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Abstract: In the quest for a sustainable future, energy-intensive industries (EIls) stand at the forefront
of Europe’s decarbonisation mission. Despite their significant emissions footprint, the path to
comprehensive decarbonisation remains elusive at EU and national levels. This study scrutinises
key sectors such as non-ferrous metals, steel, cement, lime, chemicals, fertilisers, ceramics, and glass.
It maps out their current environmental impact and potential for mitigation through innovative
strategies. The analysis spans across Spain, Greece, Germany, and the Netherlands, highlighting
sector-specific ecosystems and the technological breakthroughs shaping them. It addresses the
urgency for the industry-wide adoption of electrification, the utilisation of green hydrogen, biomass,
bio-based or synthetic fuels, and the deployment of carbon capture utilisation and storage to ensure a
smooth transition. Investment decisions in EIls will depend on predictable economic and regulatory
landscapes. This analysis discusses the risks associated with continued investment in high-emission
technologies, which may lead to premature decommissioning and significant economic repercussions.
It presents a dichotomy: invest in climate-neutral technologies now or face the closure and offshoring
of operations later, with consequences for employment. This open discussion concludes that while
the technology for near-complete climate neutrality in Ells exists and is rapidly advancing, the
higher costs compared to conventional methods pose a significant barrier. Without the ability to pass
these costs to consumers, the adoption of such technologies is stifled. Therefore, it calls for decisive
political commitment to support the industry’s transition, ensuring a greener, more resilient future
for Europe’s industrial backbone.

Keywords: energy-intensive industries; decarbonisation technologies; sector-specific analysis; eco-
nomic and regulatory frameworks

1. Introduction

The European Union’s new Climate Law aligns closely with the Paris Agreement (PA).
It incorporates the new PA Article 6 and sets an ambitious target for 2030: a reduction in
CO;, emissions by at least 55% compared to the 1990 levels [1]. Additionally, the European

Sustainability 2024, 16, 6176. https:/ /doi.org/10.3390/su16146176

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su16146176
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-3015-6802
https://orcid.org/0000-0002-7875-7025
https://orcid.org/0000-0002-8569-910X
https://orcid.org/0000-0002-1157-956X
https://orcid.org/0000-0002-8551-2552
https://doi.org/10.3390/su16146176
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su16146176?type=check_update&version=1

Sustainability 2024, 16, 6176

2 of 26

Energy consumption (Mtoe)

Climate Law commits the EU to an innovative goal: achieving carbon neutrality by 2050 [2].
Energy-intensive industries (Ells) are at the forefront of this European leading decarboni-
sation strategy vision [3]. Yet, no holistic decarbonisation strategy has been developed at
both the EU and country level.

An ElI's ecosystem includes a wide range of sectors, i.e., non-ferrous metals, steel,
aluminium, chemicals, fertilisers, cement, ceramics, lime, glass, paper and pulp. These
sectors are characterised by a high energy intensity and are responsible for a large share
of greenhouse gas (GHG) emissions produced mainly due to fuel combustion, electricity
production, and process emissions (Figure 1). Several decarbonisation actions can be
applied for all these sectors, such as the capture, utilisation, and storage (CCUS) of process
emissions, the use of renewable energy technologies for electricity production instead of
fossil fuels, and the increase in carbon-neutral fuels in the fuel mix [4,5]. The zero-carbon
transition of Ells by embracing climate-friendly practices will not only be beneficial for the
environment but also will ensure the individual company’s long-term competitiveness [6].
Nevertheless, many sectors have already peaked in their efforts to reduce their GHG
emissions without fulfilling their targets [7]. In this regard, innovative solutions are
necessary to transform the way these sectors operate. The current manuscript describes
EIl's ecosystems across different sectors, focusing on four exemplary European countries,
i.e., Spain, Greece, Germany, and the Netherlands. Specific technological innovations are
summarised, whereas challenges for the widespread utilisation and potential measures are
elaborated. For the sake of completeness, it is important to acknowledge that other sectors
like the petrochemical industry also require decarbonisation solutions, such as hydrocarbon
fuel conversion. However, this review focuses specifically on decarbonisation options for
energy-intensive sectors like non-ferrous metals, cement and lime, chemicals and fertilisers,
ceramics, glass, and steel. The petrochemical sector, while significant, falls outside the scope
of this manuscript. For instance, a recent study explores innovative methods for hydrogen
production, which could be relevant for decarbonising the petrochemical industry [8].

While this manuscript does not delve into detailed statistical analysis or projections,
it aims to reflect the status of decarbonisation innovations within multiple sectors. The
insights presented are based on consultations with industry representatives, stakeholders,
and technology providers, offering a qualitative perspective on the current state and future
prospects of decarbonisation efforts in energy-intensive industries (EIIs).
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Figure 1. Energy consumption and CO; emissions in Europe. (A) Total energy consumption in
the EU (black) and by its Ells (red); (B) Total CO, emissions in the EU (black) and by its EIls (red);
(C) Disaggregated energy consumption by Ells in Greece (blue), Spain (red), the Netherlands (green),
and Germany (black); and (D) disaggregated CO, emissions by Ells in Greece (blue), Spain (red), the
Netherlands (green), and Germany (black) [9].

2. Methodology
2.1. Overall Literature Analysis Approach

This review was prepared as part of a European-funded project RE4Industry aimed
at providing an overall understanding of the main energy-intensive industry (EII) sectors
in Europe, including non-ferrous metals, steel, cement, non-metallic minerals, ceramic
and glass, and chemical industries. A comprehensive literature search was conducted
using multiple academic databases, focusing on peer-reviewed articles mainly published
between 2010 and 2022. The inclusion criteria were studies that specifically addressed
decarbonisation strategies for energy-intensive industries within the European context, as
well as those focusing on the selected countries: Spain, Germany, the Netherlands, and
Greece. Exclusion criteria involved omitting articles that did not provide empirical data or
detailed analysis of decarbonisation options.

This review aimed to synthesise findings from those studies to provide a comprehen-
sive overview of current and emerging decarbonisation strategies, highlighting regional
differences and commonalities. Individual reports for each sector were produced, following
a common structure that included the status of the sector in the EU, an overview of the tech-
nology processes employed, potential alternatives for cleaner processes, well-established
practices for renewable energy integration and CO, emission reduction, additional mea-
sures for transitioning to a decarbonised, circular economy model, and opportunities and
barriers for decarbonisation. Feedback for drafting the individual sector reports was col-
lected from expert consultations, direct visits to national organisations, and a survey of the
literature. This methodological approach ensured a focused and relevant selection of the
literature, providing a robust foundation for the review’s conclusions.

2.2. Country Selection

The selection of Spain, Greece, the Netherlands, and Germany for this review is
based on their diverse and representative profiles within the European context of energy-
intensive industries (EIls). These countries were chosen to provide a comprehensive
overview of the decarbonisation challenges and opportunities across different regions and
industrial landscapes in Europe. Spain is a significant player in the European Ells sector,
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particularly in the steel, cement, and ceramics industries. Its geographical location and
climatic conditions also present unique challenges and opportunities for renewable energy
integration and decarbonisation efforts. Greece represents the southern European region,
with a strong presence in the cement and non-metallic minerals sectors. The country’s
economic structure and recent efforts towards energy transition make it a valuable case
study for understanding the barriers and drivers of decarbonisation in similar economies.
The Netherlands is a key hub for the chemical and petrochemical industries in Europe. Its
advanced technological infrastructure and proactive policies towards sustainability provide
insights into the potential for innovation and the implementation of cleaner processes in
Ells. Germany is one of the largest industrial economies in Europe, with a significant
presence in the steel, chemical, and non-ferrous metals sectors. Germany’s leadership
in renewable energy adoption and its ambitious climate goals make it a critical case for
examining the intersection of industrial activity and decarbonisation strategies. By focusing
on these four countries, the review captures a broad spectrum of industrial activities,
regulatory environments, and regional characteristics. This selection ensures that the
findings and recommendations are relevant and applicable to a wide range of contexts
within the European Union, thereby providing a robust foundation for understanding the
status and future pathways for decarbonising energy-intensive industries in Europe.

3. Status of ElIs in Four Representative European Economies

Industrial emissions are roughly divided between fuel combustion for process heat
(52 percent) and greenhouse gases (GHGs) released during chemical reactions in feed-
stock processing (48 percent), such as natural gas processing for ammonia production or
iron ore preparation for steelmaking [10]. Process emissions also include fugitive GHG
emissions, such as methane leakage from natural gas pipelines. The industrial sector can
be categorised based on production techniques and the types of GHGs emitted. Heavy
industry, which accounts for 46 percent of industrial emissions, includes segments like
non-metallic minerals, metals, and base chemicals. These segments produce basic products
such as cement, glass, steel, and plastics, requiring high temperatures. For instance, blast
furnaces for steelmaking reach 1800 °C, and kilns for limestone calcination to produce
cement exceed 1600 °C. Nearly half of the emissions in these segments are CO, process
emissions, necessitating changes in feedstock and production processes to eliminate them.
Oil, gas, and mining contribute to 19 percent of industrial emissions, with about 25 percent
from methane leakage, primarily from natural gas pipelines. Most CO, emissions in this
sector arise from the heat needed for petroleum cracking and distillation, which requires
temperatures up to 400 °C.

In Spain, the EII sector is one of the most important industrial activities [11]. Ells
account for around 60% of the total energy consumption in the country (Figure 2). Amongst
the different industrial sectors, the one with the highest energy consumption is the one
focused on goods production like chemicals (14%), iron and steel (15%), non-ferrous
metals—including alloys—(13%), oil refining (8%), and paper and pulp (6%).

Currently, almost all of the energy required for Ells is provided by non-renewable
sources, such as coal, 0il, and natural gas. Electricity plays a key role as well (ca. 22.6%),
but renewable energies have a minor presence in the industrial energy landscape, with a
share of less than 7%. It is worth mentioning that Spain follows the EU emission reduction
target with an objective set by the Spanish government to reduce greenhouse gas (GHG)
emissions by 23% by 2030, taking as a reference the year 1990. Unfortunately, sectorial
emission targets have yet not been specified at the national level, except for the cement
sector, which has set a decarbonisation roadmap [12].
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Figure 2. Disaggregated industrial energy consumption (A-D) and EU-ETS CO, emissions (E-H) of
Greece (dark blue and light blue bars), Spain (dark red and orange bars), the Netherlands (dark green
and light green bars), and Germany (black and grey bars) in 2021.
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The intrinsic characteristics of Ells make them difficult to decarbonise. Primary
production process equipment is characterised by high initial investment costs and is
designed with a very long service life, e.g., up to 50 years in the case of cement plants [13].
The industry has made numerous efforts in the past, mainly due to its own need to maintain
its economic competitiveness (and thus reduce the energy and CO, costs associated with
its activity). However, due to the characteristics of Ells, they still account for a significant
amount of national energy.

Greece is not as heavily industrialised as other EU member states; however, there
is a significant presence and economic activity of several large Ells, as well as several
smaller companies. In some specific sectors or subsectors, the activity of Greek companies
is relevant, even on the EU level. The power and heat sectors are responsible for the largest
share of the GHG emissions in Greece. Interestingly, these sectors have been able to reduce
their emissions by almost half since 2015 (Figure 1). Within the primary goods production
sectors, the aluminium (1415 Kt of CO,eq in 2022) and cement (4543 Kt of CO,eq in 2022)
sectors are the largest GHG emission contributors [9]. The ceramic industry is responsible
for the largest increase in GHG emissions in recent years. However, it is also worth noting
that the ceramic sector has significantly decreased its CO, emissions since 2005.

In the period from 2008 to 2010, there has been a large fall in the CO; emissions of the
cement industry. This might be explained by the economic crisis faced by Greece during
those years, which significantly weakened the construction industry and consequently
reduced the cement production in the country and therefore the reduction in emissions.

Even though Germany has by far the highest share of industrial production in the
EU, the energy intensity of its industrial sector is lower than the European average [14].
According to Eurostat, in the fiscal year of 2018, within the EU-27 economic landscape,
Germany emerged as the predominant contributor to value added across several key indus-
trial sectors. Specifically, it accounted for 33.4% of the manufacturing sector’s value added.
Concurrently, Germany’s employment figures mirrored this dominance, representing 27.2%
of the EU-27 workforce in manufacturing [15]. These statistics underscore Germany’s
integral role in the industrial and utility sectors within the European Union. Every job in
energy-intensive basic production secures about two jobs in other branches of industry and
in the service sector. That means that EIls generate about 2.5 million jobs in Germany [16].

In Germany, the industry consumes over one-fourth of the nation’s energy, while
energy-intensive industrial sectors accounted for about 77% of the total energy used in 2021,
with the chemical and metal industries being the primary consumers. Other sectors with
high energy usage include the production of coke, petroleum products, glass, ceramics,
and paper products. Natural gas stands out as the primary energy source in the German
industry, serving not only as a fuel but also as a crucial raw material, particularly within
the chemical sector [14].

Ells in Germany spend more than 17 billion euros on energy every year, for a net elec-
tricity consumption of 525 TWh [17]. Figure 2 shows Germany’s disaggregated industrial
energy consumption and European Emissions Trade System (EU-ETS) CO, emissions. The
iron and steel industry accounts for the largest share of industrial emissions at around
28%, followed by refineries (20%), cement clinker production (18%), and the chemical
industry (15%).

In parallel to the energy consumed by its industry, German Ells invest heavily in
energy-saving and emission-reducing production technologies. Between 1990 and 2012,
Ells reduced their GHG emissions by a total of 31%, while increasing production by 42%.
In 2020, emissions fell in most of the industrial sectors compared to 2019.

The Dutch industry is responsible for 31% of the total final energy consumption in the
Netherlands [18]. The chemical and pharmaceutical industries combined account for more
than half (53%) of the total final energy consumption within the industry. Other sectors
with relatively high final energy consumption include building materials, steel, and food
and beverage industries (Figure 2). In 2022, the overall energy consumption of the industry
saw a downward trend as opposed to 2021 (i.e., 10.9%). This was influenced by energy
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efficiency measures and the increase in energy prices, as well as the reduced growth in
industrial activities thanks to natural gas and oil as the primary energy sources for the
Dutch industry which serves both as fuel and as raw material, mostly for the chemical
industry [19].

In terms of GHG emissions, the power and heat sectors are the major contributors
within the Dutch EU Emission Trading System (EU-ETS). However, they have reduced their
emissions by 17.32 Mton (or 34%) since 2015 (Figure 1). Within the sectors focused on in
this paper, the other-chemicals (9.25 Mton CO,-eq in 2020, ferrous metals (5.80 Mton) and
fertiliser industry (5.07 Mton) are the largest contributors (Figure 2). The fertiliser industry
is responsible for the largest increase in GHG emissions in the period from 2005 to 2015,
though these emissions stabilised from 2015 onwards. The large decrease in the emissions
in the cement industry is directly related to the closure of the ENCI Maastricht plant that
produced Portland clinker from its own marl mine [20].

The chemicals and fertiliser industries are both the largest energy-consuming and
GHG-emitting industries in the Netherlands. The three largest chemical companies are
Chemelot (Sittart Geleen), Shell Nederland (Moerdijk), and Dow Benelux B.V. (Hoek).
Together, they are responsible for 83% of the total GHG emissions (7.7 Mton) in the chem-
icals industry. Yara Sluiskil is the largest company specialising in fertiliser production
and is responsible for 65% (3.3 Mton) of the total GHG emissions in the fertiliser industry,
followed by Chemelot with 35% (1.8 Mton). The ferrous metals industry also shows a sig-
nificant share in total GHG emissions, of which 99.7% derives from Tata Steel Ijmuiden. The
remaining 0.3% comes from FN Steel, a relatively small player specialising in steel wires.

A summary of CO, emissions of the above-mentioned countries is presented in
Figure 2. As can be seen, the highest producer is Germany, followed by Spain, then the
Netherlands, and Greece being the least important producer. All these countries, however,
should apply a combination of multiple decarbonisation actions (i.e., renewable energies
(RES) along with carbon capture, use, and storage (CCUS) technologies) to reduce their
GHG emissions under the 2030 EU targets.

4. Decarbonisation Actions across Different Sectors

Several decarbonisation actions can be applied across different sectors in order to
achieve a clean energy transition [21]. In a broader context, these could be divided into
specific actions implemented across the whole industry.

Electrification refers to the transition of heat generation processes in Ells to operate
exclusively on green electricity [22]. As the power supply increasingly relies on renewable
energy sources and becomes greenhouse gas-neutral, substantial emissions reductions can
be achieved on a large scale.

The use of bio or synthetic fuels primarily consists of replacing fossil fuels, for example,
with biomass or greenhouse gas-neutral synthetic gases [23]. It should be noted that even if
the use of biomass or bioenergy is generally a comparatively inexpensive and very effective
option, the availability of biomass is limited. Biomass is also seen as a solution in other
areas (e.g., residential heating, shipping, and aviation) to achieve climate neutrality. This
raises the question of how to deal with scarcity and finite resources [24,25].

The use of carbon capture utilisation (CCU) or carbon capture storage (CCS) consists of
separating CO; from the exhaust gases of certain plants or from the air and then supplying
it as a feedstock to other processes, or alternatively to store it. CCU and CCS could become
essential in some sectors where there is a high percentage of unavoidable process-related
emissions (e.g., lime, cement) [26]. The integration of advanced technologies such as photo-
thermal co-catalytic reduction in CO, to value-added chemicals can significantly enhance
the potential of carbon capture utilisation (CCU) in industry decarbonisation efforts [27].

The use of hydrogen also plays an important role as a clean energy source [28]. The
aim in the near future is to produce hydrogen in a greenhouse gas-neutral manner, for
example, through water electrolysis based on electricity from renewable sources. This
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renewable concept corresponds to Power to X (PtX) technologies, a key future of the energy
transition [29].

Hydrogen production, although crucial for various applications, still predominantly
relies on natural gas, resulting in associated CO, emissions. However, research is actively
being conducted to find alternative approaches to improve its efficiency, such as enhancing
recycling processes. This becomes particularly significant in energy- and resource-intensive
sectors like the steel industry.

In addition to the strategies mentioned, recent research highlights several innovative
approaches to decarbonising energy-intensive industries. The synergy of carbon capture,
waste heat recovery, and hydrogen production presents a promising pathway for industrial
decarbonisation. The integration of Calcium Looping (CaL) for CO, capture and methane
dry reforming (MDR) for hydrogen production can enhance the efficiency and sustainability
of industrial processes [30]. In the European context, the deployment of hydrogen and
carbon capture utilisation and storage (CCUS) technologies is crucial for achieving net-
zero emissions. However, this transition faces several challenges, including technological
barriers and potential inequitable impacts on communities [31]. The iron and steel industry,
with its high electricity consumption, offers substantial potential for demand response
strategies. The adoption of hydrogen-based direct reduction in iron and electric arc furnace
technology (H2-DRI-EAF) can significantly reduce electricity costs and enhance flexibility
in energy use [32]. Finally, the cement and concrete industry must adopt a multifaceted
approach to decarbonisation, incorporating alternative clinker technologies, carbon capture
and storage, and improved energy efficiency. Policy interventions, collaboration, and
the adoption of circular economy principles are essential to overcome the challenges and
achieve sustainable development [33].

4.1. Decarbonisation Actions for the Non-Ferrous Metals Industry

The non-ferrous metals industry is making efforts to transition to a world where
societies rely on clean, renewable sources of energy by 2050. Non-ferrous metals are
essential for many of the widely known low-carbon projects, like hybrid, electric, and fuel
cell vehicles, solar panels, wind turbines, and thermal systems. Future demand for these
metals is expected to increase in the near future as demonstrated by recent studies [34].
The demand for rare-earth elements (REEs) has markedly risen, as evidenced by the fact
that, on average, each person in 2018 utilised approximately 12 times more REEs than in
1956 [35].

The sector has been making progress in terms of reducing its emissions over the
past few decades [36]. It has been especially successful in reducing direct and indirect
GHG emissions by 60% since the 90s. The non-ferrous metal industry has fully embraced
circular economy-related initiatives by achieving high and progressive recycling rates, as
described in the Table 1. Although the industry is highly electro-intensive, it has reduced
its indirect greenhouse gas emissions significantly, through the increasing decarbonisation
and renewable energy uptake in the European power sector. On the other hand, this points
out that the non-ferrous metals industry is extremely sensitive to electricity prices, which
affects its economic performance and competitiveness.

In the context of the energy transition and the pursuit of carbon neutrality, a strategic
focus on renewable energy sources becomes imperative. By designing European policies
that promote renewables, a fertile environment for long-term contracts could be established.
Power Purchase Agreements (PPAs) could play a crucial role in managing energy price
volatility. Notably, PPAs might facilitate stable access to renewable electricity at predictable
prices. To fully leverage their potential, a robust regulatory framework for PPAs and
long-term power contracts is essential, particularly for electro-intensive industries.
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Table 1. Prospective technologies and pilot applications within the EU non-ferrous metal indus-
try subsectors.

Subsector Prospective Technologies and Pilot Applications

i.  Wettable cathodes to the molten aluminium pad. The potential energy
savings are estimated at up to 15-20% [37]

ii.  Inertanodes: energy savings are estimated at up to 10-30% [37,38]

iii. Lower electrolysis temperature to around melting point. Savings could be
around 5% [39]

iv.  High-temperature carbothermic reduction of alumina: 20-30% more

Aluminium efficient compared to electrolysis [40]

V. Chloride process [41]

vi.  Kaolin as raw material in aluminium production could be a more efficient
process by 12-46% [37]

vii. Carbon capture storage (CCS) technologies [42]

viii. Karmey Technology Pilot Plant, a new hydro-developed technology uses
15% less energy [43]

i The oxygen flash technique at TRL 8, which allows for more efficient
copper smelting [37]

ii. ~ Copper extraction using electrolysis is a new low-TRL metal production
method via molten electrolysis [37]

C
OPPer iii.  Alternative fuels, like hydrogen or biofuels [44]
iv.  Waste heat recovery—Aurubis: heating extraction by copper smelting
by-products [45]
v.  Carbon capture storage (CCU) technologies
i Organic Rankine Cycle: transforming waste heat into electricity
Siliconand  ii.  Carbon capture and utilisation (CCU): The Algae Project of Finnfjord
ferroalloys AS [46]
iii. ~ Carbon capture storage (CCS)
. i Electrification of various processes is considered as a long-term
Nickel . .
potential solution
7 i. Electrification of melting furnaces
inc

ii. ~ Carbon capture storage (CCS) technologies [47]

The European non-ferrous metals industry, in its pursuit of greener practices, must
address the carbon footprint associated with its heat requirements. Already, several key
steps have been taken, including substituting coal with natural gas, implementing com-
bined heat and power production, and recovering waste heat through energy efficiency
measures. However, achieving further emissions reduction presents complexities. Industry
stakeholders must carefully evaluate various options that are currently available or will
attain a high Technology Readiness Level (TRL) in the future. These options include further
electrification, green hydrogen utilisation, renewable gases as substitutes for natural gas,
and leveraging biomass and bioenergy.

4.2. Decarbonisation of the Cement and Lime Industry

Cement and lime industries are both of great importance to the EU’s economy. Con-
struction and civil engineering require cement products, while the steel sector also needs
lime for the production of building supplies, paints, plastics, and rubber. For these indus-
tries, environmental sustainability is of utmost significance, and innovation involves the
utilisation of waste as a substitute for raw materials and fuels [48].

The European lime industry has taken several actions in order to reduce GHGs. Fuel
savings is achieved by up-scaling energy efficiency. Since 2010, the European Lime industry
has made efforts to reduce emissions related to the calcination step of the process. It is
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estimated that by building new vertical kilns and retrofitting the existing ones, the industry
could achieve 16% fuel reduction by 2050 [49]. As an example, the new vertical PFRK kilns
are considered nowadays to be the most energy-efficient ones. Apart from these, energy
heat recovery from waste during the exothermal reaction of hydration could be used in
drying limestone, in the milling process, or in heating buildings and producing electricity.

Fuel switching by lower carbon alternatives like wood powder firing, biomass gasifica-
tion, methanol, turpentine and tall oil could aid in the decarbonisation of the sector. Lignin
could also be used as fuel in lime production. Recently, the future use of hydrogen has been
considered a very promising alternative [50]. Waste could be used as a fuel. However, one
must take into consideration that not all types of kilns can process all types of waste [51].
This can be a cost-effective solution in relation to the transport costs and unit prices of
those fuels [52]. Hydrogen production using alkaline electrolysis is another developing
technology. Since 70% of the total lime CO, emissions are produced during the reaction
stage capturing, CO, could be a sustainable yet not economical alternative in decarbonising
the lime industry [53].

It is noteworthy that the energy usage costs constitute 50-60% of the total production
expenses for the European cement industry. Thermal energy accounts for about 20-25%
of the cement production cost. The most energy-intensive phase of the value chain is at
the cement plant, where two critical materials are produced: clinker and cement. Cement
production is a 24/7 process and is naturally energy-intensive. Concrete on the contrary is
a construction material with one of the lowest energy and carbon content. However, the
manufacturing of its key component, cement, is CO;-intensive.

Carbon neutrality along the cement, concrete and clinker value chain requires the
deployment of existing and new technologies. In Table 2, a selection of decarbonisation
technologies is presented.

Table 2. Decarbonisation innovations in the cement industry.

Cement Industry Materials Emissions Reductions Measurements

e  Alternative decarbonated raw materials like waste
materials and by-products from other industries
e  Fuel substitution with alternative locally available biomass
fuels [54]
e  Thermal efficiency kilns through converting preheater and
Clinker: its chemical process other kiln types to pre-calciner kilns and by recovering
causes 60-65% of cement heat from the cooler to generate up to 20% of the electricity
manufacturing emissions needed for the cement plant [55]
o New types of cement C=clinkers can result in 20-30%
CO; savings
e  Carbon capture utilisation and storage (CCUS) could fully
eliminate its process emissions and potentially result in the
future delivery of carbon-negative concrete [49]

Cement: use of low ratio
clinker cement or even
alternatives to decrease
emissions related to
cement itself

. Low-clinker cement: in 2021, 21% of the total substitutes
are natural pozzolans, limestone, or burnt oil shale and
non-traditional substitutes such as calcined clay and
silica [56]

e  Transitioning from small-scale, on-site concrete batching
using bagged cement to industrialised processes, coupled
with data-driven calculations of material requirements,
results in substantial CO, emission reductions

Concrete

Ultimately, reducing carbon emissions from electricity usage is crucial to the decar-
bonisation efforts within the cement industry. The use of renewable electricity will result in
zero emissions when used in clinker, cement, and concrete production [57].
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4.3. Decarbonisation of the Chemical and Fertiliser Industry

The chemical industry has a crucial role in Europe’s transformation to a more energy-
efficient and low-carbon future. In these directions, the sector has already made significant
steps and has reduced its GHG emissions. Further decarbonisation potentials need to be
implemented in order to fully decarbonise the sector. Deep emissions reduction in Europe
is technically possible through power supply decarbonisation and CCS integration within
chemical processes in the 2030-2050 timeframe [58].

Table 3 summarises a range of current and future technologies that could sustain Eu-
rope’s track record of energy and emissions intensity improvements. Final energy demand
could be maintained at a constant level, and emissions could be virtually suppressed with
energy efficiency (33% of the total emissions reductions), CCS (25%), renewable electricity
(20%), fuel switching, and measures to reduce nitrous oxide emissions (22%). To enable
continuous and competitive production, access to the required amounts of affordable and
reliable energy and feedstock will be necessary. This will be a complete and challenging
transition for renewable energy production [59].

Table 3. Potential decarbonisation solutions within the ethylene, methanol, and chlorine chemi-
cal subsectors.

The production process for low-carbon ethylene relies on methanol production
from hydrogen and CO;, followed by the methanol-to-olefin (MTO) process.

Ethylene: While the methanol-to-olefin process is currently in commercial use, operational
facilities are primarily situated in China, with none of these plants operating in
Europe thus far [60].

In conventional methanol production, the hydrogenation of CO, serves to
fine-tune the CO/Hj ratio in the syngas by introducing small amounts of CO;.
The synthesis of methanol from both CO and CO; is interconnected through the
water—gas shift reaction. Electrochemically converting CO, directly into
methanol, where the reduction occurs at the cathode and is paired with oxygen
evolution at the anode, represents a highly promising strategy for making
methanol production more sustainable by integrating renewable energy as the
electricity supply [61].

Methanol:

The transition could involve converting mercury cell plants to membrane cell
technology, shifting from monopolar to bipolar membrane technology, and
retrofitting membrane cell plants that were operational in 2010 with
oxygen-depolarised cathodes [62].

Chlorine:

The utilisation of feedstock plays a crucial role in both fossil fuel and biomass con-
sumption within the chemical industry. To mitigate greenhouse gas (GHG) emissions, two
key strategies are essential: the efficient utilisation of existing feedstock and the exploration
of alternative feedstock options. Leveraging renewable resources, including biomass and
recycling, is vital [63]. Additionally, incorporating secondary feedstock from industrial
and post-consumer waste streams, along with innovative alternatives like CO, capture and
utilisation, contributes to a more sustainable approach.

The utilisation of captured carbon as feedstock encompasses a wide array of processes,
involving its incorporation into product fabrication or synthesis. The energy required for
these processes must be generated in a “carbon-free” manner to prevent additional CO,
emissions during energy production.

Carbon capture and utilisation (CCU) can be developed symbiotically with carbon
capture and storage (CCS). If investments are made in pipeline infrastructure for CCS, these
pipelines could also serve as a feed infrastructure for CCU applications. Simultaneously, the
storage functionality provided by CCS ensures optimal utilisation of CCU-based plants [64].

On the other hand, CCU has the potential to accelerate advancements in capturing
technologies, enhance the public acceptance of CCS, and serve as an alternative in regions
where CO, storage is not feasible. It is important to note that the investment cost of CCS is
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high, and its attractiveness depends on the volume of captured CO,. In general, the larger
the volumes of captured CO,, the more cost-effective all steps of CCS become [65].

In summary, achieving the decarbonisation of the EU chemical industry is a mul-
tifaceted challenge, with solutions varying across different chemical sectors. However,
significant strides and substantial CO, emission reductions should be realised, particularly
in the production of fertilisers, which are both high-volume and carbon-intensive. Two key
strategies emerge as pivotal game-changers.

Hydrogen plays a critical role in ammonia and methanol production. While hydrogen
generation is energy-intensive, transitioning to renewable energy sources for hydrogen
production could markedly reduce fossil fuel use and the GHG footprint. Electrolytic water
cleavage, despite its GHG-saving potential, currently faces economic challenges due to
higher costs compared to gas steam reforming [66].

Biomass utilisation offers several benefits. It reduces dependence on fossil fuels, major
GHG emitters in chemical processing. Biomass absorbs CO, during growth, offsetting
emissions during manufacturing or even disposal. Biomass sources are renewable, in
contrast to finite fossil fuels, which are likely to exhibit greater price volatility in the
future. Considering that nearly 75% of total European fertiliser production consists of
nitrogen-based fertilisers, it becomes evident that ammonia plays a dominant role. In
2020, ammonia production accounted for 30 Mt out of the total 35 Mt of greenhouse gas
emissions generated by the fertiliser industry. Ammonia production is carried out in two
stages, the steam methane reforming (SMR) stage for the production of hydrogen, which
is the feed material of hydrogen production and the Haber—Bosch stage where hydrogen
produced and nitrogen react, producing ammonia [67].

The average energy efficiency for European fertiliser production plants is higher than
the global average due to the use of relatively modern technology and the reduced use of
coal as the main energy supply. The main driver for this is Europe’s strict environmental
legislation that has pushed the European industry in the past few years to invest steadily in
order to increase its efficiency and reduce GHG emissions [68]. As a consequence of these
innovative advancements in technology, the European fertiliser industry’s ammonia plants
are among the most energy efficient worldwide, with the lowest GHG emissions, even
though the production of nitrogen fertilisers, which reaches 75% of the total production, is
characterised by high carbon intensity. On average, 1.9 t of CO, is released on-site during
the production of one ton of ammonia during the conventional method [69].

Over the past few decades, the European fertiliser industry has made significant strides
in enhancing the energy efficiency of its production processes. However, the chemical
industry finds itself at a juncture where additional investments in existing technology are
unlikely to yield substantial gains. To drive meaningful progress, the fertiliser industry
must embark on a journey of reinvention, pushing beyond the boundaries of current
technology [70].

Despite significant progress in reducing emissions, the chemical industry’s current
production methods remain energy-intensive. Specifically, steam methane reforming,
while the least carbon-intensive, still generates substantial CO; [71]. In the SMR process,
ammonia—the foundation for all mineral nitrogen fertilisers—is produced, serving as a
vital link between atmospheric nitrogen and nearly half of our food supply. Approximately
70% of ammonia is used for fertilisers, while the remainder finds applications in plastics,
explosives, and synthetic fibres. Ammonia plays an indispensable role in global agriculture,
but its production relies on fossil fuels, primarily natural gas. Currently, global ammonia
production accounts for approximately 2% (8.6 EJ) of total final energy consumption [72].

4.4. Decarbonisation of the Ceramics Industry

Over the past few decades, the European ceramic sector has made significant strides
in energy efficiency. Innovations in kiln designs and drying techniques have led to more
efficient processes. Notably, the drying and firing stages have transitioned into continuous
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processes, resulting in a stable energy demand. However, achieving net-zero (fuel) CO,
emissions requires further decarbonisation efforts [73].

The Royal Dutch Building Ceramics Association has developed a comprehensive
“Technology Roadmap”. Although this roadmap outlines various strategies for the energy
transition within the ceramic industry in the Netherlands, due to the similarity of the
ceramics industry within Europe, the described decarbonisation alternatives might also
apply to other countries within the region [74].

Green gas, also known as biomethane, offers a direct replacement for natural gas
in ceramics production. It can be produced through anaerobic digestion or gasification.
Anaerobic digestion suits wet biomass, while gasification is more effective for dryer biomass.
By integrating green gas into the gas grid, ceramic plants can seamlessly decarbonise
their production process by substituting natural gas with this environmentally friendly
alternative [75].

Hydrogen presents another fuel substitution option. However, its applicability de-
pends on kiln design and necessitates burner modifications. Firing ceramics with hydrogen
leads to higher temperatures and increased NOx emissions. Further research is essential to
fully assess its impact on product quality [50].

Renewable electricity has the potential to replace natural gas in kilns and drying pro-
cesses. Although smaller-scale pottery kilns already utilise electric heating, implementing
electric furnace kilns on a large, continuous scale (such as tunnel kilns) remains unproven.
Additionally, electrification significantly increases on-site electricity consumption, which
may pose challenges in rural areas where ceramic plants are typically located [22].

Simulations comparing electric drying with hydrogen and natural gas drying indicate
that electric drying is the most efficient in terms of air usage and reduced flue gas losses.
However, scaling up electric kilns to meet the demands of large ceramic plants presents
significant challenges [74].

The concept of an extended tunnel kiln emerged in the Netherlands around 2010. This
innovative approach involves extending the length of conventional tunnel kilns by up
to 50%.

Besides the decarbonisation measures mentioned above for the ceramics sector, Table 4
shows some emerging technologies for making ceramic manufacturing more sustainable.

Table 4. Emerging technologies for making ceramic manufacturing more sustainable.

Technology Benefits Energy and/or Emissions

Reductions
By using microwave heating,
Microwave-assisted drying energy is delivered more Significant reductions in
and firing efficiently to dry and fire energy end use of around 99%
products [74].
Instead of employing a
sulphurised kiln and dryer,
S exhaust gases are This option can deliver up to
Hybrid kiln supplemented through a 65% in energy savings
gas-driven heat pump to
enhance thermal energy [76].
Heat pipe heat exchanger
applied to a ceramic kiln
. employing exhaust gases to Energy savings could reach up
Heat pipe heat exchanger preheat water delivered to 65%

energy recovery rates of about
15% [74].
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Table 4. Cont.

Technology

Benefits

Energy and/or Emissions
Reductions

Controlled dehumidification

The water that is condensed
within the chamber releases
heat that is supplied in the
drying process.

This system is entirely closed;
therefore, the energy savings
can be as high as 80%

Heat recovery facilities
in dryers

Heat recovery enables the
drying air to be replaced with
hotter gases from other
manufacturing processes [77].

Such gases can come from
cogeneration engines or the
kiln and help mitigate
emissions between 57 and 73%
and energy savings ranging

from 60 to 80%

The use of thermal mass in
kiln cars helps in reducing the
thermal energy requirement
for the heating of supporting
refractories.

This technique reduces
running costs, repairs, and
maintenance and leads to fuel
savings of up to 70%

Kiln cars and furniture with
low thermal mass

4.5. Decarbonisation of the Glass Industry

The glass manufacturing industry currently prioritises identifying enablers, barri-
ers, and technical options to decarbonise various stages of production (Table 5). One
critical process shared across most glass manufacturing methods is the initial melting of
glass [78]. The glass manufacturing industry faces the critical challenge of reducing its
carbon footprint. At the heart of this endeavour lies the raw material melting process,
where various materials—such as sand, minerals, and recycled glass—are meticulously
mixed and charged into high-temperature furnaces (typically operating around 1500 °C).
The resulting molten glass is then shaped and allowed to cool. Importantly, all subsectors
within the glass industry converge during the glass-melting step, making innovations in
this phase applicable across the board [79].

Beyond the furnace, attention turns to combustion and flue gases. Fuels—whether
gaseous, liquid, or solid—are combusted alongside oxidants (such as air or oxygen). These
processes yield flue gases and CO, emissions from batch materials, which are systemati-
cally collected and withdrawn through dedicated flue gas channels. To achieve a closed
CO;, circuit loop, technologies like cooling traps and baghouse filters are employed to
separate CO, from other gaseous components and solid particles [80]. Waste heat recovery
emerges as a straightforward yet effective strategy. By harnessing the exhaust heat from
furnace gases, manufacturers can reduce their carbon footprint. This recovered heat finds
applications in other high-temperature processes or can be integrated into local district
heating grids [81].

Electric power remains indispensable throughout glass manufacturing. The adoption
of renewable, CO,-neutral energy sources—such as electricity—holds promise for further
decarbonisation. Glass melting furnaces, often utilising electric power for electric boosting
or hybrid operation modes, play a pivotal role in this transition [82]. Innovative technolo-
gies, including carbon capture and use (CCU) with hydrogen, represent the cutting edge of
decarbonisation efforts. By embracing these strategies and maintaining a holistic approach
that combines process optimisation and technological advancements, the glass industry
can contribute significantly to a more sustainable and environmentally friendly future.
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Table 5. Decarbonisation technologies within the glass sector.

° Energy efficiency improvements in terms of fuel furnace
consumption

e  Waste heat recovery to preheat combustion air and raw
materials, or electricity cogeneration

Novel technologies

Oxifuel combustion [83]
Combustion innovations e  Introduction of liquid biofuels (biodiesel and hydrotreated
vegetable oil) [84]

Electric arc furnaces (EAFs) rather than gas-fired furnaces [13]
Hybrid furnaces running on multiple fuels and electricity
Study of feasibility of hydrogen to run glass furnaces [79]

Reduce combustion
emissions

e Increased cullet use to produce new glass (the waste-to-material
approach) [85]
Circularity e  Calcined raw materials such as CaO to substitute carbonates,
reducing CO, emissions [86]
) Carbon capture, utilisation, and storage [87]

4.6. Decarbonisation of the Steel Industry

The European steel industrial sector faces significant pressure due to its CO, emissions,
which result from energy-intensive processes. This sector contributes approximately to
4% of total European CO, emissions and 22% of total EU industrial emissions [88]. Steel
production in Europe primarily occurs through two routes. The primary route involves
processing iron ore to produce iron sinter or pellets, which are then melted in a blast furnace
with coke to create pig iron. It is further processed in a basic oxygen furnace to produce
steel. The secondary route, on the other hand, relies on scrap metal and an electric arc
furnace (EAF) to produce steel. While the primary route emits mainly direct greenhouse
gases, the secondary route emits indirect greenhouse gases, which depend on the electricity
mix used in the EAF. Consequently, reducing emissions in the sector primarily targets the
primary route [89].

In 2020, the European steel sector supported over 2.6 million full-time equivalent jobs,
with crude steel production reaching 139 million tonnes. The gross value added of the
European steel industry was EUR 132 billion, considering direct, indirect, and induced
effects. The EU sector consumed approximately 0.84 EJ of energy in 2020. Decarbonisation
options are available for both routes of steel production [89].

To lower emissions, the primary route—being the highest CO; emitter—requires
targeted measures (Table 6). These include methods like coke dry quenching, optimising
pellet ratios, and implementing top gas recovery turbines in blast furnaces. Additionally,
replacing coke with biomass and natural gas with hydrogen can significantly reduce CO,
emissions during primary steelmaking. Injecting hydrogen or ammonia into the blast
furnace to partially replace pulverised coal is another viable approach [90].

Lowering emissions from the secondary route involves optimising electricity usage
in EAFs or transitioning toward renewable energy sources. However, many proposed
solutions necessitate substantial amounts of affordable green electricity for iron ore pre-
processing, Hj electrolysers, furnaces, and electrolysis to achieve carbon neutrality. These
energy sources are currently not cost-competitive compared to coke (excluding carbon tax)
and will require further development [91].

To achieve the necessary drastic reductions, a transformative approach to ironmaking
is essential, with several promising industrial-scale methods that avoid CO; emissions. The
shift toward a low-carbon world necessitates a transformation in iron and steel production.
There is no single solution for CO;-free steelmaking; instead, a diverse portfolio of techno-
logical options must be considered, either individually or in combination based on local
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conditions. These technologies fall into four broad categories: biomass, carbon, hydrogen,
and electricity. Furthermore, numerous projects within these categories are currently under
development worldwide [32].

Table 6. Decarbonisation technologies within the steel sector.

Hydrogen

CCS Electrolysis Biomass

-Commercial e-Hj as the
primary reducing agent
expected by the mid-2030s [92]
-By 2050, the highest demand

for e-H, in steel production will

be in India and China [93]
-All existing hydrogen
applications will necessitate
3600 TWh

-In 2020, over 1800 million
tons (Mt) of steel were
produced globally [94]

-A typical blast furnace (BF)
can produce in the order of
2.5 Mt of iron per year
-Today, kilograms of iron are
being manufactured using
electrolysis [95]

-By 2070, it is estimated that
75% of all CO, produced
globally in iron and steel
production can be captured
-To achieve this, 10 steel plants
with CO; capture capacity
need to be built annually
every year through to 2070

-Robust supply chains are
required to make large
amounts of biomass
available to the industry [96]

5. Challenges for EIls in Europe

Companies will not make the necessary replacement investments if the long-term
economic and regulatory conditions are uncertain [97]. In light of increasing demands for
climate protection, reinvesting in conventional, emission-intensive technologies faces a
greater likelihood of being decommissioned early, increasing the risk associated with such
endeavours. From the standpoint of companies as a rational economic actor, there are only
two options: to invest in climate-neutral technologies in the next investment cycle, or to
close existing production plants at the end of their service lives and, if necessary, make new
investments abroad, thus triggering massive job losses (also known as the carbon leakage
phenomenon) [98].

As illustrated above, technological potentials that could be harnessed to make the Ells
almost completely climate-neutral already exist today (or they are rapidly developing). But
these technologies and production processes are still significantly more expensive today
than conventional manufacturing processes, and the additional costs cannot be passed on
to customers because of fierce international competition. Therefore, to stimulate investment
in these innovations now, industry actors need political signals that the government will
actively support this transformation.

A recent study analyses the drivers of industrial decarbonisation, and these can be
grouped into the following four areas [99]:

e  The importance of international, European, and national policies, such as the Paris
Agreement and the EU ETS that set ambitious targets for GHG emissions reduction.

e  Carbon pricing, including taxes and cap-and-trade systems, is highlighted as a critical
economic tool for incentivising emission reductions, particularly in Europe, which has
successfully implemented CO, taxes since 1991 in some EU countries.

e Energy efficiency measures are also crucial, with directives like the amended EED
setting targets for improved energy efficiency by 2030.

e Lastly, RD&D and technology support are identified as essential for promoting low-
carbon technologies and avoiding carbon leakage, with funding programs like the
EU’s Innovation Fund supporting this transition.

e  Collectively, these drivers underscore the need for comprehensive policy support to
achieve long-term climate goals and industrial competitiveness.

5.1. The Case of Spain

In the context of Spain, significant challenges in the decarbonisation of energy-
intensive industries have been identified. The development of specific regulations for
the use of by-products as feedstock is underway, addressing legal complexities associated
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with the utilisation and transportation of secondary raw materials. Certain residues are
currently excluded from use due to non-compliance with existing waste legislation [100].

Electricity production alternatives, including nuclear power alongside renewable
sources, are being considered to enhance the national energy mix. Consequently, the
operational lifespan of nuclear power plants is being extended to ensure a stable electricity
supply [101].

Community engagement initiatives have led to the creation of certifications for green
products, aiming to raise awareness and encourage the production of circular, value-added
goods and services. It is imperative that authorities provide greater recognition to Ells that
implement decarbonisation measures within their operations [102].

The transition to green energy will introduce new costs for Ells, exemplified by the
logistical challenges of green hydrogen transportation. Uncertainty prevails regarding the
adaptability of existing natural gas infrastructure for future green hydrogen delivery to
industrial sites. Such infrastructure is crucial for supporting additional projects, such as
biofuel production, essential for industrial decarbonisation. Ensuring a consistent supply
of alternative fuels, particularly those derived from by-products or waste (e.g., biomass,
biogas), presents a substantial challenge for Ells requiring large quantities [103].

Anticipated within the decarbonisation strategy is the potential saturation of electri-
cal connection points within the grid. This necessitates investment in new distribution
systems to manage increased electricity transactions. Furthermore, innovative financing
mechanisms are essential to support the energy transition, including the integration of
technologies into existing facilities through retrofitting, which may not always be straight-
forward [104].

5.2. The Case of the Netherlands

Achieving the goals of the Climate Agreement and the further transition to an emission-
free economy in 2050 require a significant expansion of the energy infrastructure. Realising
this in a timely manner is complicated. Industrial companies, network operators, energy
producers and regional governments have jointly drawn up Cluster Energy Strategies
(CESs) in 2021, covering five specific areas with existing industrial clusters, while the sixth
is related to various sectors located throughout the Netherlands [105]. These CESs are
further governed by the National Infrastructure Programme for Sustainable Industry and
the multi-year programme infrastructure energy and climate MIEK [106].

Hydrogen and electrification play a major role in the decarbonisation plans of the
Dutch industry. Both options depend strongly on the availability of large volumes of
renewable electricity. The renewable electricity capacity planned to be produced on land is
elaborated in the 30 Regional Energy Strategies (RESs) [107]. The RESs are expected to result
in 35 TWh/year of renewable electricity production by 2030. However, most renewable elec-
tricity will have to be produced by wind parks at sea. According to the Climate Agreement,
wind parks at sea with a joint capacity of 11 GW will produce 49 TWh/year by 2030 [108].
Given that in 2021 the capacity of wind at sea reached 2.5 GW and is expected to grow to
4.5 GW by 2030, a large effort still has to be made. The 35 TWh of renewable electricity on
land plus 49 TWh of wind at sea as foreseen in the Dutch Climate Agreement of 2019 add
up to 84 TWh of renewable electricity. This amount is well below the 128 TWh needed by
the industry according to the Cluster Energy Strategies. Therefore, the advisory board “Ad-
ditional Effort” as well as “Roadmap Electrification Industry” indicated that 45 TWh/year
of additional renewable electricity should be available by 2030, meaning that about 10 GW
extra capacity of wind at sea should be realised, plus additional infrastructure to bring the
electricity (or hydrogen if already converted at sea) to the (mainly industrial) users.

5.3. The Case of Germany

Germany is one of the world’s leading industrial locations. More than seven million
employees in the manufacturing sector generate a fifth of the national value added. With
the energy transition, Germany is pursuing an ambitious energy and climate policy [109].
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As part of the Paris climate agreement, Germany committed itself to take steps to limit
global warming to 1.5 °C, and national commitments pledge an emissions reduction of
65 percent compared to 1990 levels by 2030 and climate neutrality by 2045.

With the industrial sector being responsible for a fifth of Germany’s greenhouse gas
emissions (and with Ells generating the biggest share of these emissions), the decarbonisa-
tion of the sector is key to achieving the long-term goal of greenhouse gas neutrality. In
recent decades, the German industry has already made great progress in reducing green-
house gas emissions and reduced its greenhouse gas emissions by a third between 1990 and
2018, without losing its strong position on the world market. More than that, the industrial
sector has committed to reducing emissions by around 56 million tons (around 29 per cent)
by 2030 (compared to 2018 levels) [110].

Nevertheless, further efforts still have to be made in order to achieve these objec-
tives. Consequently, these cannot be achieved solely through further increases in energy
efficiency. Over the last ten years, the industrial sector has increased its efficiency, but
without achieving a corresponding reduction in emissions. Rather, fundamental changes in
production processes will be necessary.

However, there are two big impediments to these fundamental changes. First, about
one-third of emissions from EIls take the form of process-related emissions, which cannot
be avoided using conventional production techniques due to the raw materials used and to
the associated chemical reactions. A study carried out by the Federal Ministry for Economic
Affairs and Climate Action demonstrates that the transformation of industry is technically
possible [111]. The study concludes that challenges are great, because industrial produc-
tion processes that have been tested and applied over decades have to be fundamentally
changed, and because almost all of the emission-avoiding technologies are associated
with high additional costs [112]. The second big challenge faced by German Ells in their
decarbonisation commitments lies in the fact that capital-intensive production plants have
long operational lifespans (often with depreciation periods of 50 to 70 years). This means
that in the coming investment cycle, renewed investment in conventional technologies
could lead to stranded assets, i.e., to the early decommissioning of assets that have not
yet been fully depreciated, and to the associated economic losses. The situation faced by
Ells in Germany is alarming in this respect. In order to maintain current production levels,
massive reinvestments into production plants will have to be made in the coming years.
Some examples include the following: by 2030, around 53 per cent of the blast furnaces in
the steel industry, around 59 per cent of the steam crackers in the basic chemical industry,
and roughly 30 per cent of the cement kilns in the cement industry will need a reinvestment.

5.4. The Case of Greece

Greek Ells face structural challenges with high electricity prices, influenced by market
organisation. Under the Renewable Energy Directive and the NECP, Greece aims for a
35% RES share in energy consumption by 2030, requiring at least 9 GW of renewable
power plants. The growth of variable renewable energy sources necessitates flexible power
systems, with 23 flexibility options being evaluated for the Greek power grid to optimise
renewable energy integration and potentially expand renewable PPAs [113].

While the cost of generating electricity from renewable sources is progressively declin-
ing, often becoming comparable to that of fossil fuels, the variable nature of wind and solar
power necessitates the inclusion of additional shaping and firming expenses. These costs
must be factored into the procurement strategies for renewable electricity, as they represent
supplementary risks for energy-intensive industries (ElIs).

In order to solve this issue, the “Green Pool” concept has been proposed in a study
commissioned by Mytilieneos, a key player in Greece’s industrial sector, consuming ap-
proximately 2.8 TWh of electricity annually for primary aluminium production, with a
capacity exceeding 190,000 tons of aluminium [114]. The Green Pool concept envisions
energy-intensive industries (EIls) investing in new renewable energy capacities. The elec-
tricity generated is collectively managed through the Green Pool, optimising shaping and
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firming costs. Ells receive renewable electricity proportional to their investment in the
pool. Any residual shaping and firming costs may be offset by the Recovery and Resilience
Facility funds. The Greek government has embraced the Green Pool, forming the founda-
tion of a proposal to support the country’s EII sector. However, as of October 2023, the
European Commission has rejected the Green Pool proposal, citing concerns over its com-
patibility with EU competition rules, which has led to significant disappointment among
Greek industrial stakeholders looking to reduce energy costs and transition to renewable
sources [115].

On the one hand, the recent price hikes of both natural gas and CO; are actually a
driver for decarbonisation all over Europe. On the other hand, Ells are highly sensitive to
energy costs and such increases can often make them stop production altogether rather
than switching to new alternatives. Significant social opposition against several renewable
energy projects in Greece has often been detected [116]. This opposition most strongly
materialises against wind farms that have been set for establishment in mountainous
and/or touristic areas of Greece. To the authors’ knowledge, this activity has not directly
impacted renewable electricity projects that have been planned with the explicit purpose of
decarbonising the electricity supply of Ells in Greece. More specific to the EII sector is the
social opposition to initiatives related to the utilisation of alternative, waste-derived fuels
in the cement industry. The opposition is more evident in the Volos cement plant, due to
its close proximity to a big population centre and local air emission issues [117]. It should
be noted that such issues are common in waste-to-energy projects in most countries of the
world [118]. Moreover, it would appear that there is less opposition to plans related to the
utilisation of “green waste” fractions, such as urban pruning, or other biomass assortments
originating from post-fire forest management activities [119].

It should be noted that many Greek Ells are actually small- or medium-sized com-
panies, with limited capacities to implement investments related to renewable energy
uptake. On the other hand, it is evident that Greek companies with a strong position in
their sectors are in fact willing to implement investments related to the increased uptake of
renewable energy.

6. Political Measures and Policy Instruments

While the above technological measures discussed in the present manuscript are
important prerequisites, by themselves they cannot ensure the success of the transformation
required by the industry in Europe. Additional political measures and policy instruments
are needed to encourage the shift to a low-carbon production process, as those previously
discussed somewhere else (Table 7). These can be grouped into broad categories based on
their objectives and mechanisms.

Table 7. Policy instruments for climate-neutral industry. Information adapted from original
source [120].

Market-Based Instruments Regulatory Instruments

A. Carbon Pricing Mechanisms:

e  Carbon price floor with border
carbon adjustment.

Carbon Contract for Difference (CfD).
Carbon price on end products.

C. Demand Creation and Standards:

Green public procurement.

Quota for low-carbon materials.
Green hydrogen quota.

Changes in construction and product
standards.

e  Standards for recyclable products.

B. Financial and Investment Incentives:

Green financing instruments.
Climate surcharge on end products (as it
serves to refinance other instruments).

Market-based instruments include a carbon price floor with border adjustments. Car-
bon Contracts for Difference (CfD) and end-product carbon pricing seek to incentivise
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emission reductions through economic signals. Financial incentives such as green financ-
ing instruments and climate surcharges on materials aim to lower investment barriers
in low-carbon technologies. Regulatory strategies encompass green public procurement
and quotas for low-carbon materials and green hydrogen, as well as revised construction
and product standards, and recyclability standards for products, all designed to create
demand for sustainable materials and practices, ensuring a transition towards a low-carbon
economy. Collectively, these instruments seek to establish a predictable market environ-
ment that encourages investment in and adoption of low-carbon technologies, while also
fostering innovation and global leadership in green technology markets [120].

6.1. Financing and Investments

One of the main obstacles to the energy transition is the financing associated with
the establishment and development of renewable projects. To achieve the EU’s objective
of becoming climate-neutral by 2050, substantial investments are required from both the
public and private sectors. The European Commission predicts that the European economy
needs to double its level of climate investments to deliver the EU 2030 targets [121].

Various tools have been developed to support sustainable investments, including the
European Green Deal Investment Plan, which aims to raise at least EUR 1 trillion over the
next decade [122]. The Just Transition Mechanism offers tailored financial and practical
assistance to regions and industries significantly impacted by the transition [123]. This
mechanism includes the Just Transition Fund, a dedicated transition scheme under Invest
EU, and loans facilitated by the European Investment Bank. Additionally, the Innovation
Fund and Horizon Europe provide substantial funding for low-carbon technologies and
broader research initiatives [124]. Despite these opportunities, the complexity and diversity
of funding mechanisms can be challenging, particularly for smaller entities. Simplifying
administrative procedures for obtaining European funding would encourage the uptake of
renewables and facilitate the industrial transition. Moreover, attracting private funding
requires minimising investment risks, which is heavily dependent on maintaining a stable
and predictable regulatory framework.

6.2. Barriers to Overcome and Possible Solutions

Several barriers hinder the decarbonisation of energy-intensive industries. Legislative
misalignment often results in ineffective policies due to a disconnect between industrial
needs and political legislation. Collaborative frameworks involving industrial stakeholders
are essential to develop suitable regulations that support carbon neutrality without com-
promising global competitiveness [125]. Continued subsidies for fossil fuels divert funds
from renewable energy development, so redirecting these subsidies towards renewables
would accelerate the transition [126]. The financial burden of adopting zero-carbon tech-
nologies can be prohibitive, necessitating robust financing schemes to support industries
in this transition. Additionally, industries fear losing competitiveness to regions with less
stringent decarbonisation targets, making it crucial to ensure the availability of renewable
fuels and facilitate access to biomass feedstock [127]. Technological and logistical chal-
lenges, such as storing green electricity and managing biomass logistics, present significant
hurdles that require innovative solutions like advanced battery technologies [128]. Lastly,
the absence of a level playing field and insufficient incentives can deter industries from
adopting renewable technologies. Designing products for recyclability from the outset can
help recover valuable materials and reduce consumption, further supporting the transition
to a low-carbon economy.

7. Conclusions

Energy-intensive industries (Ells) are pivotal in Europe’s ambitious decarbonisation
agenda, given their substantial contribution to overall emissions. Despite this, a comprehen-
sive decarbonisation strategy at both the EU and national levels remains ambiguous. While
numerous sectors have initiated efforts to curtail their greenhouse gas (GHG) emissions,
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they have yet to meet their established objectives. Consequently, pioneering solutions
are needed.

The sectors under scrutiny in this analysis were the non-ferrous metals, steel, cement,
lime, chemicals, fertilisers, ceramics, and glass. This manuscript not only delineated the
current state of each sector but also catalogued an extensive array of decarbonisation
strategies that could mitigate their environmental impact.

Furthermore, this manuscript described the EII ecosystems across diverse sectors, with
a particular focus on four exemplary European countries: Spain, Greece, Germany, and the
Netherlands. The document has reported specific technological innovations and discussed
the challenges impeding their widespread adoption, alongside potential remedial measures.
A suite of decarbonisation strategies is applicable across various sectors to facilitate a
seamless energy transition. Broadly, these strategies can be categorised into industry-wide
implementations such as electrification, the utilisation of green hydrogen, biomass, bio or
synthetic fuels, and the deployment of carbon capture utilisation and storage.

The willingness of companies to invest in replacement technologies will depend on
stable long-term economic and regulatory frameworks. Meanwhile, reinvestments in
traditional, highly emitting technologies are increasingly likely to face premature decom-
missioning, thereby amplifying the associated risks. From a corporate perspective, the
rational economic choices are twofold: either invest in climate-neutral technologies in
the forthcoming investment cycle or shutter existing facilities upon reaching the end of
their operational lifespan, potentially relocating investments overseas and precipitating
significant job losses.

As discussed, the technological capabilities to accomplish Ells nearly entirely climate-
neutral are not only available but also evolving swiftly. However, these decarbonisation
technologies and processes currently incur costs markedly higher than those of traditional
manufacturing methods. The impossibility of transferring the additional financial burden
to consumers, owing to intense global competition, hampers their adoption. Hence, to
incentivise immediate investment in these innovations, it is crucial for industry stakeholders
to receive unequivocal political assurances that the government will actively support this
transformative decarbonisation.

Author Contributions: Conceptualisation, A.A.C.-M., A.R. (Anatoli Rontogianni), M.Z., R.J., PR. and
C.J.-C.; original draft preparation, A.A.C.-M., A.R. (Anatoli Rontogianni), M.Z., O.B., R]., B.D.C,,
M.V, B.D., PR. and CJ.-C; review and editing, A.A.C.-M., A.R. (Anatoli Rontogianni), O.B., R.J., B.D.,
A.R. (Asier Rueda) and C.J.-C.; supervision, A.A.C.-M.; project administration, A.R. (Asier Rueda);
funding acquisition, P.G., PR. and C.J.-C. All authors have read and agreed to the published version
of the manuscript.

Funding: This work has been carried out in the framework of the RE4Industry project, which has
received funding from the European Union’s Horizon 2020 research and innovation programme
under grant agreement No. 952936.

Data Availability Statement: The data used for Figures 1 and 2 presented in this manuscript are
available in the EU energy statistical pocketbook and country datasheets at https://energy.ec.europa.
eu/data-and-analysis/eu-energy-statistical-pocketbook-and-country-datasheets_en (accessed on
2 June 2024).

Acknowledgments: AC acknowledges Vemaps.com for the map vectors used in the graphical abstract.

Conflicts of Interest: Author Alessandro A. Carmona-Martinez was employed by the CIRCE—Technology
Center, Author Anatoli Rontogianni was employed by the CERTH—Centre for Research and Technol-
ogy Hellas, Author Myrto Zeneli was employed by the CERTH—Centre for Research and Technology
Hellas, Panagiotis Grammelis was employed by the CERTH—Centre for Research and Technology
Hellas, Olgu Birgi was employed by the WIP Renewable Energies, Rainer Janssen was employed
by the WIP Renewable Energies, Benedetta Di Costanzo was employed by the WIP Renewable
Energies, Martijn Vis was employed by the BTG—Biomass Technology Group BV, Bas Davidis was
employed by the BTG—Biomass Technology Group BV, Patrick Reumerman was employed by the


https://energy.ec.europa.eu/data-and-analysis/eu-energy-statistical-pocketbook-and-country-datasheets_en
https://energy.ec.europa.eu/data-and-analysis/eu-energy-statistical-pocketbook-and-country-datasheets_en

Sustainability 2024, 16, 6176 22 of 26

BTG—Biomass Technology Group BV, Asier Rueda was employed by the CIRCE—Technology Center,
Clara Jarauta-Cérdoba was employed by the CIRCE—Technology Center.

References

1. Schlacke, S.; Wentzien, H.; Thierjung, E.-M.; Koster, M. Implementing the EU Climate Law via the ‘Fit for 55" Package. Oxf. Open
Energy 2022, 1, 0iab002. [CrossRef]

2. Bataille, C.; Ahman, M.; Neuhoff, K.; Nilsson, L.J.; Fischedick, M.; Lechtenbohmer, S.; Solano-Rodriquez, B.; Denis-Ryan,
A.; Stiebert, S.; Waisman, H.; et al. A Review of Technology and Policy Deep Decarbonization Pathway Options for Making
Energy-Intensive Industry Production Consistent with the Paris Agreement. J. Clean. Prod. 2018, 187, 960-973. [CrossRef]

3. Directorate-General for Internal Market, Industry, Entrepreneurship and SMEs (European Commission). Masterplan for a
Competitive Transformation of EU Energy-Intensive Industries Enabling a Climate-Neutral, Circular Economy by 2050; Publication Office
of the European Union: Luxembourg, 2019.

4. Madurai Elavarasan, R.; Pugazhendhi, R.; Irfan, M.; Mihet-Popa, L.; Khan, . A.; Campana, P.E. State-of-the-Art Sustainable
Approaches for Deeper Decarbonization in Europe—An Endowment to Climate Neutral Vision. Renew. Sustain. Energy Rev. 2022,
159, 112204. [CrossRef]

5. Wesseling, ].H.; Lechtenbohmer, S.; Ahman, M.; Nilsson, L.J.; Worrell, E.; Coenen, L. The Transition of Energy Intensive Processing
Industries towards Deep Decarbonization: Characteristics and Implications for Future Research. Renew. Sustain. Energy Rev. 2017,
79, 1303-1313. [CrossRef]

6. Franca, A.; Lopez-Manuel, L.; Sartal, A.; Vazquez, X.H. Adapting Corporations to Climate Change: How Decarbonization
Impacts the Business Strategy—Performance Nexus. Bus. Strategy Environ. 2023, 32, 5615-5632. [CrossRef]

7. Perathoner, S.; Van Geem, K.M.; Marin, G.B.; Centi, G. Reuse of CO; in Energy Intensive Process Industries. Chern. Commun. 2021,
57,10967-10982. [CrossRef]

8. Xiao, Z.; Zhang, C.; Li, P; Wang, D.; Zhang, X.; Wang, L.; Zou, J.; Li, G. Engineering Oxygen Vacancies on Tb-Doped Ceria
Supported Pt Catalyst for Hydrogen Production through Steam Reforming of Long-Chain Hydrocarbon Fuels. Chin. J. Chem. Eng.
2024, 68, 181-192. [CrossRef]

9.  European Commission; Directorate-General for Energy. EU Energy in Figures—Statistical Pocketbook 2023; Publications Office of
the European Union: Luxembourg, 2023.

10. d’Aprile, P; Engel, H.; Helmcke, S.; Hieronimus, S.; Naucler, T.; Pinner, D.; van Gendt, G.; Walter, D.; Witteveen, M. How the
European Union Could Achieve Net-Zero Emissions at Net-Zero Cost; McKinsey & Company: Chicago, IL, USA, 2020.

11. Serrano Gonzalez, J.; Alvarez Alonso, C. Industrial Electricity Prices in Spain: A Discussion in the Context of the European
Internal Energy Market. Energy Policy 2021, 148, 111930. [CrossRef]

12.  Sanjudn, M.A.; Argiz, C.; Mora, P.; Zaragoza, A. Carbon Dioxide Uptake in the Roadmap 2050 of the Spanish Cement Industry.
Energies 2020, 13, 3452. [CrossRef]

13. Pisciotta, M.; Pilorgé, H.; Feldmann, J.; Jacobson, R.; Davids, J.; Swett, S.; Sasso, Z.; Wilcox, J. Current State of Industrial Heating
and Opportunities for Decarbonization. Prog. Energy Combust. Sci. 2022, 91, 100982. [CrossRef]

14. Fleiter, T.; Rehfeldt, M.; Neuwirth, M.; Herbst, A. Deep Decarbonisation of the German Industry via Electricity or Gas? A Scenario-
Based Comparison of Pathways. In Proceedings of the ECEEE Industrial Summer Study Proceedings, 2020. Available online:
https:/ /www.eceee.org/library/conference_proceedings/eceee_Industrial_Summer_Study/2020/6-deep-decarbonisation-of-
industry/deep-decarbonisation-of-the-german-industry-via-electricity-or-gas-a-scenario-based-comparison-of-pathways /20
20/6-141-20_Fleiter.pdf/ (accessed on 6 June 2024).

15. Albertone, G.; Allen, S.; Redpath, A. Key Figures on European Business; Publication Office of the European Union: Luxembourg, 2021.

16. Bauernhansl, T.; Miehe, R. Industrielle Produktion—Historie, Treiber Und Ausblick. In Fabrikbetriebslehre 1: Management in der
Produktion; Bauernhansl, T., Ed.; Springer: Berlin/Heidelberg, Germany, 2020; pp. 1-33. ISBN 978-3-662-44538-9.

17.  International Energy Agency. Germany 2020; International Energy Agency: Paris, France, 2020.

18. Bremer, L.; den Nijs, S.; de Groot, H.L.F. The Energy Efficiency Gap and Barriers to Investments: Evidence from a Firm Survey in
The Netherlands. Energy Econ. 2024, 133, 107498. [CrossRef]

19. Anderson, B.; Cammeraat, E.; Dechezleprétre, A.; Dressler, L.; Gonne, N.; Lalanne, G.; Guilhoto, ].M.; Theodoropoulos, K. Policies
for a Climate-Neutral Industry: Lessons from the Netherlands. In OECD Science, Technology and Industry Policy Papers; OECD
Publishing: Paris, France, 2021.

20. Xavier, C.; Oliveira, C. Decarbonisation Options for the Dutch Cement Industry; PBL Netherlands Environment Assessment Agency:
Hague, The Netherlands, 2021.

21. Directorate-General for Research and Innovation (European Commission). Scaling up Innovative Technologies for Climate Neutrality—
Mapping of EU Demonstration Projects in Energy-Intensive Industries; Publications Office of the European Union: Brussels, Belguam, 2023.

22.  Wei, M.; McMillan, C.A.; de la Rue du Can, S. Electrification of Industry: Potential, Challenges and Outlook. Curr. Sustain./Renew.
Energy Rep. 2019, 6, 140-148. [CrossRef]

23. Simakov, D.S.A. Renewable Synthetic Fuels and Chemicals from Carbon Dioxide: Fundamentals, Catalysis, Design Considerations and
Technological Challenges; Springer: Berlin/Heidelberg, Germany, 2017; ISBN 3319611127.

24. Malico, I.; Nepomuceno Pereira, R.; Gongalves, A.C.; Sousa, A.M.O. Current Status and Future Perspectives for Energy Production

from Solid Biomass in the European Industry. Renew. Sustain. Energy Rev. 2019, 112, 960-977. [CrossRef]


https://doi.org/10.1093/ooenergy/oiab002
https://doi.org/10.1016/j.jclepro.2018.03.107
https://doi.org/10.1016/j.rser.2022.112204
https://doi.org/10.1016/j.rser.2017.05.156
https://doi.org/10.1002/bse.3439
https://doi.org/10.1039/D1CC03154F
https://doi.org/10.1016/j.cjche.2023.12.008
https://doi.org/10.1016/j.enpol.2020.111930
https://doi.org/10.3390/en13133452
https://doi.org/10.1016/j.pecs.2021.100982
https://www.eceee.org/library/conference_proceedings/eceee_Industrial_Summer_Study/2020/6-deep-decarbonisation-of-industry/deep-decarbonisation-of-the-german-industry-via-electricity-or-gas-a-scenario-based-comparison-of-pathways/2020/6-141-20_Fleiter.pdf/
https://www.eceee.org/library/conference_proceedings/eceee_Industrial_Summer_Study/2020/6-deep-decarbonisation-of-industry/deep-decarbonisation-of-the-german-industry-via-electricity-or-gas-a-scenario-based-comparison-of-pathways/2020/6-141-20_Fleiter.pdf/
https://www.eceee.org/library/conference_proceedings/eceee_Industrial_Summer_Study/2020/6-deep-decarbonisation-of-industry/deep-decarbonisation-of-the-german-industry-via-electricity-or-gas-a-scenario-based-comparison-of-pathways/2020/6-141-20_Fleiter.pdf/
https://doi.org/10.1016/j.eneco.2024.107498
https://doi.org/10.1007/s40518-019-00136-1
https://doi.org/10.1016/j.rser.2019.06.022

Sustainability 2024, 16, 6176 23 of 26

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

Tzelepi, V.; Zeneli, M.; Kourkoumpas, D.-S.; Karampinis, E.; Gypakis, A.; Nikolopoulos, N.; Grammelis, P. Biomass Availability in
Europe as an Alternative Fuel for Full Conversion of Lignite Power Plants: A Critical Review. Energies 2020, 13, 3390. [CrossRef]
Kuramochi, T.; Ramirez, A.; Turkenburg, W.; Faaij, A. Comparative Assessment of CO, Capture Technologies for Carbon-Intensive
Industrial Processes. Prog. Energy Combust. Sci. 2012, 38, 87-112. [CrossRef]

Xiao, Z.; Li, P; Zhang, H.; Zhang, S.; Tan, X.; Ye, F; Gu, J.; Zou, J.; Wang, D. A Comprehensive Review on Photo-Thermal
Co-Catalytic Reduction of CO; to Value-Added Chemicals. Fuel 2024, 362, 130906. [CrossRef]

Neuwirth, M.; Fleiter, T.; Manz, P.; Hofmann, R. The Future Potential Hydrogen Demand in Energy-Intensive Industries—A
Site-Specific Approach Applied to Germany. Energy Convers. Manag. 2022, 252, 115052. [CrossRef]

Genovese, M.; Schliiter, A.; Scionti, E.; Piraino, F,; Corigliano, O.; Fragiacomo, P. Power-to-Hydrogen and Hydrogen-to-X Energy
Systems for the Industry of the Future in Europe. Int. |. Hydrogen Energy 2023, 48, 16545-16568. [CrossRef]

Wang, Z.; Huang, Z.; Huang, Y.; Wittram, C.; Zhuang, Y.; Wang, S.; Nie, B. Synergy of Carbon Capture, Waste Heat Recovery and
Hydrogen Production for Industrial Decarbonisation. Energy Convers. Manag. 2024, 312, 118568. [CrossRef]

Sovacool, B.K,; Del Rio, D.F.; Herman, K.; Iskandarova, M.; Uratani, ].M.; Griffiths, S. Reconfiguring European Industry for Net-
Zero: A Qualitative Review of Hydrogen and Carbon Capture Utilization and Storage Benefits and Implementation Challenges.
Energy Environ. Sci. 2024, 17, 3523-3569. [CrossRef]

Boldrini, A.; Koolen, D.; Crijns-Graus, W.; Worrell, E.; van den Broek, M. Flexibility Options in a Decarbonising Iron and Steel
Industry. Renew. Sustain. Energy Rev. 2024, 189, 113988. [CrossRef]

Barbhuiya, S.; Kanavaris, F; Das, B.B.; Idrees, M. Decarbonising Cement and Concrete Production: Strategies, Challenges and
Pathways for Sustainable Development. J. Build. Eng. 2024, 86, 108861. [CrossRef]

Rietveld, E.; Bastein, T.; van Leeuwen, T.; Wieclawska, S.; Bonenkamp, N.; Peck, D.; Klebba, M.; Le Mouel, M.; Poitiers, N.
Strengthening the Security of Supply of Products Containing Critical Raw Materials for the Green Transition and Decarbonisation; European
Parliament: Luxembourg, 2022; ISBN 9284800501.

Jowitt, S.M. Mineral Economics of the Rare-Earth Elements. MRS Bull. 2022, 47, 276-282. [CrossRef]

Kermeli, K.; Crijns-Graus, W.; Johannsen, R.M.; Mathiesen, B.V. Energy Efficiency Potentials in the EU Industry: Impacts of Deep
Decarbonization Technologies. Energy Effic. 2022, 15, 68. [CrossRef]

Chan, Y.; Petithuguenin, L.; Fleiter, T.; Herbst, A.; Arens, M.; Stevenson, P. Industrial Innovation: Pathways to Deep Decarbonisation of
Industry. Part 1: Technology Analysis; CF Consulting Services Limited: London, UK, 2019.

IEA. Innovations Gaps; IEA: Paris, France, 2019.

Maitra, D.; Ramaswamy, S.; Krause, C.; Waymer, T. Pathways to Net Zero Emissions in Manufacturing and Materials Production-
HVAC OEMs Perspective. In Technology Innovation for the Circular Economy; Wiley: Berlin, Germany, 2024; pp. 755-765.
ISBN 9781394214297.

Antonio, M.R.; Aikaterini, B.O,; Slingerland, S.; Van Der Veen, R.; Gancheva, M.; Rademaekers, K.; Kuenen, J.; Visschedijk, A.
Energy Efficiency and GHG Emissions: Prospective Scenarios for the Aluminium Industry; Publications Office of the European Union:
Luxembourg, 2015.

Bruno, M.]. Aluminum Carbothermic Technology; U. S. Department of Energy: Golden, CO, USA, 2005.

Ratvik, A.P; Mollaabbasi, R.; Alamdari, H. Aluminium Production Process: From Hall-Héroult to Modern Smelters. ChemTexts
2022, 8, 10. [CrossRef]

Serhuus, A.; Ose, S.; Holmefjord, E.; Olsen, H.; Nilsen, B. Update on the Abart Gas Treatment and Alumina Handling at the
Karmey Technology Pilot. In Proceedings of the Light Metals 2020; Tomsett, A., Ed.; Springer International Publishing: Cham,
Switzerland, 2020; pp. 785-790.

Rehfeldt, M.; Worrell, E.; Eichhammer, W.; Fleiter, T. A Review of the Emission Reduction Potential of Fuel Switch towards
Biomass and Electricity in European Basic Materials Industry until 2030. Renew. Sustain. Energy Rev. 2020, 120, 109672. [CrossRef]
Samuelsson, C.; Bjorkman, B. Chapter 7—Copper Recycling. In Handbook of Recycling; Worrell, E., Reuter, M.A., Eds.; Elsevier:
Boston, MA, USA, 2014; pp. 85-94. ISBN 978-0-12-396459-5.

Vinck, N. The Fit for 55 Package and the European Climate Ambitions an Assessment of Their Impacts on the European
Metallurgical Silicon Industry. In Proceedings of the Silicon for the Chemical & Solar Industry XVI, Trondheim, Norway,
14-16 June 2022.

Kortes, H.; van Dril, T. Decarbonisation Options for the Dutch Zinc Industry; PBL Netherlands Environmental Assessment Agency:
Hague, The Netherlands, 2019.

Habert, G.; Miller, S.A.; John, V.M.; Provis, J.L.; Favier, A.; Horvath, A.; Scrivener, K.L. Environmental Impacts and Decarboniza-
tion Strategies in the Cement and Concrete Industries. Nat. Rev. Earth Environ. 2020, 1, 559-573. [CrossRef]

Fennell, PS.; Davis, S.J.; Mohammed, A. Decarbonizing Cement Production. Joule 2021, 5, 1305-1311. [CrossRef]

Ding, K.; Li, A.; Lv, J.; Gu, F. Decarbonizing Ceramic Industry: Technological Routes and Cost Assessment. J. Clean. Prod. 2023,
419, 138278. [CrossRef]

Hossain, M.U.; Poon, C.S.; Kwong Wong, M.Y.; Khine, A. Techno-Environmental Feasibility of Wood Waste Derived Fuel for
Cement Production. J. Clean. Prod. 2019, 230, 663-671. [CrossRef]

Schorcht, F.; Kourti, I.; Scalet, B.M.; Roudier, S.; Sancho, L.D. Best Available Techniques (BAT) Reference Document for the Production of
Cement, Lime and Magnesium Oxide: Industrial Emissions Directive 2010/75/EU (Integrated Pollution Prevention and Control); Joint
Research Centre, Publications Office of the European Union: Luxembourg, 2013.


https://doi.org/10.3390/en13133390
https://doi.org/10.1016/j.pecs.2011.05.001
https://doi.org/10.1016/j.fuel.2024.130906
https://doi.org/10.1016/j.enconman.2021.115052
https://doi.org/10.1016/j.ijhydene.2023.01.194
https://doi.org/10.1016/j.enconman.2024.118568
https://doi.org/10.1039/D3EE03270A
https://doi.org/10.1016/j.rser.2023.113988
https://doi.org/10.1016/j.jobe.2024.108861
https://doi.org/10.1557/s43577-022-00289-3
https://doi.org/10.1007/s12053-022-10071-8
https://doi.org/10.1007/s40828-022-00162-5
https://doi.org/10.1016/j.rser.2019.109672
https://doi.org/10.1038/s43017-020-0093-3
https://doi.org/10.1016/j.joule.2021.04.011
https://doi.org/10.1016/j.jclepro.2023.138278
https://doi.org/10.1016/j.jclepro.2019.05.132

Sustainability 2024, 16, 6176 24 of 26

53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Olabi, A.G.; Wilberforce, T.; Elsaid, K.; Sayed, E.T.; Maghrabie, H.M.; Abdelkareem, M.A. Large Scale Application of Carbon
Capture to Process Industries—A Review. J. Clean. Prod. 2022, 362, 132300. [CrossRef]

Kusuma, R.T.; Hiremath, R.B.; Rajesh, P.; Kumar, B.; Renukappa, S. Sustainable Transition towards Biomass-Based Cement
Industry: A Review. Renew. Sustain. Energy Rev. 2022, 163, 112503. [CrossRef]

Zhang, X.; Xiang, N.; Pan, H.; Yang, X.; Wu, J.; Zhang, Y.; Luo, H.; Xu, C. Performance Comparison of Cement Production before
and after Implementing Heat Recovery Power Generation Based on Emergy Analysis and Economic Evaluation: A Case from
China. J. Clean. Prod. 2021, 290, 125901. [CrossRef]

Boscaro, F.; Palacios, M.; Flatt, R.J. Formulation of Low Clinker Blended Cements and Concrete with Enhanced Fresh and
Hardened Properties. Cem. Concr. Res. 2021, 150, 106605. [CrossRef]

Schneider, M.; Hoenig, V.; Ruppert, J.; Rickert, J. The Cement Plant of Tomorrow. Cem. Concr. Res. 2023, 173, 107290. [CrossRef]
Lopez, G.; Keiner, D.; Fasihi, M.; Koiranen, T.; Breyer, C. From Fossil to Green Chemicals: Sustainable Pathways and New Carbon
Feedstocks for the Global Chemical Industry. Energy Environ. Sci. 2023, 16, 2879-2909. [CrossRef]

Saygin, D.; Gielen, D. Zero-Emission Pathway for the Global Chemical and Petrochemical Sector. Energies 2021, 14, 3772.
[CrossRef]

Nyhus, A.H.; Yliruka, M.; Shah, N.; Chachuat, B. Green Ethylene Production in the UK by 2035: A Techno-Economic Assessment.
Energy Environ. Sci. 2024, 17, 1931-1949. [CrossRef]

Sheppard, A.; Del Angel Hernandez, V.; Faul, C.E].; Fermin, D.J. Can We Decarbonise Methanol Production by Direct Electro-
chemical CO, Reduction? ChemElectroChem 2023, 10, €202300068. [CrossRef]

Lakshmanan, S.; Murugesan, T. The Chlor-Alkali Process: Work in Progress. Clean Technol. Environ. Policy 2014, 16, 225-234.
[CrossRef]

Kloo, Y; Nilsson, L.J.; Palm, E. Reaching Net-Zero in the Chemical Industry—A Study of Roadmaps for Industrial Decarbonisation.
Renew. Sustain. Energy Transit. 2024, 5, 100075. [CrossRef]

Gabrielli, P.; Gazzani, M.; Mazzotti, M. The Role of Carbon Capture and Utilization, Carbon Capture and Storage, and Biomass to
Enable a Net-Zero-CO, Emissions Chemical Industry. Ind. Eng. Chem. Res. 2020, 59, 7033-7045. [CrossRef]

Rissman, J.; Bataille, C.; Masanet, E.; Aden, N.; Morrow, W.R.; Zhou, N.; Elliott, N.; Dell, R.; Heeren, N.; Huckestein, B.; et al.
Technologies and Policies to Decarbonize Global Industry: Review and Assessment of Mitigation Drivers through 2070. Appl.
Energy 2020, 266, 114848. [CrossRef]

Nemmour, A.; Inayat, A.; Janajreh, I.; Ghenai, C. Green Hydrogen-Based E-Fuels (E-Methane, E-Methanol, E-Ammonia) to
Support Clean Energy Transition: A Literature Review. Int. ]. Hydrogen Energy 2023, 48, 29011-29033. [CrossRef]

Faria, J.A. Renaissance of Ammonia Synthesis for Sustainable Production of Energy and Fertilizers. Curr. Opin. Green Sustain.
Chem. 2021, 29, 100466. [CrossRef]

Gaidajis, G.; Kakanis, I. Life Cycle Assessment of Nitrate and Compound Fertilizers Production—A Case Study. Sustainability
2021, 13, 148. [CrossRef]

Ausfelder, F.; Herrmann, E.O.; Gonzélez, L.EL. Perspective Europe 2030 Technology Options for CO,-Emission Reduction of Hydrogen
Feedstock in Ammonia Production; DECHEMA e.V.: Frankfurt am Main, Germany, 2022.

Yao, Y.; Lan, K.; Graedel, T.E.; Rao, N.D. Models for Decarbonization in the Chemical Industry. Annu. Rev. Chem. Biomol. Eng.
2024, 15. [CrossRef]

Navas-Anguita, Z.; Garcia-Gusano, D.; Dufour, J.; Iribarren, D. Revisiting the Role of Steam Methane Reforming with CO,
Capture and Storage for Long-Term Hydrogen Production. Sci. Total Environ. 2021, 771, 145432. [CrossRef]

International Fertilizer Association. IEA’s Ammonia Technology Roadmap IFA Summary for Policymakers; IFA: Paris, France, 2021.
Furszyfer Del Rio, D.D.; Sovacool, B.K.; Foley, A.M.; Griffiths, S.; Bazilian, M.; Kim, J.; Rooney, D. Decarbonizing the Ceramics
Industry: A Systematic and Critical Review of Policy Options, Developments and Sociotechnical Systems. Renew. Sustain. Energy
Rev. 2022, 157, 112081. [CrossRef]

Besier, J.; Marsidi, M. Decarbonisation Options for the Ducth Ceramic Industry; PBL Netherlands Environment Assessment Agency:
Hague, The Netherlands, 2020.

de Carvalho, ES.; Reis, L.C.B.d.S.; Lacava, P.T.; de Aratjo, EH.M.; de Carvalho, ].A,, Jr. Substitution of Natural Gas by Biomethane:
Operational Aspects in Industrial Equipment. Energies 2023, 16, 839. [CrossRef]

Khalil, AM.E.; Velenturf, A.P.M.; Ahmadinia, M.; Zhang, S. Context Analysis for Transformative Change in the Ceramic Industry.
Sustainability 2023, 15, 12230. [CrossRef]

Castro Oliveira, M.; Iten, M.; Cruz, P.L.; Monteiro, H. Review on Energy Efficiency Progresses, Technologies and Strategies in the
Ceramic Sector Focusing on Waste Heat Recovery. Energies 2020, 13, 6096. [CrossRef]

Griffin, PW.; Hammond, G.P.; McKenna, R.C. Industrial Energy Use and Decarbonisation in the Glass Sector: A UK Perspective.
Adv. Appl. Energy 2021, 3, 100037. [CrossRef]

Zier, ML; Stenzel, P.; Kotzur, L.; Stolten, D. A Review of Decarbonization Options for the Glass Industry. Energy Convers. Manag. X
2021, 10, 100083. [CrossRef]

Hubert, M. Industrial Glass Processing and Fabrication. In Springer Handbook of Glass; Musgraves, ].D., Hu, J., Calvez, L., Eds;
Springer International Publishing: Cham, Switzerland, 2019; pp. 1195-1231. ISBN 978-3-319-93728-1.

Jouhara, H.; Khordehgah, N.; Almahmoud, S.; Delpech, B.; Chauhan, A.; Tassou, S.A. Waste Heat Recovery Technologies and
Applications. Therm. Sci. Eng. Prog. 2018, 6, 268-289. [CrossRef]


https://doi.org/10.1016/j.jclepro.2022.132300
https://doi.org/10.1016/j.rser.2022.112503
https://doi.org/10.1016/j.jclepro.2021.125901
https://doi.org/10.1016/j.cemconres.2021.106605
https://doi.org/10.1016/j.cemconres.2023.107290
https://doi.org/10.1039/D3EE00478C
https://doi.org/10.3390/en14133772
https://doi.org/10.1039/D3EE03064D
https://doi.org/10.1002/celc.202300068
https://doi.org/10.1007/s10098-013-0630-6
https://doi.org/10.1016/j.rset.2023.100075
https://doi.org/10.1021/acs.iecr.9b06579
https://doi.org/10.1016/j.apenergy.2020.114848
https://doi.org/10.1016/j.ijhydene.2023.03.240
https://doi.org/10.1016/j.cogsc.2021.100466
https://doi.org/10.3390/su13010148
https://doi.org/10.1146/annurev-chembioeng-100522-114115
https://doi.org/10.1016/j.scitotenv.2021.145432
https://doi.org/10.1016/j.rser.2022.112081
https://doi.org/10.3390/en16020839
https://doi.org/10.3390/su151612230
https://doi.org/10.3390/en13226096
https://doi.org/10.1016/j.adapen.2021.100037
https://doi.org/10.1016/j.ecmx.2021.100083
https://doi.org/10.1016/j.tsep.2018.04.017

Sustainability 2024, 16, 6176 25 of 26

82.

83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Cappelli, M. State of the Art and Decarbonization Options for Glass Industry: The Case of Bormioli Pharma. 2020. Available
online: https://www.politesi.polimi.it/handle /10589 /187066 (accessed on 4 June 2024).

Girtner, S.; Rank, D.; Heberl, M.; Gaderer, M.; Dawoud, B.; Haumer, A.; Sterner, M. Simulation and Techno-Economic Analysis of
a Power-to-Hydrogen Process for Oxyfuel Glass Melting. Energies 2021, 14, 8603. [CrossRef]

Rehfeldt, M.; Fleiter, T.; Herbst, A.; Eidelloth, S. Fuel Switching as an Option for Medium-Term Emission Reduction—A
Model-Based Analysis of Reactions to Price Signals and Regulatory Action in German Industry. Energy Policy 2020, 147, 111889.
[CrossRef]

Favaro, N.; Ceola, S. Glass Cullet. In Encyclopedia of Glass Science, Technology, History, and Culture; Wiley: Berlin, Germany, 2021;
pp. 1179-1189. ISBN 9781118801017.

Eid, J. Glass Is the Hidden Gem in a Carbon-Neutral Future. Nature 2021, 599, 7-8.

Barén, C.; Perpifidn, J.; Bailera, M.; Pefia, B. Techno-Economic Assessment of Glassmaking Decarbonization through Integration
of Calcium Looping Carbon Capture and Power-to-Gas Technologies. Sustain. Prod. Consum. 2023, 41, 121-133. [CrossRef]
Vogele, S.; Grajewski, M.; Govorukha, K.; Riibbelke, D. Challenges for the European Steel Industry: Analysis, Possible Conse-
quences and Impacts on Sustainable Development. Appl. Energy 2020, 264, 114633. [CrossRef]

Draxler, M.; Schenk, J.; Biirgler, T.; Sormann, A. The Steel Industry in the European Union on the Crossroad to Carbon Lean
Production—Status, Initiatives and Challenges. BHM Berg-und Hiittenminnische Monatshefte 2020, 165, 221-226. [CrossRef]
Lopez, G.; Farfan, J.; Breyer, C. Trends in the Global Steel Industry: Evolutionary Projections and Defossilisation Pathways
through Power-to-Steel. J. Clean. Prod. 2022, 375, 134182. [CrossRef]

Bhaskar, A.; Assadi, M.; Nikpey Somehsaraei, H. Decarbonization of the Iron and Steel Industry with Direct Reduction of Iron
Ore with Green Hydrogen. Energies 2020, 13, 758. [CrossRef]

Lopez, G.; Galimova, T.; Fasihi, M.; Bogdanov, D.; Breyer, C. Towards Defossilised Steel: Supply Chain Options for a Green
European Steel Industry. Energy 2023, 273, 127236. [CrossRef]

Bararzadeh Ledari, M.; Khajehpour, H.; Akbarnavasi, H.; Edalati, S. Greening Steel Industry by Hydrogen: Lessons Learned for
the Developing World. Int. ]. Hydrogen Energy 2023, 48, 36623-36649. [CrossRef]

Matykowski, R.; Tobolska, A. Global Steel Production in the First Two Decades of the 21st Century: A Period of Economic
Fluctuations and Attempts to Control Globalisation Processes. Pr. Kom. Geogr. Przemystu Pol. Tow. Geogr. 2021, 35, 64-82.
[CrossRef]

Lopes, D.V; Quina, M.].; Frade, ].R.; Kovalevsky, A. V Prospects and Challenges of the Electrochemical Reduction of Iron Oxides
in Alkaline Media for Steel Production. Front. Mater. 2022, 9, 1010156. [CrossRef]

Fan, Z.; Friedmann, S.]. Low-Carbon Production of Iron and Steel: Technology Options, Economic Assessment, and Policy. Joule
2021, 5, 829-862. [CrossRef]

Rattle, I.; Gailani, A.; Taylor, P.G. Decarbonisation Strategies in Industry: Going beyond Clusters. Sustain. Sci. 2024, 19, 105-123.
[CrossRef]

Verde, S.F. The Impact of the EU Emissions Trading System on Competitiveness and Carbon Leakage: The Econometric Evidence.
J. Econ. Surv. 2020, 34, 320-343. [CrossRef]

Nurdiawati, A.; Urban, F. Towards Deep Decarbonisation of Energy-Intensive Industries: A Review of Current Status, Technolo-
gies and Policies. Energies 2021, 14, 2408. [CrossRef]

Aranda Usén, A.; Lopez-Sabirén, A.M.; Ferreira, G.; Llera Sastresa, E. Uses of Alternative Fuels and Raw Materials in the Cement
Industry as Sustainable Waste Management Options. Renew. Sustain. Energy Rev. 2013, 23, 242-260. [CrossRef]

Goémez-Calvet, R.; Martinez-Duart, ].M.; Serrano-Calle, S. Current State and Optimal Development of the Renewable Electricity
Generation Mix in Spain. Renew Energy 2019, 135, 1108-1120. [CrossRef]

Conte, S.; Buonamico, D.; Magni, T.; Arletti, R.; Dondi, M.; Guarini, G.; Zanelli, C. Recycling of Bottom Ash from Biomass
Combustion in Porcelain Stoneware Tiles: Effects on Technological Properties, Phase Evolution and Microstructure. J. Eur. Ceram.
Soc. 2022, 42, 5153-5163. [CrossRef]

Alvarez Coomonte, A.; Grande Andrade, Z.; Porras Soriano, R.; Lozano Galant, J.A. Review of the Planning and Distribution
Methodologies to Locate Hydrogen Infrastructure in the Territory. Energies 2024, 17, 240. [CrossRef]

Huclin, S.; Chaves, J.P,; Ramos, A.; Rivier, M.; Freire-Barceld, T.; Martin-Martinez, F.; Roman, T.G.S.; Miralles, A.S. Exploring
the Roles of Storage Technologies in the Spanish Electricity System with High Share of Renewable Energy. Energy Rep. 2022, 8,
4041-4057. [CrossRef]

Hendriks, C.; de Gooyert, V. Towards Sustainable Port Areas: Dynamics of Industrial Decarbonization and the Role of Port
Authorities. 2023. Available online: https://repository.ubn.ru.nl/bitstream/handle/2066/291818/291818.pdf (accessed on
4 June 2024).

Anderson, B.; Cammeraat, E.; Dechezleprétre, A.; Dressler, L.; Gonne, N.; Lalanne, G.; Martins Guilhoto, ]J.; Theodoropoulos, K.
Designing Policy Packages for a Climate-Neutral Industry: A Case Study from the Netherlands. Ecol. Econ. 2023, 205, 107720.
[CrossRef]

van Dijk, J.; Wieczorek, A.].; Ligtvoet, A. Regional Capacity to Govern the Energy Transition: The Case of Two Dutch Energy
Regions. Environ. Innov. Soc. Transit. 2022, 44, 92-109. [CrossRef]

Macquart, T.; Kucukbahar, D.; Prinsen, B. Dutch Offshore Wind Market Report; Netherlands Enterprise Agency (RVO): Utrecht, The
Netherlands, 2023.


https://www.politesi.polimi.it/handle/10589/187066
https://doi.org/10.3390/en14248603
https://doi.org/10.1016/j.enpol.2020.111889
https://doi.org/10.1016/j.spc.2023.07.029
https://doi.org/10.1016/j.apenergy.2020.114633
https://doi.org/10.1007/s00501-020-00975-2
https://doi.org/10.1016/j.jclepro.2022.134182
https://doi.org/10.3390/en13030758
https://doi.org/10.1016/j.energy.2023.127236
https://doi.org/10.1016/j.ijhydene.2023.06.058
https://doi.org/10.24917/20801653.354.4
https://doi.org/10.3389/fmats.2022.1010156
https://doi.org/10.1016/j.joule.2021.02.018
https://doi.org/10.1007/s11625-023-01313-4
https://doi.org/10.1111/joes.12356
https://doi.org/10.3390/en14092408
https://doi.org/10.1016/j.rser.2013.02.024
https://doi.org/10.1016/j.renene.2018.12.072
https://doi.org/10.1016/j.jeurceramsoc.2022.05.014
https://doi.org/10.3390/en17010240
https://doi.org/10.1016/j.egyr.2022.03.032
https://repository.ubn.ru.nl/bitstream/handle/2066/291818/291818.pdf
https://doi.org/10.1016/j.ecolecon.2022.107720
https://doi.org/10.1016/j.eist.2022.06.001

Sustainability 2024, 16, 6176 26 of 26

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.
123.

124.

125.

126.

127.
128.

Kappner, K.; Letmathe, P.; Weidinger, P. Causes and Effects of the German Energy Transition in the Context of Environmental,
Societal, Political, Technological, and Economic Developments. Energy Sustain. Soc. 2023, 13, 28. [CrossRef]

Agora Energiewende and Wuppertal Institute. Climate-Neutral Industry (Executive Summary): Key Technologies and Policy Options
for Steel, Chemicals and Cement; Agora Energiewende and the Wuppertal Institute: Berlin, Germany, 2019.

Treibhausgasneutrales Deutschland im Jahr 2050—Studie. Available online: https://www.umweltbundesamt.de/sites /default/
files/medien/376/publikationen/treibhausgasneutrales_deutschland_im_jahr_2050_langfassung.pdf (accessed on 6 June 2024).
Energiewende in Der Industrie Potenziale, Kosten Und Wechselwirkung Mit Dem Energiesektor. Available online: https:
/ /www.bmwk.de/Redaktion/DE/ Artikel /Energie/energiewende-in-der-industrie.html (accessed on 6 June 2024).
Alexopoulos, D.K.; Anastasiadis, A.G.; Vokas, G.A.; Kaminaris, S.D.; Psomopoulos, C.S. A Review of Flexibility Options for High
RES Penetration in Power Systems—Focusing the Greek Case. Energy Rep. 2021, 7, 33-50. [CrossRef]

Ecke, ].; Zervas, M. The Green Pool Concept. A Concept for Decarbonizing the Electro-Intensive Industry of Greece; Enervis Energy
Advisors GmbH: Berlin, Germany, 2021.

Simon, F. Dismay after EU Rejects ‘Green Pool” for Industrial Energy Users in Greece. Available online: https://www.euractiv.
com/section/energy-environment/news/dismay-after-eu-rejects-green-pool-for-industrial-energy-users-in-greece/ (accessed
on 10 May 2024).

Paravantis, J.A.; Stigka, E.; Mihalakakou, G.; Michalena, E.; Hills, ].M.; Dourmas, V. Social Acceptance of Renewable Energy
Projects: A Contingent Valuation Investigation in Western Greece. Renew. Energy 2018, 123, 639-651. [CrossRef]

Unknown SRF Factory Planned at Volos. Available online: https://www.cemnet.com/News/story /169203 /srf-factory-planned-
at-volos.html (accessed on 10 May 2024).

Caferra, R.; D’Adamo, I.; Morone, P. Wasting Energy or Energizing Waste? The Public Acceptance of Waste-to-Energy Technology.
Energy 2023, 263, 126123. [CrossRef]

Paletto, A.; Bernardi, S.; Pieratti, E.; Teston, F.; Romagnoli, M. Assessment of Environmental Impact of Biomass Power Plants to
Increase the Social Acceptance of Renewable Energy Technologies. Heliyon 2019, 5, €02070. [CrossRef] [PubMed]

Joas, F. Climate-Neutral Industry—Key Technologies and Policy Options for Steel, Chemicals and Cement; Agora Energiewende: Berlin,
Germany, 2019.

Calipel, C.; Bizien, A.; Pellerin-Carlin, T. European Climate Investment Deficit Report: An Investment Pathway for Europe’s Future;
I4CE—Institute for Climate Economics: Paris, France, 2024.

Munta, M. The European Green Deal. In Climate Change Energy and Environment; Friedrich-Ebert-Stiftung: Berlin, Germany, 2020.
Cameron, A.; Claeys, G.; Midoes, C.; Tagliapietra, S. How Good Is the European Commission’s Just Transition Fund Proposal? Bruegel
Policy Contribution; Bruegel: Brussels, Belgium, 2020.

Dutton, J.; Pilsner, L. Delivering Climate Neutrality: Accelerating Eu Decarbonisation with Research and Innovation Funding; JSTOR:
New York, NY, USA, 2019.

Hafner, S.; Speich, M.; Bischofberger, P.; Ulli-Beer, S. Governing Industry Decarbonisation: Policy Implications from a Firm
Perspective. J. Clean. Prod. 2022, 375, 133884. [CrossRef]

Mahdavi, P; Martinez-Alvarez, C.B.; Ross, M.L. Why Do Governments Tax or Subsidize Fossil Fuels? J. Politics 2022, 84, 2123-2139.
[CrossRef]

Bataille, C.G.F. Physical and Policy Pathways to Net-Zero Emissions Industry. WIREs Clim. Change 2020, 11, e633. [CrossRef]
Jafari, M.; Botterud, A.; Sakti, A. Decarbonizing Power Systems: A Critical Review of the Role of Energy Storage. Renew. Sustain.
Energy Rev. 2022, 158, 112077. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/s13705-023-00407-2
https://www.umweltbundesamt.de/sites/default/files/medien/376/publikationen/treibhausgasneutrales_deutschland_im_jahr_2050_langfassung.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/376/publikationen/treibhausgasneutrales_deutschland_im_jahr_2050_langfassung.pdf
https://www.bmwk.de/Redaktion/DE/Artikel/Energie/energiewende-in-der-industrie.html
https://www.bmwk.de/Redaktion/DE/Artikel/Energie/energiewende-in-der-industrie.html
https://doi.org/10.1016/j.egyr.2021.09.050
https://www.euractiv.com/section/energy-environment/news/dismay-after-eu-rejects-green-pool-for-industrial-energy-users-in-greece/
https://www.euractiv.com/section/energy-environment/news/dismay-after-eu-rejects-green-pool-for-industrial-energy-users-in-greece/
https://doi.org/10.1016/j.renene.2018.02.068
https://www.cemnet.com/News/story/169203/srf-factory-planned-at-volos.html
https://www.cemnet.com/News/story/169203/srf-factory-planned-at-volos.html
https://doi.org/10.1016/j.energy.2022.126123
https://doi.org/10.1016/j.heliyon.2019.e02070
https://www.ncbi.nlm.nih.gov/pubmed/31341994
https://doi.org/10.1016/j.jclepro.2022.133884
https://doi.org/10.1086/719272
https://doi.org/10.1002/wcc.633
https://doi.org/10.1016/j.rser.2022.112077

	Introduction 
	Methodology 
	Overall Literature Analysis Approach 
	Country Selection 

	Status of EIIs in Four Representative European Economies 
	Decarbonisation Actions across Different Sectors 
	Decarbonisation Actions for the Non-Ferrous Metals Industry 
	Decarbonisation of the Cement and Lime Industry 
	Decarbonisation of the Chemical and Fertiliser Industry 
	Decarbonisation of the Ceramics Industry 
	Decarbonisation of the Glass Industry 
	Decarbonisation of the Steel Industry 

	Challenges for EIIs in Europe 
	The Case of Spain 
	The Case of the Netherlands 
	The Case of Germany 
	The Case of Greece 

	Political Measures and Policy Instruments 
	Financing and Investments 
	Barriers to Overcome and Possible Solutions 

	Conclusions 
	References

