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Abstract: The share of industry in final global energy consumption was more than 30% in 2020, of
which, the hard-to-abate sectors accounted for almost 60% of total final consumption in industry.
Similarly, in Europe, industry accounts for around 25% of final energy consumption. In order to
reduce the impact of industry in energy consumption and greenhouse gas emissions, Europe has
set many policies that support and regulate the sector, including pricing carbon emissions in a
cap-and-trade scheme called the European Emission Trading Scheme (EU ETS). According to the
EU ETS, in 2021 the verified emissions of all stationary installations were around 1.3 billion tons of
carbon dioxide equivalent emissions. In 2021, the total allocated allowances amounted to around
1 billion tons of carbon dioxide equivalent emissions, half of which were freely allocated. After
reviewing the existing modeling approaches for industrial clusters and the available datasets, and
assessing the energy consumption and carbon dioxide emissions at plant level using a geographical
information system approach (GIS), a taxonomy for industrial cluster decarbonization was introduced.
This taxonomy shows that describing industry as sets of clustered installations rather than based
on the conventional sectoral economic classification provides more insights into energy transition.
First, the cluster description provides a more accurate techno-economic assessment based on a finer
characterization of economies of scale compared to traditional energy systems models. Second, the
industrial clustering approach may more realistically show the feasibility, in addition to the costs and
benefits from coupling industry with transport (e.g., industrial fleets and logistics) or buildings (e.g.,
city scale), due to a more detailed representation of the energy sources and sinks.

Keywords: industrial clusters; decarbonization; hard-to-abate sector; spatial analysis; industrial area;
database; geographical information system; taxonomy

1. Introduction

The term “industrial clusters” usually identifies a group of industries from the same
sectors or different sectors located in the same area. Since the early 1990s in the framework
of Industrial Ecology, specific industrial clusters have been studied through the indus-
trial symbiosis approach, in which single industrial plants cooperate with each other to
exchange energy and material flows, including waste and by-products, optimizing their
economic performance, and reducing their environmental impact [1]. More recently, indus-
trial clusters have gained interest in the decarbonization strategies of different countries
and in the literature because they have several advantages in accelerating the transition.
What makes clusters unique is the plant proximity, due to which plants can co-locate
infrastructures, share knowledge more easily, enable technological innovation to reduce
the costs of decarbonization, and attract investment and finance while reducing risks.

In a first analysis, in order to review the literature about industrial clusters in the energy
field, the authors of this work searched Scopus using the Title-Abstract-Keywords fields,
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using the keywords industrial cluster anddecarbon*, which yielded 21 results: 12 results in
the Energy subject area, nine in Environmental Science, five in Engineering, five in Chemical
Engineering, four in Social Science, three in Computer Science, three in Economics, one in
Business, Management and Finance, and one in Earth and Planetary Sciences, with some
overlapping between fields. The twelve results in the energy fields are dated from 2018 to
2022. In the search set as described above, two works are not relevant for the purposes of
the review because they are works related to geological impact of UK industrial clusters.
Furthermore, in the energy field results, three papers are more devoted to social and political
science, proposing new methodologies such as a place-based approach, and analyzing
the concept of “SuperPlaces” for UK industrial clusters [2]; proposing a framework for ex
ante design of only transition processes and post hoc assessment [3]; or addressing the
topic of the social license to operate for CCS [4]. Three results focus their attention on
one specific cluster or even on a specific technology related to the decarbonization of the
area, such as hydrogen production, CCUS, or both, rather than presenting an approach to
classify and analyze the industrial clusters of a specific area or region. In particular, in 2018,
Samadi et al. analyzed decarbonization pathways for the industrial cluster of the Port of
Rotterdam [5]; in 2018, Samadi et al. presented research about sequential combustion in
steam methane reformers for hydrogen and power production with CCUS for clusters [6].
Recently, a review of the status of hydrogen technologies in the UK, which focused on
industrial clusters, found that multidisciplinary research is needed to extend the hydrogen
applications, and also reported recent advancements, challenges, and technological and
socio-political challenge in UK settings [7]. One paper revised the mechanism of induced
innovation, carbon leakage, and government intervention in the economy and their impact
on possible approaches in the decarbonization of the industrial cluster. Finally, only one
work presented a characterization of industrial clusters: Calvillo et al. in [8] presented
a classification of the clusters with a special focus on their ability to implement CCS;
as the authors reported, UK government documents and official reports sometimes do
not provide very detailed information or complete data about some clusters, or do not
include some clusters that have CCUS potential [8]. Excluding the last work mentioned,
to the best of the authors’ knowledge, there is no relevant scientific literature about the
clustering of industrial sites in any countries. Because they use different key words, most
of the studies that do not appear in the review with the search set as described above
are more linked to specific aspects of specific industrial symbiosis or eco-industrial parks
rather than being devoted to characterization of clusters in terms of energy consumption
and emissions. In particular, enlarging the research to other related key-words, such as
industrial symbiosis and modeling, there are several works available in the literature that
also focus on modeling topics such as modeling at the industrial cluster level; for example,
Demartini et al. in [9] presented a literature review about the most diffused modeling
approaches for the analysis of industrial symbiosis and selected the most appropriate
method for analyzing and designing industrial symbiosis, which is the agent-based system
dynamics hybrid approach. In [10], the authors proposed a mixed-integer optimization
model for a waste material and exchanging network in the industrial symbiosis context,
introducing three sub-objectives that represent the dimensions of sustainability: economy,
environment, and society. The agent-based approach is also applied for modeling eco-
industrial parks, with the aim to validate some industrial symbiosis indicators in [11]. The
work presented in [12] provides some guidelines and policy implications for the application
of industrial symbiosis in industrial clusters; it presents the application of the input-output
approach to an industrial area located in Italy. Other works, such as Ref. [13], focus on
the development of a framework that includes a mix of linear programming models for
the optimal configuration of the industrial symbiosis area based on bio-energy. Another
paper [14] proposes the application of optimization based on linear programming methods,
and is able to offer different alternatives for industrial symbiosis in the case of conflicts,
even in the case of a lack of a central authority. Finally, another work [15] is devoted to the
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analysis of the policies, focusing on industrial symbiosis in the European Union, United
Nations, and the Organization for Economic Cooperation and Development.

In general, it is evident that, in the literature, there are several contributions to indus-
trial clusters focused on the UK and the Netherlands. In particular, regarding industrial
cluster decarbonization, the UK government has identified a pillar for their long-term
decarbonization strategy, as shown in the Climate Change Act, and in the initiatives of
the new Industrial Strategy Challenge Fund and the Industrial Decarbonisation Research
and Innovation Centre (IDRIC [16]). The strategy is justified by the specific nature of the
industrial consumption profile of the country, with only six clusters (the six UK clusters are
located in different provinces: Grangemouth (Scotland), South Wales (Wales), the Humber,
Merseyside, Southampton, and Teesside (England)), accounting for about one-half of the
carbon dioxide emissions of the industry sector (direct emissions). A pathway model of
the UK industrial sector [17] has been used developed by Element Energy and the Climate
Change Committee (CCC); the model uses a least-cost approach to analyze the decarboniza-
tion pathways of the UK industrial sites. The clusters are industrial sites that are located
at the most important ports across UK and within 25 km of potential CO2 sites, which are
mainly petro-chemical and refinery plants and iron and steel plants. The six clusters are the
most emissive, and were mapped by the Industrial Cluster Mission [18], as presented in
Figure 1; the clusters totaled 40 Mt CO2, where the emissions of each cluster ranged from
1.4 to 12.5 Mt CO2. The UK government aims to cut 95% of the cluster emissions by 2050,
becoming the world’s first net-zero carbon industrial cluster by 2040, and transforming
four low-carbon clusters by 2030. In January 2021, six projects corresponding to each of the
six clusters were awarded GBP 8 million [18]. The rest of the industrial emissions of the UK
depend on highly energy-intensive and highly dispersed sites such as ammonia, ethylene,
lime, glass, other minerals, paper, other chemicals and non-ferrous metal, dispersed cement
plants, and iron and steel plants, and less energy-intensive dispersed sites (food and drink
and other industry) [19].

Figure 1. Visual representation of the methodology for the energy and emissions characterization of
the industrial plants included in the analysis.

Beyond these country-specific contributions, the acknowledgment of the role of indus-
trial clusters for achieving net zero in international organizations is clear. In 2021, the World
Economic Forum published the report “Industrial clusters: working together to achieve net
zero” with the contribution of industrial and energy partners [20]. The document identifies
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four possible cluster characteristics that can have an impact on the type and feasibility of
the different decarbonization strategies. The four characteristics are: (1) composition (type
and number of industries); (2) geography; (3) existing infrastructure; and (4) energy cost
and policy. In fact, the composition and the geography of the cluster influence the possible
exchange of energy, waste, and by-products; the geography and the existing infrastructure,
which are linked together, can have an impact on pursuing a specific decarbonization
strategy, such as the development of CCS and hydrogen infrastructure, and the deployment
of abundant renewable energy resources. The work proposed a classification of the clusters
based on a main theme: electrification, hydrogen, and CCS, in order to identify the most
important enablers for decarbonizing. For example, the electrification cluster enablers are
the on-site and shared renewable, storage, and microgrids; virtual renewable Purchase
Power Agreement (PPA); demand optimization; and retrofitting and hybrid technologies.
The World Economic Forum (WEO) mentioned different pilot projects for low-carbon
industrial clusters. One of the most important is a pilot project in China implemented
in 2013, which included fifty-two industrial clusters. One of these clusters is the Suzhou
Industrial Park established in 1994 and covering an area of 278 m2. Between 2014 and 2016,
the administration committee of the park signed a contract with the energy-intensive plants
of the cluster to reduce the coal consumption, and the environmental protection agency of
the park developed a platform to manage energy and carbon emission. In 2017, they also
introduced green credits for decarbonization project loans. The report also introduces the
Humber industrial cluster in UK, as mentioned above [12].

Finally, this work reviews the main energy models with the aim of verifying if a cluster
representation is included in the structure of an industry sector. In Appendix A, Table A1
shows the most relevant insights of the industry sector representation in the main energy
models, such as the World Energy Outlook of the IEA [21]. The model applications have
different geographical coverage and area disaggregation, and different industrial sub-sector
disaggregation. The focus tends to be on a single and specific topic; for example, the
direct air capture implications for the US power sector, modeled in the Integrated Model
to Assess the Global Environment (IMAGE), or the taxation recycling impact on the US
industry in the National Energy Modeling System (NEMS). At present, all of the reviewed
energy models work at the sectoral level and do not follow an approach based on the
industrial cluster representation. None of these models include the representation of the
industrial clusters in the industry module. Hence, there is currently a link missing in the
representation of clusters in energy systems modeling. This work can represent a step
forward in linking the representation of clusters in energy modeling.

Contribution of the Study

After reviewing the work available in the literature about industrial clusters, indus-
trial symbiosis, and the industrial sector in energy models, this work presents the first
generic methodology to characterize industrial clusters in terms of energy and emissions
consumption, starting from mostly public databases and data available in the literature,
when specific reports or works are not present in the literature. The characterization and the
geolocation of the clusters allows the definition of a taxonomy for the most energy-intensive
industrial clusters in a country. Hence, the work provides a framework to increase the
granularity of the representation of industry in energy system models where typically it is
represented as a lump sector or as a group of sub-sectors. The methodology proposed here
allows the inclusion of the possibility of exchanging energy and material between plants on
the basis of their structural complementarities and/or geographical proximity. The work
also presents a taxonomy for industrial cluster decarbonization based on the proximity,
carbon dioxide emissions, and thermal and electricity consumption of the industrial areas.
The taxonomy for the industrial cluster has the tremendous advantage of allowing replica-
bility of analyses and of the impact of decarbonization strategy from one industrial cluster
to a similar one, even if in a different area. Moreover, the cluster dimension introduces one
more dimension in the energy systems models, allowing a representation of the industrial
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sector that combines a rich-technology bottom-up approach with a GIS-based approach,
and considering the share of facilities and flows and more specific geographical features
of the industrial sector. Moreover, national policies for the decarbonization of industrial
clusters can be identified according to one or more of the attributes, such as proximity and
emissions, for integration of territorial-specific policies.

The analysis was applied to the Italian industry (according to ENEA and the IEA, in
2019, the energy consumption of the industry sector in Italy accounted for 1048 PJ, which
represented around 20% of the total final energy use [14,15], and the carbon dioxide emis-
sions from manufacturing and the process industry accounted for 20% of the total national
emissions [16]). However, this analysis is easily generalized to any country, provided that a
minimum amount of information, as discussed in the study, is made available.

Refs. [22–24] The authors chose to apply the methodology to the Italian case for several
reasons. First, as explained in the review, no works about the taxonomy and classification
of industrial clusters in Italy are present in the literature. By searching Scopus based on
“Title-Abstract-Keywords” with the key words Industrial Cluster andItal* there were no
results. By comparison, using a more general search with the key words Ital*, “Decarb”
and“Indust*” yielded 28 results, of which 31 were in the energy field. As for the UK
case, most of these are about specific technology; social and environmental impacts of
decarbonizing options for specific sectors; or plants or industrial areas for the industrial
sector. Only Pivetta et al. presented a solution for a hybrid industrial area, which included
a port, transport service, and industrial plants [25], although for a specific industrial area.
Another reason concerns the fact that, to the best of the authors’ knowledge of public
documents and reports of national industrial associations, there is no information about
the energy consumption or emissions at the level of industrial areas; rather, there are only
data about single plants or sectors when annual or sustainability reports are available. In
this sense, the data are fragmented or missing completely, and it is not straightforward to
have a clear picture of the Italian context at the level of industrial areas or, therefore, of the
potential role of these areas in the framework of the decarbonization strategy of the country.
In the National Recovery and Resilience Plan (NRRP) of 2021 [26], the Italian government
presented its plans to build at least ten hydrogen valleys linked to some industrial areas;
however, these are not a link with the decarbonization plan for the highly energy-intensive
industries. The decarbonization strategy for the hard-to-abate industries is mentioned
explicitly at the industrial area level only for the pig iron and steel production plant of
Taranto. In this case, the document mentions the cement, chemical, and glass industries at
the sector level, but not in terms of synergy with other plants or between each other.

The paper is organized as follows: In “Section 2” Materials and Methods, the authors
present the methodology applied for the clustering of industrial sites in the Italian context,
providing the general framework, and describing the input data and database used and
reviewed in the study. In “Section 3”, Industrial Sector Analysis, the details and calculations
regarding the industrial sectors are presented. In the “Section 4” Discussion of the Results,
the GIS approach and the results of the clustering following the selected characteristics are
presented. In the Discussion of the results, the most important results and findings are
highlighted, and finally, the limitations and future possible works are discussed.

2. Materials and Methods

The method is based upon the following steps. Most relevant industrial installations
belonging to the so called hard-to-abate sectors were collected and classified according to
geocoded information, product category and quantity, allocated allowances, and actual
emissions, electricity, and thermal energy consumption. Combining this data, industrial
installations were classified into clusters, taking advantage of the available georeferenced
data. Starting from the six initial hard-to-abate industrial sectors belonging to the EU ETS,
classified using the Nomenclature of Economic Activities (NACE) rev.2 coding, individual
installations from selected sectors were then identified, showing a total of 372 plants for Italy
with their respective freely allocated allowances. The energy consumption (i.e., electricity
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and heat) and the carbon dioxide emissions were estimated using available data for energy
intensities, carbon intensities, or real data available in specific databases and sustainability
reports of corporates. Finally, individual installations were clustered by introducing a
taxonomy based on six attributes: proximity, material flows, energy mix, total energy
consumption (with a breakdown into electricity consumption and heat consumption), total
greenhouse gas emissions, and decarbonization pathway.

The methodology to define a taxonomy on industrial clustering was defined with the
following input data:

• Geocoded data for industrial production plants: these data classify the geographical lo-
calization of industrial users and introduce a first attribute of the taxonomy—proximity.

• Statistical classification of economic activities: these data classify industrial production
activity and introduce a second attribute of the taxonomy—material flows.

• Energy mix of economic activities: these data classify major energy resources de-
ployed in specific industrial production plants and introduce a third attribute of the
taxonomy—energy mix.

• Energy intensity of economic activities: these data introduce energy intensity of
economic activities deployed in specific industrial production plants, and express
the amount of energy used per unit of industrial production output (J/t of industrial
product). Therefore, these data introduce a fourth attribute of the taxonomy—total
energy consumption (with a breakdown of different energy carriers deployed).

• Emission factors of economic activities: these data introduce greenhouse emission
factors of economic activities deployed in specific industrial production plants, and
express the amount of greenhouse gases produced per unit of industrial production
output (t CO2-eq/t of industrial product). Therefore, these data introduce a fifth
attribute of the taxonomy—total greenhouse gas emissions.

• Decarbonization options: these data introduce technology options for the decar-
bonization of economic activities and introduce a sixth attribute of the taxonomy—
decarbonization pathway (with a breakdown of different decarbonization technology).

To build the taxonomy, it was necessary to collect these sets of data. First, an analysis
was conducted among most relevant industrial sectors, considering energy-intensive indus-
tries as specified in the European Emission Trading Scheme (ETS) of greenhouse gases [27].
In particular, for the different sectors under the ETS framework, the verified emissions
monitored in 2021 were collected, and are summarized in Table 1.

Refining of mineral oil and the production of bulk chemicals were excluded from
the analysis because of the difficulty of accessing the required data and the complexity of
production processes.

Therefore, the analysis included the main industrial sectors sorted by greenhouse
gases emissions, namely:

1. Production of pig iron or steel
2. Production of cement clinker
3. Production of lime, or calcination of dolomite/magnesite
4. Manufacture of glass
5. Manufacture of ceramics
6. Production of paper or cardboard.

The total amount of emissions from these sectors was 34.9 Mt CO2-eq, which is more
than 90% of the total verified emissions of all industrial installations, excluding combustion
and the refining of mineral oil; hence, these sectors are a good representation of the ETS
emissions despite the missing subsectors.



Energies 2022, 15, 8586 7 of 31

Table 1. Verified emissions of ETS sectors in Italy as for the 2021.

Main Activity Sector Name Mt CO2-eq

Combustion of fuels 77.6

All stationary installations 131.4

Refining of mineral oil 15.5

All industrial installations (excl. combustion) 53.9

Metal ore roasting or sintering 0.0

Production of pig iron or steel 8.6

Production or processing of ferrous metals 1.1

Production of secondary aluminum 0.1

Production or processing of non-ferrous metals 0.5

Production of cement clinker 12.4

Production of lime, or calcination of dolomite/magnesite 2.2

Manufacture of glass 2.8

Manufacture of ceramics 2.5

Manufacture of mineral wool 0.1

Production or processing of gypsum or plasterboard 0.1

Production of pulp 0.6

Production of paper or cardboard 3.5

Production of bulk chemicals 3.0

Production of hydrogen and synthesis gas 0.5

Other activity opted-in under Art. 24 0.4

The selected sectors were then classified according to the corresponding economic
activity. In particular, the Nomenclature of Economic Activities (NACE) classification was
considered in this work [28], and the resulting coding is reported in Table 2.

Table 2. NACE Classification of selected industrial activities.

Industrial Sectors NACE Division NACE Group NACE Class

Production of pig iron
or steel

24—Manufacture of
basic metals

24.1—Manufacture of basic
iron and steel and of
ferro-alloys

24.10—Manufacture of basic iron
and steel and of ferro-alloys

Production of cement clinker 23—Manufacture of other
non-metallic mineral products

23.5—Manufacture of
cement, lime and plaster 23.51—Manufacture of cement

Production of lime, or
calcination of
dolomite/magnesite

23—Manufacture of other
non-metallic mineral products

23.5—Manufacture of
cement, lime and plaster

23.52—Manufacture of lime
and plaster

Manufacture of glass 23—Manufacture of other
non-metallic mineral products

23.1—Manufacture of glass
and glass products

23.11—Manufacture of flat glass
23.13—Manufacture of
hollow glass

Manufacture of ceramics 23—Manufacture of other
non-metallic mineral products

23.3—Manufacture of clay
building materials

23.31—Manufacture of ceramic
tiles and flags
23.32—Manufacture of bricks,
tiles and construction products, in
baked clay

Production of paper
or cardboard

17—Manufacture of paper
and paper products

17.1—Manufacture of pulp,
paper and paperboard

17.12—Manufacture of paper and
paperboard
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The methodology applied to build the energy and emissions data for the country
industrial plants includes the following steps, and is presented in Figure 1.

• The first step was to extract all the companies registered in Italy in the selected ETS
sectors. For this reason, the AIDA Database, part of the ORBIS database from the
Bureau van Dijk Database, was used [29]. To the best of the authors’ knowledge, this is
the most complete database that can provide complete and updated data about private
companies, and allows searching for companies by NACE code, providing address,
economic, and financial information.

• In the second step, the list of companies belonging to the different industrial sectors
extracted from the AIDA database was then crossed with the list of all the country
ETS plants available on both the EU ETS Italy platform from the Italian Ministry of
the Ecological Transition [30] for the Italian industrial sites available at [31], and also
in the deliberation 2003/87/CE for Italy [32]. The platform and deliberation provide
the most relevant information about the Emission Trading Scheme, including the list
of industrial plants, geocoded data, and the freely allocated allowances updated for
the fourth trading period (2021–2030) for each ETS plant. This second step was also
fundamental to identifying all the production sites owned by the selected companies in
the AIDA database. The coverage of the allowances and ETS emissions of the identified
plants was verified with respect to the total value reported in the ETS platform of the
European Union.

• The third step consisted of verifying if the equivalent carbon dioxide of the selected
ETS plants is available in the European Pollutant Release and Transfer Register (E-
PRTR). If available, the most recent emissions data were assigned to the plant.

• Then, in the fourth step, the total production outputs (only for industrial sectors in
which it was possible to identify a single product), the total thermal energy, electricity,
and carbon dioxide emissions (the carbon dioxide for a single plant was crossed
with emissions data available in the E-PRTR database when available) were assessed
based on the ETS freely allocated allowances from the EU-ETS platform (and from the
deliberation previously mentioned) and the product benchmark assigned in the ETS
system, specific to the sector (or a fuel or heat benchmark when it is not possible to
identify a single product). In particular, the product of the free allowances and the
fuel or product benchmark provides the production and the energy consumption of
the plant, respectively. Benchmarks of products retrieved from the ETS deliberation of
selected sectors are reported in Table 3. If the product benchmark was not applicable,
the heat or fuel benchmark was applied to calculate the energy consumption and
relative emissions.

• The final step consisted of calculating the mismatch between the results obtained from
the calculation and the total emissions and energy consumption of the sectors. The
plant emissions and fuel consumptions were summed for each sector plant. The total
values were compared with the available statistics, such as the total carbon from the
energy tables of the IEA, and annual reports from national industrial associations,
such as Federacciai and Federbeton for steel and cement, respectively. The mismatches
from the values obtained and the statistics need to be evaluated with respect to the
level of representativeness of the currently active plants modeled in hard-to-abate
sectors. For the iron and steel sector, where a perfect correspondence exists between
the World Energy Balance definition and the ETS sector, the comparison was assessed.
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Table 3. Product benchmarks values as in EU Commission—Directorate General Climate Action,
Update of benchmark values for the years 2021–2025 of phase 4 of the EU ETS—Benchmark curves
and key parameters, updated final version issued on 12 October 2021.

NACE Class Product Product Benchmark

24.10—Manufacture of basic iron and steel and
of ferro-alloys

Hot Metal 1.288 t CO2-eq/t

Electric arc furnace (EAF)—carbon steel 0.215 t CO2-eq/t

Electric arc furnace (EAF)—high alloy steel 0.268 t CO2-eq/t

Iron casting 0.282 t CO2-eq/t

23.51—Manufacture of cement Grey cement clinker 0.693 t CO2-eq/t

23.52—Manufacture of lime and plaster Lime 0.725 t CO2-eq/t

Plaster 0.047 t CO2-eq/t

23.11—Manufacture of flat glass Float Glass 0.399 t CO2-eq/t

23.13—Manufacture of hollow glass Bottles and jars of colorless glass 0.29 t CO2-eq/t

Bottles and jars of colored glass 0.237 t CO2-eq/t

23.31—Manufacture of ceramic tiles and flags Spray dried powder 0.058 t CO2-eq/t

23.32—Manufacture of bricks, tiles and
construction products, in baked clay Facing bricks 0.106 t CO2-eq/t

17.12—Manufacture of paper and paperboard

Newsprint 0.226 t CO2-eq/(air-dried-t);

Uncoated and coated fine paper 0.242 t CO2-eq/(air-dried-t);

Tissue 0.254 t CO2-eq/(air-dried)t);

Uncoated carton board 0.254 t CO2-eq/(air-dried-t);

Coated carton board 0.254 t CO2-eq/(air-dried-t);

Fallback approach—1 Heat 47.3 t CO2-eq/TJ

Fallback approach—2 Fuel 42.6 t CO2-eq/TJ

The freely allocated allowances were assigned based on the historical activity levels of
the industrial site through the arithmetic mean activity during the baseline period (which
covers five calendar years preceding the time-limit for submission of data to the Com-
mission), multiplied by a product benchmark emission factor. In particular, “installations
that meet the benchmarks and are therefore among the most efficient in the EU will, in
principle, receive all the allowances they need to cover their emissions. Installations that do
not reach the benchmarks will receive fewer allowances than they need. They will have to:
(1) reduce their emissions, (2) buy additional allowances or credits to cover their emissions,
or (3) combine these two options” [33]. A total of fifty-four benchmarks (52 products
and 2 so-called fallback approaches based on heat and fuel) are available in the Annex
of European Regulation 2019/331 (ANNEX 1 of COMMISSION DELEGATED REGULA-
TION (EU) 2019/331 of 19 December 2018 determining transitional Union-wide rules for
harmonized free allocation of emission allowances pursuant to Article 10a of Directive
2003/87/EC of the European Parliament and of the Council). Updated benchmarks were
recently published in 2021, as described in [34].

The list of freely allocated allowances for all stationary installations in Europe for
the fourth trading period is available elsewhere [35]. Therefore, combining the AIDA
dataset and the ETS Database, it is possible to select stationary installations that belong
to a specific economic sector and that are included in the carbon pricing mechanisms in
Europe. Furthermore, the combination of these two datasets enables the association of
freely allocated allowances for each stationary installation and, by knowing the sector
benchmark, enables determination of the average/representative production of a certain
good in an industrial installation.



Energies 2022, 15, 8586 10 of 31

As mentioned previously, in some cases, when a product benchmark was not available
or could not be completely identified (e.g., multiple subprocesses and products, selling of
intermediate products, etc.), a fallback approach could be used, considering, therefore, heat
and fuel benchmarks. When available, production data, energy consumption data, and
greenhouse gas emissions data for individual installations were considered. In particular,
emissions of air pollutants for individual installations are partially available at the European
Pollutant Release and Transfer Register (E-PRTR) [36]. In other cases, energy consumption
and greenhouse gas emissions were considered by introducing energy (electricity and
thermal) and carbon intensities that are representative of installations in Europe and, when
possible, in Italy. A proportion of the calculated emissions and energy consumption was
assessed with respect to the total verified emissions for the ETS sectors and with the national
energy consumption of the sector based on the IEA World Energy Balance for Italy and
national reports from the industrial federations of the sectors analyzed.

3. Industrial Sector Analysis

The following paragraphs review industrial installations in Italy under the EU ETS
scheme, and compute the most relevant and environmental data based on real information
available in public repositories. Derivations are reported and estimated based on the review
of the latest information on energy and carbon intensities of the investigated industrial
sectors. This analysis is part of the review work since it provides an updated assessment of
the most relevant industrial sectors and installations in Italy.

3.1. Manufacture of Other Non-Metallic Mineral Products
3.1.1. Manufacture of Glass

The industrial sector of glass includes the manufacture and processing of products
intended for a variety of uses, including residential, industrial, and transport. Based on the
Nomenclature of Economic Activities (NACE) classification, glass production belongs to
Group 23.1 (Manufacture of glass and glass products) with the following main classes: 23.11,
manufacture of flat glass; 23.13, manufacture of hollow glass; 23.14, manufacture of glass
fibers [28].

The total production of glass in Europe in 2020 was 35,851,000 tons, with more than
60% of the products consisting of hollow glass and 30% of flat glass. Europe is a net importer
of glass, mainly of hollow glass products, and glass wools and fibers; overall, the ratio
of exports to imports of glass products was 0.87 in 2020, based on data mainly provided
by Glass Alliance Europe for 2020 [37] and compiled by Eurostat. Italy accounts for
about 15% of total European production, with capacity in 2018 of 5,342,046 tons. Per capita
consumption in Italy, in 2018, was 16.6 and 76.3 kg of flat and hollow glass, respectively [38].

The glass production sector is a highly energy-intensive sector, classified within the
Energy Intensity Industry (EII) [27] sectors of the European greenhouse gas emission al-
lowance trading system. Most of the emissions derive from the use of fossil fuels (generally
natural gas in the European context), which are used to produce high-temperature thermal
energy necessary in the production phases; a share of about 25% of total emissions is
instead generated by the release of carbonates, which are present in the raw materials and
decompose at high temperatures, releasing carbon dioxide [39]. There is also a share of
indirect emissions related to the production of electricity used in the process.

At the European level, final energy consumption in the glass production sector is
about 6–6.5 Mtoe per year (6.45 Mtoe in 2015 [40]), which corresponds to around 2.6–2.8%
of the total final consumption of industry (231.758 Mtoe in 2020 [23]). About 16.9 million
tons of CO2-eq were accounted for by the glass sector [41]. At the Italian level, final
energy consumption in the glass production sector was 0.96 Mtoe in 2018 [38], which
corresponds to about 4% of the total final consumption of the industry (23.94 Mtoe at
2020 [23]), with a mix that included the use of 65% natural gas and 27% electricity, and
the remaining 8% from other sources (e.g., fuel oil, diesel). The glass production sector is
therefore weakly electrified compared to the average value of electricity use in the industrial
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sector, which exceeds 40%. Equivalent greenhouse gas emissions were around 2.7 Mt in
2019, corresponding to about 9% of total emissions in industry and about 1% of total
emissions [42].

Regarding glass production plants in Italy, a first analysis was undertaken by access-
ing the AIDA (database Bureau van Dijk) [29]. In particular, the search for companies
was preformed considering the NACE classification 23.1—manufacture of glass and glass
products, and then filtering for the two main classes 23.11 (manufacture of flat glass) and
23.13 (manufacture of hollow glass). Filtering was also considered by including the thresh-
old of total revenues of individual companies higher than EUR 10,000,000 per year. The list
of companies was then overlapped with the list of plants under the EU Emission Trading
Scheme, as for the European Directive 2003/87/CE [32] and the more recent modification
of the 2018/410/UE [43]. The list of plants for Italy was published by the Italian Ministry of
Ecological Transition in the Deliberations 42/2021 (Aggiornamento dalla tabella nazionale
di allocazione di cui all’articolo 11 della direttiva 2003/87/ce come modificato dalla di-
rettiva 2018/410/UE di cui alla delibera 143/2019) and 113/2021 (Rilascio delle quote di
emissione per l’anno 2021 impianti stazionari [31]), and includes all the stationary plants
within the ETS framework. In general, the list of authorizations and allocation of freely
allocated allowances is reported by the Ministry of the Ecological Transition, through a
dedicated webpage [44]. Regarding the glass production plants, the analysis found a total
of 40 plants in Italy produce hollow glass and eight produce flat glass. The total calcu-
lated freely allocated allowances in NACE Classification—23.1, based on the allocation
of single plants, was found to be 1,861,452 t CO2-eq, whereas the value reported by the
European Environmental Agency was 1,929,632 t CO2-eq at 2021 [41] (4% relative error).
Finally, verified emissions were reported to be 2,781,431 t CO2-eq, indicating a significant
misalignment in terms of greenhouse emission caps, and thus the need to decarbonize the
sector by adopting appropriate measures. Summary results are shown in Table 4.

Table 4. Summary data for glass production plants in Italy under EU ETS.

Companies in NACE Classification—23.1—AIDA with revenues filter 77

Companies in NACE Classification—23.11—AIDA with revenues filter 5

Companies in NACE Classification—23.13—AIDA with revenues filter 16

Plants in manufacture of glass (flat)—EU ETS 8

Plants in manufacture of glass (hollow)—EU ETS 40

Estimated freely allocated allowances in manufacture of glass (flat)—EU ETS
(t CO2-eq/a), 2021 601,587

Estimated freely allocated allowances in manufacture of glass (hollow)—EU ETS
(t CO2-eq/a), 2021 1,259,865

Freely allocated allowances in manufacture of glass—ETS (t CO2-eq/a), 2021 1,929,632

Verified emissions in manufacture of glass—ETS (t CO2-eq/a), 2021 2,781,431

Thermal energy intensity (GJ/t of float glass) 8.1

Thermal energy intensity (GJ/t of hollow glass) 4.8

Electricity intensity (GJ/t of float glass) 3.6

Thermal energy intensity (GJ/t of hollow glass) 2.7

Carbon intensity (t CO2/t of float glass) 0.54

Carbon intensity (t CO2/t of hollow glass) 0.386

By knowing the freely allocated allowances and the benchmarking values of carbon
intensity for different productive activities, it was possible to estimate the production
output of single plants. The product benchmarks of float glass and hollow glass were
considered to carry out this calculation. In particular, for the hollow glass, the average
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value between colored and colorless container glass was considered. Table 5 also reports
the energy intensity and carbon intensity of glass production plants with a breakdown of
unit electricity and thermal energy consumption. Energy intensities were assumed from
the literature [45,46]; it can be noted that thermal energy is required for high-temperature
processes (i.e., melting and finishing and post forming and finishing) above 1200 ◦C.
Regarding the carbon intensity, data for flat glass were estimated from E-PRTR [47], where
actual emissions are available, in addition to production for some installations (the value
reported in Table 5 represents an average of estimated values). Alternatively, carbon
intensity for hollow glass was considered for the Italian case, as reported in [38].

Table 5. Summary data for lime production plants in Italy under EU ETS.

Companies in NACE Classification—23.50—AIDA with revenues filter 72

Companies in NACE Classification—23.52—AIDA with revenues filter 35

Plants in production of lime, or calcination of dolomite/magnesite—EU ETS 24

Estimated freely allocated allowances in production of lime, or calcination of
dolomite/magnesite—EU ETS (t CO2-eq/a), 2021 1,410,576

Freely allocated allowances in production of lime, or calcination of
dolomite/magnesite—EU ETS (t CO2-eq/a), 2021 1,678,561

Verified emissions in production of lime, or calcination of dolomite/magnesite—EU
ETS (t CO2-eq/a), 2021 2,202,986

Thermal energy intensity (GJ/t of lime) 4

Electricity intensity (GJ/t of lime) 0.2

Carbon intensity (t CO2/t of lime) 0.94

The estimated total yearly energy consumption of selected plants is around 54 PJ,
whereas estimated total greenhouse gas equivalent emissions are around 2.7 Mt CO2-eq.
The mapping of glass installations is reported in Figure 2 with an orange dot symbol.

Figure 2. Map of industrial installations in Italy according to selected economic activity classification.

3.1.2. Production of Lime, or Calcination of Dolomite/Magnesite

The industrial sector of lime includes the manufacture and processing of products
intended, in particular, for the construction and manufacturing sectors; lime is also often
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used as an additive due to its alkalinity and ability to purify and neutralize [48]. Based on
the Nomenclature of Economic Activities (NACE) classification, lime production belongs
to Group 23.5 (Manufacture of cement, lime and plaster) and class 23.52, manufacture of
lime and plaster. Regarding production, lime is characterized by high energy intensity and
high carbon intensity. Especially high-temperature thermal energy is needed since lime
production usually requires limestone to be heated to temperatures above 1000 ◦C. Some
electricity consumption is also needed to ensure crushing and other auxiliary processes.
Carbon dioxide emission is also relevant, and is either associated with the burning of fuels
for the limestone heating process, or with the limestone decomposition, which releases
carbon dioxide as a side product. Eventually, around two-thirds of emissions are associated
with the process and only the remaining part with fuel combustion. As reported by the
European Lime Association, the fuel mix of the sector includes 51% use of solid fossil fuels,
34% use of natural gas, 5% of oil, and the remaining 10% of waste and biomass.

For the sector, the search for companies was undertaken considering the NACE classi-
fication 23.5—manufacture of cement, lime and plaster, and then filtering for class 23.52
(manufacture of lime and plaster). Filtering was also considered by including the threshold
of total revenues of individual companies higher than EUR 10,000,000 per year. The list
of companies was then overlapped with the list of plants under the EU Emission Trading
Scheme [31,33,34,44]. Regarding the lime production plants, the analysis found a total of
24 plants in Italy. The total calculated freely allocated allowance in NACE Classification—
23.52, based on the allocation of single plants, was found to be 1,410,576 t CO2-eq, whereas
the value reported by the European Environmental Agency was 1,678,561 t CO2-eq at
2021 [41] (19% relative error). Verified emissions were reported to be 2,202,986 t CO2-eq.
Summary results are shown in Table 5.

By knowing the free allocated allowances and the benchmarking values of carbon
intensity for different productive activities, it was possible to estimate the production
output of single plants. The product benchmark of lime was considered to carry out
this calculation. Table 6 also reports the energy intensity and carbon intensity of lime
production plants, with a breakdown of unit electricity and thermal energy consumption.
Energy intensities were assumed from the literature [48–50]; it can be noted that the thermal
energy is required for high-temperature processes above 1000 ◦C. Regarding the carbon
intensity, data were estimated from E-PRTR [47], where actual emissions are available in
addition to production for some installations (the value reported in Table 6 represents an
average of estimated values). The estimated total yearly energy consumption of selected
plants is around 8.2 PJ, whereas estimated total greenhouse gas equivalent emissions are
around 1.8 Mt CO2-eq. The mapping of lime installations is reported in Figure 2 with a
blue dot symbol.

Table 6. Summary data for ceramics production plants in Italy under EU ETS.

Companies in NACE Classification—23.3 and 23.4—AIDA with filtering 135

Companies in NACE Classification—23.31 and 23.32—AIDA with filtering 106

Companies in NACE Classification—23.41, 23.42, 23.483, 23.44—AIDA with filtering 26

Plants in manufacture of ceramics—EU ETS 121

Estimated freely allocated allowances in manufacture of ceramics—EU ETS
(t CO2-eq/a), 2021 1,409,666

Freely allocated allowances in manufacture of ceramics—EU ETS (t CO2-eq/a), 2021 1,538,785

Verified emissions in production of ceramics—EU ETS (t CO2-eq/a), 2021 2,491,187

Thermal energy intensity (GJ/t of ceramics) 4.9

Electricity intensity (GJ/t of ceramics) 0.73
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3.1.3. Manufacture of Ceramics

The industrial sector of ceramics includes the manufacture and processing of a large
variety of products intended, in particular, for the construction sector. The different
products depend on the starting raw materials and process conditions, and include ceramic
tiles, bricks, and porcelain tiles [47]. Based on the Nomenclature of Economic Activities
(NACE) classification, ceramics manufacture belongs to the wider Group 23.3 (Manufacture
of clay building materials) and Group 23.4 (Manufacture of other porcelain and ceramic
products). Regarding production, both electricity and thermal energy are required in the
process to prepare raw materials and, in particular, for the firing step, which takes place in
kilns at temperatures above 1000 ◦C.

For the sector, the search for companies was undertaken taking into account the NACE
classification 23.3—manufacture of clay building materials and 23.4—manufacture of other
porcelain and ceramic products; then filtering was performed for the classes 23.31 (man-
ufacture of ceramic tiles and flags), 23.32 (manufacture of bricks, tiles and construction
products, in baked clay), 23.41 (manufacture of ceramic household and ornamental ar-
ticles), 23.42 (manufacture of ceramic sanitary fixtures), 23.43 (manufacture of ceramic
insulators and insulating fittings), and 23.44 (manufacture of other technical ceramic prod-
ucts). Another filtering was considered by including the threshold of total revenues of
individual companies higher than EUR 10,000,000 per year. The list of companies was then
overlapped with the list of plants under the EU Emission Trading Scheme [31,33,34,44].
The analysis found a total of 121 plants in Italy under the EU ETS. It must be noted that
60 of the 121 plants are classified as “small” emitters and, as such, they are excluded from
the ETS system, whereas emissions are still accounted for and disciplined by the Italian
Authority according to the “opt out” scheme [51]. The total calculated freely allocated
allowance based on the allocation of single plants, excluding small emitters, was found to
be 1,409,666 t CO2-eq, whereas the value reported by the European Environmental Agency
was 1,538,785 t CO2-eq at 2021 [41] (8% relative error). Verified emissions were reported to
be 2,491,187 t CO2-eq. Summary results are shown in Table 6.

Given the complexity and variety of ceramic products, the benchmark considered
for the allowances was the heat benchmark, which was used in combination with the
freely allocated allowances to compute the thermal energy demand. Then, knowing
the thermal energy intensity, as given in Table 7, the production in different plants was
computed. Energy intensities in Table 7 are averaged values from real data and literature
information [52]; even in this case, the thermal energy is required at high temperatures
of above 1000 ◦C. For the carbon intensity, the estimated data are averaged values from
real data and literature information [53]. The estimated total yearly energy consumption
of selected plants is around 45 PJ, whereas the estimated total greenhouse gas equivalent
emissions are around 2.7 Mt CO2-eq. The mapping of lime installations is reported in
Figure 2 with a yellow dot symbol.

Table 7. Summary data for cement production plants in Italy under EU ETS.

Companies in NACE Classification—23.50—AIDA with revenues filter 46

Companies in NACE Classification—23.51—AIDA with revenues filter 45

Plants in production of cement—EU ETS 29

Estimated freely allocated allowances in production of cement—EU ETS
(t CO2-eq/a), 2021 9,806,322

Freely allocated allowances in production of cement—EU ETS (t CO2-eq/a), 2021 10,083,701

Verified emissions in production of cement—EU ETS (t CO2-eq/a), 2021 12,422,813

Thermal energy intensity (GJ/t of cement) 3

Electricity intensity (GJ/t of cement) 0.44

Carbon intensity (t CO2/t of cement) 0.74
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3.1.4. Production of Cement Clinker

The industrial cement sector includes the manufacture and processing of products
intended, in particular, for the construction sector [54]. Based on the NACE rev.2 classifica-
tion, cement production belongs to Group 23.5 (Manufacture of cement, lime, and plaster)
and class 23.51, manufacture of cement. Similar to lime production, high temperature
thermal energy is required in the process, with temperatures above 1000 ◦C. Electricity is
also needed to ensure crushing and other auxiliary processes. Carbon dioxide emission is
also relevant, and is either associated with burning of fuels for the heating process, or for
the calcination step, which releases carbon dioxide as a side product. Eventually, around
two-thirds of emissions are associated with the process, and only the remaining part with
fuel combustion. The sector has a very high carbon intensity, using solid fossil fuels that are
deployed on a massive scale, and some small contributions from waste utilization. Overall,
considering the whole non-metallic mineral sector, the contribution from solid fuels was
almost 11% considering coal, industrial waste, and solid biomass in Italy in 2021.

For the sector, the search for companies was carried out considering the NACE rev.2
classification 23.5—manufacture of cement, lime and plaster and then filtering for the
classes 23.51. Filtering was also considered by including the threshold of total revenues of
individual companies higher than EUR 5,000,000 per year. The list of companies was then
overlapped with the list of plants under the EU Emission Trading Scheme [31,32,43,44]; for
the cement production plants, the analysis found a total of 29 plants in Italy (Federbeton
reported 27 fully integrated plants in Italy in 2020 [54]). The total calculated freely allocated
allowances in NACE Classification—23.51, based on the allocation of single plants, was
found to be 9,806,322 t CO2-eq, whereas the value reported by the European Environmental
Agency was 10,083,701 t CO2-eq at 2021 (3% relative error) [47]. Verified emissions were
reported to be 12,422,813 t CO2-eq in 2021. Summary results are shown in Table 7.

By knowing the freely allocated allowances and the benchmarking values of carbon
intensity for different productive activities, it was possible to estimate the production
output of single plants. The product benchmark of grey cement clinker (0.693 t CO2-eq/t of
grey cement clinker) was considered to carry out this calculation. Table 8 also reports the
energy intensity and carbon intensity of cement production plants, with a breakdown of
unit electricity and thermal energy consumption. Energy intensities were assumed from
the literature [55]. For greenhouse gas emissions, data were estimated from E-PRTR [47],
where actual emissions are available in addition to production for some installations (the
value reported in Table 8 represents an average of estimated values).

Table 8. Summary data for paper production plants in Italy under EU ETS.

Companies in NACE Classification—17, 17.10, 17.12, 17.20, 17.21, 17.22, 17.23, 17.24,
17.29—AIDA with revenues filter 697

Plants in production of paper and cardboard in Italy—EU ETS 96

Estimated freely allocated allowances in paper or cardboard—EU ETS
(t CO2-eq/a), 2021 2,105,535

Freely allocated allowances in production of paper and cardboard—EU ETS
(t CO2-eq/a), 2021 2,204,457

Verified emissions in production of paper and cardboard—EU ETS
(t CO2-eq/a), 2021 4,052,653

Thermal energy intensity (GJ/t of product) 5.7

Electricity intensity (GJ/t of product) 3.3

Carbon intensity (t CO2/t of product) 0.44

The estimated total yearly energy consumption of selected plants is around 58.1 PJ
(about 51 PJ is high-temperature thermal energy), whereas data reported in the litera-
ture indicate consumption of about 55 PJ. The estimated total greenhouse gas equivalent
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emissions are around 12.2 Mt CO2-eq, with a coverage of around 98% with respect to the
verified emissions reported by ETS system (Table 8). The mapping of cement installations
is reported in Figure 2 with a green dot symbol.

3.2. Manufacture of Paper and Paper Products
Production of Paper or Cardboard

The industrial paper production sector includes the manufacture and processing of
products intended for a variety of uses, including the production of cellulose pulp, paper,
and cardboard products. The sector, based on the Nomenclature of Economic Activities
(NACE) classification, is classified in Section C, which includes manufacturing activities;
Division 17 which includes the production of pulp, paper and paperboard (Group 17.1) and
paper and paperboard articles (Group 17.2) [28]. Even more specifically, the production
of cellulose pulp falls within class 17.11, and the production of paper and cardboard
fall within class 17.12. From a statistical and energy point of view, the pulp and paper
production sector is often coupled with the printing products sector (division 18 of the
NACE classification) as defined, for example, by the International Energy Agency.

Paper products are widely used in multiple sectors such as packaging, graphics
and printing media, hygienic-sanitary, and household material. About 60% of European
production is destined for packaging material, and products for graphic and printing
applications account for about 30%; the remaining portion refers to products for hygienic-
sanitary applications [56].

Energy consumption in the paper sector in Europe in 2019 was around 1.5 EJ, with
biofuels and waste covering 40% of consumption, and the share of electrification (30%) and
natural gas (19%) [57] was also growing. In particular, the use of biomass and waste from
the production chain contributed more than 62% of the energy used by the combustion of
fuels to produce heat [56].

For Italy, taking 2019 as a reference, the paper sector consumed about 86 PJ, with
a quite different mix compared to the global and European composition, including 36%
electricity consumption, 30% natural gas, and 30% heat produced in cogeneration plants
or thermal plants. In addition, production facilities are often equipped with systems of
combined heat, and power production technologies powered by natural gas with a self-
consumption rate of about 76% [58]. The paper production sector accounts for more than
8% of the final consumption of industry and about 1.8% of final consumption in Italy.

The production of paper and cardboard in Italy amounted in 2019 to about 8.9 mil-
lion tons, including 153 plants and about 19,000 employees. The 153 plants are di-
vided relatively evenly in terms of total annual production; 29 plants had production of
1000–5000 t/year; 21 plants had production of 5001–10,000 t/year; 33 plants had production
of 10,001–25,000 t/year; 18 plants had production of 25,001–50,000 t/year; 20 plants had pro-
duction of 50,001–100,000 t/year; and 32 plants had production of over 100,000 t/year [56].

For the sector, the search for companies was undertaken considering the NACE
rev.2 classifications 17, 17.10, 17.12, 17.20, 17.21, 17.22, 17.23, 17.24, and 17.29. Filtering
was applied by including the threshold of total revenues of individual companies higher
than EUR 5,000,000 per year. The list of companies was then overlapped with the list of
plants under the EU Emission Trading Scheme [23,31,32,43,44] for the paper and cardboard
production plants. This analysis found a total of 96 plants in Italy belonging to the EU
ETS scheme (actually, 16 installations of the 96 are classified as small installations and
participate in the “opt out” option. The total calculated freely allocated allowances based
on the allocation on single plants was found to be 2,105,535 t CO2-eq, whereas the value
reported by the European Environmental Agency was 2,204,457 t CO2-eq at 2021 (5%
relative error) [41]. Verified emissions were reported to be 4,052,653 t CO2-eq. in 2021.
Summary results are shown in Table 8.

By knowing the freely allocated allowances and the benchmarking values of carbon
intensity for different productive activities, it was possible to estimate the production
output of single plants. The average of product benchmarks for paper and carboard sector
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(0.22 t CO2-eq-t of product) was considered to carry out this calculation. Table 9 also
reports the energy intensity and carbon intensity of cement production plants, with a
breakdown of unit electricity and thermal energy consumption. Energy intensities were
assumed from the literature, and were computed considering thermal energy, electricity
consumption, and paper production in Italy in 2021 [58]. For greenhouse gas emissions,
data were estimated from E-PRTR [47], where actual emissions are available in addition
to production for some installations (the value reported in Table 9 represents an average
of estimated values). The estimated total yearly energy consumption of selected plants
is around 86.2 PJ. The estimated total greenhouse gas equivalent emissions are around
4.2 Mt CO2-eq. The mapping of paper installations is reported in Figure 2 with a dark pink
dot symbol.

Table 9. Summary data for iron and steel production plants in Italy under EU ETS.

Companies in NACE Classification—24.1 24.2 24.51 24.52 AIDA with revenue filter 293

Plants in Iron and steel in Italy—EU ETS 60

Estimated freely allocated allowances in iron and steel (excl. integrated iron and
steel)—EU ETS (t CO2-eq/a), 2021 11,858,150

Freely allocated allowances in production of iron and steel EU ETS
(t CO2-eq/a), 2021 10,500,000

Verified emissions in production of iron and steel—EU ETS (t CO2-eq/a), 2021 11,229,129

Specific fuel consumption BF-BOG (GJ/t steel) 16.5

Thermal energy intensity BF-BOF (accounts for blast furnace and coke oven gas final
energy consumption as in the IEA World Energy Balance) (GJ/t steel) 7.3

Thermal energy intensity scrap-EAF and finishing processes (calculated from natural
gas consumption from Federacciai annual report for Italian steel sector [) (GJ/t steel) 3.6

Electricity intensity scrap-EAF and finishing processes (calculated from Federacciai
annual report for Italian steel sector) (GJ/t steel) 3.3

3.3. Manufacture of Basic Metals

The manufacture of basic metals, based on NACE rev.2 classification, corresponds to
the code division 24 which includes five groups and 16 classes:

• Group 24.1—Manufacture of basic iron and steel and of ferro-alloys
• Group 24.2—Manufacture of tubes, pipes, hollow profiles and related fittings, of steel
• Group 24.3—Manufacture of other products of first processing of steel (24.31 Cold

drawing of bars; 24.32 Cold rolling of narrow strip;24.33 Cold forming or folding;
24.34 Cold drawing of wire)

• Group 24.4—Manufacture of basic precious and other non-ferrous metals (24.41 Pre-
cious metals production; Aluminium production; 24.43 Lead, zinc and tin production,
24.44 Copper production, 24.45 Other non-ferrous metal production, 24.46 Processing
of nuclear fuel)

• Group 24.5—Casting of metals (24.51 Casting of iron; 24.52 Casting of steel; 24.53 Cast-
ing of light metals; 24.54 Casting of other non-ferrous metals)

In this analysis only the manufacture of steel and the related processes was considered,
whereas the manufacture of the other basic metals, such as aluminum, lead, zinc, and
copper, was not included (group 24.4) and will be considered for future works.

Production of Pig Iron or Steel

According to the data from the World Steel Association in 2021, steel production in
Italy increased by 24.4 Mt of crude steel after the loss in production of 2020 during the
COVID-19 pandemic (19.3 Mt of crude steel in 2020 and 22 Mt in 2019). In addition, Italy
was confirmed as the second largest European producer after Germany [59]. The share
of steel produced from blast oxygen furnaces (BOFs) in the same year was 16%, with
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the remainder produced with electric arc furnaces (EAFs). Moreover, the Italian trade
association for steel, Federacciai, reports the statistics of the sector each year in its annual
report and sustainability report.

In Italy, the only integrated iron and steel plant for primary steel production is the
Acciaierie d’Italia facility located in Taranto in the South of Italy, which produced around
3.9 Mt of steel in 2021. Iron ore and coke are introduced into the blast furnace (BF), where
the combustion of coke provides the carbon oxide and heat necessary for the oxidation of
the iron ore to obtain the pig iron. Then, the pig iron is introduced into the blast oxygen
furnace (BOF) to eliminate the impurities due to oxygen, which converts them into oxides
such as carbon oxide and silicon, to finally obtain steel. The majority of steel (20.5 Mt in
2021) is produced from steel scrap in the EAF process. According to Federacciai and Eurofer
data, in Italy, there are a total of 27 EAF facilitieslocated in different areas of Italy, i.e., in
the provinces of Aosta, Bergamo, Brescia, Catania, Cremona, Cuneo, Padova, Terni, Trento,
Udine, Varese, Verona, and Vicenza. Some of the steel plants also include manufacturing of
secondary products, whereas others are entirely dedicated to secondary transformation of
steel products. In the integrated cycle, the main contribution to the direct carbon dioxide
emissions relates to the carbon input necessary for the reduction of the iron ore, as described
above, and the use of coke. By comparison, in electric arc furnaces, the direct emissions are
limited to the combustion of natural gas for heating and to reducing and process agents in
the charge; the most important part of the emissions are indirect and linked to the electricity
consumption necessary for the smelting of the scrap charge. Finally, the CO2 emissions
from processing and transformation are linked to the combustion of natural gas in the
reheating furnace or heat treatment. In 2020, the direct and indirect emissions of the sector
were 17.5 Mt CO2, which corresponds to around 4.5% of the total national Italian emissions.
The iron and steel sector in Italy is the most energy efficient in Europe, with consumption
of 7.54 GJ/t steel; this is 38% higher than the European average [60]. The consumption
of natural gas in 2018 was around 80 PJ and the consumption of electricity was around
17,500 MWh.

According to the data available on AIDA, the majority of the industrial plants analyzed
in this work are registered in NACE 24.1 as steel manufactures. However, most of the plants
are actually complex facilities that also include the casting, rolling, and finishing processes
(24.3 and 24.5 groups), and, for certain plants, also or only include the manufacture of steel
products (group 24.2). The search for companies was undertaken with NACE classifications
24.1, 24.2, 24.3, 24.51, and 24.52. We excluded the manufacture of basic precious metals
and other non-ferrous metals and their casting is included in the remaining NACE code
division 24. As mentioned for the other sectors, a filter on the revenues of the companies of
EUR 10,000,000 per year was used to limit the number of companies to cross check with
the list of plants included in the EU Emission Trading Scheme in the European Directive
2003/87/CE and its modification (2018/410/UE) and published by the Italian Ministry of
Ecological Transition. For the iron and steel sector, 60 plants were found. The calculated
freely allocated allowances of the plants, excluding the integrated iron and steel plants, were
11,858,150 t CO2-eq in 2021, which are higher than those of the ETS sectors 24 Production of
pig iron or steel and 25 Production or processing of ferrous metals. This is probably due
to the fact that a certain portion of the freely allocated allowances are included under the
ETS sector 20 All stationary installations. Unfortunately, these are not available for each
industrial sub-sector in the ETS database. Summary results areshown in Table 9.

In order to calculate the thermal energy consumption and the electricity consumption
of the single plants, the authors distinguished between the only remaining plant that
produces primary steel in Italy, Acciaierie d’Italia S.p.A, which is located in the South of
Italy (TA), the plants producing secondary steel from scrap coupled with rolling, finishing,
and manufacturing of steel products sections, and plants in which only processing and
manufacturing take place. The energy consumption of the iron and steel plant Acciaierie
d’Italia, ex-ILVA, was retrieved from the IEA World Energy Balance for Italy in 2019 [23].
In fact, the energy balance presents the detailed consumption of the typical gases produced
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in the blast furnace and basic oxygen furnace for the steel sector, which corresponds to the
consumption of the plant. Moreover, according to ENEA, the plant also consumes natural
gas, which is not possible to identify in the IEA energy balance because it is aggregated. It is
important to note that the value used in the analysis refers to the thermal energy of the blast
furnace and coke oven gas, because we expressed the energy consumption in terms of final
thermal energy rather than fuel consumption. In 2019, the production of primary steel was
4.2 Mt, which represented a decline with respect to the production of the previous year [59].
The thermal energy consumption of the plant was 33 PJ, corresponding to consumption
of coal and derived coal products of around 69 PJ, and specific energy consumption in
terms of fuel of 18.3 GJ per ton of produced steel. The plant uses the excess gases from
the furnaces to produce the electricity used in the process, which is probably sufficient to
entirely cover its needs; for this reason, electricity consumption was not included in the
analysis, since it is not useful to identify a possible electrification cluster. Nevertheless, if,
in the future, the process is converted to direct reduction coupled with electric arc furnaces
to decarbonize the process, the plants will increase their electricity consumption without
the possibility of using recovered gases as in the blast furnace technology. The equivalent
carbon dioxide emissions were available. For the other steel production and processing
plants, because of the great variability in the type of processes and finishing, the number
of manufactured products, and the corresponding energy consumption, the benchmark
considered for the energy consumption of the plants was the fuel benchmark that was
assumed to be proportional to the number of allowances allocated to each plant. The
equivalent carbon dioxide values of some plants were available in the European Pollutant
Release and Transfer Register (E-PRTR) database [47]. The calculated total yearly thermal
energy consumption of selected plants is around 80 PJ, the total electricity consumption
is around 63 PJ, and the estimated total greenhouse gas equivalent emissions are around
10.5 per year (around −6% relative error with respect to the verified emissions of the
steel sector). These results in terms of consumption are consistent with the steel sector of
the Italian Energy Balance published by the government, and by the IEA World Energy
Balance. The mapping of the iron and steel installations is reported in Figure 2 with a black
dot symbol.

4. Results

Based on the data collected in the previous paragraphs and attributes of the taxonomy
of industrial clusters, it was possible to identify potential clustering of industrial installa-
tions. Figures 3 and 4 show clustering of industrial installations based on spatial criteria.
First, clusters were identified considering a minimum number of three installations, in
areas having different radii of 10, 25, and 50 km. Each point in the shaded areas has a
minimum of three installations at a certain distance corresponding to the investigated
radius (light-to-dark red color gradation represents larger-to-smaller clusters). We found
10 large clusters with a radius of 50 km and containing more than three plants. The number
of clusters with a radius of 25 km and more than three installations was 28, and there were
nine smaller clusters with a 10 km radius and more than three installations. More granular
information may be obtained in the case where the minimum number of installations
is increased to five, as shown in Figure 5, which highlights the areas in Northern Italy
where all clusters above the density threshold, including 10 and 25 km radii, are located.
Identified clusters generally include all investigated industrial sectors, with some clusters
that feature the concentration of sectoral installations, such as ceramics, steel, and paper
in Northern–Central Italy. Clustering of industrial areas was also undertaken considering
other attributes of the taxonomy, such as the energy consumption and greenhouse gas
emissions, as shown in Figure 6, where clustered installations behaving as large emitters
(>500,000 t CO2-eq/y) and medium emitters (>50,000 t CO2-eq/y) within 25 km were con-
sidered. Again, increasing the value of the considered attribute reduces the granulometry
of clusters.
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Figure 3. Cluster of industrial installations in Italy according to installation density (minimum
installations per cluster is 3).

Figure 4. Clusters of industrial installations in Italy according to installation density (minimum
installations per cluster is 5).
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Figure 5. Clusters of industrial greenhouse gas emitters representing large and medium emitters.

Figure 6. Clusters of industrial installations based on thermal energy consumption.

Similarly, Figure 7 shows clusters defined considering thermal energy utilization,
where two different values for this attribute were considered based on Eurostat classification
of industrial natural gas consumers [61]. The considered values were those for consumers
in Band I5 (1 PJ < Consumption < 4 PJ) and Band I6 (Consumption > 4 PJ).
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Figure 7. Clusters of industrial installations based on electricity consumption.

The number of clusters belonging to Band I5 was 32, including a total number of
installations of 277. By comparison, the number of clusters belonging to Band I6 was 10,
with 123 installations. There was a substantial overlap among clusters identified with
thermal energy consumption and greenhouse gas emissions, with the EU ETS scheme
accounting for direct emissions (that are related to fossil combustion).

Finally, the identified clusters taking into account the attribute of electricity consump-
tion are shown in Figure 7. Similarly, in this case, the Eurostat classification for electricity
consumption for non-household consumers is considered, showing data for electricity
consumption above 150 GWh (the highest Band IG) in clusters with a radius of 25 km. The
total number of clusters is 20, with total installations numbering 236. Clusters with the
highest electricity consumption are no longer considered since the methodology deployed
in this paper is mostly based on the EU ETS database, and data are reported for direct
emissions, thus showing high accuracy for combustion processes and related greenhouse
emissions. By comparison, emissions from power generation are not allocated to the con-
suming industrial sectors but rather to the power generation sector itself, meaning that
installations with a high electrification rate may not be included in ETS database.

5. Discussions of the Results

The Figures 4–7 reported in previous paragraphs show very interesting features with
reference to the relevance of clusters for industry energy consumption and emissions, as
shown in Table 10. The table reports some data for clusters based on taxonomy attribute,
taxonomy value, number of clusters, number of installations in the cluster, total thermal
energy consumption, share in industrial thermal energy consumption, total electricity con-
sumption, share in industrial electricity consumption, total greenhouse gas emissions, and
share in industrial total greenhouse gas emissions. In particular, the calculated shares refer
to total industrial thermal energy consumption, total industrial electricity consumption,
and total industrial greenhouse gas emissions; the considered values are, respectively,
494 PJ, 430 PJ, and 53.9 Mt CO2-eq/y (verified emissions in ETS including all industrial
installations (excl. combustion)) [23].
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Table 10. Relevance of industrial clustering for energy consumption and emissions in industry.

Taxonomy
Attribute Attribute Value Number of

Clusters
Number of

Installations

Total Thermal Energy
Consumption (PJ) and

Share in Industrial
Thermal Energy

Consumption (%)

Total Electricity
Consumption (PJ)

and Share in
Industrial Electricity

Consumption (%)

Total Greenhouse
Gas Emissions (Mt

CO2-eq/y) and
Share in Industrial
Total Greenhouse
Gas Emissions (%)

Proximity >3 installations
in 10 km radius 9 97 39 (8%) 14 (3%) 3 (6%)

Proximity >3 installations
in 25 km radius 28 348 172 (35%) 77 (18%) 16 (30%)

Proximity >5 installations
in 10 km radius 3 67 25 (5%) 6 (1%) 2 (4%)

Proximity >5 installations
in 25 km radius 7 113 50 (10%) 17 (4%) 4 (7%)

Thermal energy
consumption

>1 PJ thermal
energy

consumption in
25 km radius

32 277 380 (77%) 111(26%) 31 (58%)

Thermal energy
consumption

>4 PJ thermal
energy

consumption in
25 km radius

10 123 250 (51%) 49 (11%) 15 (28%)

Electricity
consumption

>150 GWh
electricity

consumption in
25 km radius

20 236 186 (38%) 110 (26%) 17 (32%)

Greenhouse gas
emissions

>50,000 t
CO2-eq/y in
25 km radius

38 323 400 (81%) 122 (28%) 33.2 (62%)

Greenhouse gas
emissions

>500,000 t
CO2-eq/y in
25 km radius

13 118 248 (50%) 39 (9%) 17 (32%)

Based on the taxonomy attribute of proximity, which introduces the more severe
constraint in the clustering of industrial users, it is possible to identify three clusters with
a total of 67 installations, and having more than five installations in areas with a 10 km
radius; these clusters represent 5%, 1%, and 4% of national thermal energy consumption,
electricity consumption, and equivalent greenhouse gas emissions, respectively. In the case
of three installations in areas with a 10 km radius, the number of clusters is nine, with
97 installations, and 8%, 3%, and 6% of national thermal energy consumption, electricity
consumption, and equivalent greenhouse gas emissions, respectively.

Clustering of thermal energy consumption and relaxing the spatial constraint leads to
the identification of clusters with high relevance in terms of energy and emissions. Indeed,
with thermal energy consumption higher than 4 PJ in a 25 km radius, it is possible to
identify 10 clusters with 123 installations, representing 51%, 11%, and 28% of national
thermal energy consumption, electricity consumption, and equivalent greenhouse gas
emissions, respectively. Similarly, with the greenhouse gas emissions attribute higher
than 500,000 t CO2-eq/y in a 25 km radius, it is possible to identify 13 clusters with
118 installations, representing 50%, 9%, and 32% of national thermal energy consumption,
electricity consumption, and equivalent greenhouse gas emissions, respectively. This is a
very relevant result, since adequate policies and technology options addressing the cluster
scale may have a significant impact in terms of energy saving and security, and reduction
in emissions.
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Looking in more detail at selected clusters provides more information. Table 11 shows
the ranking of the top greenhouse gas emitters and thermal consumption emitters (the
ranking is shown for the top greenhouse gas emitters); only 10 of the 13 clusters for the top
emitters are included after removing single large emitters’ installations (Perugia, Roma, and
Caserta areas with cement installations). In more detail, Figures 8 and 9 show the industrial
sectors’ share of greenhouse gas emissions and thermal energy consumption, respectively,
thus introducing some criteria for the definition of industrial cluster archetypes.

Table 11. Ranking of clusters per carbon dioxide emissions and thermal energy consumption.

Cluster Installations Yearly Thermal Energy
Consumption (PJ/y)

Yearly Electricity
Consumption (PJ/y)

Total Greenhouse Gas
Emissions (Mt CO2-eq/y)

Taranto 2 33.3 0.015 5.96

Bergamo/Lecco 11 11.0 5.502 1.94

Modena/Reggio Emilia 66 25.1 3.804 1.71

Brescia 16 13.9 10.382 1.63

Varese/Verbano-Cusio-Ossola 4 8.0 2.674 1.34

Cuneo 3 5.4 1.211 1.01

Lucca 27 12.3 7.099 0.95

Piacenza/Cremona 2 8.0 6.638 0.80

Trieste 1 11.2 10.942 0.76

Terni 5 6.4 5.090 0.58

Figure 8. Share of different industrial sectors to greenhouse gas emissions in top emitters’ clusters
(top emitters increase from top to bottom).

Taranto, Brescia, Piacenza, Trieste, and Terni are characterized by a large contribution
of the basic iron, steel, and ferro-alloy sector. In particular, the cases of Taranto and Trieste
can also integrate ports in the cluster concept as a possible end-user or infrastructure
for the supply of energy commodities, as addressed in the work by Taccani et al. [62] In
general, including ports in the industrial cluster investigation can be of high value from
the perspective of implementing the TEN-T strategy, with ports playing a major role in
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low-carbon and green fuel logistics (notably, Taranto, Trieste, Livorno, and Ravenna are
among the most important core ports in Italy and EU strategy, and clusters can be integrated
in Taranto and Trieste, in addition to Lucca and Modena) [63].

Figure 9. Share of different industrial sectors to thermal consumption in top thermal energy con-
sumption clusters (top consumers increase from top to bottom).

Clusters of Lucca and Bergamo feature a high contribution to the paper sector. The
cement sector is quite uniformly distributed in the territory, and cement installations
contribute to the definition of clusters given the high greenhouse gas emission and thermal
energy consumption.

The cluster of Modena/Reggio Emilia features 66 installations belonging almost
entirely to ceramic production and accounting for more than 25 PJ of thermal consumption.

Figures 8 and 9 differ in their ranking position, given the fact the energy mix is different
and sectors with high pet coke consumption (i.e., cement) rank higher in greenhouse gas
emission, even if the total thermal energy consumption is lower than that of other sectors
that mostly rely on natural gas (i.e., ceramic sector, glass, and paper).

The introduction of the taxonomy, the consequential definition of clusters, and the
assessment of their relevance in terms of energy consumption, energy mix, and greenhouse
gas emissions can help to design decarbonization options by considering clusters, rather
than single industrial sectors, as an effective approach at either technical or policy-making
levels. Table 12 provides some examples that link cluster definition with decarbonization
options, also considering possible outcomes at technical and policy levels. The introduced
taxonomy is useful for the definition of clusters, and may complement other higher-level
definitions, such as that introduced by the World Economic Forum [20,64].
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Table 12. Possible decarbonization options and policies linked to the selected taxonomy attributes of
the industrial clusters.

Taxonomy Attribute Decarbonization Option—Technology Decarbonization Option—Policies

Proximity
Distributed renewable sources, industrial and
waste symbiosis, circularity, thermal
integration, demand-side management, etc.

Energy community, flexibility, circular
economy, etc.

Thermal energy consumption Hydrogen and other renewable gas production,
fuel switching in hybrid fuel furnaces

Hydrogen valleys, internal market of hydrogen
and biomethane in industrial cluster (Purchase
Agreement Scheme); infrastructure planning
for hydrogen logistics, storage, and transport;
clean hydrogen policies for industry.

Electricity consumption

On-site renewables generation, hybrid
microgrid, storage shared dispatchable
zero-carbon sources (e.g., biomass plant,
SMR, or hydropower), storage and
microgrids, electrification

Flexibility market, power purchase agreements,
contracts for difference, and other alternative
economic models to support low-carbon
investment; infrastructure planning; reduction
in taxes and levies on electricity with respect to
natural gas

Greenhouse gas emissions Carbon capture and utilization Infrastructure planning for carbon dioxide
pipelines and underground storage, carbon tax

6. Conclusions, Limitation of the Study and Final Remarks

This work presented the first generic methodology to characterize industrial clusters
in terms of energy consumption and emissions, starting mostly from public databases and
data available in the literature, when specific reports or works about industrial areas are
not available. The characterization and the geolocation of the clusters also allowed the
definition of a taxonomy of the most energy-intensive industrial clusters in a country. Hence,
the work provides a contribution to the improvement in the representation of the industry
sector in energy models, where the sector is typically represented as a single sector or group
of sub-sectors with no links between plants having similar characteristics in terms of energy
consumption, the quantity of emissions, or location. In particular, the method was based
on the availability of emissions data in the E-PRTR database and on the free allowances
allocated to single plants available in the European Commission deliberations for the
ETS system. By crossing these data with the specific energy consumption of industrial
sectors from the literature and geolocating the plants in a GIS system, it was possible to
derive the consumption and emissions of the single plants and, finally, of the analyzed
and identified industrial clusters. The analysis was applied to the Italian industry but
can be easily generalized to any European country, provided that a minimum amount of
information, as discussed in the study, is available. In the Italian industry context, selected
clusters are presented in different areas of the country, each with peculiar characteristics. A
taxonomy linked to the attributes of proximity, thermal energy consumption, electricity
consumption, and greenhouse gas emissions was presented and allows the identification
of different types of clusters in the region. The results for the first 10 clusters show that
the most interesting clusters in Italy are mainly located, as expected, in the North of Italy
(8/10), with one in Central Italy and one in South Italy. The characteristics of each cluster in
terms of thermal and electricity consumption, type of final energy, and quantity of carbon
dioxide emissions can be deployed to customize decarbonization policies for each cluster
and in synergy with the policy of the territory, considering possible exchange with the
residential and transport sectors, in addition to political and socio-economic dimensions of
the area.

The main limitations of the work concern the less-than-total coverage of the industrial
ETS sectors. In particular, the analysis currently does not include industrial stationary
installations, as follows: the production of bulk chemicals, and the production of hydrogen
and synthesis gas (sectors 42 and 43 in the ETS system), which amounted to around 3.6 Mt
CO2-eq in 2019, and accounted for 5% and 1.1%, respectively, of all the verified emissions
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from stationary industrial installation in Italy; the refining of mineral oil (ETS sect. 21);
the production or processing of non-ferrous metals (ETS sect. 28); secondary aluminum;
the manufacture of mineral wool (ETS sect. 33); and other activity opted-in under Art. 24
(ETS sect. 99). The study also does not include the combustion of fuels in the different
industrial sectors because it was not straightforward to assign the industrial sector to
these sub-installations. Another limitation concerns the fact that a unique benchmark
for each plant was assigned, whereas the reality is more complex because the allocation
of the free allowances is based on a calculation at the sub-installation level according to
the EU documentation. Then, a more systematic comparison between the results and the
national energy balance should be included; in fact, to date, the comparison was made
only for the iron and steel sector because this is directly comparable with the ETS sector
definition. Furthermore, a link between the bottom-up approach proposed here, and the
more general top-down approach based on the national energy balance, is fundamental for
future representations of the sector including clusters.

For future works, the authors propose first to include all the ETS sectors in the analysis,
including the stationary combustion plants that belong to different sectors, such as the
food sector (which, in some countries, is very relevant in terms of energy consumption
and carbon dioxide emissions) in order to define some further possible symbiosis and
industrial decarbonization options. Secondly, the authors intend to apply the methodology
to other European countries to further validate the work and to improve the attributes
that are useful for defining different kinds of clusters. The authors also propose including
a systematic comparison between the results and the data available in the World Energy
Balance in order to strengthen the link between the more general approach of modeling
and the new framework for industrial clustering and the taxonomy proposed in his work.
Moreover, the GIS analysis should be crossed with existing and planned infrastructure with
a particular focus on ports, energy networks, and availability of renewable resources; this,
again, should allow a best definition of the attributes for decarbonization. Finally, a deep
review should be carried out and recommendations for policies linked to decarbonization
of clusters should be provided.
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Appendix A

Table A1. Review of the industry sector in energy models. None of them includes the cluster
representation.

Model Main Reference Industry Representation

WEM IEA World Energy
Outlook

non-ferrous metals (aluminum), iron and steel, chemical and
petrochemical, non-metallic minerals, pulp and paper, and
other industry.

IMAGE
[65,66] Multi-sector carbon neutrality; industry aggregated

hard-to abate sectors representation included circular economy

TIMES
[67,68] focuses on advancements in energy demand sectors; best

available technologies in industry included
focuses on decarbonization options for UK industry

UCL Model overview and structure

NEMS NEMS Industrial
Demand Module

representation of Hard to Abate Sectors and
non-energy-intensive sectors. Horizontal and vertical processes
are included

E3M3 [69] Iron and Steel representation

G-CAM [70] Multi-sectoral analysis

MUSE [71]
non-ferrous metals (aluminum), iron and steel, chemical and
petrochemical, non-metallic minerals (cement), pulp and paper,
and other industry
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