factories has been the access to
reliable hydro-powered electrical energy, because of the
reliability of supply associated with competitive energy
price and low transmission cost. A number of plants were
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Fig. 1 Energy use, by source, Energy use for Al production pr. year, by region and source
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built in regions with significant contribution of nuclear  differently than for aluminum. Typical silicon production
power in the energy mix, which also contributes to lower-  plants are smaller than most modern aluminum smelters
ing the indirect carbon footprint for silicon. The increase in ~ and have, to a larger extent, been built in areas with access
silicon production in 2019 is by a factor of 2.4 since 2000,  to hydropower, as their power use can be matched up with
and by a factor of 4.6 since 1995. As for aluminum, this  a moderately sized hydropower plant. Also, silicon smelt-
increase has mainly taken place in China. Access to statis-  ers have more flexibility to adapt their production to fluc-
tics related to silicon is limited, but according to privately  tuations in power supply than aluminum smelters and can
obtained data kindly shared by Jorn De Linde at CRU  be shut down without much irreparable damage to equip-
[21], the energy mix used in the process has developed  ment, to meet conditions in the energy market. These two
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Fig.3 Energy consumed for

the production of metallurgi- 20
cal grade silicon by region and
energy source from 1995 to
2019, data from Jorn de Linde
at CRU [21]
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factors are likely the reason for a much higher contribution
of renewables in the energy mix for silicon production than
for aluminum production. The share of the low-emission
sources, renewables, and nuclear energy is currently at
57%, down from 67% in 2000 and 72% in 1995. The share
of coal-based energy production has increased from 19%
in 1995 and 28% in 2000 to 40% in 2019, see Fig. 3. The
associate development of the carbon footprint of silicon
production is shown in Fig. 4. Nevertheless, the indirect

¥ Process ™ Power

carbon footprint has increased from 4.4 kg CO,e/kg Si
in 2000 to 6.3 kg CO,e/kg Si, or by 43%. The increase is
90% if we compare to the year 1995. Assuming the process
emission factor to be constant at 5 kg CO,e/kg Si, this
equals an increase in the total carbon footprint from 9.4 to
11.3 kg CO,e/kg Si since 2000, and currently more than
half of the carbon footprint originates from the electric
power production.
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Reducing the Emissions from Aluminum
and Silicon Production

There are several initiatives for addressing the emissions
from these production processes. One potential approach
is to capture CO, from flue gas from the existing processes
and permanently sequester it, an approach called Carbon
Capture and Storage (CCS). There are several options for
sequestering the gas, one is the CarbFix process developed
by the Icelandic power company Reykjavik Energy, who
demonstrated that CO, from the non-condensable gases in
geothermal fluids, dissolved in water and pumped under-
ground, would dissolve metallic oxides and form carbonate
minerals, mostly magnesium and calcium carbonates[22].
This method is applicable for geologies where there is access
to magnesium-rich mafic rock, such as volcanic basalt. In
other regions of the world, pumping the CO, into depleted
hydrocarbon reservoirs can be applied, as the gas is con-
tained by caprock formations [23].

CCS can be applied to either the silicon and aluminum
processes, but in many ways the silicon process is better
suited as the concentration of CO, in the flue gas around
3-4% [24, 25]. This is at the low end for existing carbon cap-
ture solutions, so further up-concentration would make this
stream more feasible for carbon capture. The CO, concentra-
tion in the flue gas from aluminum production is generally
not more than 1%, which means that either the aluminum
reduction cells and particularly the superstructure would
need to be adapted to a dramatically reduced flue-gas suc-
tion rate, or that the carbon capture technology would need
to be adapted to a lower CO, concentration, which would
also require increased energy use for the up-concentration
process. An alternative approach to up-concentrating the
flue gas, applicable to both processes, would be to cool the
flue gas and recirculate it back into the cell or furnace, and
patents have been issued for solutions of that type [26].
Lorentzen et al. [27], Mathisen et al. [28], and others have
studied the feasibility of up-concentrating the CO, from the
flue gas for further processing.

Applying CCS to capture, the CO, from these processes
would in any case incur significant investment and higher
operation cost, and increased energy use. Thus, there would
not be much environmental gain unless that energy came
from a low-carbon source, and international climate poli-
cies and incentives would need to be implemented to make
it economically feasible for the industry.

An interesting development for aluminum is the initia-
tives to develop an electrolysis process with inert anodes,
where oxygen is released as an anode product rather than
CO, [29, 30]. Then oxygen would be formed as the anode
product, and CO,, CO, and perfluorocarbon emissions would
be eliminated from this carbon-free electrolytic process. The
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gain from this would be a carbon footprint reduction between
1.4 and 1.7 t CO,e/t Al, depending on whether we are com-
paring industry best practice or typical average data with
the current world operations and assuming that the changes
to the process do not incur much emission. If the new inert
anodes and cathodes and their raw materials can be produced
with low or negligible CO,e emissions, it is fair to assume
the emissions from carbon anodes and their raw materials
can be removed (see Table 1). In this case, the emission
reduction is 2.3 tons of CO,e emissions, or about 16% of the
total emissions. With inert anodes and hydroelectric power
the only main process emissions would be the 1.5 tons of
CO,e coming from the production of alumina from bauxite.

It must be noted, however, that an oxygen-evolving elec-
trolysis process for aluminum production requires more
energy, as O, is a higher energy-containing compound
than CO, [31]. If all other conditions were unchanged, the
increase in energy required would be around ~ 2.8 kWh/kg
Al, which would lead to increased total emissions if the elec-
trical energy is from a coal thermal power plant. To com-
pensate for the increased energy requirement for the chemi-
cal process, most inert anode cell designs are for vertical
electrodes with wetted TiB, cathodes, to enable a smaller
anode—cathode distance and therefore a lower cell voltage
drop as compared to the Hall-Héroult process. If or when a
successful technology is developed, the benefit is greatest for
the companies that have access to surplus low-carbon energy
capacity, unless there is a major breakthrough in materials
technologies so the cell can operate without a frozen lining.
That would enable substantial heat conservation for the cells.
Such breakthroughs would also prove beneficial for lowering
the energy consumption of the existing cell technologies as
well. Significant research and development efforts have been
done and are on-going. Inert anodes for aluminum smelt-
ing are now a technology in pilot testing, with the aim of
commercializing an inert anode electrolysis process. Rusal
announced successful production of low-emission aluminum
from 140 kA inert anode industrial cells in their Krasnoyarsk
smelter in spring 2021 [32, 33]. Elysis, which is owned by
Alcoa, RTA, Apple, and the Canadian government, aims for
industrial rollout of inert anode cells in 2024 [34, 35].

For the silicon production process, there are promising
initiatives to develop alternative processes to produce silicon
by using different reduction agents to reduce quartz. Hydro-
gen does not offer a thermodynamically favorable chemistry
for the production of silicon metal as it does as a reduction
agent for iron smelting. Hydrogen readily reduces the SiO, to
produce the intermediate SiO gas [36]. In the carbothermic
process, the final metal producing step is obtained by a reac-
tion between the intermediate compounds SiO and SiC, but
an alternative silicon forming reaction seems elusive when
using only hydrogen as a reduction agent as reduction of
SiO to Si by H, is not favored by thermodynamics. Adding
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methane gas to the hydrogen flow enables SiC formation,
which would enable Si formation at higher temperatures,
but the methane content has an upper limit of a few percent
to prevent methane cracking at elevated temperatures [37].
Such a process would not eliminate CO, emissions but has
a potential to significantly reduce the emissions. However,
significant process development remains [38, 39], but there
is a 2007 patent for Si production in a plasma furnace using
methane as a reductant [40]. Another possibility is produc-
ing a SiO condensate, which contains SiO, and Si metal
as droplets. A process based on condensation is, however,
not likely to be efficient enough to be viable. Electrolysis
of silicon oxides in a molten salt electrolyte, or direct elec-
trolysis from molten oxides, has also been studied [41, 42],
but is at a relatively low technology readiness level at this
time. According to Grjotheim et al. [43], the decomposition
potential for SiO, is 1.8 V, while for Al,O5 itis 2.16 V. As
the valency for Si ions is +4, while it is+ 3 for Al, a third
more current would be required on molar basis to reduce Si
than Al, while the molar mass is 28 g/mol for Si vs. 27 g/mol
for Al. Thus, the minimum theoretical electricity input is 7%
higher to electrolyze Si than Al. As discussed before, the
electric energy requirement is 12.5-16 kWh/kg to produce
Al in the Hall-Héroult process, while the specific electri-
cal energy consumption for MG-silicon production is in the
range 10.5-13 kWh/kg Si. Therefore, although the energy
consumption would be dependent on specific process design
and associated heat loss, it is likely that an electrochemical
process would require more electric energy per kg Si than
the existing process. The direct carbon footprint of silicon
production can also be reduced by using renewable carbon
sources in the process. This means, for example, increas-
ing the use of charcoal and woodchips instead of coke and
coal as reduction agents. The feasibility is dependent on the
cost and local availability of the materials. Increased car-
bon taxes will make the feasibility of renewable alternatives
more attractive.

Discussion

Looking at the big picture, the largest contribution to the
average carbon footprint of both processes comes from the
production of the electric power used in the processes. The
process footprints are around 4.2 CO,e/kg Al and 5 CO,e/
kg Si and the development of solutions to address those have
been discussed above. The remaining 70% of the aluminum
carbon footprint and 56% of the silicon footprint are the
indirect emissions, and can only be addressed by a transition
to low-carbon energy sources in these processes. The devel-
opment since 2000 has been in the direction of a significant
increase in this part of the carbon footprint, as the center of
gravity for this production has shifted away from the western

world towards Asia, with more reliance on electric power
from fossil fuel.

Assuming global emissions of ~ 50 billion tons of CO,e/
year, aluminum production contributes around 1.8% of total
global emissions and silicon production 0.06%. These are
emission sources that must be included in the global efforts
to eliminate emissions and limit climate change, and the
total number is the sum of many smaller contributions. It
can be seen from the numbers presented in this paper that
shifting production away from renewable energy in western
economies with ambitious country-based emission reduc-
tion goals, in order to eliminate local process-related emis-
sion, towards more fossil fuel reliant energy mixes in other
parts of the world, leads to increased total emissions from
these products. That makes it less likely that the countries
of the world will reach the climate goals of the Paris agree-
ment. Although recycling is likely to contribute more to the
demand for aluminum in the future, there will be a need for
primary production, while most people indulge themselves
with modern comforts. Recycling of silicon is a different
matter as much of it is used as an ingredient in materials,
such as aluminum alloys or silicones. These are not eas-
ily recyclable back to silicon. It is, therefore, imperative
to keep the production processes on low-carbon energy
sources, and transition the industry towards decarboniza-
tion of their processes, as addressed above. Emerging low-
carbon technologies are likely to be more costly than the
mature technologies in the short term, and therefore climate
policies and incentives must be in place for this develop-
ment to be an economical possibility. The emerging Carbon
Border Adjustment Mechanism recently announced by the
European Commission [44] is one mechanism to reduce the
risk of carbon leakage, and will cover aluminum produc-
tion from the start. Importers will be required to do carbon
reporting on imported products from 2023, and to pay for
emission allowances from 2026. Although silicon produc-
tion is not listed as one of the initial processes affected, due
to its carbon leakage propensity it will almost certainly be
included, if at a later stage.

Concluding Remarks

The carbon footprint for primary production of aluminum
and silicon has increased from around 11.4 to 14.3 CO,e/kg
Al and from 9.4 to 11.3 CO,e/kg Si, respectively, from 2000
to 2019. This increase in the carbon footprint is exclusively
attributed to the energy mix used in the process, which has
shifted towards a larger share of fossil energy with increas-
ing production in Asia, predominantly in China. There are
several on-going initiatives aimed at reducing the process
related emissions, which is a primary task on the path
towards carbon neutrality, either through CCS or alternative
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processes. These are likely to be more expensive in the short
term than the current technology standard, which requires
a regulatory framework or incentives to enable economic
feasibility for the low-carbon alternatives. However, elimi-
nating the 70% and 57%, respectively, of the carbon footprint
that comes from power production must be addressed very
seriously if international emission targets are to be achieved.
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