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Abstract: Decarbonization has become a central policy and industrial priority across the
European Union, driven by increasingly ambitious climate targets. The EU’s regulatory
framework now mandates a 55% reduction in CO2 emissions by 2030 (compared to 1990
levels), with the overarching goal of achieving climate neutrality by 2050. This challenge is
particularly critical for energy-intensive and hard-to-abate sectors, such as the glass industry.
This paper begins with a brief overview of the relevant EU regulations and the structure of
the Italian glass sector. It then identifies seven key decarbonization levers applicable to the
industry. Drawing on literature data and expert consultations, these levers are integrated
into two main decarbonization strategies tailored to the Italian context, both aligned with
the 2050 net-zero target. This study further analyzes the estimated implementation costs,
the barriers associated with each lever, and potential solutions to overcome them. Finally,
Italian strategies are compared with decarbonization approaches adopted in other major
European countries. The findings indicate that the transition to climate neutrality in the
glass sector, while technically and economically plausible, remains highly contingent on
the timely deployment of enabling technologies, the alignment of regulatory and financial
frameworks, and the establishment of sustained, structured cooperation between industrial
stakeholders and public authorities.

Keywords: glass; decarbonization; CCS; green fuels; hard-to-abate

1. Introduction
The European Union, through the Green Deal [1] and the Fit for 55 package [2], aims to

reduce CO2 emissions by 55% by 2030 compared to 1990 levels, to achieve climate neutrality
by 2050. Key instruments such as the RePowerEU Plan [3] and the Net Zero Industry Act [4]
are accelerating the transition to alternative energy sources and reducing the use of fossil
fuels, establishing a clear pathway to climate neutrality and more efficient resource use
while also offering incentives for technological innovation and decarbonization. In this
context, a central role is played by the European ETS System [5], which regulates CO2

emission allowances through a trading mechanism, thus incentivizing companies to invest
in more sustainable solutions. At the Italian level, the National Integrated Energy and
Climate Plan (PNIEC) [6] and the National Recovery and Resilience Plan (PNRR) [7]
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represent the regulatory framework for the transition of the glass sector. Finally, the
National Circular Economy Strategy [8] emphasizes the enhancement of recycling and
the use of innovative materials, promoting a more sustainable and resilient production
model. Special attention is given to the “hard-to-abate” sectors, including the glass industry,
which will benefit from incentives for the use of clean technologies, such as hydrogen, and
energy efficiency improvements. The glass industry is particularly developed in Italy [9].
Glass sector activities in Italy are classified according to ATECO codes [9] and are primarily
divided into two main areas: manufacturing, which involves four main types of glass—flat
glass, hollow glass, glass wool, and glass fibers—as well as other productions such as
artistic glass, and processing, which covers the stages following manufacturing, such as the
treatment and finishing of glass products.

Italian companies play a key role in glass production at the European level. In 2022,
total European production (EU27 + UK) [10] was just under 40 million tons; considering
only the flat glass and hollow glass sectors, Italy contributed nearly 6 million tons produced
in the same year, representing 15% of the total European production.

The glass industry includes a variety of production processes, depending on the
type of final product and its applications. However, all these processes involve glass
melting at temperatures reaching up to 1600 ◦C, resulting in energy consumption and
CO2 emissions. As already reported in the literature [11], the main glass sectors in terms
of production, and thus consumption and emissions, are flat and hollow glass. In the
flat glass production process, known as the “float glass” process, molten glass is poured
out of the furnace and allowed to float on a layer of liquid tin, then properly cooled and
cut into standard-sized sheets. These “float” sheets undergo further treatments such as
coating or lamination. In glass processing companies, standard sheets are cut and worked
according to various applications and needs, such as enameling, tempering, and assembly
into insulating glazing units. Hollow glass containers are industrially produced through
the fusion of raw materials in a furnace, followed by shaping and annealing processes.
Secondary processing of hollow glass can include decoration, screen printing, painting,
sandblasting, and satin finishing.

This study provides an integrated assessment of decarbonization pathways for the
Italian glass industry, with a specific focus on achieving net-zero emissions by 2050. Sup-
ported by the Italian Glass Industry Association, data and decarbonization initiatives
were collected from multiple national companies, enabling the identification of seven key
decarbonization levers.

These levers were applied to two differentiated and plausible transition scenarios. The
modeling relied on a combination of validated technical data, sector-specific assumptions
provided by industry experts, and publicly available studies, ensuring alignment with the
characteristics of the national context.

Building on this framework, a techno-economic analysis was conducted to estimate
the cost implications of the proposed strategies over the long term (to 2050). Additionally,
a simplified transition pathway was developed for the flat glass processing segment,
accounting for its unique technological and operational features. This study further explores
the main barriers and limitations associated with each lever and provides a comparative
perspective with national strategies adopted by other major glass-producing countries.

From a scientific standpoint, this study introduces a new framework that combines
multiple transition levers—including energy efficiency, cullet reuse, electrification, green
fuels, and CCS deployment—thereby enhancing both the theoretical and applied under-
standing of industrial decarbonization.

Finally, through a quantitative evaluation of investment and infrastructure needs, this
research delivers actionable insights for industry stakeholders and policymakers. To the
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best of the authors’ knowledge, this is the first study to address the decarbonization of
Italy’s energy-intensive glass sector through a context-specific and cross-lever approach.

This led to a techno-economic analysis estimating the implementation costs of the two
strategies by 2050. A simplified pathway was also developed for the flat glass processing
sector, taking into account its specific characteristics. The limitations and barriers associated
with each decarbonization lever were examined, and a comparison was conducted against
the national strategies of other major glass-producing countries.

Finally, this study provides a comprehensive contribution—endorsed by leading
Italian experts—on the potential pathways for the Italian glass industry to reach net-zero
emissions by 2050. Grounded in a detailed analysis of the national context, it offers a
clear assessment of the sector’s current status and identifies the key infrastructural and
non-infrastructural enablers for a feasible decarbonization trajectory.

This study introduces an innovative framework that integrates multiple transition
levers, including energy efficiency measures, increased use of recycled cullet, electrification,
the adoption of green fuels, and the deployment of carbon capture and storage (CCS) tech-
nologies. In doing so, it advances both theoretical understanding and practical knowledge
of industrial decarbonization.

Furthermore, it delivers a robust empirical contribution through the quantitative
evaluation of investment needs and infrastructure requirements, offering strategic insights
for industrial stakeholders and policymakers.

To the best of the authors’ knowledge, this is the first study to address the decar-
bonization of energy-intensive glass industries in Italy through an integrated and context-
specific approach.

2. Materials and Methods
This study was developed with the contribution of a group of industry experts, re-

searchers from the Stazione Sperimentale del Vetro, and energy managers from Italian
companies. Data and insights were collected through surveys and consultations with glass
industry associations, which also informed the definition of the applicable decarbonization
levers. For the development of the strategy, reference was also made to the main decar-
bonization strategies developed internationally (France, UK, Germany) by authoritative
institutions, in addition to an analysis of the existing literature [12–15].

The strategy adopts 2022 as the reference year. Economic outputs are benchmarked
against the 2022 baselines values, while the CO2 reduction results are evaluated relative
to a Business As Usual (BAU) scenario. The BAU scenario assumes emissions in 2030
and 2050 increase proportionally with expected production growth, while maintaining
constant emission intensity based on 2022 levels. The report presents the outcomes of the
sector’s decarbonization strategy for 2035 and 2050, aligned with the European Union’s
climate targets. The enabling technologies for the sector’s decarbonization considered in
the report include technologies available from research studies, operational technological
prototypes globally, and solutions shared by the members of the sector working group. The
decarbonization scenarios assume economic and infrastructural national contexts suitable
for achieving the objectives.

For the calculation of CO2 emissions and their categorization into Scopes 1, 2, and 3,
the European Parliament Directive 87/2003 [16] and the GHG Protocol [17] were used. The
applied emission factors were based on specific data provided by the working group and
national factors developed by the Ministry of Environment and Energy Security. In the
absence of specific data, emission factors from internationally recognized standards, such as
those developed by the Department for Environment, Food and Rural Affairs (DEFRA) [18],
referenced by the GHG Protocol, were used. Scope 1 emissions, generated directly by the
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industrial activities of the glass sector (such as the melting process), have been thoroughly
analyzed in this study, as they represent the main source of direct emissions. Scope
2 emissions, related to the consumption of purchased electricity, are instead linked to
the national energy mix. It has been assumed that, in line with national and European
decarbonization targets, the carbon intensity of the energy mix will progressively decrease.
Nevertheless, this work also proposes a series of measures to reduce electricity consumption
and to promote the direct procurement of energy from renewable sources. On the other
hand, Scope 3 emissions, while important for a comprehensive life cycle assessment, are
currently considered marginal for the Italian glass sector and are difficult to quantify with
reliable and sector-specific data. Although Scope 3 emissions, related to upstream and
downstream activities outside direct production processes, are an important part of the
overall carbon footprint, in the specific case of the Italian glass sector, their impact is
currently considered minor compared to direct emissions (Scope 1) and indirect emissions
from purchased energy (Scope 2). Furthermore, the quantification of Scope 3 emissions
remains highly uncertain due to the lack of standardized and sector-specific data. For these
reasons, Scope 3 emissions were not included in the detailed quantitative analysis of this
study but are acknowledged as an area for potential future investigation.

2.1. Decarbonization Levers

The decarbonization strategies focus on seven main levers to reduce emissions in
the sector.

2.1.1. Green Fuels

The “Green Fuels” lever refers to the transition from fossil methane, the primary fuel
used in the glass melting processes, to alternative gases such as biomethane or hydrogen.
The former is obtained through a purification (upgrading) process of biogas, which is itself
the result of anaerobic digestion (utilizing the spontaneous fermentation of organic material)
of agricultural or livestock waste, or even an organic fraction of municipal solid waste
(OFMSW). Unlike natural gas, biomethane is carbon-neutral, as it comes from recently
formed organic material. Hydrogen, on the other hand, is found in nature only in pure
form in geological formations that are difficult to exploit (referred to as White Hydrogen or
Natural Hydrogen). It must thus be produced by synthesis starting from water (through
electrolysis), natural gas, coal, or biomass (via thermochemical processes like methane
steam reforming) exploiting reactions that consume energy. When used as a fuel, there
are no direct carbon dioxide emissions, but the real decarbonization potential (or, on the
contrary, the associated GHG indirect burden) depends on the production process, and
specifically, on the energy used to power it; it will be emission-free if produced with
renewable energy (Green Hydrogen), nuclear energy (Pink Hydrogen), or fossil fuels
with CO2 capture (Blue Hydrogen), but will contribute to climate altering emissions if
produced from natural gas or coal without CCS measures (Gray and Black Hydrogen,
respectively) [19,20].

2.1.2. Carbon Capture and Storage

The Carbon Capture and Storage (CCS) technology involves the capture, transport,
storage, or reuse of CO2 emissions associated with combustion and production processes in
the glass sector and is a key technology for the sector’s decarbonization. While combustion
emissions can be eliminated by switching fuels, process emissions are more challenging and
may require the use of CCS. CCS enables the capture of combustion exhaust CO2 from off-
gases by separating CO2 from other pollutants through various possible chemical processes.
Once separated, CO2 can either be used as a raw material in another process or be injected
deep underground to store it indefinitely, thus preventing it from contributing to global
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warming. The most common CCS process for the glass sector involves CO2 absorption
with monoethanolamine (MEA). Through absorption and desorption, thermal energy is
used to separate CO2 from furnace gases, while electricity is used to compress the CO2 into
a liquid form. Other hypothesized processes include the use of hot potassium carbonate
solution as absorption medium (LIFE project GLASS2LIFE) and CO2 mineralization via
electrolysis, using electricity to convert sodium chloride (NaCl) and CO2 into NaHCO3,
Cl2, and H2 [21,22].

2.1.3. Energy Efficiency

Energy efficiency systems primarily involve improving the production process, op-
timizing manufacturing systems, and recovering waste heat to reduce energy demand.
Various energy efficiency sub-levers can be implemented depending on the specific char-
acteristics of the sites and facilities. A useful study serving as a reference for the hollow
glass sector regarding energy performance indicators was recently made available in the
scientific domain [23]. A detailed analysis of energy efficiency measures can be found in
the literature [11,24].

2.1.4. Further Electrification

The proposed technology involves replacing traditional furnaces with hybrid alterna-
tives, promoting the electrification of existing plants. This revision of production processes
allows electricity to replace fossil fuels. Electric boosting through the installation of elec-
trodes in traditional furnaces is already widely used, generally covering up to 20% of the
energy demand. Full electrification in the glass production process consists of using electric
furnaces that, in a full Electric Melting configuration, take advantage of the electrical con-
ductivity of molten glass, determined by its chemical composition, to reach the required
melting temperatures. Current development projects foresee a maximum production ca-
pacity of 250 tons per day, while present day operating facilities typically have capacities
lower than 100 tons per day [12]. The main advantage of electric furnaces remains their
higher efficiency, given the significant reduction in heat losses typically associated with
combustion furnaces, both from unavoidable loss of enthalpy with flue gases and from
heat losses through the crown and superstructure refractories, that typically have much
higher service temperatures, and thus heat dispersions, in combustion furnaces compared
to cold top all electric melters. Additionally, the investment, operational, and maintenance
costs for this type of furnace may be lower due to simpler and less expensive components.
Electrification becomes increasingly advantageous when electricity prices are competitive,
and from an environmental perspective, it contributes more to emission reduction the more
the electricity supply is decarbonized [25,26].

2.1.5. Further Use of Cullet

The use of cullet, or recycled glass, in place of virgin raw materials represents a
significant decarbonization solution. Increasing the use of cullet reduces both the amount
of carbonate raw materials required for glass production and the CO2 emissions generated
by the process. Each ton of cullet reused to produce new glass products saves 1.2 tons
of raw materials and reduces process emissions by approximately 300 kg at the glass
production site [11]. Furthermore, a 10% increase in cullet use results in a 2.5–3% reduction
in furnace energy consumption and a 10% reduction in process direct CO2 emissions (as
a result of less fuel combustion and less calcination gases from less primary carbonated
raw material usage). Data presented by the Italian Consortium for the Recovery of Glass
(CoReVe) demonstrate a new milestone reached by Italy in the circular economy challenge.
Italy not only remains above the EU target set for 2030 for the recycling rate, which is 75%,
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for the fourth consecutive year but has also managed to exceed the threshold of 2.5 million
tons of glass collected in a single year [27].

2.1.6. Pre-Calcined Raw Materials

Pre-calcined raw materials undergo a preliminary thermal treatment known as calci-
nation before being used in melting furnaces. During this phase, carbonate compounds
like calcium carbonate (CaCO3) or dolomite (CaCO3·MgCO3) are heated to high tempera-
tures, between 900 ◦C and 1000 ◦C, releasing a significant portion of the CO2 contained
within them. This process transforms carbonates into calcium (and/or magnesium) oxides
or other carbonate-free compounds, thus eliminating the CO2 emissions that would be
released inside the furnace during the glass melting process. In traditional production, the
direct use of carbonates in furnaces causes the thermal decomposition of these materials,
generating carbon dioxide as a process emission. The use of precalcined raw materials
prevents this reaction inside the melting furnace, reducing direct emissions and improving
overall process efficiency. Another advantage concerns energy efficiency; the use of pre-
calcined raw materials optimizes the melting process since the materials do not need to
undergo endothermic calcination reactions inside the furnace. Moreover, there is a further
benefit for global CO2 emissions, since the calcination kilns of the plants that produce
precalcined raw materials are specifically optimized for this type of reaction and thus are
more efficient than glass furnaces in performing carbonate calcination. These raw materials
are compatible with electric or hybrid furnaces, where reducing process emissions is crucial
for further improving efficiency, controlling energy costs, and even approaching higher
decarbonization goals [28,29].

2.1.7. Sourcing of Green Energy

Sourcing green energy involves procuring electricity generated exclusively from re-
newable sources, such as photovoltaic solar, onshore and offshore wind, hydroelectric,
biomass, and geothermal sources. This allows indirect Scope 2 emissions to also be abated.
Companies can access green energy through various means: long-term contracts with
renewable energy producers (Power Purchase Agreements—PPA); certified green energy,
tracked through systems like Guarantees of Origin (GO), ensuring the traceability and
renewable origin of the purchased electricity; or on-site self-production, for example, with
photovoltaic installations at manufacturing sites. Power Purchase Agreements, in particu-
lar, offer a strategic advantage by providing long-term energy cost stability and protection
from the volatility of fossil fuel prices and the spot energy market.

2.2. Definition of Sectors and Data Collection

The glass industry encompasses various types of production, each with distinct char-
acteristics that are not always comparable. Given the complexity and diversification of the
sector, it was necessary to adopt an approach based on the “clustering” of the industry
according to production process types. This division allowed for a detailed and targeted
analysis of the production stages and the applicability of decarbonization levers to each
cluster. Two main macro-categories were analyzed:

Primary Production, subdivided into

• Flat Glass: production mainly intended for the construction, furniture, and automotive
markets.

• Container Glass: manufacturing of products such as bottles and jars, primarily for the
packaging, food, and cosmetic sectors.

• Other Glass: includes domestic glass and other specific types of production, often with
varied and customized processes depending on the final application.
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• Glass Transformation, subdivided into
• Gas-Intensive Transformers: processes with high natural gas consumption, such as

those related to automotive glass production, tempering, and other gas-intensive
transformations.

• Electricity-Intensive Transformers: processes with a high dependence on electricity,
such as flat glass production for construction.

For each cluster, the applicable decarbonization levers were analyzed. In the first
cluster of primary production, decarbonization primarily focuses on a mix of levers, with
the predominant ones being the replacement of traditional fuels with green fuels and the
application of CCS technology to intercept process and residual combustion emissions.
In the second cluster, gas-intensive transformers stand out because electrification of the
processes emerges as a priority solution to replace the use of natural gas, combined with
energy efficiency improvements. For electricity-intensive transformers, sourcing green
energy is crucial to reducing indirect emissions, along with energy efficiency solutions.

The various levers identified by the decarbonization strategy are applied differently
across the various stages of the glass production process, depending on the energy vectors
used and the specific operational needs. A detailed description of production processes is
widely available in the literature [11,30]. Data collection through lists and questionnaires
was conducted with the support of the industry association Assovetro.

2.3. Baseline Definition

Emissions in the glass sector are primarily classified as Scope 1 and Scope 2. Scope 1
emissions originate from the combustion of fossil fuels in the melting furnaces and from
the process-related chemical reactions of raw materials (particularly the decomposition
of lime and soda). Scope 2 emissions result from electricity consumption associated with
powering the production processes. Thanks to data collection and consultation of the ETS
registry for production sites, it was found that in 2022, the glass sector in Italy emitted
3,739,539 tons of CO2 per year. Of these, approximately 75% are direct Scope 1 emissions
(2,797,307 tons of CO2), meaning emissions generated within the company perimeter. These
emissions mainly stem from the combustion of fossil fuels in the melting furnaces and
the chemical reactions of raw materials, particularly the decomposition of lime and soda.
In addition to direct emissions, Scope 2 emissions are generated indirectly through the
procurement of electricity for the production plants, which account for 25% of the total
emissions (942,232 tons of CO2). Natural gas and electricity consumption, and consequently
the related CO2 emissions, are geographically concentrated primarily in the regions of
Northern Italy.

2.4. Definition of Decarbonization Scenarios

The decarbonization strategy for the glass sector aims to reduce the environmental
impact. As already reported, an ad hoc strategy has been developed that also evaluated the
main decarbonization roadmaps for glass developed at the international level, including
the decarbonization roadmaps by CEMBUREAU [31] and by WBCSD [32].

2.4.1. Emissions Projections for the Sector 2035–2050

To build the transition pathway, it is essential to assess the projection of CO2 emis-
sions for the Italian glass sector in the BAU (Business as Usual) scenario until 2035 and
2050, divided between Scope 1 and Scope 2 emissions. The first step in constructing a
decarbonization strategy is projecting CO2 emissions for both the “mid-term” 2035 and
“long-term” 2050, based on baseline data and the expected Compound Annual Growth
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Rate (CAGR) for sector production. The CAGR represents the average percentage growth
of a quantity over a period of time [33].

In our case, the equation for the calculation will be

Xn+1 = Xn × (C + 1)

where

• Xn+1 is the forecasted production for year n + 1.
• Xn is the production value for year n (in the initial case Xn = X0, which represents the

actual production in the year 2022).
• C is the CAGR index, estimated as per the guidelines provided by the working group.

The CAGR has been assumed, with the agreement of the working group, to be 1.5%
per year until 2035 for the production of glass containers, and 0.5% from 2036 to 2050. For
the other clusters (flat glass production, others, and electric and gas transformers), the
CAGR is 1% and 0.5%, respectively. This approach made it possible to outline the Business
as Usual (BAU) scenario, i.e., the emission trajectory in the absence of decarbonization
interventions, and to quantify the gap relative to the emission reduction curve defined by
the Paris Agreement necessary to achieve the net zero emissions target by 2050.

This allows for delineation of the BAU scenario—i.e., the emissions trajectory in the
absence of decarbonization interventions—and quantifies the gap compared to the emission
reduction curve defined by the Paris Agreement necessary to achieve the net-zero target
by 2050.

National glass production is expected to grow from 6.7 million tons in 2022 to
7.7 million tons in 2035 and 8.3 million tons in 2050. Without decarbonization strate-
gies, this production growth will result in an absolute increase in CO2 emissions generated
by the sector in the coming years. For this reason, it is essential to intervene with a
strategy targeting both direct emissions (Scope 1) and indirect emissions (Scope 2), as
already described.

The emission trend presented in the Figure 1 illustrates the projected CO2 emissions
for the Italian glass sector in 2035 and 2050 under the BAU scenario. Two key dynamics
are highlighted: Increase in Scope 1 emissions—as production volumes grow, direct emis-
sions from process-related fossil fuel combustion rise proportionally. These represent the
dominant share of total sectoral emissions.

Figure 1. Trend in CO2 emissions in the glass sector in Italy under the Business As Usual (BAU)
scenario—Scopes 1 and 2.
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Decrease in Scope 2 emissions—indirect emissions from electricity consumption are
expected to decline due to a progressive decarbonization of the national energy mix, with
a growing share of renewable energy, as projected by the International Energy Agency
(IEA) [34].

In 2022, total sector emissions amounted to 3.7 million tons of CO2, split between
Scope 1 and Scope 2. Under the BAU scenario, total emissions are projected to slightly
decrease by 2050, reaching 3.43 million tons of CO2. However, this reduction remains
insufficient to meet the targets outlined in the Paris Agreement, as shown by the reference
decarbonization curve. Without substantial policy acceleration—such as a potential revision
of the EU ETS that anticipates net-zero targets by 2040—the current trajectory falls short of
global climate goals.

This analysis underscores the need for urgent and concrete actions to enhance energy
efficiency and accelerate the integration of low-carbon technologies across the sector. While
the projected decrease in Scope 2 emissions is promising, its realization will depend criti-
cally on the national energy system’s ability to consistently support a transition toward
renewable sources.

2.4.2. Green Fuels and CCS Scenarios

The BAU scenario analyzed from 2022 to 2050 serves as the reference trajectory for
defining the decarbonization strategy of the Italian glass sector. The strategy is designed
based on available technologies and adapted to the sector’s operational characteristics. A
total of seven decarbonization levers are considered, with six targeting direct emissions
(Scope 1) and one, sourcing green energy, addressing indirect emissions (Scope 2).

These levers are intended to be flexibly combined, depending on plant-specific con-
straints and production types. Diversification across solutions is considered essential for
reaching net-zero objectives.

Regarding direct emission reductions, two differentiated strategies are foreseen for
glass manufacturers (container, flat, and other types of glass) and transformers. In the first
case, for glass manufacturers, the strategies to consider are Green Fuels or CCS.

The Green Fuels strategy integrates six decarbonization levers for reducing direct
emissions, with Green Fuels and CCS being the most impactful. The interventions are
structured in different time phases, as follows:

1. Furnace efficiency improvement—further efficiency upgrades yield a 5% reduction in
emissions by 2035. This reduction will be maintained at a constant level from 2035
to 2050 compared to the BAU scenario. The impact is limited due to already high
efficiency levels in Italian glassworks.

2. Increase in the use of secondary raw materials—raises the share of recycled glass, with
a 2.8% emission reduction by 2035. This reduction will remain constant from 2035 to
2050 compared to the BAU scenario. Adoption is constrained by technical limitations.

3. Large-scale electrification—electrification of furnaces requires plant modifications,
making full implementation of this strategy unlikely by 2035. Therefore, electrification
interventions are divided into two main phases:

# Pre-2035: a gradual emission reduction of up to 9% (vs. BAU).
# Post-2035: a gradual emission reduction of up to 16% (vs. BAU).

4. Alternative raw materials—the use of decarbonized raw materials is also considered
to further reduce process emissions. However, the impact of this lever will be limited
(gradual reduction in emissions to 4.3% by 2035) due to the limited availability of
these materials on the market.

5. Alternative fuels—in the coming years, the use of alternative fuels such as biomethane
and hydrogen is expected, while maintaining the current furnace infrastructure. Their
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use will grow progressively until 2050, resulting in a significant reduction in emissions,
amounting to 45% compared to the BAU scenario.

6. CCS—due to the low technological maturity of this lever, CCS implementation is not
expected before 2035. By 2050, CCS plants are expected to be implemented to capture
residual process emissions, completing the transition to a low-emission scenario.

The CCS strategy, in the event of possible unavailability of Green Fuels, initially
involves a phase of energy efficiency and electrification, which reduces emissions by a
total of 21%. The implementation of the Green Fuels lever will contribute to an additional
reduction of 7%. The fourth lever, cullet (recycled glass), has an insignificant impact,
contributing to a reduction of 3%. Finally, the CCS technology comes into play in the final
phase, significantly reducing residual emissions by 69%, equivalent to 1.9 million tons of
CO2eq. CCS is therefore applied to all emissions not covered by the other five levers.

In the CCS scenario, a series of emission reduction interventions are foreseen, struc-
tured in different time phases, as follows:

1. Furnace efficiency improvement—as per the Green Fuels scenario.
2. Increase in the use of secondary raw materials—same as above.
3. Large-scale electrification—same as above.
4. Alternative raw materials—considered zero in this scenario.
5. Alternative fuels—in the coming years, the use of alternative fuels such as biomethane

and hydrogen is expected while maintaining the current furnace infrastructure. Their
use will grow progressively until 2050, resulting in a reduction of emissions by 7%.

6. CCS—by 2050, CCS plants will be implemented as the central element of the emission
reduction strategy. This technology will manage not only residual process emissions
but also combustion-related emissions, contributing to a total reduction of emissions
by about 70% compared to BAU.

As mentioned, Scope 2 emissions for both strategies are addressed through a dedicated
lever focused on the progressive decarbonization of the energy supply. The strategy is
articulated in three main phases:

1. Initially, energy consumption is reduced through efficiency interventions. Although
the impact of this lever is limited, it is an essential step to maintain high production
standards and optimize the use of available energy.

2. Subsequently, a significant portion of the required energy will be provided through
off-site PPAs (Power Purchase Agreements), enabling direct access to zero-emission
green energy. However, the full utilization of this solution requires the development of
a more dynamic and liquid market that offers competitive prices and encourages wide
adoption. To maximize the benefits, on-site energy generation with self-consumption
should be increased.

3. Finally, to manage residual emissions, certified green energy will be purchased
through Guarantees of Origin, completing the process and ensuring the achieve-
ment of climate neutrality goals.

2.4.3. Strategy for the Glass Transformer Sector

The glass transformer sector, which includes over 300 companies, is primarily made
up of small and medium-sized enterprises with a turnover exceeding 500,000 euros in
2022. This segment of the glass industry is divided into two main categories: transformers
related to the automotive sector and those related to construction. Based on operational
characteristics, some companies primarily use electricity, while others combine electricity
with natural gas.
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In 2022, the sector emitted a total of 149,844 tons of CO2 equivalent. Of this, 15%
(22,476 tons) comes from Scope 1 (direct emissions), while 85% (127,368 tons) is attributed
to Scope 2 (indirect emissions related to the electricity consumed).

Scope 1 emissions mainly come from the use of natural gas in tempering processes,
which is particularly important in the automotive sector. To reduce these emissions, the
proposed strategy focuses on increasing the electrification of production processes, re-
placing some of the gas usage with electricity. This approach aims for a 7% reduction in
Scope 1 emissions.

Scope 2 emissions, which make up the majority of the sector’s total emissions, are
linked to the consumption of purchased electricity. The strategy for these emissions involves
a shift to a more sustainable Italian energy mix, with greater penetration of renewable
energy sources. Additionally, the adoption of Power Purchase Agreements (PPAs) to
purchase certified renewable energy will help reduce residual emissions, supporting a
faster transition toward an overall reduction in Scope 2 emissions. As outlined in the text,
these decarbonization strategies indicate that for the transformer sector, energy efficiency
and electrification are key solutions, but the shift to renewable energy sources is also a
crucial priority for reducing emissions in the long term.

2.4.4. Technical-Economic Assumptions

The next section presents a summary of the technical–economic assumptions for
the glass sector’s decarbonization strategy. These assumptions result from the rework-
ing of data received from the sector’s working group, market research, and available
research, aiming to outline the optimal transition path for the industrial sector towards
lower carbon intensity.

Table 1 summarizes the main numerical assumptions used in the analysis and drafting
of the decarbonization strategies for the glass sector, including data on projected emissions
and the technologies involved.

Table 1. Technical–economic assumptions.

Green fuels hydrogen furnace capex (to
adapt the furnace) 5.70 EUR/ton

Hydrogen furnace lifetime 10 years

Green fuels hydrogen furnace opex (2023) 13 EUR/kg [35]

Green fuels hydrogen furnace opex (2050) 5.5 EUR/kg [35]

Green fuels biogas furnace capex 0

Green fuels biogas furnace opex (2023) 110 EUR/MWh [36]

Green fuels biogas furnace opex (2050) 50 EUR/MWh [36]

Hydrogen production efficiency through
electrolysis 70% [37–39]

Specific consumption for hydrogen
production 51 kWh/kg H2 [37–39]

H2 LHV 121 MJ/kg/36.39 kWh/kg

CCS capex 65.5 EUR/tonCO2 captured and [40]

CCS lifetime 20 years [40]

CCS opex 43.96 EUR/ton CO2 captured and [40]

Energy efficiency capex 2,000,000 EUR/kt di CO2 saved

Energy efficiency lifetime 15 years
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Table 1. Cont.

Energy efficiency OPEX 0

Increase in glass cullet usage CAPEX 0

CO2 savings due to raw materials 1.8%

Savings due to energy consumption
reduction

1.2%, of which 1.0% is due to the reduction
in natural gas usage—0.2% is due to the
reduction in electricity consumption [11]

Pre-calcined raw materials capex 0

Pre-calcined raw materials opex 3 EUR/additional tons of glass compared
to virgin raw materials

Further electrification of production
processes capex 3,500,000 EUR/kt di CO2 saved

Investment lifetime 10 years

Further electrification of production
processes opex 30 EUR/t_glass produced

Natural gas cost (2023) 60 EUR/MWh [41]

Natural gas cost (2050) 48 EUR/MWh [41]

Electricity cost (2023) 200 EUR/MWh [42]

Electricity cost (2050) 143 EUR/MWh [42]

Emission factor electricity 0.2826 tCO2e/MWh [18]

Emission factor natural gas 0.00204 tCO2e/smc [18]

Emission factor fuel oil 0.00254 tCO2e/l [18]

Gas energy conversion 0.203 tCO2e/MWh gas [18]

Electricity energy conversion 0.283 tCO2e/MWh e.e. [18]

Additional assumptions are as follows:

• Biogas can be burned in the furnace as if it were natural gas, so there is no capex related
to potential plant modifications to be made, as would be the case with hydrogen
combustion.

• The strategy involves replacing 20% of the remaining natural gas demand with
biomethane. The remaining 80% of the natural gas demand is replaced with green
hydrogen.

• The electrification strategy aims to cover up to 40% of the energy input for glass
melting and up to 80% for other stages of the process.

• Since large-scale electrification is primarily feasible during furnace reconstruction, it
is unlikely that this strategy can be fully implemented by 2035. Consequently, the
interventions are divided into two phases (pre- and post-2035).

For the calculation of greenhouse gas emissions and the construction of projections to
2050, the emission and conversion factors provided by DEFRA (Department for Environ-
ment, Food & Rural Affairs) were used.

3. Results
The projection of CO2 emissions reduction by 2050 highlights the contribution of

each lever in the strategy. Scope 1 emissions, which amounted to 2.7 million tons of
CO2 equivalent in 2022, are progressively reduced until they are eliminated through the
combined adoption of the levers.
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3.1. Results of the Green Fuels Scenario

In the initial phase, the implementation of energy efficiency and electrification levers
allows for a reduction of 5% and 16%, respectively, compared to baseline levels. Subse-
quently, the adoption of Green Fuels proved to be the most effective measure, leading to a
reduction of 45% compared to the initial condition. The use of cullet further contributes,
with a 3% reduction. Finally, carbon capture and storage (CCS) represents the second most
significant lever, contributing to a reduction of 26%. This technology is capable of eliminat-
ing the residual emissions that cannot be removed by the previous levers. Lastly, the use of
alternative raw materials (precalcined, MPA) further reduces emissions by 4%, ultimately
bringing them to zero by 2050. It should be noted that the adoption of alternative raw
materials was not significantly included in the strategy. This is because CCS technologies,
applied at the final stage, fully eliminate process emissions, making the use of a high-cost
technological lever, which has limited availability on the market, unnecessary. Thanks to
the overall contribution of these levers, Scope 1 emissions will be reduced to zero by 2050,
in line with the commitments of the Paris Agreement.

In summary, in the Green Fuels strategy, the Green Fuels and CCS levers play a central
role. The former involves reducing the consumption of traditional fossil fuels, primarily
natural gas, by using alternative fuels such as biomethane and hydrogen. The latter applies
CCS technology at the final stage, addressing only the residual emissions that cannot be
eliminated by the previous levers. Additionally, the strategy integrates the use of alternative
raw materials (MPA), which are not included in the CCS strategy. A projection of Scope
1 emissions over the years, as a result of the implementation of the described strategy, is
shown in Figure 2, where it can also be compared with the emissions trend in the BAU
scenario, with no intervention.

Figure 2. Comparison of Scope 1 emission trends in the GF scenario vs. BAU scenario.

The strategy involves increasing annual costs and imposing progressively higher
financial burdens on glass sector companies. To illustrate the economic impact of this
strategy, two key years have been identified: 2035 and 2050.

The year 2035 represents the “threshold year”, from which point the large-scale im-
plementation of significant measures is anticipated, such as the adoption of CCS tech-
nologies and the refurbishment of furnaces to make them compatible with hydrogen use
(“hydrogen-ready”).
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The year 2050 is the target year for achieving full decarbonization, in line with the
European Union’s climate objectives. In these reference years, companies are expected to
incur considerable additional costs, resulting both from investments in capital expenditure
(Capex) and operational expenditure (Opex). However, potential savings are expected
from the reduction in CO2 emissions due to the reduced energy consumption following
the application of measures such as energy efficiency improvements and further use of
glass cullet.

In comparison with the CCS-based strategy, a critical element is the high costs associ-
ated with sourcing green hydrogen and biofuels. These energy vectors are essential for re-
ducing emissions, but their use presents significant economic and infrastructure challenges.

Additionally, this strategy includes the use of decarbonized raw materials. While
this contributes to further reducing the overall carbon footprint, it incurs additional costs
related to sourcing and managing the new supply chain.

The total cumulative cost by 2050 for this strategy is EUR 14.81 billion, divided into
EUR 4.24 billion for Capex and EUR 10.58 billion for Opex.

3.2. Results of the CCS Scenario

Thanks to the combined contribution of all these measures, Scope 1 emissions are
reduced to zero by 2050, thereby achieving the carbon neutrality target. The initial mea-
sures have a gradual and limited impact, while CCS technologies play a crucial role in
managing residual emissions. Similar to the Green Fuels strategy, the CCS strategy also
presents a comparison between the BAU scenario and the CCS strategy concerning the
reduction in Scope 1 emissions and the growth of production in the glass sector. As shown
in Figure 3, the BAU scenario predicts a constant increase in CO2 emissions alongside
production growth.

Figure 3. Comparison of Scope 1 emission trends—CCS scenario vs. BAU scenario.

In contrast, the CCS strategy shows a significant reduction in Scope 1 emissions
despite increased production. Starting from 2.7 million tons of CO2 in 2022, emissions
follow a decreasing trajectory; until 2035, the year the CCS technology is expected to be
operational, and the other planned measures contribute to a −22% reduction in emissions.
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From 2035 onwards, the trend continues to decline until it reaches zero, mainly due to the
implementation of CCS technologies to capture and store residual emissions.

Unlike the Green Fuels strategy, the CCS strategy incurs higher capital expenditures
(Capex), not in 2035 but in 2050, when the construction of CCS plants is estimated to begin.
The total cumulative costs by 2050 for this strategy amount to EUR 11.23 billion, divided
into EUR 5.39 billion for Capex and EUR 5.84 billion for Opex.

3.3. Comparison Between the Two Scenarios

The estimated additional costs by 2050 for implementing the various decarbonization
measures vary depending on the scenario considered. Specifically, the additional annual
costs by 2050, including both Opex and Capex, are approximately EUR 15 billion in the
Green Fuels Scenario and about EUR 11 billion in the CCS Scenario. These costs are
accompanied by a reduction of 2.8 million tons of CO2 emissions compared to the Business
As Usual (BAU) scenario.

In the Green Fuels scenario, the higher expenditure is attributed to the lack of com-
petitiveness of green fuels in the market. In this strategy, green fuels (green hydrogen
and biofuels) represent the main decarbonization vector, but their high production and
procurement costs significantly impact the total operating costs.

In the CCS scenario, however, the strategy requires substantial initial investments for
the construction of large carbon capture plants. These plants are designed to capture up to
70% of the total CO2 equivalent emissions produced by the glass sector. While investment
costs are high, CCS provides a long-term solution with relatively lower operational costs
compared to green fuels.

In conclusion, while the Green Fuels strategy involves continuous operating costs
and depends on fuels with currently high prices, the CCS strategy requires high initial
investments but offers a reduction in emissions with a more stable cost structure in the
long run.

Figure 4 shows the decarbonization strategy costs per ton of glass, considering the
impact of the EU ETS system. In the scenario where Net Zero is achieved by 2050, the ETS
costs will be zero, in line with the Paris Agreement targets. In Figure 5, the final results of
the two strategies, divided into capex and opex, are reported.

Figure 4. Comparison between the two scenarios with cost in EUR/ton of glass.

In the end, in this study, a set of formulas and methodologies were applied to calculate
the emission reductions across various decarbonization levers for the Italian glass sector.
The model calculates residual emissions based on specific emission factors and the contri-
bution of each lever. Each lever’s impact is quantified by calculating the emissions reduced
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per year, factoring in energy savings and associated costs. Economic savings from reduced
energy use are also calculated, and costs for each lever are derived from assumptions about
CAPEX, OPEX, and the price of energy sources.

Figure 5. Comparison between the two scenarios with capex—opex.

3.4. Comparison with Other International Strategies

For this study, publications analyzing the glass sector across all its segments have been
thoroughly examined. In the context of European analysis, it is crucial to also consider
country-specific factors, such as energy costs, which can vary significantly. This section
provides a brief comparison of the conclusions from analyses of Germany, France, and
the United Kingdom—three countries with industrial characteristics similar to Italy’s,
both in terms of the importance of the glass sector and its production segmentation and
technological level (Table 2).

Table 2. Key industry metrics for these three countries compared to Italy.

Total Annual
Production
(Millions of

Tons)

Annual Estimate
of Total Supply

Chain Emissions
(MtCO2)

Annual Energy
Consumption (TWh) Use of Cullet

(Container
Glass)Natural

Gas Electricity

Germany 7.46 4.9 13.5 4 80%

France 5 2.7 8.5 2.4 74%

UK 3.5 1.5 6 1 71%

Italy 6.1 3.5 12 4 80%
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For Germany and the United Kingdom, industry associations have already released
detailed studies regarding the prospects for emission reductions. The scientific committee
assigned to the Fédération des Chambres Syndicales des Industries du Verre in France has
also carried out similar work [43].

In general, these publications identify a decarbonization framework consistent with the
one presented in this publication. For the French and UK sectors, the scenarios outlined in
these documents foresee a more prominent role for full electrification. The German median
scenario (referred to as the “hybrid scenario”) focuses more on the gradual penetration of
various hybrid furnace technologies, starting in 2025, maintaining a natural gas component
while increasing the percentage of electrification (up to 60–80% in so-called “super-hybrid”
furnaces) only after 2035. It is only in the second decade of the decarbonization period that
the spread of hybrid and super-hybrid furnaces fueled by hydrogen for combustion and a
relatively small component of full-electric furnaces is expected.

Moreover, the French and British strategies emphasize the need to consider, at least in
the short term, the contribution of alternative fuels such as biomethane or liquid biofuels.
In contrast, the decarbonization model developed by the German industry envisages
limited use of Carbon Capture and Storage (CCS), as it is considered less applicable due to
widespread public opposition, limiting the technology’s application to an alternative of
Carbon Capture and Utilization (reuse of carbon dioxide in other production processes).
The French approach to CCUS is similar. British glass, however, does include this lever in
its decarbonization framework. Regardless, all documents assert that achieving carbon
neutrality by 2050 is feasible for the sector, although they emphasize that the actual goal
will depend on having a favorable overall context, determined by competitive energy
prices, fuels, and alternative production technologies, as well as regulatory support.

4. Technical Barriers
To analyze the decarbonization levers of the sector, it is essential to consider the key

challenges in their implementation. Each lever will require different timelines based on
its regulatory, technical, infrastructural, and economic feasibility. Major obstacles include
the costs of alternative energy carriers and carbon capture, which are critical for emission
reduction technologies. Two key aspects arise: the first is the timing of the levers, with some,
like CCS, potentially only being applicable in a later phase due to ongoing technological
development; the second is the intensity of their contribution to decarbonization. Aside
from the temporal dimension, implementation challenges need to be addressed. The use of
Green Fuels would have a significant impact economically, normatively, technically, and
infrastructurally. In summary, the application of decarbonization levers faces four main
barriers: economic, regulatory, technical, and infrastructural.

Barriers to applying the levers include the following:
For green fuels, biogas can be burned in existing furnaces without modifications, while

hydrogen may require changes at high blending percentages. The main obstacle lies in the
availability of hydrogen and biomethane in sufficient quantities to replace natural gas in
high-consumption industries like glass production. Additionally, logistical, organizational,
and financial challenges arise if hydrogen or biomethane cannot pass through the existing
gas network. Regarding operational costs, hydrogen supply is currently prohibitively
expensive without significant price reductions or strong incentives.

For energy efficiency, barriers include high investment costs, especially considering
diminishing returns, and logistical challenges in implementing heat recovery systems due
to the existing production line configurations.

For electrification, barriers include the limited capacity of electric furnaces compared
to gas-fired ones, the need for significant changes to production lines when transitioning
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to electric furnaces, and the incompatibility of electric furnace technology with current
thermal recovery initiatives. Moreover, electric furnaces have shorter lifespans and higher
operating costs due to electricity prices.

Regarding the increased use of cullet (scrap glass), challenges include inconsistent
collection and selection rates by glass type, the limited domestic availability of cullet due
to export, and significant price fluctuations in the cullet market.

For pre-calcined raw materials, barriers include high production costs, limited calci-
nation facility availability, emissions during calcination, potential furnace redesign costs,
and challenges in material composition affecting the final product. The lack of economic
support makes these materials less competitive.

For green energy sourcing, barriers include the need for significant investment in PPAs
or self-production, insufficient renewable energy supply, and grid integration challenges
due to the intermittent nature of renewable sources.

Regarding CCS technology, barriers include difficulty finding suitable geological
storage sites, the complexity and high cost of CO2 separation, and the energy-intensive
nature of CCS, which raises operational costs. There are also risks of long-term CO2 leakage
and the lack of transportation infrastructure for CO2. Regulatory hurdles and delays in
obtaining permits further complicate CCS implementation.

5. Discussion
The emissions reduction strategy represents a complex and demanding challenge.

Public institutions must play a leading role in this process. In this context, the main
systemic issues hindering the implementation of the strategy can be grouped into three
broad categories:

• Bureaucratic complexity;
• The need for infrastructure adaptation and modernization of the national system,

which is strategically important for the effective implementation of levers such as
hydrogen or CCS;

• High investment costs.

This section presents several proposals that could positively contribute to achieving
carbon neutrality for businesses. Specific regulatory proposals for each decarbonization
lever are also discussed.

• Support for Production Process: Change to support the transition to more sustainable
production processes, and economic support for investments necessary to modify
production processes for industrial transition must be considered. An additional key
element is supporting the purchase of zero-emission energy, such as decarbonized
electricity and hydrogen, to ensure that production costs remain competitive and that
there are balanced competition conditions among Member States.

• Bureaucratic simplification and priority support are other aspects to consider in mak-
ing key resources more accessible, such as increasing available electricity generation
and transport capacity and the possibility of purchasing energy from renewable or
decarbonized sources, as well as simplifying the use of public lands for renewable
energy facilities. It is also crucial to ensure that European funds are available to small
and medium-sized enterprises, reducing investment risks and making the transition
accessible to all production entities.

• Finally, to protect the sector from unfair practices, strengthening trade defense mea-
sures against imports from third countries with less advanced environmental regu-
lations is necessary. This can be achieved by accelerating the introduction of anti-
dumping and anti-circumvention tariffs, as well as promoting new measures to protect
domestic production and incentivize global environmental sustainability.
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• Infrastructure: The development of network infrastructures is another key element
to support the energy transition. The proposal includes strengthening the electrical
system, implementing CCS technology, and developing networks dedicated to hy-
drogen. To enable this, particular attention must be paid to cost distribution through
appropriate tariffing methods and to implementation timelines, which must proceed
in parallel with the adaptation of manufacturing plants. This is necessary to avoid
critical situations, such as the push for the electrification of furnaces without first
ensuring systemically an adequate and resilient energy supply grid.

• Green Sourcing: Green energy sourcing requires specific measures. First, it is essen-
tial to define a production plan with predetermined quantities at fixed prices, using
mechanisms such as ex-ante auctions. This is complemented by area planning, identi-
fying public spaces exclusively for facilities dedicated to supplying energy-intensive
processes. In this context, the most energy-intensive industrial processes must be
considered a priority to allow them to decarbonize ahead of other sectors.

6. Conclusions
This study has examined decarbonization pathways available to the Italian glass sector,

identifying effective combinations of technological levers capable of aligning with national
and European climate targets. The analysis confirms that the path to climate neutrality
is technically and economically feasible, provided it is enabled by a favorable regulatory
framework, further development of infrastructures (e.g., for “clean” electricity production
and distribution, green fuel production and distribution, CO2 transport, etc.), adequate
financial support, and shared commitment between industry, stakeholders and institutions.
The strategy centered on “green fuels”—particularly hydrogen—is a promising option
for the Italian context, despite requiring substantial and well-coordinated infrastructure
investments and being subject to hardly predictable geo-political pressures (wars, tariffs,
“environmentally unfair” competition, legislative framework changes, resource scarcity
crises, etc.). This approach offers a key advantage: it reduces emissions at the source, effec-
tively preventing their generation, unlike the alternative strategy of carbon capture, which
merely relocates emissions through safe geological storage, and has to face the additional
potential geopolitical risk of storage scarcity crises. The proposed decarbonization levers
are broadly applicable to other countries, provided they are adapted to local conditions.
However, the relative degree to which they can be implemented—especially in terms of
deployment percentages—depends heavily on each country’s specific circumstances. This
became evident in the comparison with other national strategies. This study also provided
a quantitative assessment of investment needs, estimating over EUR 10 billion in cumu-
lative expenditure by 2050 under both scenarios. Ensuring the financial sustainability of
this transition will require either public support or a virtuous investment cycle within
the industry.

Grounded in the specific characteristics of the Italian context, this research provided
a detailed assessment of the sector’s current state and highlighted the key factors, both
infrastructural and non-infrastructural, necessary for a viable decarbonization path. It
proposed an innovative framework that integrates multiple transition levers, such as energy
efficiency improvements, increased use of recycled cullet, further electrification, adoption
of green fuels, and carbon capture and storage (CCS) technologies. These strategies not only
contribute to theoretical advancements but also enhance the practical understanding of
industrial decarbonization processes. Furthermore, this study provided a quantitative eval-
uation of the required investments and infrastructure, offering strategic insights to guide
decision-making for industrial stakeholders and policymakers. Through its integrated ap-
proach, this work made a contribution to the literature on decarbonizing energy-intensive
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industries, particularly in the Italian context. The main limitation of this study lies in the
difficulty of predicting which technologies will ultimately be the most successful, whether
the necessary infrastructures for implementing the transition levers will be developed by
institutions, and whether the assumptions made will hold true in the future. The ongoing
development of this study will involve periodic updates to reflect new developments
and the evolving landscape of the sector. Despite these uncertainties, this study offers a
validated reference framework for policymakers and industrial stakeholders and makes
a meaningful contribution to the literature on decarbonizing energy-intensive industries
in Europe.
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Abbreviations
The following abbreviations are used in this manuscript:

PNIEC National Integrated Energy and Climate Plan
PNRR National Recovery and Resilience Plan
BAU Business As Usual
CoReVe Consortium for the Recovery of Glass
CCS Carbon Capture Storage
OFMSW Organic Fraction of Municipal Solid Waste
ETS Emission Trading System
MEA MonoEthanolAmine
CAGR Compound Annual Growth Rate
LHV Lower Heating Value
DEFRA Department for Environment, Food & Rural Affairs
MPA Alternative Raw Materials
CCUS Carbon Capture and Utilization

References
1. Green Deal European. Available online: https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-

green-deal_it (accessed on 11 June 2023).
2. Consilium. Fit for 55—The EU’s Plan for a Green Transition. Available online: https://www.consilium.europa.eu/en/policies/

fit-for-55/ (accessed on 25 December 2024).
3. European Commission. REPowerEU: A Plan to Rapidly Reduce Dependence on Russian Fossil Fuels and Fast Forward the Green

Transition. Available online: https://ec.europa.eu/commission/presscorner/detail/en/IP_22_3131 (accessed on 27 November
2023).

4. European Commission. Net-Zero Industry Act. Available online: https://commission.europa.eu/strategy-and-policy/priorities-
2019-2024/european-green-deal/green-deal-industrial-plan/net-zero-industry-act_en (accessed on 25 December 2024).

5. European Commission. What Is the EU ETS? Available online: https://climate.ec.europa.eu/eu-action/eu-emissions-trading-
system-eu-ets/what-eu-ets_en (accessed on 25 December 2024).

6. Pubblicato il Testo Definitivo del Piano Energia e Clima (PNIEC)|Ministero dell’Ambiente e della Sicurezza Energetica. Available
online: https://www.mase.gov.it/comunicati/pubblicato-il-testo-definitivo-del-piano-energia-e-clima-pniec (accessed on 8
May 2025).

7. Piano Nazionale Ripresa e Resilienza. Available online: https://www.mimit.gov.it/it/pnrr/piano (accessed on 8 May 2025).

https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_it
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_it
https://www.consilium.europa.eu/en/policies/fit-for-55/
https://www.consilium.europa.eu/en/policies/fit-for-55/
https://ec.europa.eu/commission/presscorner/detail/en/IP_22_3131
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal/green-deal-industrial-plan/net-zero-industry-act_en
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal/green-deal-industrial-plan/net-zero-industry-act_en
https://climate.ec.europa.eu/eu-action/eu-emissions-trading-system-eu-ets/what-eu-ets_en
https://climate.ec.europa.eu/eu-action/eu-emissions-trading-system-eu-ets/what-eu-ets_en
https://www.mase.gov.it/comunicati/pubblicato-il-testo-definitivo-del-piano-energia-e-clima-pniec
https://www.mimit.gov.it/it/pnrr/piano


Gases 2025, 5, 11 21 of 22

8. Riforma 1.1—Strategia Nazionale per l’economia Circolare|Ministero dell’Ambiente e della Sicurezza Energetica’. Available
online: https://www.mase.gov.it/pagina/riforma-1-1-strategia-nazionale-l-economia-circolare (accessed on 25 December 2024).

9. Classificazione Delle Attività Economiche Ateco. Available online: https://www.istat.it/it/archivio/17888 (accessed on 4
September 2023).

10. ‘Rapporto di Sostenibilità 2023’, Assovetro-Associazione Nazionale degli Industriali del Vetro. Available online: https://www.
assovetro.it/documento/rapporto-di-sostenibilita-2023/ (accessed on 10 June 2025).

11. Atzori, D.; Tiozzo, S.; Vellini, M.; Gambini, M.; Mazzoni, S. Industrial Technologies for CO2 Reduction Applicable to Glass
Furnaces. Thermo 2023, 3, 682–710. [CrossRef]

12. Zier, M.; Stenzel, P.; Kotzur, L.; Stolten, D. A review of decarbonization options for the glass industry. Energy Convers. Manag. X
2021, 10, 100083. [CrossRef]

13. Furszyfer Del Rio, D.D.; Sovacool, B.K.; Foley, A.M.; Griffiths, S.; Bazilian, M.; Kim, J.; Rooney, D. Decarbonizing the glass
industry: A critical and systematic review of developments, sociotechnical systems and policy options. Renew. Sustain. Energy
Rev. 2022, 155, 111885. [CrossRef]

14. Griffin, P.W.; 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]

15. 2‘Industrial Decarbonization Pact: Un’alleanza per la Piena Decarbonizzazione dei Settori Hard to Abate’, BCG Global. Available
online: https://www.bcg.com/publications/2022/industrial-decarbonization-pact1 (accessed on 10 June 2025).

16. ISPRA Istituto Superiore per la Protezione e la Ricerca Ambientale. Emission Trading Europeo. Available online: https:
//www.isprambiente.gov.it/it/servizi/registro-italiano-emission-trading/contesto/emission-trading-europeo (accessed on 11
June 2023).

17. Homepage|GHG Protocol. Available online: https://ghgprotocol.org/ (accessed on 26 December 2024).
18. GOV.UK. Department for Environment, Food and Rural Affairs. Available online: https://www.gov.uk/government/

organisations/department-for-environment-food-rural-affairs (accessed on 26 December 2024).
19. Fiehl, M.; Leicher, J.; Giese, A.; Görner, K.; Fleischmann, B.; Spielmann, S. Biogas as a co-firing fuel in thermal processing

industries: Implementation in a glass melting furnace. Energy Procedia 2017, 120, 302–308. [CrossRef]
20. Torrijos, M. State of Development of Biogas Production in Europe. Procedia Environ. Sci. 2016, 35, 881–889. [CrossRef]
21. Tapia, J.F.D.; Lee, J.-Y.; Ooi, R.E.H.; Foo, D.C.Y.; Tan, R.R. A review of optimization and decision-making models for the planning

of CO2 capture, utilization and storage (CCUS) systems. Sustain. Prod. Consum. 2018, 13, 1–15. [CrossRef]
22. Chan, Y.; Petithuguenin, L.; Fleiter, T.; Herbst, A.; Arens, M.; Stevenson, P. Industrial Innovation: Pathways to Deep Decarbonisa-

tion of Industry. Pt. 1: Technology Analysis. ICF: London, UK, 2019.
23. Atzori, D.; Bassano, C.; Tiozzo, S.; Corasaniti, S.; Spena, A. Energy Efficiency Indicators About an Italian Representative Hollow

Glass Plant. Energies 2025, 18, 1737. [CrossRef]
24. Martini, C.; Martini, F.; Salvio, M.; Toro, C. Quaderni Dell’efficienza Energetica—VETRO; ENEA: Rome, Italy, 2021.
25. Wesseling, J.H.; Lechtenböhmer, S.; Åhman, 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]

26. EURACTIV. Glass Industry Boss: Replacing Old Windows Can Bring Huge Energy Savings. Available online: https://www.
euractiv.com/section/energy/interview/glass-industry-boss-replacing-old-windows-can-bring-huge-energy-savings/ (ac-
cessed on 8 June 2023).

27. Coreve. Consorzio per il Riciclo del Vetro. Available online: https://coreve.it/ (accessed on 26 December 2024).
28. Somerhausen, B.; Di Marino, E.; Hunturk, T.; Ceola, S. Benefits for fiber glass producers to use calcium oxide in their raw material.

In Proceedings of the ICG Conference 2017, Kyoto, Japan, 2–7 December 2017.
29. Glass Alliance Europe. The European Glass Sector Contribution to a Climate Neutral Economy. May 2021. Available online: https:

//glassallianceeurope.eu/wp-content/uploads/2021/05/2021-05-05-gae-position-paper-on-decarbonisation-v2_file.pdf (ac-
cessed on 10 June 2025).

30. European Commission. Joint Research Centre. Institute for Prospective Technological Studies. Best available techniques (BAT)
Reference Document for the Manufacture of Glass: Industrial Emissions Directive 2010/75/EU: Integrated Pollution Prevention
and Control. LU: Publications Office. 2013. Available online: https://data.europa.eu/doi/10.2791/69502 (accessed on 30
December 2021).

31. Cembureau. Available online: https://cembureau.eu/ (accessed on 26 December 2024).
32. The World Business Council for Sustainable Development (WBCSD). Available online: https://www.wbcsd.org/ (accessed on 26

December 2024).
33. Brewer, D.J.; Picus, L.O. Encyclopedia of Education Economics and Finance; SAGE Publications, Inc.: Thousand Oaks, CA, USA, 2014;

Volume 2.

https://www.mase.gov.it/pagina/riforma-1-1-strategia-nazionale-l-economia-circolare
https://www.istat.it/it/archivio/17888
https://www.assovetro.it/documento/rapporto-di-sostenibilita-2023/
https://www.assovetro.it/documento/rapporto-di-sostenibilita-2023/
https://doi.org/10.3390/thermo3040039
https://doi.org/10.1016/j.ecmx.2021.100083
https://doi.org/10.1016/j.rser.2021.111885
https://doi.org/10.1016/j.adapen.2021.100037
https://www.bcg.com/publications/2022/industrial-decarbonization-pact1
https://www.isprambiente.gov.it/it/servizi/registro-italiano-emission-trading/contesto/emission-trading-europeo
https://www.isprambiente.gov.it/it/servizi/registro-italiano-emission-trading/contesto/emission-trading-europeo
https://ghgprotocol.org/
https://www.gov.uk/government/organisations/department-for-environment-food-rural-affairs
https://www.gov.uk/government/organisations/department-for-environment-food-rural-affairs
https://doi.org/10.1016/j.egypro.2017.07.221
https://doi.org/10.1016/j.proenv.2016.07.043
https://doi.org/10.1016/j.spc.2017.10.001
https://doi.org/10.3390/en18071737
https://doi.org/10.1016/j.rser.2017.05.156
https://www.euractiv.com/section/energy/interview/glass-industry-boss-replacing-old-windows-can-bring-huge-energy-savings/
https://www.euractiv.com/section/energy/interview/glass-industry-boss-replacing-old-windows-can-bring-huge-energy-savings/
https://coreve.it/
https://glassallianceeurope.eu/wp-content/uploads/2021/05/2021-05-05-gae-position-paper-on-decarbonisation-v2_file.pdf
https://glassallianceeurope.eu/wp-content/uploads/2021/05/2021-05-05-gae-position-paper-on-decarbonisation-v2_file.pdf
https://data.europa.eu/doi/10.2791/69502
https://cembureau.eu/
https://www.wbcsd.org/


Gases 2025, 5, 11 22 of 22

34. IEA. World Energy Outlook 2023—Analysis. Available online: https://www.iea.org/reports/world-energy-outlook-2023
(accessed on 26 December 2024).

35. Pellegrini, M.; Böhm, H.; Saccani, C.; Mulder, M.; Aloisio, D.; You, S.; Pumpa, M.; Keles, D.; Mörs, F.; Sergi, F.; et al. Perspectives
on green hydrogen in Europe—During an energy crisis and towards future climate neutrality. Oxf. Open Energy 2024, 3, oiae001.
[CrossRef]

36. Report-RIE_Le-Molteplici-Valenze-del-Biometano-per-una-Mobilita-Sostenibile. Available online: https://www.missionline.
it/mission-fleet-post/federmetano-lancia-la-mobilita-sostenibile-del-biometano/ (accessed on 26 December 2024).

37. James, B.; Analysis, S. Hydrogen Production Cost and Performance Analysis. Strategic Analysis, Inc.: Arlington, VA, USA, 2023.
Available online: https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/review23/p204_james_2023_o-
pdf.pdf (accessed on 26 December 2024).

38. Wang, T.; Cao, X.; Jiao, L. PEM water electrolysis for hydrogen production: Fundamentals, advances, and prospects. Carbon
Neutrality 2022, 1, 21. [CrossRef]

39. U.S. Department of Energy. Technical Targets for Proton Exchange Membrane Electrolysis. Available online: https://www.energy.
gov/eere/fuelcells/technical-targets-proton-exchange-membrane-electrolysis (accessed on 25 April 2025).

40. Kearns, D.D. Technology Readiness and Costs of Ccs; Global CCS Institute: Melbourne, Australia, 2019.
41. EUA Futures|ICE. Available online: https://www.ice.com/products/197/EUA-Futures/data?marketld=5474735&marketId=67

93133 (accessed on 31 August 2023).
42. Futures. Available online: https://www.eex.com/en/market-data/market-data-hub/power/futures#%7B%22snippetpicker%22:

%2224%22%7D (accessed on 25 April 2025).
43. Contrats de Transition Ecologique des 50 Sites Industriels Les Plus Emetteurs|Direction Générale des Entreprises. Avail-

able online: https://www.entreprises.gouv.fr/priorites-et-actions/transition-ecologique/decarboner-lindustrie/contrats-de-
transition-ecologique (accessed on 26 December 2024).

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://www.iea.org/reports/world-energy-outlook-2023
https://doi.org/10.1093/ooenergy/oiae001
https://www.missionline.it/mission-fleet-post/federmetano-lancia-la-mobilita-sostenibile-del-biometano/
https://www.missionline.it/mission-fleet-post/federmetano-lancia-la-mobilita-sostenibile-del-biometano/
https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/review23/p204_james_2023_o-pdf.pdf
https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/review23/p204_james_2023_o-pdf.pdf
https://doi.org/10.1007/s43979-022-00022-8
https://www.energy.gov/eere/fuelcells/technical-targets-proton-exchange-membrane-electrolysis
https://www.energy.gov/eere/fuelcells/technical-targets-proton-exchange-membrane-electrolysis
https://www.ice.com/products/197/EUA-Futures/data?marketld=5474735&marketId=6793133
https://www.ice.com/products/197/EUA-Futures/data?marketld=5474735&marketId=6793133
https://www.eex.com/en/market-data/market-data-hub/power/futures#%7B%22snippetpicker%22:%2224%22%7D
https://www.eex.com/en/market-data/market-data-hub/power/futures#%7B%22snippetpicker%22:%2224%22%7D
https://www.entreprises.gouv.fr/priorites-et-actions/transition-ecologique/decarboner-lindustrie/contrats-de-transition-ecologique
https://www.entreprises.gouv.fr/priorites-et-actions/transition-ecologique/decarboner-lindustrie/contrats-de-transition-ecologique

	Introduction 
	Materials and Methods 
	Decarbonization Levers 
	Green Fuels 
	Carbon Capture and Storage 
	Energy Efficiency 
	Further Electrification 
	Further Use of Cullet 
	Pre-Calcined Raw Materials 
	Sourcing of Green Energy 

	Definition of Sectors and Data Collection 
	Baseline Definition 
	Definition of Decarbonization Scenarios 
	Emissions Projections for the Sector 2035–2050 
	Green Fuels and CCS Scenarios 
	Strategy for the Glass Transformer Sector 
	Technical-Economic Assumptions 


	Results 
	Results of the Green Fuels Scenario 
	Results of the CCS Scenario 
	Comparison Between the Two Scenarios 
	Comparison with Other International Strategies 

	Technical Barriers 
	Discussion 
	Conclusions 
	References

