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Abstract: Over the last few decades, process industries have invested increasing efforts in developing
technical and operating solutions related to industrial symbiosis and energy efficiency in both
production processes and auxiliary services. In particular, new technologies that enable industrial
symbiosis, such as novel treatment processes for byproduct extraction and valorization, water
purification, and energy transformation, were implemented in different sectors. This work analyses
recent relevant results in the implementation of industrial symbiosis and energy efficiency solutions
within process industries across Europe, based on the transactions of energy and material flows.
Current developments, based on the circular economy’s transformation levers and related achieved
results, were taken into account by considering the achieved results coming from the literature,
EU-funded projects, programmes, and initiatives on the implementation of technical solutions
and practices related to industrial symbiosis and energy efficiency. In addition, the most relevant
challenges deriving from the implementations of industrial symbiosis and energy efficiency were
analysed. A comprehensive picture of the sectors involved in achieving more proactive cross-sectorial
cooperation and integration was provided, as well as an analysis of the main drivers and barriers for
IS and EE implementation in future scenarios for European process industries.

Keywords: industrial symbiosis; energy efficiency; energy-intensive industries

1. Introduction

Over the last few decades, the negative impacts on the environment, mainly due
to increased urbanization and industrialization, as well as the intensive use of land and
natural resources, have led to a growing interest in the concepts of industrial symbiosis
(IS) and energy efficiency (EE), and their potentials in terms of environmental, economic,
and social aspects. Energy-intensive industries (EIIs) are keen to implement measures
for reducing their energy and resource consumptions. Smart management and efficient
recycling of waste and water represent further important measures to improve efficiency
and reduce the environmental footprint of production processes. On this subject, although
case studies on IS and EE have grown in recent decades, only in recent years has this trend
increased, due to the increased attention and commitment to sustainability related to high
energy consumption and waste/byproduct production.

The literature discussing the changes and reinterpretations on the concept of IS was
analysed in a recent review paper [1]. The number of publications on IS for the period
of 1989–2019 drastically increased during those years, with an increasing attention on
research activities. In this context, the concept has been evolved through its interaction
with various other concepts and applications. An overview of the scientific growth of the
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IS concept and its future growth was also provided. In addition, different strategies to
implement energy-based IS synergies were reviewed and discussed, including drivers,
barriers, and enablers of business development from technical, economic, regulatory, and
institutional perspectives [2]. The literature survey showed that energy-based IS is one
of the pioneering fields seeking to reach an energy transition in the circular economy
(CE) context. On the other hand, IS was outlined as an important application of the CE
concept, by considering both technical and economic dimensions of this transition. This
was provided in a recent study [3] that included research done worldwide that involved
academic disciplines to understand the contextual development, sustainability, dynamics,
facilitation tools, business models, etc.

A recent review paper provided a further overview of IS examples in the world,
showing the potential for its application both in developed countries and in countries
with developing economies [4]. In this review study, the process industries considered,
such as the chemical industry, cement industry, paper industry, steel and iron industry,
power plants, and refineries, appear most frequently in IS. However, waste and wastewater
companies were also part of a large number of IS examples. In particular, both cases of IS
activities already implemented and potential implementations to be developed, not only in
Europe and Asia, but also in North America, Oceania, North Africa, and South America,
were provided. In addition, synergies between industries and surrounding communities
aim at developing significant advantages for both parties. Furthermore, concerning the
e-waste industry, it is important to integrate its perspectives and engage external partners
in the context of IS to include economy-wide and intersectoral cooperation. Forming a
good partnership with other sectors by integrating them in the supply chain can lead to an
effective e-waste management system [5].

Measurements of energy efficiency based on plant-level data in some energy-intensive
sectors, such as the pulp/paper and cement industries, show that regional circumstances
should be considered when seeking to improve energy efficiency [6]. On the other hand,
innovative measures for improving energy efficiency are fundamental not only for reducing
energy consumption, but also for achieving clean and low carbon objectives. In effect,
consistent energy management, practices related to IS, the improvement of eco-efficiency,
and the use of alternative fuels derived from renewable sources represent the key aspects [7].
In this context, energy-intensive sectors can reduce their environmental impacts without
compromising the technical requirements in the involved processes, and can improve
energy efficiency in their industry.

The present review paper derives from an analysis performed in a project devoted to
the development of a blueprint strategy for human capital development through a cross-
sector skills alliance on energy-intensive industries (EIIs), and involving key stakeholders
from the sectors of the SPIRE public-private partnership. The project aims at developing
a blueprint entitled “Skills Alliance for Industrial Symbiosis: A Cross-Sectoral Blueprint
for a Sustainable Process Industry (SPIRE-SAIS)” that will target ongoing and short-term
satisfaction of new skill demands regarding cross-sectorial IS and EE in European process
industries.

The main purpose of this review paper is to provide a comprehensive review of
previous studies and activities on IS and EE in EIIs. The paper presents the current
implementation of the IS and EE concepts in the European process sectors, including the
transactions of material and energy flows. Although several examples of IS have been
provided over the last few years, this review paper aims at providing a comprehensive
review and a quantitative view of previous studies concerning the trend of IS and EE
activities in European energy-intensive industrial sectors, including an in-depth analysis of
their impacts.

The paper is organized as follows: Section 2 presents the methodology used; Section 3
provides some background on the concepts of IS and EE and the manners in which such
concepts are supported at European level; Section 4 presents the current status of IS across
the sectors involved in the pursued analysis, while Section 5 analyses the current status of
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EE developments in the same sectors. Finally, Section 6 provides a discussion and some
concluding remarks.

2. Materials and Methods

In order to perform a comprehensive review analysis on the IS and EE in European
process industries, different steps were considered. In particular, the selection and analysis
of related material was carried out, by identifying, evaluating, and synthesizing the existing
literature. In addition, the various aspects (i.e., IS and EE) were classified based on the
different considered sectors. Results from scientific literature, official and public documents
of each sector were analysed to describe the current state of IS and EE in different sectors.
Starting from the eight sectors of the SPIRE (Sustainable Process Industry through Resource
and Energy Efficiency) mainly involved in the SPIRE-SAIS project (i.e., steel, chemicals,
minerals, non-ferrous metals, water, engineering, ceramics, and cement), in the study
carried out in this review paper, the following sectors were considered: iron and steel,
chemical, non-ferrous Metals, minerals, water, cement, ceramics, and waste treatment.
Compared to the sectors involved in the project, engineering was marginally considered
due to its cross sectorial role that is not specific in the analysed context, although it surely
provides know-how which can lead to higher production capacity. On the other hand,
waste treatment was included due to its significant role in some aspects of both IS and EE
implementations.

The literature review was based on the assessment of the main lines of research
in IS and EE included in more recent updated studies and published case studies. In
order to perform this work, the most important keywords were used on the web and in
academic databases such as Elsevier, Springer, IEEE, MDPI, etc. Therefore, the generic
research keywords “industrial symbiosis”, “energy efficiency” and “energy intensive
industries/sectors” were applied for the title, abstract, and keywords of papers. In the
second step, papers were selected in order to exclude those not relevant to the main topics
analysed in the review work, such as IS and EE in EIIs. A further step of the work done
was aimed at retrieving general information about the involved industrial sectors and
production processes, the generated physical flows, and the created environmental and
economic benefits, as well as drivers, barriers, and enablers of both IS and EE in EIIs.
Results included research articles, review articles, conference articles, book chapters, and
editorials. Nevertheless, in order to provide greater knowledge of existing case studies, not
only scientific publications were used, but also papers not published in scientific journals
(e.g., conference proceedings, technical reports), which were analysed to collect more
information on existing cases studies. Thanks to the consolidated experience of the authors
in the various topics considered, significant works and various reports providing more
information on the different topics were analysed as well. In addition, the most relevant
European and, in some cases, global legislation and policies were considered. Former
papers were excluded by considering only some older literature documents that were
very relevant to the considered contexts. This was also done for the analysed reports.
Mainly articles written in English were considered by excluding papers published in other
languages, and the full text of each paper was analysed.

The large number of articles analysed reflected the high scientific output produced
by the research community in the last few decades on IS and EE activities in EIIs. Not
only were the number of scientific articles and reports in the fields of IS and EE taken into
consideration, but citations also were mainly used to identify the most important literature
on these fields.

In addition, the different amount of references among the different analysed sectors
was due not only to a non-homogeneous implementation of IS and EE activities across
industries, but also to differences between higher implementations of IS compared to EE
practices. For instance, although there was intrinsic diversity in their activities, in the main
analysed sectors, their present IS activities were taken into consideration due not only to
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the high levels of generation of wastes and byproducts, but also their developed activities
in integrating wastes and byproducts into production processes and across sectors.

3. Background on Industrial Symbiosis and Energy Efficiency
3.1. Industrial Symbiosis

In biology, symbiosis is defined as the “association of individuals of different species
in a relationship where there is mutual benefit” [8]. By applying this concept to industry, IS
“engages traditionally separate entities in a collective approach to competitive advantage
involving physical exchange of materials, energy, water, and by-products” [9]. Almost 10
years ago, Lombardi and Laybourn defined IS as “a business opportunity and tool for eco
innovation” [10]. In effect, the implementation of this concept aims at improving production
by saving energy and resources through the cooperation among companies in byproduct
or waste use [11]. IS is associated with transactions in which an organization acquires
underutilized resources (including infrastructure and services) from the organization
generating them, and integrates such resources into its own production process [11],
resulting in mutual advantages from economic, environmental and social perspectives [12].

For a practical IS application, it is fundamental to overcome economic, technological,
regulatory, and social obstacles to its development. On this subject, the knowledge and the
investigation of drivers (factors that promote and facilitate the development of IS) [13] and
barriers (factors that hinder the development of IS) are crucial [12]. In particular, the main
drivers can be represented by diversity of industries, geographical proximity, facilitating
entities and legislation, plans, and policies [4]; specifically, the need to reduce raw material
and waste-disposal costs and the potential generation of revenue; and on the other hand,
existing policies and legislation, such as regulatory pressure and landfill tax, represent
drivers for companies in order to achieve solutions for efficient use of resources and for
reduction of waste disposal.

On the other hand, barriers can be environmental, economic, technical, regulatory/legal,
organizational, social, and cultural. The environmental component can be due to interna-
tional and national constraints on reductions of greenhouse gases (GHG) and other types
of emissions, as well as of the amount of waste sent to landfills and incinerators. Further
barriers can consist of: low taxes on landfill disposals, lack of policies encouraging IS,
lack of funds to promote IS, deficient regulatory frameworks, existing stringent legislation,
companies’ reluctance to establish synergistic relationships, lack of trust, resistance to
providing data on processes and generated waste, and uncertainty related to profitability
of the symbiosis network and the associated costs and risks. Concerning the economic
component [14], some IS cases cannot provide economic benefits, due, for instance, to
the lower price of raw materials with respect to solid byproducts produced in industrial
processes and the low impact of transportation costs (e.g., low cost of transportation for
discharging byproducts). Furthermore, the role of governmental policy in facilitating IS im-
plementation is fundamental [15]. On this subject, regulations and policies can encourage
or can limit IS implementation. In particular, legislation and policies should be clear, con-
sistent, and less bureaucratic, and economic incentives can facilitate IS implementation by
providing monetary support to companies. In addition, concerning social aspects, the role
of facilitators is fundamental, as they provide training to employees and assist companies
in creating trust and cooperative relationships. Since a relevant barrier to implementing IS
consists of data transactions between industries, an industrial sector blueprint can be a so-
lution to overcome the challenge of information transactions [16]. In addition, government
investments in research and development of technological innovations can lead to new in
job creation, long-term links between companies, and new synergy networks.

In the long-term, the European Union (EU) is committed to avoiding waste production,
and to re-use waste as a resource in order to transform Europe into a so-called “recycling
society”, which, on one hand, minimizes wastes production, and, on the other hand, when
wastes are generated, exploits them as a resource. Some European Commission directives,
communications, and funded programs are devoted to IS. The communication entitled
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“Roadmap to a Resource Efficient Europe” aims at ensuring the sustainable management
of resources based on economic growth [17]. The communication “Closing the loop—
An EU action plan for the Circular Economy” underlines the importance of IS by the
cooperation with EU member states’ promotion [18]. The Directive 2018/851 on waste
aims at improving the efficiency of waste management and encourages EU member states
to implement IS [19]. In addition, the importance of IS is underlined by other directives
and communications [20,21], as well as by the “Circular Economy Action Plan” [22], which
is one of the main building blocks of the European Green Deal, the new agenda of Europe
for a sustainable growth. The Green Deal strategy and the concept of CE concern more
sustainable management of materials and resources, as well as more rational practices in
waste management and recycling [23]. The main elements of this strategy are shown in
Figure 1.
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Figure 1. Elements of the European Green Deal.

The challenge for the EU is to implement CE and the Green Deal strategy, mainly
focusing on achieving increased levels of critical raw-material recycling. Further priorities
are deeper stakeholder involvement and increasing ecological awareness among enterprises
involved in the raw-materials sector. On this subject, the previous European strategy
“Europe 2020” also concerned rational resource management, according to three priorities:
(1) smart growth, based on knowledge and innovation; (2) sustainable growth, based on
improvements in resource efficiency and a greener and more competitive economy; and
(3) inclusive growth, focused on a high-employment economy with social and territorial
cohesion [24]. After the Energy Union initiative [25], the European Commission (EC)
launched the European Green Deal for the EU and its citizens, foreseeing a new binding
climate law to achieve a complete reduction in net emissions of greenhouse gases (GHGs)
by 2050 [23]. This strategy is also an integral part of actions focused on the implementation
of the 2030 Agenda and sustainable development goals of the United Nations [26], which
indicated 17 such goals, aimed at preventing climate change through better natural resource
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management. In order to deliver the European Green Deal, in raw-materials management,
the three aspects of sustainable development (economic, environmental, and social) must
be taken into account. In particular, the mobilization of industry for a clean and CE is
recommended, by increasing recovery and recycling rates in order to achieve the “zero-
waste” goal [27], through the implementation of the so-called “4 Rs” [28] (i.e., Reduce, by
minimizing the environmental impact; Reuse byproducts and energy, Recycle byproducts
and energy from one sector to other ones; and Restore, by reducing the product’s impact).
In effect, around half of the total GHG emissions and most of the biodiversity loss and
water stress are due to raw-material extraction and processing of materials, fuels, and food.

The Green Deal strategy and CE model aim at preserving resources within the econ-
omy when product life cycles end, allowing their sustainable reuse and creating further
value. This transition requires changes in the value chain, from the product design to
new business and market models [29]. This involves system change and innovation in
technologies, in financial models, environmental assessment, society, and politics. On this
subject, it is important to find new solutions based on IS, due to some waste materials’
characteristics, such as toxicity, as well as the high costs and energy consumption of the
related recycling process. In order to evaluate new IS implementations, environmental,
economic, and social indicators can allow measuring of the impact of the IS, although social
indicators, due to their subjectivity and complexity, are difficult to quantify [30]. However,
it is crucial to define specific indicators and integrate them as a tool in the decision-making
process.

3.2. Energy Efficiency

Nowadays, fossil fuels still dominate the world’s energy consumption, and this
situation is likely to persist over the next decades. According to available data (provided by
Forbes), fossil fuels still provide 84% of the world’s energy, with 27% provided by coal [31].
The long-term target cannot be met if there are no substantial changes to policy and
technological approaches in primary energy usage. Therefore, the challenge is represented
by deploying low-carbon technologies and adopting renewable energy sources to tackle
GHG emissions and global warming, as well as to increase energy sustainability and
economic development. The Energy Technology Perspective model for a low-carbon future
was developed by the International Energy Agency [32]. The use of available technologies
can potentially contribute to 38% of CO2 reduction, while carbon capture and storage and
renewable energy technologies could respectively contribute to 19% and 17% of emissions
reduction.

The industrial sector is one of the largest energy users in EU. For this reason, the
EU introduced regulations to reduce emissions, improve EE, and encourage renewable
energy [33]. The European energy efficiency targets should also be achieved by means of
indicative national EE contributions. EE represents one pillar of the EU’s Energy Union
strategy to improve economic competitiveness and sustainability of the European economy,
to reduce emissions and energy dependency, and to increase security of supply and job cre-
ation. As most of the energy consumption in the EU depends on non-renewable resources,
measures promoting EE can help to reduce imports of fossil fuels and, consequently, to
enable energy security in a cost-effective manner. By applying important actions in EE,
significant levels of macroeconomic impacts can be achieved, with positive effects on gross
domestic product (GDP) and employment [34]. Accordingly, the EU energy policy aims at
achieving EE from a growth perspective. On this subject, the EU regulatory framework
and policies include the recent 2030 Climate and Energy Policy, with 40% reduction of
GHG emissions to reach a competitive low-carbon economy in 2050 [35]. In addition, the
EU aims at reducing GHG emissions by 80–95% (compared to 1990 levels) by 2050, and
the Energy Roadmap issued by the European Commission aims at making the energy
system compatible with this target for GHG reductions without neglecting increase of
competitiveness and security of supply [36].
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In the last few decades, several EU policies and regulations have been introduced
to improve energy efficiency and encourage renewable energy. They paved the way to
introduce the new growth strategy, the European Green Deal for the EU and its citizens [23].
In particular, the EU’s 2020 strategy for smart, sustainable, and inclusive growth is based
on climate and energy efficiency [24], as EE represents a cost-effective way to improve
competitiveness and to contribute to the energy and climate goals. In particular, the
so-called “20-20-20” targets concern: a 20% cut in GHG emissions compared to 1990
levels; producing 20% of EU energy consumption through renewable resources; and a 20%
improvement in EE of the EU’s primary energy consumption [37]. The EU 20% energy-
saving target for 2020 was first launched by the Commission in the 2005 Green Paper [38]
and by the Action Plan for Energy Efficiency in 2006 [39], followed by the Energy End-Use
Efficiency and Energy Services Directive (ESD) [40]. Due to the slow implementation of
EE actions by EU member states to meet the 2020 target, a new directive was proposed in
2011, and the Energy Efficiency Directive (EED) (2012/27/EU) was adopted in 2012 [33]
to revoke the previous Energy Services Directive, and included: legal obligations for
establishing energy-saving schemes in EU member states; provisions on the setting of
EE targets, general EE policies, energy audits, combined heat and power, management
systems for enterprises, consumer behavior, etc. The EU member states in the National
Energy Efficiency Action Plans (NEEAP) must quantify the national measures to implement
significant EE improvements and energy savings in all sectors and in all stages of the energy
chain.

According to the European Green Deal [23], EIIs, such as steel, chemical, and cement
manufacturing, play a key role in the European economy, as they supply several key value
chains. For this reason, it is fundamental to decarbonize and modernize this sector, and
EIIs show their commitment to this direction by applying new technologies that allow EE
improvements. In order to improve EE, different measures can be implemented. On one
hand, “soft” measures include good management [41], education, and behavior changes;
on the other hand, “hard” measures include investments in EE, such as upgrades or new
technology installations.

Among EIIs, it is expected that by 2050, the iron/steel and chemical sectors will
increase their energy consumptions, due to an increase in steel production [42]. The en-
ergy consumption from 2011 to 2030 will increase due to the limitation of applications
of emerging EE technologies in steelmaking [42]. However, due to the commercializa-
tion of breakthrough technologies from 2030 to 2040, the energy consumption trend will
flatten [43]. Concerning non-ferrous metals, production will decrease due to a lack of
new EU investment in production capacity and expansion of production outside the EU.
In addition, this trend will be supported by the production increase of secondary metal
through improved recycling and recovering useful scrap metal. Finally, production in the
non-metallic mineral sector will remain moderately flat through 2050, while there will be
slight declines in lime and ceramics, stable production of glass, and a slight increase in
cement production [42]. Being one of the largest energy consumers in the EU, this industry
needs to achieve the EE target through further investments. For instance, in the European
ceramic industry, energy represents one of the highest production costs. In addition, energy
cost disparities across EU member states and plants are the main issues in achieving the
competitiveness of EIIs in Europe.

4. Industrial Symbiosis across Sectors

The development of low-carbon technologies and the use of low-carbon energy at
competitive prices as well as effective policy measures can lead the European EIIs to
low-carbon industrial productions and to be competitive in internal and global markets.
In addition, reuse of waste, byproducts, water and energy from a production process as
inputs of other traditionally available processes, represents an opportunity to ecological
innovation, lower production costs and environmental and social benefits for EIIs. This
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transition can lead to higher skills, more and different jobs and open up new markets
through synergies among sectors, according to the CE and IS concepts.

In the following subsection, the trends and activities developed on the topic of Indus-
trial symbiosis within the main sectors involved in the pursued analysis are presented.

4.1. Iron and Steel Sector

The steel sector is strongly interested in the transition to low-carbon technologies and
affordable low-carbon energy, being a strong consumer of both carbon and energy [44].
According to the International Energy Agency, the iron and steel industry accounts for
approximately 4–5% of total world CO2 emissions [45]. In 2019, 27.7% of the crude steel
production [46] was derived from the melting of steel scrap, which means that the concept of
circularity is intrinsic to the steel sector and to the nature of steel as an endlessly recyclable
material. Nonetheless, the steel industry targets significant improvements [47] compared to
the recent achievements in waste energy, waste, and byproduct uses [48,49]. In this regard,
the current IS implementation involves transactions using byproducts and energy between
the steel sector and the other sectors. Some residues coming from production processes are
internally recycled, while some of them can be used by other sectors. For instance, BTX
(benzene, toluene, and xylene) are used in plastic production, tar and naphthalene in the
aluminium industry, plastics, and paints. On the other hand, iron oxides and slags can
be used in Portland cement production; and zinc oxides, contained in the dusts resulting
from the electric arc furnace (EAF) process, can be used as a raw material in the Waelz
process [50].

For implementing IS, materials should lead to a final product holding the same
properties as the one produced by exploiting virgin primary raw materials [51]. The
selected residual materials contribute to the reduction of landfilled materials and raw-
material consumption [52]. In addition, the use of secondary materials increases their
economic potential (e.g., high economic potential for one material can increase the use of
materials with lower economic potential).

Iron and steel slags are the main byproducts produced in the largest quantities in steel
processes [50]. They mainly contain silica, calcium oxide, magnesium oxide, aluminium
and iron oxides, and in refining processes they remove impurities, protect the liquid metal,
and maintain the internal temperature in furnaces. Steelmaking slags, such as basic oxygen
furnace (BOF) slag, EAF slag, and ladle furnace (LF) slag, are recovered over 80% [53],
while blast furnace (BF) slag is recovered at nearly 100%.

Figure 2 provides some pictures of slags coming from the electric and integrated
steelmaking routes. Figure 3 provides an example of how EAF slag is handled and pre-
processed in the electric steelmaking route.

It is important to know the slags’ composition, their volume instability, and their leach-
ing behavior [54] for their reuse and/or inert disposal [55]. In particular, BF slag is mainly
reused in the cement industry, while it also can be potentially used as foundation material
for road and railway construction, lightweight marine embankments, water treatment, and
glass manufacturing. On the other hand, BOF slag is often landfilled, but can be used as fer-
tilizer, concrete aggregate, and road paving. Furthermore, metals such as aluminium (Al),
chromium (Cr), and vanadium (V) can be recovered by slag bioleaching [56], and harmful
elements such as Cr(VI) ions (hexavalent chromium) [57], Cd(II), and Mn(II) [58] can be
removed from aqueous solutions through the slag applications. Recently, EAF steel slags
were studied, with promising results, by developing a five-step process [59]: (1) removal
of iron scrap from slag in dry, low-intensity conditions; (2) reduction of the particle size
by crushing/grinding; (3) activation of the slag by co-grinding with alkaline reagents; (4)
formation of soluble phases by roasting at 400–800 ◦C; and (5) leaching of valuable metals.
Both BF and steel slags can be used for heat recovery by different methods [60,61], and
as energy-storage material in thermal energy storage systems [62], while EAF slag can be
used in ceramic tile production and in biomedical applications, such as bone replacement,
and dental and orthopedic applications [63].
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Slags and other byproducts are generally reused in cement production. In particular, as
stated above, BF slag is fast-cooled by water quenching, resulting in a glassy and granular
material used for Portland cement production.

Ground granulated BF slag has significant properties (e.g., a compressive strength
similar to the reference mortar) making it suitable as cement in concrete [64]. The applica-
tion of dry granulation can reduce the content of harmful elements (e.g., H2S and heavy
metals), and insoluble chemical activators can be used to improve the hydraulic activity
of slag-blended Portland cement. Furthermore, BOF slag can be reused by improving its
hydraulic properties, through the reduction of iron oxides’ iron content [65]. In addition,
other byproducts originating from different sectors (e.g., steel fiber, asphalt, slag, asbestos,
lead, dry sludge, wet sludge, fly ash, bagasse ash, red mud, plastic, glass, etc.) were tested
to be used in concrete preparation [66].

Iron and steelmaking byproducts can replace natural aggregates in road construc-
tion [67,68]. For instance, the combination of foundry sands, EAF slags, and bottom ash
from municipal solid waste incineration (MSWI) in five different proportions can be used
for road construction [69]. Furthermore, steel slags were studied to be included in hot mix
asphalt [70], and an EAF slag in the asphalt mixture was reinforced by aramid fiber [71].
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Steel slags can be also applied for soil amendment, particularly in acidic soils, where
they can increase pH and improve the physical properties of soft soils [72]. On the other
hand, in alkaline sodic soils, BOF slag can reduce the exchangeable sodium concentration
in saline sodic soil, resulting in yield improvement [73] and economic advantages [74].
Furthermore, steel slags were successful used for repairing coral reefs [75], building artificial
reefs, and reducing H2S and metalloids in marine environments [76]. However, a crucial
aspect of the soil amendment through slags is represented by the content of heavy metals.
In this regard, converter slag can mitigate arsenic uptake by rice [77], while iron materials
coming from the casting industry can immobilize the arsenic in flooded soil [78].

Dusts and sludges are iron and steelmaking byproducts that, after being removed from
process gases, can be recycled both internally [63] and externally to other sectors, such as in
Portland cement production. BF flue dust can replace the traditional fuel and raw materials
in cement production [79], through magnetic separation that is able to remove its iron
content. In addition, the combination of BOF slag as a coarse aggregate and the BF dust as a
fine aggregate were tested in asphalt hot mixes for pavements [80]. Sludge can be internally
recycled as raw material for zinc ingots, used for producing wire rod in the galvanising
process [81]. In addition, zinc can be recovered from the pre-treatment of coated steel
scrap [82], and selective leaching tests can be used to recover pure zinc compounds or
metallic zinc from EAF secondary steelmaking byproducts [83]. Furthermore, the high-zinc
fraction from BF sludge can be incorporated in self-reducing cold-bonded briquettes and
pellets [84].

Fly ashes can be used for producing cement and concrete, fly ash bricks, and glass-
ceramic products [85], as well as for improving soil quality and as a soil fertilizer, due to
their high concentrations of K, Na, Zn, Fe, Ca, and Mg.

Mill-scale coming from continuous casting and rolling mill processes can be re-used
in pellet and briquette production for raw material in steelworks, for producing magnets,
and also as bipolar plates, a component of proton-exchange membrane fuel cells [86].

Refractory materials can be internally recycled as slag formers or conditioners, roadbed
material, slag conditioners, raw materials in the mixtures for new refractories to be used
for additions to monolithic refractories or for concretes [87], and for glass and cement [88],
paving the way to a CE and IS approach [89].

Iron- and steelmaking gases that originated from a coke oven, BF, or BOF, after
cleaning, can be reused to produce steam and electricity, resulting in 60–100% of the plant’s
electricity requirements [90]. For instance, hydrogen contained in coke oven gas can
produce power in steelworks, and ammonium sulphate can be used as fertiliser. Moreover,
such gases can be valorized through hydrogen-intensified methane and methanol synthesis
processes, the environmental sustainability of which can be emphasized through low-C or
green hydrogen production technologies [91]. In addition, thermal energy losses can be
recovered and used (e.g., heating, electricity production) both internally and by external
companies (e.g., glass, ceramic, oil refineries, and incinerators) with significant reductions
in fossil-fuel use.

According to the IS concept, residues from different sectors can be used in the steel
sector as secondary materials. For instance, carbon-bearing materials, such as biomass,
residues from food companies, and plastic and rubber wastes, which are usually landfilled,
can replace fossil materials such as coal and natural gas. In particular, biomass can reduce
fossil-based CO2 emissions [92] as a reducing agent [93] and as a substitute in pulverized
coal injection. In addition, in the EAF route, fossil fuels can be replaced by biochar-
agglomerates [94], and carbon dioxide and plastics can be used as fuels/chemicals in
high-temperature iron and steelmaking [95]. The injection of carbon and charge carbon in
an EAF using renewable biocarbon can reduce more than 50% of GHG emissions [96], and
by replacing fossil carbon sources with waste plastics, CO2 emissions can be reduced by
about 30% [97].

Among many current or pending IS activities that are relevant in Europe, two projects
have been reported as positive examples. In the first, the hypothesis of industrial symbiosis
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in the Taranto area includes the ArcelorMittal Italia (AMI) steel plant in the center of a
network of multisectorial synergies. The objective was to identify and optimize practical
solutions, to implement the concepts of IS in a concrete way while promoting cross-sectorial
dialogue and technology transfer, and presenting the steelworks as a flywheel for the
economical and sustainable growth of the territory [98]. The second example is represented
by an ongoing EU funded project (Creation of new value chain relations through novel
approaches facilitating long-term industrial symbiosis—Coralis; GA N. 958337), which
aims to implement different demo cases of IS systems in different European regions. The
steel and metal sectors are represented by an IS system located in the north of Italy (Brescia
district), where two steel factories, an aluminium producer, and a foundry cooperate in a
mutual materials exchange in order to reduce the landfill of materials and save virgin raw
materials.

4.2. Chemical Sector

The chemical sector represents one of largest European manufacturing sectors, playing
a crucial role in supplying innovative materials and technological solutions to support
the competitiveness of European industries [99]. Currently, this sector is affected by rapid
structural changes to maintain its market shares, although the increasing role of other
countries and the costs are rising. The chemical industries play a key role in the entire EU
economy [99]. In particular, they:

1. Represent around 7.5% of EU manufacturing by turnover;
2. Had sales in 2018 amounting to EUR 565 billion, representing about 17% of global

chemical sales;
3. Provided 1.2 million direct highly-skilled jobs in 2015;
4. Created around 3.6 million indirect jobs and supported around 19 million jobs across

all value supply chains;
5. Had a labor productivity 77% higher than the manufacturing average; and
6. Generated a trade surplus in 2018 of EUR 45 billion.

The chemical sector represents the heart of the EU manufacturing industry, as 56% of
EU chemicals sold to downstream users are devoted to other sectors such as agriculture
and services sectors. Innovative and new industrial cooperation activities between the
chemical and other sectors are ongoing and involve material and energy flows, and this
represents a significant aspect for implementing IS and CE activities. In addition, the
chemical industries are effective drivers of resource and energy efficiency.

The chemical industries cover different sectors, including oil and gas (refineries) and
consumer goods companies (representing sludge and organic residual treatment, and
recovery of valuable materials). These two subsectors are analyzed in deeper detail in the
following subsections due to their significance and representativeness within the entire
sector.

4.2.1. The Refinery Industry

Over the last few years, efforts to increase exploration and production of oil and
gas that also include a cost decrease has led to the stability of reserves worldwide. In
particular, in 2019 the world’s oil refinery capacity reached over 101 million barrels per
day, and globally in the last 50 years, it has more than doubled [100]. The largest refining
region in the world is Asia (25% of the total), followed by North America and Europe
(around 20% for each one). The main refining countries in the world are the United
States, China, Russia, and Japan. The European market has shown a growing demand for
petrochemicals, kerosene, and diesel, but a declining demand for gasoline, light heating oil
and heavy fuel oil. In addition, the market is characterised by high competitiveness due to
increasing capacity in the Middle East and in Asian countries. European refineries are still
not producing the mix demanded by EU consumers due to their technical design, and they
are not able to satisfy the current demand for diesel, while producing gasoline in excess.
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The classification of refineries is based on the number of available processes for the
transformation into petroleum products. On one hand, simple refineries distil crude oil into
a limited range of yield and products. They are referred to as topping or hydroskimming
plants; topping is the most basic distillation process, while hydroskimming concerns
distillation in the presence of hydrogen. On the other hand, complex refineries combine
interrelated processes to produce a broader range of refined products. They generally use
thermal and catalytic cracking, enabling deeper conversion of the crude oil feedstock into
higher yields of more valuable and marketable products. To provide some examples, the
Kalundborg Symbiosis [101] is an industrial park that includes four facilities (i.e., a power
plant, an oil refinery, a plaster-board manufacturing plant, and a biotechnology production
facility), with the participation of the local municipality. Within the industrial facilities,
there is a symbiotic transaction of material and energy flows, resulting in reduction of
resource consumption, emissions, and waste. In particular, significant achievements in IS
at Kalundborg can be summarised as follows:

• Significant reductions in energy consumption, as well as in coal, oil, and water use;
• Reduction of environmental impacts by reducing SO2 and CO2 emissions and improv-

ing the quality of effluent water; and
• Conversion of traditional waste products (e.g., fly ash, sulphur, biological sludge, and

gypsum) into raw materials.

Another significant example is the Taranto industrial district [102], which is charac-
terised by various EIIs, such as steelworks, an oil refinery, cement industry, and power
stations (see Figure 4). The results of a study funded by the Caripuglia Foundation showed
that the full implementation of IS in that area is feasible only through the adoption of
the industrial ecology paradigm in a sustainable way, taking into account the economic,
environmental, and social aspects. A full involvement and coordination of the industries
of the district in IS implementation could effectively make the Taranto industrial system
more environmentally sustainable and competitive.
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The Grangemouth Development Group (GDG) [103] is an organization formed in 1992
that includes the major companies in Grangemouth, Scotland, and the Local Enterprise
Council, Forth Ports, and Falkirk District Council. It aims at improving local chemical
industry competitiveness and creating further jobs. The “snowball effect” characterized
the company culture towards further cooperation and outsourcing at a time of increasing
competitiveness and efficiency of chemical use, and by recovering the chemical at the end
of its lifecycle.

In another example of IS implementation, Guayama, Puerto Rico, hosts different
industries: a fossil-fuel power-generation plant, pharmaceutical plants, an oil refinery, and
various light manufacturers [104]. In particular, the new AES coal-fired power plant uses
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reclaimed water from a public wastewater treatment plant for cooling, and provides steam
to the oil refinery. Additional steam and wastewater exchanges can be provided between
the pharmaceutical plants, refinery, and power plant. In addition, reuse of the coal ash
for stabilizing some liquid wastes could be a promising use. These activities provided a
significant public environmental benefit. In particular, a 99.5% reduction in SO2 emissions,
due to steam generation for Chevron Phillips, was achieved, and AES avoided extracting
4 million gallons per day of scarce freshwater by using treated effluent coming from the
wastewater treatment plant.

The Campbell Industrial Park [105] is the largest industrial park in the state of Hawaii,
USA, where the core group is called the Campbell Industrial Symbiosis, anchored by the
only coal-fired plant on Oahu, owned by AES Corporation and producing around 180 MW.
It includes the oil-fired Kalaeloa cogeneration plant (210 MW) and two large oil refineries.
These oil refineries operate small (~9 MW) cogeneration plants and steam boilers, and
other industries. By applying a life-cycle assessment to the Campbell Industrial Symbiosis,
positive environmental benefits for all impacted categories and all exchanges have been
detected.

Figure 5 shows a total of 11 companies that exchange nine different materials.
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Finally, the Ulsan/Mipo Onsan industrial complex [106] is the largest industrial area of
petro-chemicals, automobiles, shipbuilding, and non-ferrous metals in Korea. Over the past
few decades, a few companies in Ulsan have been interested in trading the excess materials
from the production line for economic purposes, with an increasing number of companies
participating. Recovery of previously discarded waste or byproducts and recycling of
wasted heat and water have led to designing and implementing IS in a sustainable way,
both economically and environmentally. The current evolution of IS in Ulsan industrial
parks can promote sustainable development at the regional scale.

4.2.2. Consumer Goods Companies

The consumer goods industry includes multinational consumer goods companies
such as Samsung, Apple, and Sony, as well as giants such as Nestlé, Procter & Gamble, and
Unilever [107]. Although the European consumer goods industry includes some global
players, such as the ones mentioned above and other representatives of the genre (e.g.,
Henkel, Adidas, Dr. Oetker, and Maxingvest), it is often characterised by small to medium-
size enterprises (SMEs). In particular, the average consumer goods company achieves
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an annual turnover of EUR 28 million and approximately 110 employees. However,
differences between the individual branches exist. For instance, a large number of textile
or publishing companies had a turnover of less than EUR 20 million per year and employ
fewer than 100 people on average [108]. In the last few years, these companies have
employed about one million people and produced and sold durable and non-durable
goods worth nearly EUR 300 billion. The demand for “final consumer goods” actually
determines to a large extent the demand for “intermediate consumer goods”, and the
interaction, even multinational, of a network of companies [108]. Using the logic of global
efficiency, in the economic strategies of production of these companies, innovative models
of IS and circular business have evolved. This is mainly due to the large supply networks
that develop upstream of the consumer goods companies [109]. The operational strategies
developed include:

• IS: transaction of services, public services between industries to improve resource
efficiency (i.e., to develop different products starting from common elements, the latter
supplied by a single company capable of mass production and, therefore, minimizing
the price for each single supply).

• Closed loop recycling and downcycling: use of recycled products as raw materials
for the manufacture of new products or for their transformation into lowerquality
products.

• Centralized collection services: a service for the cataloged collection and differentiation
of waste products, old products, or those used by different companies.

• Recycling: transformation of secondary, old, or used products of one or more compa-
nies into new goods produced by a third company that is therefore able to sell these
goods at a competitive price.

• Product service system: offering a solution associated with placing the good on the
market, leading to a marketable set of products and services provided by the same
company or by associated companies.

• Modularity and lock-in: designing an asset made up of smaller parts, each built by
different industries. Each part can be produced, used, and replaced independently,
effectively extending the average life of the asset. This effectively encourages con-
sumers to continue using a specific product or service derived from one or a group of
companies.

• Local circuit: the entire production chain is located and organized in the same district
in a grouping of industries, minimizing energy and supply times.

• Customization: opportunities for managing and using customer feedback between
multiple companies, allowing both the personalization of the individual product
and the possible offer of other associated goods (e.g., toothpaste/toothbrush, sham-
poo/brush, shoe/sportswear). The data can then be shared within companies for
more efficient offer management.

The various strategies mentioned above have already begun to be widely implemented
in recent years by large multinational companies such as Nespresso, M&S Schwopping, and
Nike, with various initiatives including “Nike Reuse-A-Shoe” and the “Glocal di Ecover”.
These initiatives are valid examples of IS activities, communication, exchange, and common
intentions shared between a group of companies, aimed at creating products designed to
be competitive, customized, and reusable, and with a low environmental impact [110].

4.3. Non-Ferrous Metals Sector

Over the last 30 years, in the European non-ferrous metals industry, a high level of
electrification and recycling have been implemented, leading to significant improvement in
achieving its sustainability. This makes it strongly involved in contributing to the objectives
of the EU 2050 climate-neutral strategy, synthesized in the report: “Metals for a climate
neutral Europe—a 2050 Blueprint”, prepared by the Institute for European Studies (IES)
for Eurometaux, the European non-ferrous metals association [111]. In this report, the
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base metals, such as silicon, ferro-alloys, precious metals, specialty metals and rare earth
elements (REE), are considered and classified, as follows:

• Base metals: aluminium, copper, lead, nickel, tin, zinc (+ silicon and ferro-alloys);
• Precious metals: gold, silver, platinum, palladium, ruthenium, osmium, iridium, and

rhodium;
• Specialty metals: cobalt, germanium, gallium, indium, selenium, antimony, magne-

sium, molybdenum, cadmium, beryllium, bismuth, chromium, niobium, vanadium,
hafnium, lithium, manganese, rhenium, tantalum, tellurium, titanium, and tungsten;

• REEs: neodymium, dysprosium, scandium, cerium, erbium, europium, gadolinium,
holmium, lutetium, ytterbium, thulium, lanthanum, praseodymium, samarium, ter-
bium, and yttrium.

Non-ferrous metals are essential in infrastructure, such as buildings, transport, and
electronics. They are also present in strategic sectors, such as defence and telecommu-
nications, as well as in other economic sectors, such as food, jewellery, etc. They are
particularly essential and irreplaceable in the production of low-carbon technologies. In Eu-
rope this sector is worth EUR 120 billion, and employs around 500,000 people directly and
more than 2 million people indirectly. There are 931 European facilities, including mining
(54), primary and secondary production of metals (464), and further transformation (413).
Metal production is present in most EU member states, in particular in Italy (179 facilities),
Germany (147 facilities), Spain (116 facilities), France (82 facilities), the United Kingdom
(53 facilities), and Poland (51 facilities) [111]. The total European production of non-ferrous
metals is around 47 Mt [112].

All metals are basically produced in two ways: the conversion of ore to metal and
the recycling of metal scrap. Among non-ferrous metals, aluminium is the most used by
volume and the second most widely used metal after iron in the EU and globally, while
copper is the second-largest base metal sector in the EU. Due to the scarce presence of ore
resources in Europe, the extractive industry (mining) of non-ferrous metals represents a
small sector. Consequently, Europe imports around 80% of its needs from other continents,
as non-ferrous metals have a strategic importance for Europe, in particular, for large number
of industrial sectors, ranging from essential to high-technology and sensitive sectors, in
which non-ferrous metals are indispensable.

Non-ferrous metals are crucial for decarbonization, as the transition to a carbon neu-
tral Europe can be achieved only with sufficient amounts of non-ferrous metals. They
are used in all technological solutions for decarbonization (e.g., battery and fuel cells for
electrical-based transport systems, solar photo-voltaic panels and wind turbines for pro-
ducing renewable energy, battery storage and smart grids, and 100% recyclable packaging).
Consequently, due to low-carbon transition, the Organisation for Economic Cooperation
and Development (OECD) estimates that total consumption will increase from 7 Gt to
19 Gt per year by 2060 [113]. Due to the increase of decarbonization technologies, higher
quantities of aluminium, cobalt, copper, lead, zinc, nickel, and lithium will be consumed.

The non-ferrous metals industry has always adopted the IS concept with other sectors.
As raw materials are not available, recycling has been always a must. On this subject,
the European metal-recycling industry is a world leader, with a 24% market share [111].
Innovative solutions have been developed to recover metals from waste and byproducts
from the production process in an economic and technical sustainable way. In addition,
residues from metal production are used as additives in roads, construction, or other
markets [112]. The European non-ferrous metals industry is an ecosystem of mining,
smelting, transformation, refining, and recycling operations across the continent. This
sector is an ecosystem in nature. In practice, metal ores consist of various elements
commonly coexisting. Consequently, there is a strong interlinkage between different metals
during the smelting, refining, and recycling processes. When a primary metal is produced,
other metals can be separated as byproducts that can be used as raw materials for other
productions. At the same time, metals from other byproducts are commonly recovered and
recycled, providing secondary raw materials. For this reason, this sector presents a high



Sustainability 2021, 13, 9159 16 of 37

degree of electrification, circularity, and emission reduction, and it is committed to being a
real pioneer in reducing GHG emissions to zero by 2050.

The vision for the future of the European non-ferrous metal industry is based on two
main pillars:

1. Increasing importance of the non-ferrous metal sector for a carbon-neutral and com-
petitive European industry; and

2. Its intrinsic tendency to recycle and recover metals from byproducts.

These two pillars can allow the building of a new industrial system based on the
IS approach, with high environmental performance, resource efficiency, and innovation,
aiming to reduce the CO2 footprint of European primary production, but also to reduce the
import dependency and improve security of the supply of strategic metals. Furthermore,
the technological innovation is crucial to realizing a better life-cycle understanding of
materials, tracing and controlling materials, improving process flexibility and EE, and
facilitating the transition to renewable energy [114].

Within the non-ferrous metal sector, the aluminium industry shows a particular
importance. European Aluminium represents the entire value chain of the European
aluminium sector [115]. The main actions of upcoming strategies will be based on the
protection of the competitiveness of European aluminium producers and industrial energy
consumers. In addition, the main goal Europe should be focused on is how to reinforce its
strategic autonomy in global value chains, preserve existing industrial assets, and restore
production in Europe. This will significantly reduce the current carbon-intensive imports.
In this context, European companies need to take part in a framework that enables them to
become more energy-efficient, competitive, circular, and sustainable in order to deliver and
invest in climate neutrality and to act in a free and fair trade environment.

According to the new Circular Economy Action Plan [22], European Aluminium’s
policy aims at ensuring circular material handling along the entire value chain, starting
with the product design, as well as at creating appropriate incentives for circular solutions
and products, to boost investment in collection and sorting and promote innovation of pro-
duction processes [116]. The Vision 2050 for the aluminium industry focuses on recycling
and policy recommendations for achieving full circularity. Aluminium can be recycled
multiple times without losing its original properties, which include lightness, conductivity,
formability, durability, impermeability, and multiple recyclability. This material in Europe
can reach recycling rates of over 90% in the automotive and building sectors, and 75% for
aluminium cans. These results have been achieved thanks to developed collection systems,
in particular, for vehicles reaching their end-of-life, building scrap and used beverage
cans; high scrap sorting rates; low losses when aluminium is re-melted into recycled metal;
and a high-quality end product that can be used in high-value applications. Recycling
aluminium in Europe can lead to avoiding relevant CO2 emissions, due to the reduction of
carbon-intensive aluminium imports. Furthermore, this recycling process requires only 5%
of the energy needed for producing the primary metal, resulting in 0.5 tonne CO2 eq/tonne
recycled aluminium (gate to gate). In order to maximise aluminium recycling rates and to
keep the material in active use, it is important to ensure collection and efficient recycling in
Europe of all end-of-life aluminium products. Support policies and cooperating with the
academic world can lead to coordinated measures along the value chain, influence market
demand for circular solutions and consumer awareness, make investments economically
viable, and the development of business models required to underpin them.

4.4. The Mineral Sector

The New Circular Economy Action Plan was published in March 2020 [117]. It
provides a holistic strategy for how to tackle and address the challenge ahead. In this
context, some actions reported in the CEAP concern directions will have an impact on the
minerals sector, as follows:

• Launch of an industry-led IS reporting and certification system for 2022;
• Strategy for a sustainable built rnvironment (2021); and
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• Regulatory framework for the certification of carbon removals (2023).

The mineral sector is committed to apply new innovative technologies along the
industrial minerals value chain, including developments in extraction, beneficiation, drying,
calcining, and waste recycling. These will allow the EU minerals industry to decrease
the use of natural resources, which consequently will lead to sustainable productions
with less waste and lower environmental impacts. Multiple mineral solutions illustrate
the viability of this recovery and the sectors that can benefit from these innovations (e.g.,
bentonite for valorizing tailing wastes and clean processed water). In particular, innovative
projects have been developed to achieve more sustainable business models, going from the
extraction and processing of the minerals, through delivering products to the value chains,
to recovering of the land after its use [118,119]. The mineral industry can provide solutions
to address social challenges of energy transition, CO2 reduction, and resource recovery. In
addition, waste valorization for critical raw material recovery can be addressed through a
holistic sustainable approach. Furthermore, past historical waste can serve as sources to
supply the demand for battery raw materials or for energy-transition raw materials. For
this reason, the industrial minerals sector, according to the IS concept, can address societal
challenges to such cross-sectorial cooperation to reduce the CO2 and resource footprint.
Finally, data and information availability on secondary materials, as well as a harmonised
legislative framework within the EU, are crucial for the large-scale deployment of recovery
practices involving this sector.

4.5. The Water Sector

About 44% of total water abstraction in Europe is used for agriculture, 40% for industry
and energy production (cooling in power plants), and 15% for public water supply [120].
Water is mainly consumed in irrigation, urban, and manufacturing sectors. Industrial
water consumption is used for cooling purposes in energy production, while the other half
is mainly used for process and manufacturing industries in the chemical, food and feed,
paper and pulp, oil and gas, textile, metals, mineral, and mining sectors [121].

Water is the most important resource in the world, and its consumption is continuously
growing due to its intensive use in industrial processes and agriculture, as well as in the
urban context. However, over the last few years, new initiatives were launched. For
instance, the new European consortium NextGen represents a new challenge in the water
sector that, according to the principles of CE and through technological innovations, aims
at preserving natural capital, optimising resources, and improving system efficiency [122].
NextGen is seeking to achieve sustainability and bring in new market dynamics throughout
the water cycle. The goal of the consortium consists of high-performance innovation,
business models, and governance conditions to mainstream these solutions, with 10 large-
scale demonstrations in eight different EU countries. The new approach is developed at six
sites for water supply infrastructures and solutions in urban or rural areas. This includes a
wide range of water-embedded resources: water itself (reuse at multiple scales supported
by nature-based storage, optimal management strategies, advanced treatment technologies,
engineered ecosystems, and compact/mobile/scalable systems); energy (combined water–
energy management, treatment plants as energy factories, and water-enabled heat transfer,
storage, and recovery for allied industries and commercial sectors) and materials (nutrient
mining and reuse, manufacturing new products from waste streams, regenerating and
repurposing membranes to reduce water reuse costs, and producing activated carbon from
sludge to minimize costs of micropollutant removal).

A recent study [123] concerned the categorization of the main water-consuming
applications within industries, such as cooling water, boiler feed, the washing of vehicles,
and water for recreational purposes. In addition, water reuse in agriculture and directly at
the wastewater treatment plant were investigated, representing a topic with large interest
within industries.

A recent industrial initiative was carried out in Kalundborg, including public and
private companies [124], foreseeing the growing of algae on process water in an IS context.
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Based on the use of industrial process water as a resource, water remediation, production
of microalgae biomass, and related technologies were tested.

4.6. The Cement Sector

Cement production begins with limestone, clay, and sand, and it represents one of
the leading building materials. Its production is characterized by different steps, such as
raw material preparation, clinker production, and cement preparation [125]. The most
common form of cement is Portland cement, which is based on primary raw materials
and generally is associated with large amounts of fossil fuels. Portland cement consists of
93–97% clinker, which is formed when the raw limestone burns at a high temperature in a
cement kiln [126]. Clinker production represents the most energy-intensive step in cement
making, and it occurs in a kiln where raw materials, such as limestone, shale, or clay, plus
others, are heated up to 1450 ◦C. The kiln can be fired by fossil fuels (e.g., natural gas, coal),
but these can be replaced with alternative fuels (e.g., waste-derived fuels, tyres, etc.) [127].
Over the last few decades, the cement industry has been committed to using different
byproducts originating from other industrial sectors (such as the previously mentioned
reuse of slag from the steel production cycle) as fuels and raw materials [128], resulting in
CO2 emissions reduction [129,130]. For this reason, in industrial ecology, the cement sector
is defined as a “scavenger” [131].

Many scientific results on the cement sector were found in recent studies dealing
with the most relevant achievements in industrial ecology and IS [132]. In particular, the
relevance of the leading ideas for IS for the cement industry was studied [133]. The investi-
gation was based on a quantitative comparison of the CO2 emissions from different cement
production systems and products, both existing and hypothetical. In addition, thanks
to the eco-town project Kawasaki Eco-town, which included more than 70 companies, a
cement producer reduced CO2 emissions by 43,000 t per year by using recycled materials
instead of virgin materials [134].

4.7. The Ceramics Sector

The European ceramic industry includes world-leading companies and SMEs that pro-
vide value-added solutions through mineral raw material transformation into sustainable
and innovative products [135]. Due to its features, ceramic is a highly durable material
with an estimated lifetime of more than 50 years. Furthermore, it is a material that is
easily recyclable and recoverable in processes, reusing fired and unfired waste as well as
demolition waste, according to the CE perspective [136].

The European ceramic industry includes nine sectors, ranging from construction
products and consumer goods to industrial processes and cutting-edge technologies [135].
European data shows that its production is around 1304 million m2, consumption amounts
to 964 million m2, and total sales were about EUR 9 billion in 2016 [137]. Within several
subsectors, the ceramic industry includes floor and wall ceramic tiles, which is the most im-
portant ceramic subsector. In addition, the most common ones are earthenware tiles, glazed
stoneware tiles, and porcelain stoneware tiles [138]. In Europe, the largest producers are
Spain and Italy, which account for around 80–90% of the total European production [137].

The ceramic sector, due to its combustion processes, is considered as energy intensive
and, accordingly, it is subject to European policies aiming at reducing GHG emissions. The
production process consumes high amounts of energy; in addition, energy costs represent a
significant part of the total production costs [139]. On this subject, according to “Roadmap
for moving to a competitive low-carbon economy in 2050”, the objective for the industrial
sectors is CO2 emission reductions from 83% to 87% by 2050 [35]. Consequently, in “Paving
the way to 2050—The Ceramic Industry Roadmap”, alternative energy sources and current
and future production of technologies were presented by considering the complete life cycle
of ceramics [140]. The ceramic industry is consistently committed to developing innovative
and high-value solutions [141] within several applications, from construction to consumer
goods to industrial processes and cutting-edge technologies. Therefore, it is continuously
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committed to reducing costs, improving product reproducibility, and competing with other
markets’ products through development of new equipment and improving knowledge of
ceramic properties and evolution [142].

Together with the reduction of CO2 emissions and wastewater, the ceramic sector is
committed to recovering and recycling production residues whenever possible [140]. In
particular, unfired waste tiles, fired waste tiles, washing line sludge, polishing and honing
sludge, dried milling residues, and exhausted lime can be internally used by saving other
raw materials, such as sands, feldspars, alumina, zirconium oxide, mullite, and clays. In
particular, extraction, transport, and use of thousands of tonnes of natural materials can
be avoided [136]. For instance, in Italy, 99.5% of the sector’s production and purification
waste is reused within the production route, recovering 8.5% of the minerals required in
the manufacturing process. In addition, in 2015, 70% of the required water in the Italian
ceramic industry came from recycled wastewater [127]. In particular, in the Italian region
of Emilia Romagna, the regional government indicated four byproducts from the ceramic
sector that can be effectively used within the ceramic production process [143]:

• Unfired ceramic powders and bodies;
• Powders from fired ceramics;
• Unfired formed ceramic products (whole or fragments); and
• Fired formed ceramic products (whole or fragments).

On this subject, some companies of the “Zona Industriale Prataroni”, a ceramic
industrial district located in Civita Castellana in Emilia Romagna (Italy), joined the APEA
ZICC (Zona Industriale Civita Castellana) to adopt a CE created by an IS approach, through
both circular and green-economy-based applications. All the involved companies share
their wastes, plants, and know-how to produce water for ceramics manufacturing and
thermic and electric energy for self-consumption [144].

4.8. Waste Treatment Sector

The waste of electrical and electronic equipment (WEEE) sector includes a variety
of end-of-life equipment from obsolete electrical appliances and electric goods [145], and
metals represent 60% of equipment weight [146]. The major fraction of metals is concen-
trated in specific components, such as the printed circuit boards (PCBs), which contain
copper, lead, tin solders, and precious metals [147]. Some products, comprising phosphors
as fluorescent lamps, neodymium–iron–boron (NdFeB) magnets, and nickel–metal hydride
(NiMH) batteries, contain REEs, which are lanthanides group elements plus scandium and
yttrium. The European Commission classified REEs as the most critical raw materials, due
their high economic value and intrinsic shortage [148,149]. A second source of valuable
metals is represented by batteries, in particular lithium-ion batteries. Starting from their
commercialisation in the early 1990s, lithium-ion batteries are a significant energy storage
technology, due to their high energy density. This led to the quick development of portable
electronics, such as mobile phones, laptops, and tablets. In addition, in the last 10–15 years,
lithium-ion technology has strongly entered into the transport sector, due to its application
in electric and hybrid cars, buses, trucks, and many energy storage systems. This has
resulted in an increasing requirement to recycle lithium-ion batteries, although the levels
are still insufficient. In 2019, the total weight of lithium batteries in the global market
amounted to 1.25 Mt, while the recycled fraction was less than 10% [150].

The lithium-ion battery value chain includes six steps: (1) mining and processing
of raw materials; (2) cell component manufacturing; (3) cell manufacturing; (4) battery
pack manufacturing; (5) installation in an electric vehicle; and (6) recycling [150]. Between
steps 5 and 6, a lithium battery can be reused in a different application. Valuable metals
contained in a lithium battery are critical raw materials and their recycling is important to
reduce energy consumption, relieve the shortage of rare resources, and reduce the pollution
of hazardous components.

WEEE is a growing waste stream in the EU and is hardly recycled. However, the
EU aims at achieving CE, and WEEE should be seen as a source of valuable materials to
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be exploited. In 2019, only 17.4% of global e-waste was recycled, according to the WEEE
Forum [151], corresponding to more than 40 million tonnes of e-waste generated globally
in 2019 that were landfilled, burned, or illegally traded. This has led not only to the loss of
valuable and critical raw materials, but also to environmental, health, and societal issues.
While in the EU, e-waste recycling represents the highest level in the world thanks to
appropriate legislation, only 17.4% of e-waste is collected and recycled [152].

Although WEEE is perfect for implementing an IS model, securing responsible sourc-
ing of these materials and increasing their recycling rates represent a complex challenge.
This can be due to different reasons, such as a lack of structured data on quantities, con-
centrations, trends, and final whereabouts in different waste flows in the urban mine in
Europe, as well as efficient technological solutions for selecting and recovering materi-
als [153]. Only policies and legislation that adopt sustainable strategies, including reuse
and remanufacture, can lead to a favourable environment for developing IS models in this
sector. However, the market shows some examples of practical implementation [154].

Some technological aspects are not advantageous. In particular, the applicable tech-
nologies are not efficient enough, implying relevant energy consumptions and high emis-
sions in air and water. In particular, the existing technologies for WEEE recycling are
mainly based on smelting processes and/or hydrometallurgical treatments, which signifi-
cantly impact the environment by generating secondary pollutants. The development of
environmentally friendly and cost-effective treatments is strongly required. In addition,
the current recycling industry is not efficient enough for recovering metals from WEEE.
Furthermore, while base metals (e.g., aluminium, copper, etc) and precious metals are ex-
tracted and recycled in significant amounts, REEs are seldom recycled. The WEEE recycling
chain includes three main steps: (i) collection, (ii) pre-treatments, and (iii) end-refining
processing [155]. Collection strongly depends on consumer awareness to provide electronic
waste available for recycling, as well as on logistics and organization. Pretreatments should
be improved to reduce the costs and increase the efficiency of valuable material yields.
In addition, shredding, screening, magnetic separation, eddy current separation, corona
electrostatic separation, and density-based separation are present in a conventional WEEE
mechanical treatment line. Mechanical processes are applied in recovering mass relevant
metals, such as iron and copper, reaching yields up to 80%, while they fail in recovering
precious metals [155]. End-refining processing requires special technologies. In particular,
non-metallic fractions can be treated through gasification, pyrolysis, supercritical fluid de-
polymerization, and hydrogenolytic degradation, aiming at producing chemical substances
and fuels. Metallic fractions are sent for further recovery via metallurgical techniques, such
as pyrometallurgy and hydrometallurgy. Usually, electrometallurgical processes, such as
electrowinning and electrorefining, are applied at the end of the recycling process. These
are based on the electrodeposition of metal concentrates in aqueous electrolytes or molten
salts. In addition, in the last few years, biometallurgy has become a promising technique
for metal recovery from WEEE, as it is economically and environmentally viable compared
to conventional procedures. Further emerging technologies such as electrochemistry, su-
percritical fluids, mechanochemistry, and ionic liquids are being explored [155]. On this
subject, recent research activities have led towards process optimization to recover precious
metals and REEs. Recycling of WEEE is well recognized; however the effective recovery
of materials from electronic waste is still a challenge from the technical, environmental,
economic, social and cultural points of view. In this regard, some lines of development
have been identified [155]:

• Due to WEEE complexity, it is difficult to treat and recycle them. An improved
eco-design approach can lead to easier recycling procedures.

• As a large amount of valuable materials is lost through the entire recycling chain, new
advanced and efficient technologies for sorting, treating, and recovering metals are
required to increase the yield and recycle more metals.
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• It is also important to improve the awareness of consumers, as well to develop infras-
tructures for collecting and treating WEEE in a more sustainable way, including other
valuable metals that are still neglected, such as REEs.

• A virtuous cooperation and coordination among the stakeholders involved in the
WEEE management system is crucial, while also taking into account regulations and
policies.

5. Energy Efficiency across Sectors

In EIIs, energy can account for up to 25% of operating costs, representing a key factor
for increasing its competitiveness [156]. This is one of the main reasons that for many years,
EE has been a relevant objective for most EIIs in Europe and worldwide, and this concept
was widely affirmed before IS. In the following, a review of the activities and trends of the
research and development activities toward EE in the analyzed sectors of the European
process industry is proposed.

5.1. Iron and Steel Sector

The steel industry is considered as one of the main resource consumers, and produces
significant volumes of byproducts, wastes, and emissions. EE is a key driver for this
sector [157]. Over the last 20 years, the steel industry made great efforts to reduce energy
consumption in its production processes and improve efficiency in iron and steel manu-
facturing [158]. The improvement of socio-economic and environmental sustainability of
its production processes is a key and crucial commitment of the European steel sector, to
increase its resource efficiency and reduce its environmental footprint in steel production.
Since 2013, “sustainable steel production” has been the highest priority within the strategic
research agenda of the European Steel Technology Platform [159]. In addition, improving
the product quality in needed in order to face increasing competition.

According to the “Best Available Techniques (BAT) Reference Document for Iron and
Steel Production” [160], to achieve EE in the steel sector, the optimization of the off-gas
management in an integrated steelwork represents a key factor. For instance, process
off-gases produced in BF can replace natural gas, due to their significant energy content.
Process gases can be considered as an intermediate byproduct to produce other valuable
energy carriers or products, leading to a significant environmental benefit. Although
off-gases are currently reused outside steel production, such as in power plants or heat
and steam production, new developed approaches (e.g., decision support system) can
be exploited to be applied in other sectors. Machine-learning-based approaches have
been applied to estimate off-gas production (and the energy content) and demand from
the different processes on a short-term horizon (2 h with a sampling rate of 1 min or
5 min), including energy transformation equipment [161,162]. In particular, echo-state
neural networks (ESNs) and deep ESNs (i.e., specific recurrent neural networks) are very
effective for modelling dynamic processes, with starting from process data also being
computationally efficient [163]. In [164,165], deep echo-state neural networks (ESNs)
also were applied to modelling nonlinear dynamics of complex industrial processes (e.g.,
forecasting energetic content in BF gases during the hot metal production, and developing
the application of its consumption in hot blast stoves) [162]. These machine-learning-
based models were used to optimize the gas distribution inside the network, taking into
account possible interactions [166]. Moreover, a series of key performance indicators
were elaborated to monitor the gas management efficiency, and the overall economic and
environmental objectives of the optimization were defined [167]. An offline tool for overall
structural optimization of the network was developed (see Figure 6).
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As far as the electric steelmaking route is concerned, scenario analyses were carried
out to find process modifications, and improve the sustainability of a production cycle
including EE by exploiting an assessment and simulation tool based on the definition of
key performance indicators, and on the Aspen Plus® modelling [168–170].

Process integration models aim at improving material and energy efficiency, as well as
environmental and economic sustainability of both the scrap-based [82] and the integrated
route [171,172]. Process integration solutions targeting wastewater management and reuse
also were investigated [173,174]; these allow savings of both freshwater and energy costs
related to freshwater extraction.

Improving EE by investigating strategies for hot blast stoves was studied [175]. The
development of a mathematical model was carried out to assess hot blast stoves’ perfor-
mance, using a finite differential approximation to represent the heat transfer inside the
furnace during operation. The temperature distribution and the state of charge of the hot
stoves were estimated and predicted online through a control model, supporting decisions
of the plant operator.

In the steel industry, the traditional approach is still production-driven. By combining
scheduling and optimization of energy procurement as an integrated monolithic optimiza-
tion model, this results in intractable problems requiring excessive computational time to be
solved [176]. A mean value cross decomposition was used to solve the combined problem
by iterating between energy-aware production scheduling and energy-cost optimization,
and adopting mixed-integer linear programming (MILP)-based models for the formulation
of the scheduling problems, while for the energy cost, optimization with a minimum-cost
flow network was used [177]. Moreover, advanced modelling and optimization approaches
were applied to intelligent planning of energy-intensive operations to meet the constraints
of the external energy grid, avoid over-consumption, and take maximum advantage of the
country-specific energy market possibilities [178,179] (see Figure 7 for an example of the
developed interface).
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In a recent analysis concerning the Swedish steel industry [180], some relevant barriers
for implementing EE measures were identified: lack of time, lack of personnel, unclear
information from the technology supplier, risk of production disruption, other priori-
ties for capital investments, lack of people with a higher education in the energy field,
and lack of awareness of the potential of engaging employees. Energy use and EE mea-
sures/technologies in the steel sector were reviewed in [158], resulting in large number of
energy-efficient, cost-effective, and available technologies that can help energy managers
select areas for energy-efficiency improvements. The implementation of more efficient
technologies, energy recovery in the manufacturing processes, increased energy conversion
efficiency, and optimisation of operational practices can lead to relevant EE improvement.

5.2. Chemical Sector
5.2.1. The Refinery Industry

Complex refineries, as EIIs, are committed to limiting energy consumption. In particu-
lar, there are several actions focused on improving EE, such as: increasing heat interchange
between process streams; thermal exchange within and between process units and hotter
charge feed between units; use of more efficient heaters or furnace processes; gas turbines
with pre-heated air; and waste heat steam generation (when feasible).

In the last few years, the current specific consumptions (the ratio between the energy
consumed by the refinery and the tonnes of feedstock processed) of a sample of European
refineries ranged from 1.5 GJ/t to 4.0 GJ/t of crude, with an average of 2.75 GJ/t. Around
3–9% of the crude feedstock is burnt in the refinery [181].

The energy losses from petroleum-refining operations are primarily the result of the
following:

1. Heat rejected by (lost to) air- and water-cooled heat exchangers, used to cool recycled
and product streams. It represents 55% of the total losses.

2. Unrecovered heat in flue gases from furnace and steam boiler losses are 19% of the
total losses.

3. Convection and radiation losses from hot equipment, transitional tanks, and piping
are 18% of the total losses.

4. Steam system losses are 3% of the total losses.
5. Organic landfilled wastes are 5% of the total losses.
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Table 1 reports the potential recoverable energy.

Table 1. Potential energy recoverable in refineries.

Refinery Sections Energy Losses
(MJ/tcrude)

Potential
Recoverable Energy

(MJ/tcrude)

Cutting oil at high temperature
Heat rejected by (lost to) air- and water-cooled

heat exchangers used to cool recycled and
product streams

550–2200 150–600

Waste heat between production units
Unrecovered heat in flue gases from furnaces

and steam boilers
200–1000 70–350

Heat losses from processes
Convection and radiation losses from hot
equipment, transitional tanks, and piping

100–400 30–120

Heat from tapping streams 30–120 10–36

Wastes 50–120 15–40

Data estimates at present (see Figure 1) show that the potential recoverable energy is
about 30% (from 0.24 ÷ 1.2 GJ/t of crude) of the actual specific losses.

Over the last few years, EE in refineries has increased, due to some economic issues,
such the increased cost of fuel consumption. However, the corresponding efficiency
has increased with the fuel price. According to the research activities performed by
the American Petroleum Institute (API), significant reductions in energy consumption
can be achieved through investments in new plants, operational improvements, and
modernization of old equipment.

5.2.2. Consumer Goods Companies

Since 1970s, European goods industries were committed to a more efficient energy use.
Globally, 37% of primary energy of this sector is converted to useful energy, resulting in
about two-thirds of losses [182]. In the next 20 years, energy efficiency will achieve 25–35%
in industrialised countries and more than 40% in transition economies. In addition, dema-
terialisation and recycling will further contribute to energy-intensity reduction. Although
benefits from consumer goods’ energy efficiency have been traditionally underestimated
by energy policies, achievable EE levels depend on countries industrialisation, motori-
sation, electrification, human capital, and policies. However, the implementation of EE
actions can be affected by specific barriers, such as lack of knowledge, or legal and admin-
istrative obstacles. On this subject, governments and companies can lower these barriers,
but international harmonisation of regulations also can play a crucial role in efficiency of
traded products. Thanks to new technologies and cost reductions, the economic potentials
deriving from more efficient energy use in this sector will continue to grow.

Several European programs are focused on EE, and most of them are centred on the
consumer goods industries. In particular, the Intelligent Energy Europe Program (IEE) [183],
established with Decision No. 1639/2006/EC [184], aims at promoting EE, renewable
energy sources, and energy diversification. It contributed to ensuring safe and sustainable
energy for Europe through the support of European countries committed to achieving the
objectives of the European 2020 strategy (−20% greenhouse gas emissions; +20% energy
efficiency; +20% renewable energy) [24], as well as to strengthening competitiveness with
measures encouraging EE and rational use of energy resources [185], with particular focus
on consumer goods companies.
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5.3. Non-Ferrous Metals Sector

The non-ferrous metals industry is the sector with the highest share of electrical energy
use. In particular, in 2017, the total energy use in the European non-ferrous metals industry
was 432 petajoules (PJs), corresponding to 120 TWh. Electricity is the most important
energy carrier, with a share of 58% of final energy use (69 TWh) [186].

In aluminium production, the primary aluminium requires 14–16 MWh/t of electrical
energy, accounting for about 85% of total energy consumption, while secondary aluminium
requires 0.12–0.34 MWh/t of electrical energy. Concerning copper (total energy 3.3 MWh/t,
electrical energy 1.5 MWh/t), zinc (total energy 14 MWh/t, 1 MWh/t electrical energy),
and other metals, less specific energy is required. However, for producing these metals,
more fossil fuels are consumed, and more specific CO2 emissions are produced [186].

Over the last few decades, significant reductions in CO2 emissions have been achieved.
In particular, between 1990 and 2015, the non-ferrous metals industry reduced CO2 equiva-
lent emissions (direct and indirect) by about 61% [186]. This was mainly due to significant
reductions of perfluorocarbon (PFC) emissions (mainly produced in the primary aluminium
production process), which have a significant greenhouse effect. On this subject, the alu-
minium sector was committed to reducing emissions through process improvement, and
implementation of monitoring and control systems. On the other hand, reducing energy
consumption contributed to reducing CO2 emissions. In addition, technological evolu-
tion has led to significant reductions in energy consumptions of around 15%. Significant
improvements were achieved by introducing new plants, new operating activities, larger
number of sensors, control systems, and higher automation. Furthermore, the use solid
fuels and oil decreased from 11% and 12%, respectively, in 1990, and was down to 3% in
2017. Their replacement by natural gas and electrical energy contributed to increasing EE
and reducing CO2 emissions.

The EU non-ferrous metals sector represents the most efficient producer worldwide,
with a strong secondary production due to improved recycling and recovering of metals
from scrap and byproducts. Further reductions of total energy consumption (20%) will be
achieved by 2050 [42]. A set of energy-saving opportunities in this sector were assessed.
They came from ongoing technological developments, including:

• New technological solutions for plant and process optimization;
• Integrated control system of the process steps, supported by AI;
• Flue gas monitoring system to maintain proper air-to-fuel ratio;
• Measurement of the energy consumption of single units and equipment for optimiza-

tion;
• Preventive furnace maintenance;
• Inert anodes;
• High-efficiency burners;
• Systems for energy recovery from exhaust gas;
• Low-temperature waste heat recovery for power generation (e.g., using the organic

Rankine cycle); and
• Digitalisation and introduction of measures to favor EE.

5.4. The Mineral Sector

The mineral industry consumes a significant amount of energy in many economies. In
particular, its electricity consumption represents a significant portion of the energy use in
developing countries. As energy is consumed in all the processes of the mineral cycle, the
mineral industry is deeply committed to reducing its energy consumption and promoting
EE initiatives, not only due to energy costs [187], but also to climate-change impacts and the
carbon footprints of products. In addition, the growing energy demand has been the driver
for increasing use of renewable energy sources [188]. For instance, the integration of solar
energy in mines’ energy supply can help address EE and sustainability [189]. Recently, the
technical and economic viability of installing an energy recovery system on diesel electric
drive mine hauling trucks was investigated using simulations [190]. Furthermore, in order
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to assess the EE increase, it is important to study how energy is consumed in different
mining processes. For instance, the electrical energy consumption in mining operations
treating sulphide ores was recently described [191]. Sulphide ores represent 80% of the
worldwide primary copper production. The energy demand and the characterization of
electrical energy consumption of the different processes to mine and process sulphides
ores were described. These aspects are fundamental in designing strategies for EE and
smart energy management. Another significant example is represented by a framework
to assess dragline EE by using equipment monitoring data [192]. A three-step approach
was presented, involving: (1) assessment of EE using data from dragline monitoring
systems to estimate an overall performance indicator; (2) quantification of the relationships
between different operating parameters and the EE indicator; and (3) improvement of EE
performance of operators, using results to optimize operator training. In addition, plant
process control and real-time optimisation approaches were described [193]. They were
used to reach lower specific energy requirements by lowering variability in key process
variables and by determining more appropriate operating points.

Future studies should consider holistic, systems-based approaches to optimizing EE
and aim at facilitating optimal integration of renewable energy sources into mines.

5.5. The Water Sector

In Europe, manufacturing industries use about 37,000 million m3/y of freshwater,
by recycling it up to 10 times with the specific electric energy consumption more than
0.2 kWh/m3. Nowadays, in industrial water circuits, a benchmark for energy consumption,
tools focused on its systematic reduction, as well as awareness of the saving potentials, do
not exist. However, European EIIs are committed to achieving sustainable uses of water, as
it is generally used for process and heat-transfer purposes. Industries aim at directly and
indirectly contributing to water scarcity and pollution. For this reason, a growing number
of companies have begun to investigate their water footprint (WF) and ways to improve
it [194]. In addition, comparison between new perspectives of water use and traditional
ways was performed. In several industries, different quantities of water are consumed,
depending on industry features, technologies used in production processes, etc. Cleaner
production processes, and reducing water consumption and wastewater discharged from
production processes, represent actions to be developed by EIIs [195]. Over the last few
decades, new strategies for wastewater treatment, such as converting wastewater into
energy or other resources, have been developed. On this subject, great efforts have made
in developing and applying new processes and technologies for wastewater reuse, in order
to achieve a sustainable management of water resources.

Over the last few years, energy consumption has significantly increased, due to new
technology implementations to meet new quality standards. High energy consumption
will affect the water industry worldwide, and it is also linked to the issue of climate
change [196]. Consequently, for water and wastewater companies, energy represents the
highest operating cost after manpower. The price of energy has also increased due to the
need to meet future changes to regulations and standards.

In order to achieve energy cost savings in the water and wastewater sector, electricity
efficiency improvements are crucial. In particular, progress in the large energy end-uses of
pumping, aeration, and sludge treatment represent the best potential savings. In particular,
as pumping accounts for over 80% of total electricity use in public water supply systems
and for over 50% in wastewater treatment facilities, efficiency improvements can lead
to significant energy savings for the water and wastewater industry. Electric efficiency
measures, resulting in energy cost savings potential, include: regular infield pump testing
to determine actual pump performance and the need for repair and replacement; use of
variable frequency drives to control pump speed and flow rather than throttling valves for
fixed-speed drives; use of supervisory control and data acquisition (SCADA) systems to
continually optimize pumping performance; and replacing older, inefficient engines with
high-efficiency or premium-efficiency engines [197]. In general, water circuit simulations



Sustainability 2021, 13, 9159 27 of 37

involve fluid-dynamic parameters; part of them are measurable, but other effects are
not directly measurable. As these effects have a strong influence on the water circuit
behaviour, but they cannot be directly introduced in a fluid-dynamics tool, the use of
techniques, starting from historic and measured data, can provide information to efficiently
tune the global approach. Finally, combined cooling, heating, and power systems present
energy-saving, environmentally friendly and cost-saving characteristics. Conventionally,
combined cooling, heating, and power systems use the water–LiBr absorption chiller to
meet the cooling demand [198].

5.6. The Cement Sector

The cement industry is an EII, and it is one of the most energy-intensive industrial
sectors. It accounts for almost 15% of the total energy consumed in the manufacturing
process. On average, for one tonne of cement produced, 3.4 GJ of thermal energy (in the dry
process) and 110 kWh of electrical energy are required [199]. The cement industry is highly
energy- and material-intensive, and is responsible for more than 5% of global CO2 emis-
sions. In addition, it releases significant SO2 emissions, NOx, and other pollutants [200].
However, over the last few years, remarkable initiatives and studies in this sector have been
focused on EE improvement. They aim at both decreasing energy consumption and CO2
emissions, and maintaining the high quality and capacity of production processes [201].
On this subject, several technologies have been implemented. In particular, it is important
to highlight energy-efficient technologies, such as product and feedstock modification.
In particular, manufacturing low alkali and limestone cements are alternatives that can
reduce the consumption of thermal energy [202] as well as alternative fuels and recovering
energy actions and systems that reduce CO2 emissions [203]. In order to improve EE in the
cement sector, recently, a decision-making model has been developed [201] that supports
the selection of EE measures.

5.7. The Ceramics Sector

Within EIIs, the ceramic industry is one of the industrial sectors with the highest
energy consumptions, as large amounts of energy during the ceramic manufacturing
processes are consumed. In ceramic manufacturing, the processes in which thermal energy
is mainly consumed are spray drying of ceramic slurries (36%), drying of the formed
ceramic tile bodies (9%), and ceramic tile firing (55%) [204]. However, firing is the main
factor responsible for energy consumption in the production process, accounting for 50–
60% of the total energy consumed. During firing, in furnaces very high temperatures can
be reached, ranging between 800 ◦C and 1200 ◦C. This process requires high amounts of
fossil-fuel consumption, especially natural gas [204]. However, there is significant room
for improving EE. Concerning electric energy, its consumption represents up to 30% of the
production cost in ceramics manufacturing, but variations are possible, due to the product
type and the cost of fuel [205]. Consequently, reducing energy use and cost can lower
production costs, leading to an immediate impact on profit [206].

Radical or incremental innovations related to process (e.g., electric-field-assisted sin-
tering techniques or vacuum drying) and product innovations (e.g., zero-energy coatings)
could be used to further reduce the energy demands of the processes [207].

6. Conclusions

This study described current and future challenges faced by different industrial sectors
in adopting developments of IS and EE, to propose future suitable enhancements and new
research directions. The literature review was not intended to be exhaustive, but it provides
an overview of the currently available practices. The assessment of local realities in terms
of existing industries, legislation, and other constraints can be the best method for further
dissemination practices.

The pursued analysis of the state of the art in IS in different EIIs provided significant
examples focused on optimisation of resource use and on reduction of the amount of
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byproducts/waste generated to improve their environmental, economic and social per-
formances. According to the IS concept, results include the use of byproducts/waste
from a sector as inputs to other sectors, transactions of utilities or access to services, and
cooperation on issues of common interest.

Synergies within companies, according to the IS concept, can provide benefits to all
involved actors. In particular, developing symbiotic networks can facilitate resources sup-
ply and can reduce the vulnerability of the network, resulting in higher energy efficiency
and higher results in the 4R (reduce, reuse, recycle, and restore) approach for the byprod-
ucts/waste management. In particular, transaction services between industries provide
new and common market solutions, and business and cooperation models. In addition,
data management opportunities can allow product customization and new decision and
management tools to improve IS activities. IS measure implementation can make EIIs more
efficient and can reduce negative impacts of their process, in terms of EE and environmental
impacts. In addition, the performed analysis on IS highlighted existing synergies and the
creation of new symbiosis networks. Finally, specific barriers have been identified, and
impacts on companies, the environment, and society, by considering different aspects of
the network and features of the involved region. This will result in novel decision-making
approaches supporting final strategic decisions.

The analysis of the state of the art of EE in EIIs underlines the efforts towards cross-
sectorial novel solutions and strategies for reducing energy use and related environmental
impacts and costs. Advanced technologies for producing, using, and recovering energy
have been identified, to reduce companies’ energy losses and valorise energy waste streams
that could be a valuable resource for another company. For instance, in the steel sector, the
reduction of product life cycle energy use and emissions can be achieved by improving
product design, recovery and reuse, remanufacturing, and recycling. In addition, synergies
among companies aim at optimizing energy consumption and common productions to
reduce the use of fossil fuels and, consequently, the carbon footprint, as well as the in-
vestment, maintenance, and management costs of the energy infrastructure. Furthermore,
cooperation within different industrial sectors can allow overcoming the lack of technical
knowledge on low carbon and renewable technologies and on cost savings.

Further EE improvements are expected in EIIs through technology transfer and by apply-
ing best-available technologies. On this subject, suitable energy system models should include
some significant features, as follows: multiobjective optimization, facilitating minimisation of
costs and carbon emissions; technological descriptions at the unit level; sufficient temporal
detail, showing energy demand; energy storage technologies and flexible energy demands;
and system superstructures, enabling the introduction of energy service demand or energy
production technology. Beside new and improved technologies, new sector overarching
skills are also needed to improve the cross-fertilisation of technological development and
implementation, as well as the cooperation across sectors in the sense of IS. Finally, amend-
ments to existing regional/national/EU policies and legal frameworks to simplify energy
cooperation/services at all governance levels can help improving EE in EIIs.

The analysis of the development and implementation of technical solutions and
operating practices related to IS and EE in different European industrial sectors shows
that this is an ongoing process involving production processes and services. This review
work provides further information on how transactions of energy and material flows
can enhance the companies’ competitiveness by exploiting a cross-sectorial cooperative
approach. Furthermore, being focused on the current state, upcoming techniques, and
developments (based on the main CE transformation levers and technological market
trends), this review paper aims at providing a complete picture of the sectors involved in
their efforts in achieving more proactive cross-sectorial cooperation and integration. On
the other hand, the analysis of the main drivers and barriers for IS and EE implementation
can pave the way for further developments of EIIs that will aim at defining future scenarios
for the European process industry in a context including material scarcity, decarbonisation
of industrial processes, and stricter environmental policies.
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The conducted review work, by providing a comprehensive picture, can be a further
driver to industries for closing more loops in the future for a sustainable future. In particu-
lar, to increase their competitiveness European EIIs should invest in new technologies for
IS and EE activities, as well as in measures for adjusting the related skills, competences
and experiences of the workforce. In addition, further knowledge on the broader systemic
perspective and social dimensions of collaborative approaches is required in order to
achieve more resource efficiency and, on the other hand, increased institutional capacity is
necessary to facilitate and support these goals.

The performed analysis also allows identifying future research directions. Future
activities can be focused on the quantification of the impacts of the three dimensions of
sustainability, namely environment, economy, and society. In particular, the adequacy
of the current skills and gaps to be filled should be assessed, to promote reskilling and
upskilling processes and to search and form eventual new professional profiles. In this
respect, new methods and specific indicators can be defined to quantify the total impact
of IS and EE practices on companies and to help the decision-making process. This is
fundamental to motivate companies to adopt these practices and can help to improve
planning or designing future practices.
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