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Preface to "Industrial Energy Management and
Sustainability”

Growing environmental concerns caused by increasing consumption of natural resources and
pollution need to be addressed. Manufacturing dictates the efficiency with which resource inputs are
transformed into economically valuable outputs in the form of products and services. Consequently,
itis also responsible for the resulting waste and pollution generated from this transformation process.
As a matter of fact, about one-third of the global total energy consumption is associated with
manufacturing activities; thus, achieving a higher energy efficiency in this sector has been the focus
of research as well as of policy and industrial programmes in recent years. In particular, being
able to effectively manage energy and energy-related activities has proved to be a fundamental
capability for companies willing to improve their sustainability, as it constitutes the first, critical
step to understanding their processes and to identifying and correctly evaluating improvement
opportunities.

This Special Issue focuses on energy management and sustainability of both manufacturing
processes and systems, including methods, practices, tools, applications and experiences. It is
particularly intended for academics willing to gather information on relevant work going on this area
and valuable data from different industrial sectors as well as for practitioners who wish to be updated
on latest practices and methodologies, thus facilitating knowledge transfer. The editors would like to

warmly thank all contributing authors.

Miriam Benedetti, Vito Introna
Editors
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Increasing the sustainability of industrial activities is a top priority for national and
supranational governmental institutions. Given both their resource intensity and their
criticality for competitiveness, industries of all sectors have been at center stage in the fight
against pollution and global warming over the last decades as well as the focus of research
and of policy and industrial programs in recent years. In this context, energy management
and energy efficiency opportunities and technologies play an important role, as energy
is a particularly critical resource in terms of cost, availability, and intensity. Despite the
increasing attention paid to this topic by academics and policy makers, it is often noted that
practitioners and undertakings still present implementation issues and demand support
tools and updated data in order to facilitate the identification of practices and technologies,
benchmark activities, knowledge transfer, and, ultimately, the transition to more sustainable
business models and production systems. Such demands have also become more urgent in
the last year, when the COVID-19 pandemic demonstrated that resilience and flexibility
are necessary features for a business to thrive and are intimately related to the ability to
efficiently and effectively manage resources and energy, in particular.

This Special Issue focuses on Energy Management and Sustainability of both man-
ufacturing processes and systems, including methods, practices, tools, applications, and
experiences. It aims on the one hand at highlighting recent advances in the field and, on the
other hand, at proposing ready-to-use tools and data that can be valuable for practitioners
willing to better understand the topic and contextualize it to their sector and business.
It includes a focus on a specific and critical energy efficiency opportunity such as waste
heat recovery with the proposal of a database where companies can gather valuable ideas
and data (Contribution 1); three in-depth analyses of specific sectors and technologies
(CHP in the ceramic sector for Contribution 2, cement industry for Contribution 3, and
metal extraction for Contribution 4), all supported by careful and robust data collection
and analyses; and the proposal of a broadly applicable methodology to translate energy
management theory into practice, providing effective and practical support. Some of the
papers (Contribution 2, Contribution 3, and Contribution 4, in particular) are based on
data referring to a specific geographical area, but we think that information and outcomes
can be considered of general validity and are certainly a fundamental starting point for
replication and application to different contexts.

Benedetti et al. (Contribution 1) focus on industrial waste heat recovery, which
is nowadays considered one of the hot topics when it comes to energy efficiency and
resource preservation. In their paper, a methodology is presented for waste heat recovery
opportunities identification as well as two distinct databases containing waste heat recovery
case studies and technologies. The databases can be considered as a tool to enhance
knowledge transfer in the industrial sector. Through an in-depth analysis of the scientific
literature, the two database structures were developed to define the fields and information
to collect, and then preliminary population was performed. To highlight the usability of
research outcomes by practitioners, a validation phase was carried out and main results
are presented.

Sustainability 2021, 13, 8814. https://doi.org/10.3390/su13168814
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Branchini et al. (Contribution 2) present the preliminary results of a research project
aimed at defining the benefits of using combined heat and power (CHP) systems in the
ceramic sector. Their study is based on data collected from ten CHP installations in Italian
ceramic plants, which allowed them to outline the average characteristics of prime movers
and to quantify the contribution of CHP thermal energy in supporting the dryer process.
Data revealed that when the goal is to maximize the generation of electricity for self-
consumption, internal combustion engines are the preferred choice because of their higher
conversion efficiency. In contrast, gas turbines allowed minimizing the consumption of
natural gas by the spray dryer.

Cantini et al. (Contribution 3) describe the recent application of energy efficiency
solutions and technologies in the Italian cement industry and their future perspectives.
They analyzed a sample of plants by considering the type of interventions they recently
implemented or intend to implement. The outcome is a descriptive analysis, useful for
companies willing to improve their sustainability. Results prove that measures to reduce
the energy consumption of auxiliary systems such as compressors, engines, and pumps are
currently the most attractive opportunities. Moreover, the results prove that consulting
with sector experts enables the collection of updated ideas for improving technologies,
thus giving valuable inputs to scientific research.

Imasiku and Thomas (Contribution 4) present an evaluation of energy efficiency
opportunities in copper operations and the environmental impact of metal extraction by
means of a case study on the Central African Copperbelt countries of Zambia and the
Democratic Republic of Congo. In addition, four strategies are identified by which the
mining and technology industries can enhance sustainable electricity generation capacity:
energy efficiency; use of solar and other renewable resources; sharing expertise from the
mining and technology industries within the region; and taking advantage of the abundant
cobalt and other raw materials to initiate value-added manufacturing.

Solnerdal and Nilsen (Contribution 5) explore the implementation of a corporate
environmental program in an incumbent firm and the ensuing emergence of energy man-
agement practices. Translation theory and the “travel of management ideas” are used
as a theoretical lens in this case study when analyzing the process over a 10-year period.
Furthermore, based on a review and synthesis of prior studies, a “best Energy Management
practice” is developed and used as a baseline when assessing the energy management
practices of the case firm.

The editors would like to thank all authors for their valuable contributions and MDPI
for all the support in putting it together. We hope that readers can find information, data,
and inspiration to keep up the good work on industrial energy efficiency and sustainability.

Author Contributions: All authors contributed to the idea and the design of the editorial; M.B.
prepared the original draft; V.I. contributed to the review and editing. All authors have read and
agreed to the published version of the manuscript.

Funding: The research activity received no external funding.
Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The recovery of waste heat is a fundamental means of achieving the ambitious medium-
and long-term targets set by European and international directives. Despite the large availability
of waste heat, especially at low temperatures (<250 °C), the implementation rate of heat recovery
interventions is still low, mainly due to non-technical barriers. To overcome this limitation, this work
aims to develop two distinct databases containing waste heat recovery case studies and technologies
as a novel tool to enhance knowledge transfer in the industrial sector. Through an in-depth analysis of
the scientific literature, the two databases’ structures were developed, defining fields and information
to collect, and then a preliminary population was performed. Both databases were validated by
interacting with companies which operate in the heat recovery technology market and which are
possible users of the tools. Those proposed are the first example in the literature of databases
completely focused on low-temperature waste heat recovery in the industrial sector and able to
provide detailed information on heat exchange and the technologies used. The tools proposed are
two key elements in supporting companies in all the phases of a heat recovery intervention: from
identifying waste heat to choosing the best technology to be adopted.

Keywords: waste heat recovery; low-temperature waste heat; database development; industrial
sustainability

1. Introduction and Background

The European Union (EU) is fighting climate change through ambitious policies.
Reductions in greenhouse gas emissions have reached the 2020 target. The new European
Commission proposal to cut greenhouse gas emissions by at least 55% by 2030 sets Europe
on a responsible path to becoming climate neutral by 2050.

One of the most significant contributions towards meeting the EU 2050 target is to
expand the use of renewable energy solutions: an increased optimization and development
in hydropower [1,2], wind power [3-5], solar energy [6,7], energy storage [8-11], and an
increased share of these technologies in the energy mix are essential for a sustainable energy
transition.

An equally important contribution is the improvement in energy efficiency, especially
in those sectors with high energy consumption.

Waste heat recovery (WHR) is a key element of this endeavour. It consists of recovering
heat from waste energy flows and reusing it directly or converting it into other forms of
energy. Many sectors are involved, in particular the industrial sector, the transport sector,
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the power generation sector, and the urban sector (urban WHR), which are all characterized
by a large availability of waste heat and still unexploited potential [12].

EU policies have highlighted the evidence of this opportunity, thanks to which several
European projects such as Einstein and Einstein II [13,14], Greenfoods [15], and sEEner-
gies [16] have been developed. In addition to the development of useful support tools, all
these projects have had the great merit of emphasizing the unexpressed potential of waste
heat recovery.

From the need to reduce the gap between the availability of waste heat and its recovery
rate, several important recent studies have focused on different aspects of heat recovery:
quantification and estimation of available waste heat [12,17], perspectives of matching
supply demand [18], analysis and development of technologies for heat recovery [19],
and the opportunities for reusing the heat recovered. Concerning this final aspect, two
main ways have been identified to reuse the recovered heat: internal uses, when the
recovered heat is reused inside the system in which the heat is recovered, or external uses,
where the recovered heat is used externally, such as industrial symbiosis [20] and district
heating networks [21,22], for example from urban waste heat. An important contribution to
achieving the 2050 climate goal can derive from both internal and external improvements,
considering the availability of several options to utilize these unused heat resources [21].

One of the most important factors in evaluating the feasibility of a waste heat recovery
intervention depends on the temperature at which the heat is available. The temperature de-
termines the quality of waste heat and strongly influences both the applicable technologies
and the economic practicability of its recovery.

There are no particular barriers to heat recovery at high temperatures: this process is
more feasible, mainly due to the availability of more mature technologies and the greater
energetic efficiencies involved, which results in a more immediate economic return.

As regards WHR at low temperatures, commonly defined as the waste heat available
at a temperature lower than 200250 °C [23], the situation is different; due to its low exergy,
low-grade waste heat is more difficult to use [24].

The industrial sector boasts one of the greatest availabilities of waste heat at low
temperatures. According to [24], 66% of the total waste heat in the industry is available at a
temperature below 200 °C.

To make the most of this important resource, in the last decade, many low-grade
heat recovery technologies have been developed. Nowadays, the market offers various
consolidated technologies such as organic Rankine Cycles (ORC), heat pumps (HP), various
heat exchangers, and many other technologies under development.

Nevertheless, the number of WHR applications in the industrial sector is still limited,
even though industrial waste heat at low temperatures is abundantly available and the
technologies for its use are mature. This misalignment between supply and demand is
primarily due to technical, informative, economic, and organizational barriers [18,25,26].
In this regard, Figure 1 shows a schematic representation of the most frequent barriers
found in the literature to low-grade waste heat recovery.

Among the various barriers identified, the lack of knowledge and the absence of
support tools significantly influence WHR technologies” diffusion [27-29].

The work presented in this article aims to create support tools focused on heat recovery
at low temperatures in the industrial sector. It is part of a three-year project aiming to
increase the spread of WHR applications in the industrial scenario by preventing non-
technological barriers. This article focuses on the design and construction of two databases
regarding technologies and case studies for low-temperature WHR. These tools represent
two key elements of an information system developed within the scope of a broader
research project, whose final aim is to develop a software tool supporting the industrial
companies in all phases involved in the planning of WHR projects, from the identification
of waste heat flows to the selection of the best technological solution for its reuse.
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Waste heat recovery barriers
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Figure 1. Technical, economic, regulatory and information barriers to low-grade waste heat recovery and utiliza-

tion [18,25,26].

In recent years, other projects have developed databases aimed at overcoming non-
technical barriers to the diffusion of energy efficiency measures. EU-MERCI [30] is a
Horizon 2020 European project aimed at spreading the existing knowledge about energy
efficiency in the industry. One of the most significant outputs of the EU-MERCI project
is developing a platform that makes available a database containing energy efficiency
projects. The database contains almost three thousand projects put in place in different EU
countries [31].

Another tool which has been proposed by the Industrial Assessment Centers (IAC) is
an available online database containing a collection of all the publicly available industrial
energy assessment and recommendation data. The database includes information on
the type of facility assessed (size, industry, energy usage, etc.) and details of resulting
recommendations (type, energy and economic savings, etc.) [32]. In March 2021, the
IAC database contains 19,444 assessments (from United States manufacturer) and 146,405
recommendations.

The MAESTRI project [33] intends to develop an innovative and integrated platform
combining holistic efficiency assessment tools, a novel management system, and an innova-
tive approach for industrial symbioses implementation. One of its most significant outputs
is the creation of a waste database to support the identification of the potential (re)use of
waste energy flows.

The Solar Heat for Industrial Processes (SHIP) database [34] has been created in
the IEA Task 49/1V framework. This online database contains a worldwide overview of
existing solar thermal plants, which provide thermal energy for production processes for
different industrial sectors. Each record contains information about the collector field’s
size, collector technology, or integration point in the production process.

The “Matrix of Industrial Process Indicators” is an online database constantly being
developed in various projects by the AEE—Institute for Sustainable Technologies (AEE IN-
TEC) advisors [35]. The database is designed as a decision support tool to help the industry
concerning energy efficiency and to aid the identification of suitable solar applications.

Although the illustrated tools are dense with information, they will not completely
overcome all the gaps identified above for WHR technologies’ diffusion. IAC, EU-MERCI,
and “Matrix of Industrial Process Indicators” databases contain numerous applications
but do not provide detailed information on the technologies used. Furthermore, IAC and
EU-MERCI databases are based only on a subset of projects and refer to a single specific
geographical area: the United States and Europe, respectively. The MAESTRI and the SHIP
databases are focused only on specific applications such as external uses of waste heat and
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solar thermal plant recovery applications. All these databases are not exclusively focused
on WHR.

Our objective was to create innovative, complete, and easy-to-use tools able to over-
come the gaps still not completely resolved by those previously developed. The integrated
tools proposed in this article are the first example in the literature of databases completely
focused on low-temperature WHR in the industrial sector. They are built to provide com-
panies with the basis for a comprehensive assessment of their possibilities in heat recovery.
They include detailed information on heat exchange and the technologies used. They have
been designed to be populated with data from different sources, including inspections,
interviews, energy audits, catalogs, and scientific articles. Compared to the other tools
present in the literature, they are not specific to a single geographical area.

The paper discusses the design and the implementation of two different databases
supporting the decision-making process for implementing WHR systems in industrial
facilities: the Technology database and the Case study database. The former provides an insight
into both well-established and emerging technologies for low-temperature WHR, while
the latter analyzes some of the best practice examples of WHR in industrial processes.
Although the two databases are conceived as separate tools, they can also interact with
each other due to a common structure.

The following sections describe all the phases that led to the development of the two
different tools. Moreover, an analysis of the preliminary population results and a practical
example of their possible use are reported.

2. Database Design Methodology

The first step in developing the databases was the definition of the state-of-the-art of
low-temperature waste heat recovery technologies and applications in industrial processes.

On a preliminary basis, we focused our attention on the classification of waste heat
depending on temperature levels, in order to set the quantitative boundaries of the study
and to define the scope of the databases.

Different classifications of waste heat according to temperature ranges can be found
in technical literature [36,37]. In this work, reference was made to a classification based on
five temperature ranges proposed by the U.S. Department of Energy (DOE) by [23] and
summarized in Table 1.

Table 1. Classification of waste heat according to temperature level [23].

Range of Waste Heat Temperature
Ultra-low temperature <120 °C
Low temperature 120-230 °C
Medium temperature 230-650 °C
High temperature 650-870 °C
Ultra-high temperature >870 °C

As previously stated, in line with the research project’s objectives, attention was
focused on ultra-low and low-temperature waste heat.

The next step concerned the design and development of the databases: the Technology
database and the Case study database. As already highlighted, they have been designed as
two distinct tools, but in order to facilitate the data exchange and, thus, the integrated use
of the databases, a standard procedure was set up for their implementation.

The procedure is divided into four macro-phases:

1. Analysis of the reference context: preliminary analysis of the reference scenario and
formulation of the research keywords.

2. Analysis of the scientific literature: search and preliminary analysis of the literature
sources, to select the most representative studies to be used as input for the definition
of the database structure.
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3. Definition of the database structure: in this phase, thanks to the results of the literature
analysis, the database fields and the information to be collected are defined.

4. Population of the database: the last phase involves further analysis of the sources found
and their use for the database’s preliminary population.

Figure 2 schematically shows the main phases involved in the database development
process.

Analysis of the reference context @

~

Analysis of scientific literature @

—

Definition of the database
structure 3

Population of the database @

Figure 2. Graphical representation of the main phases for the creation of the two databases.

@ E
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For both databases, the analysis of the context and the bibliographic research carried
out provided the fundamental inputs for implementing the subsequent phases.

In order to define the preliminary structure, the articles revealed during the biblio-
graphic research conducted were analyzed. Among the available sources, those containing
the most significant amount of information on WHR technologies at low and ultra-low
temperatures and their application in heat recovery from industrial processes were selected.
The detailed analysis of these references made it possible to understand what informa-
tion must be collected to adequately characterize WHR technologies and applications.
In addition, similar existing databases from the literature were taken as a reference, in
particular, the MAESTRI database [33] concerning industrial symbiosis (a WHR process is
similar in terms of information to an exchange of materials, energy, or products between
different industrial plants), and the EUMERCI database [30] containing energy efficiency
case studies (including WHR interventions). Although focused on different topics, these
tools have common traits in terms of type of information contained.

After defining the structure of the databases, all the sources detected were further
analyzed to be used for the preliminary population of the two tools. A first evaluation was
carried out, matching the document’s content with the project’s boundaries:

e  WHR case studies and technologies at ultra-low and low temperatures (temperature
lower than 230 °C);

e  Relevance and applicability to the industrial sector (for example, applications in the
residential sector were not considered).

Then, a further screening was carried out to identify the studies in which most of the
information required by the database fields was available (at least information relating
to the waste heat characterization, applicability of the technologies, and reuse of the heat
recovered); finally, data were collected and used for database population.

After performing the four steps, both databases were subjected to a validation pro-
cedure, thanks to the interaction with important stakeholders, such as WHR technology
producers and companies operating in the industrial sector as possible users of the tools.
The validation procedure mainly concerned three aspects:
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1. Test the effectiveness of the two databases in containing all the information neces-
sary to adequately characterize the various technologies (Technology database) and
applications (Case study database);

2. Verify the correctness of the data contained in the databases and evaluate the cor-
respondence of the information collected, in terms of technologies available and
effective applications in the industrial scenario;

3. Test the usability of the tools in their role of supporting the identification of heat
recovery opportunities.

The databases” development, which is presented in the following section, results from
several interactions. In fact, the numerous feedbacks received through the interaction with
the main stakeholders were then used to make the appropriate changes to the structure of
the two databases.

3. The Technology Database
3.1. Analysis of the Reference Context

As suggested by [36], technologies used to recover waste heat from industry can be
categorized depending on how the waste heat is reused: it can be used directly (at the same
or at a lower temperature level), or it can be transformed to another form of energy or to a
higher temperature.

We can identify four macro-categories:

1. Waste Heat to Heat: technologies through which the waste heat recovered is used to
produce thermal energy at a higher temperature level (heat pumps, mechanical vapor
compression, absorption heat pumps, etc.).

2. Waste Heat to Cold: technologies that utilize the waste heat recovered to produce
cooling energy (absorption and adsorption chiller, etc.).

3. Waste Heat to Power: technologies that convert the waste heat recovered to electricity
(organic Rankine cycles, Kalina cycles, etc.).

4. Heat Exchange: technologies through which the waste heat recovered is used directly
at the same or a lower temperature. Heat exchangers and thermal energy storage are
the two dominant technologies of this category.

To define an appropriate structure of the Technology database, it was first necessary
to delineate a detailed state-of-the-art regarding the technologies for low-grade WHR
currently available. Thanks to the analysis of some important scientific literature contribu-
tions [18,19,23,26,36], it was possible to define a general framework of both consolidated
(typically adopted in the industry) and emerging (developed and tested at the laboratory
or pilot scale) technologies.

Table 2 shows some of the main technologies divided by type of recovery and temper-
ature level within the research project’s boundaries.

Table 2. Consolidated and emerging WHR technologies by temperature range [18,19,23,26,36].

Consolidated Technologies Emerging Technologies
Category
<120 °C 120-250 °C <120 °C 120-250 °C
Heat pumps Thermoacoustic HP ! Heat transformer
Heat
Waste heat to heat Absorption HP ! eatpumps High temperature HP ! High temperature HP !
Waste heat to cold Absorption chiller - Adsorption chiller Thermoacoustic Chiller
ORC2 Electrochemical . et
Waste heat to power ORC2 systems Thermoelectric
Piezoelectric and generator

Kalina cycle pyroelectric systems
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Table 2. Cont.

Consolidated Technologies Emerging Technologies
Category
<120 °C 120-250 °C <120 °C 120-250 °C
Shell, tube and plate Shell, tube and plate Non—r}letalhc. and Recuperators with
corrosion-resistant . . .
heat exchangers heat exchangers innovative geometries
heat exchangers
Membrane type Advanced design of
Heat Exchange Air preheaters Heat pipe exchanger systems for latent metall.lc heat wheel
heat recovery heat pipe exchanger
Direct contact water Metallic heat wheel Desiccant systems Self-recuperative
heaters for latent heat recovery burners
Non-metallic heat Convection Systems with phase Systems with phase
exchangers recuperator change material change material

1 Heat pump (HP); 2 Organic Rankine cycle (ORC).

Among these technologies, organic Rankine cycles, heat pumps, absorption chillers,
and the various types of heat exchangers are the most widespread and consolidated WHR
technologies in the industrial scenario. Figure 3 shows the subdivision into categories of
the WHR technologies and, for each of them, the most representative technology.

Waste heat
recovery
technologies

Waste heat Waste heat Waste heat Heat
to heat to cold to power Exchange
Heat Absorption Organic Rankine Heat
Pumps Chillers Cycle Exchanger

Figure 3. Categorization of waste heat recovery technologies. Elaborated from [36].

3.2. Analysis of the Scientific Literature

A more specific analysis of the literature was conducted to provide input to the def-
inition of the database structure. The literature review, described in detail in [38], was
carried out consulting the Scopus online database using the combination of keywords
“heat recovery”, “low temperature”, and “industrial” (in article title, abstract, and key-
words). The search produced more than 500 results. A first evaluation was done matching
the document’s content with the project’s boundaries (ultra-low and low temperatures
applications) and analyzing the relevance to the industrial sector. This activity identified

about 300 articles that were deeply analyzed.

3.3. Definition of the Database Structure

The literature analysis allowed for the identification of the most appropriate database
structure to develop a comprehensive, but easy-to-use, tool.

The database is organized as follows: each row of the database corresponds to a
low-temperature heat recovery technology. There can be multiple records for each source
(for example, a supplier may have several technologies in its catalog).

The information collected is organized into five categories:

1.  Identification: includes fields to locate the technology within the database. Different
technologies can be associated with each technology provider.

9
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Source: contains information relating to the source from which the technology was

identified to guarantee its retrieval.

Technology provider: contains the information necessary to identify the manufacturer

of the technology under investigation.

Technology information: identifies the technology, its state of maturity, and the type
of recovery it allows to obtain. It also contains the main technical characteristics and
ranges of application of this technology.

Other information: includes other technical or economic information not recorded in
the previous fields that may help the user evaluate and understand the technology.

Table 3 shows all the database fields and their description.

Table 3. Technology database’s fields and description.

Category Field Description
Frovier A g prgrivesumber g o
Identification P 24
A unique progressive number assigned to the
Technology ID WHR ! specific technology
Source type Scientific artl.cle, project report, catalog,
interview, etc.
Provider/Authors Name of the technology provider or authors
Source Link Source reference (e.g., DOI 2 website, etc.)
Time reference (e.g., year of publication, year of
Year the catalog, year of the interview with the
supplier, etc.)
Geographical reference The country or count{les in which the technology
provider works
Technology provider Contact info Useful information to contact the technology

provider (e.g., email address)

Technology information

Type of provider Manufacturer, retailer or both
Indicates the type of heat recovery (e.g., waste
Recovery type heat to electricity, waste heat to cooling, etc.)
Technology type of technology (e.g., ORC 3, heat pumps, etc.)

Technology description

Additional information on the technology

State of maturity

It represents the state of maturity of the
technology (e.g., consolidated, emerging, etc.)

Applications

Description of the possible primary applications

of the technology
Model If the technology can be identified with a specific
model
Vector fluid Vector fluid used in the recovery process (e.g.,

water, oil, etc.)

Input temperature

Range of admissible input temperatures of the
vector fluid

Minimum input temperature

Minimum admissible input temperatures of the
vector fluid

Vector fluid flow rate

Range of vector fluid flow rate that can be
processed

10
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Table 3. Cont.

Category Field Description
. . Working fluid used by technology (e.g.,
Working fluid hydrocarbons, refrigerants, etc.)
Input thermal power Range or nominal input power
Type of output energy vector (e.g., electricity,
Output type thermal energy, cooling energy)
Output power Range of nominal output power
Output temperature Range of output temperatures of the vector fluid
Efficienc Characteristic performance parameter of the
y technology (e.g., efficiency, COP 4, etc.)
Dimension Size required by the technology (e.g., m?/kWh)
Expected lifetime The useful life for Whlch the technology was
designed
Other information Expected PBP ° Typical payback time

Other relevant information about the WHR !
technology

! Waste heat recovery (WHR); ? Digital object identifier (DOI); > Organic Rankine cycle (ORC); * Coefficient of performance (COP); 5 Payback
period (PBP).

Notes

The final structure proposed is the result of several iterations. Initially, only closed
fields were foreseen, but it was preferred to maintain a more flexible structure, thanks to
the inputs obtained from the interaction with the technology suppliers. The database is
designed to contain both single models or model series and product range as, in many
cases, the manufacturers offer application-specific designs.

For this reason, it was preferred for some fields to provide a range of value or free
completion.

3.4. Population of the Database

The Technology database’s preliminary population was carried out using the sources
of literature collected during the bibliographic research that was previously carried out.
Other information was collected by directly consulting the catalogs of suppliers available
online and carrying out interviews with some of the main waste heat technology providers
operating in the Italian market.

There are 21 sources used for the Technology database population, for a total of 62
technologies. Figure 4a shows that the identified technologies primarily derive from
supplier catalogs (77%) and from the interviews conducted (18%). Figure 4b shows the
division into categories of the technologies identified.

As shown in Figure 5, organic Rankine cycles (34%), heat pumps (27%), and absorption
chillers (15%) are the most numerous technologies identified.

11



Sustainability 2021, 13, 5223

m Catalog

H Interview

 Waste heat to power
H Waste heat to heat

1 Waste heat to cold

W Article
1 Heat Exchange
(@) (b)
Figure 4. Results of the Technology database’s preliminary population: (a) Type of source analyzed; (b) Waste heat recovery
type.
25
20 M Absorption chillers
W Organic Rankine Cycle
E 15 # Heat pumps
5 Absorption heat pumps
“ 10 M Plate Heat Exchanger
W Brazed Plate Heat Exchanger
5 M Shell-and-Tube Heat Exchanger
l W Other
: Nmm

Technology

Figure 5. The technologies identified during the Technology database’s preliminary population.

4. The Case Study Database
4.1. Analysis of the Reference Context

A preliminary analysis of a limited number of documents [23,26,39] was carried out to
identify the industrial sectors with high potential for waste heat recovery at medium-low
temperature levels. In this regard, Table 4 provides an overview of the most common waste
heat sources and the corresponding temperature levels according to the type of industrial

sector [26,39].

Table 4. Industrial processes with low-temperature waste heat production [26,39].

Industrial Sector Low-Grade Waste Heat Source Temperature (°C)
Stack gas from crude distillation 156
Petrochemical Stack gas from vacuum distillation 216
Exhaust from ethylene furnace 149
Waste gas from coke oven 200
fron/steel making Blast furnace gas 450
Exhaust gases from Cowper regenerators 250
Exhaust gases from electric arc furnaces 204

12
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Table 4. Cont.

Industrial Sector Low-Grade Waste Heat Source Temperature (°C)
Aluminum Exhaust from aluminum casting with a stack melter 121
Extracted air from cooking with fryers or ovens 150-200
Food and drink Exhaust from drying with spray /rotary dryers 110-160
Water vapor from evaporation and distillation 100
Dyed waste water from drying 90-94
Textile Stenter exhaust for fabric drying and finishing 180
Waste water rejected from heat exchangers 58-66
Waste steam from slag flushing in furnace 95-100
Paper Waste water from slag flushing in furnace 65-85
Cooling water from furnace wall cooling 35-45
Exhaust from cement kilns using 5- or 6-stage preheaters 204-300
Cement Hot air discharged from clinker coolers 100
Chemical and Pharmaceutical Distillation processes 100-300

Furthermore, the analysis of these sources allowed for the identification of “keywords”
(see Table 5) to be used for bibliographic research on main scientific and non-scientific
databases and search engines (Scopus, ScienceDirect, Google Scholar, Google). Documents
identified by such research included scientific articles, project reports, and studies related
to recovery projects already implemented or in the implementation phase.

Table 5. Keywords used in bibliographic research for the Case study database development.

Focused on the Research Subject Focused on Technologies

Focused on Sectors with High Waste
Heat Recovery Potential

Waste heat recovery, low-temperature

waste heat, low grade industrial waste
heat, low grade industrial waste heat case ~ Heat pump, Organic Rankine Cycle, Heat
study, industrial waste heat recovery case Exchanger Network
study, energy recovery, industrial energy

Agrifood, Dairy industry, Food, Paper
and Pulp Industry, Chemical Industry,
Textile industry

symbiosis, industrial symbiosis

4.2. Analysis of the Scientific Literature

A preliminary selection was carried out to identify studies focusing on waste heat
recovery at temperatures compatible with the project’s objectives. At the end of this first
selection, the total number of documents to be considered for further analysis was 130.

Among these studies, a few articles (reporting the greatest amount of information on
the application of waste heat recovery solutions in industrial processes) were selected to
define the preliminary structure of the Case study database. In addition, similar existing
databases from the literature were taken as a reference, such as those regarding case studies
on industrial symbiosis (i.e., MAESTRI [33]). Indeed, in terms of structure and type of
information to be collected, a process of waste heat recovery (internal or external to the
industrial site) is quite similar to an exchange of materials, energy, or by-products among
different industrial facilities.

4.3. Definition of the Database Structure

The database is organized as follows: each row of the database corresponds to a low-
temperature heat recovery case study (for each bibliographic source there can be multiple
case studies).

13
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The information collected is organized into seven categories:

Identification: identification of each single case study within the database. For each
source, there can be multiple WHR case collected.

Source: reference to the document in which the case study is described.

Company: this category geographically locates the heat recovery project and includes
the industrial sectors and subsectors involved.

Waste heat: includes all the information necessary to characterize the available waste
heat source.

Recovery process: includes information about the type of recovery intervention
performed and the technology used, following the structure defined by the Technology
database.

Waste heat utilization: contains information describing how the recovered waste heat
is used.

Other information: refers to other technical, economic, and general information not
recorded in the previous fields that may help the user to evaluate and understand the
WHR application.

Table 6 shows all the database fields and their detailed description.

Table 6. Case study database’s fields and description.

Category Field Description
Document ID A unique progressive number assigned to
e the source
Identification
Project ID A unique progressive number'asmgned to
the heat recovery project
Authors Name of the authors
Year Year of publication
Source Source type Scientific article, project report, etc.
Journal In the case of a scientific article, it
indicates the publication journal
Link Source reference (e.g., DOI 1 URL?Z, etc.)
. . 3 .
Geographical reference The country .1n4w}uch the WHR * project
is implemented
Sectors involved in the production of
Sectors
waste heat
Company
Sub-sectors In the case of a more detailed
identification of the sector
. Sectors involved in the use of waste heat
Other sectors involved e 1 .
(if different from the previous one)
Description of th h
Process escription of the process that produces
waste heat
Source from which the heat is recovered
Vector
(e.g., hot water, exhaust gas)
Waste Heat Quantity Flow, thermal power or heat produced
Availability Frequency of waste heat production (e.g.,
hour per year)
Temperature Waste heat temperature
Flow rate Waste heat flow rate

14
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Table 6. Cont.

Category Field Description
Indicates the type of heat recovery (e.g.,
Recovery type waste heat to electricity, waste heat to
cooling, etc.)
3 4
Technology WHR?” technology used (e.g., ORC *, heat

Recovery process

pumps, etc.)

Technology description

Additional information on the technology
used

It represents the state of maturity of the

State of maturity technology (e.g., consolidated, emerging,
etc.)
Vector fluid Vector fluid used in the recovery process

(e.g., water, oil, etc.)

Vector fluid quantity

Vector fluid flow rate

Receiving process

The process that receives the recovered
energy

Specifies the nature of the heat exchange,

Internal /External which can be internal or external to the
L process
Waste heat utilization
Quantity Flow, thermal power or heat produced
Use Frequency of waste heat utilization (e.g.,
hour per year)
The temperature at which the “recovered”
Temperature L
energy carrier is used
. Main barriers encountered in project
Barriers

Other information

implementation

Identified solutions

If during the implementation of the
project solutions were evaluated to
overcome barriers

Notes

Other relevant information about the
WHR? project

! Digital object identifier (DOI); 2 Uniform resource locator (URL); 3 Waste heat recovery (WHR); # Organic Rankine cycle (ORC).

Finally, all the information collected from each source was implemented into the
database.

4.4. Population of the Database

Documents selected during the analysis of scientific literature (130 documents) were
further screened to identify studies reporting most of the information required by the
database fields previously described (Table 6).

There were 81 sources used for the Case study database population, corresponding to
108 case studies of waste heat recovery. Figure 6a shows that the sources were primarily
scientific articles, mainly published from 2017 to 2019 (Figure 6b). Regarding the individual
WHR cases, Figure 7a shows the industrial sector breakdown. It is noted that most of the
studies concerned the food and the textile sectors.
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Figure 6. Results of the Case study database’s preliminary population: (a) Type of source analyzed; (b) Publication year of

different sources.
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Figure 7. Results of

the Case study database’s preliminary population: (a) Industrial sectors involved in recovery cases;

(b) Food subsectors involved in recovery cases.

Concerning the food sector, which was the most numerous and detailed sector,
Figure 7b also shows the relative sub-sectors, including coffee, dairy, and beer production.

It is interesting to note that the majority of case studies within the database are related
to internal process heat recovery. However, this aspect may have been emphasized by the
type of research carried out, as most of the articles focusing on external heat recovery (e.g.,
industrial symbiosis) do not report detailed information about the waste heat flows and
were therefore excluded during the database population.

5. Use of the Databases

The two databases described represent two key elements of a simulation tool sup-
porting the identification and evaluation of suitable waste heat recovery opportunities in
industrial facilities.

The choice of creating two distinct databases is confirmed to be positive for enhancing
the modularity of the final decision support tool, allowing us to obtain two related but
unconstrained tools to be used in distinct phases of the decision-making process.

Furthermore, this distinction has certainly made it possible to obtain advantages
from the two databases” population, focusing on different aspects and collecting more
information maintaining a simple structure.

Although the two tools are distinct, they can be jointly used, as it is possible to
integrate the information found from one of the two databases by consulting the other.
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User Aenters the Case

study database with the
reference sector

In order to provide a practical example of the integration of the two databases, two
possible processes for the joint use of the two tools have been identified:

User A consults the Case study database searching for heat recovery applications in a

specific sector or sub-sector;

User B consults the Technology database looking for a technology suitable for the

available waste heat characteristics.

Figure 8 shows a graphical representation and description of the proposed example.

Case study database

bea

L 2

The database shows all the
WHR cases carried out for
the sector considered
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The user obtains information
on potential interventions
applicable to his case and the
technologies used

%
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Figure 8. Two different integrated uses of the databases.

waste heat source

User A’s query represents the common example of a user looking for opportunities
to improve efficiency through waste heat recovery as a company with significant thermal
consumption. He wants to get an idea of the recovery interventions already applied
in his sector (sub-sector or process), and analyze whether there are also margins for
implementation in his company. However, User B’s query represents the example of a user
who has already identified a waste heat to use and who therefore wants to obtain more
information about the technologies that can be implemented to recover it. Furthermore,
User B may already be aware of the technologies that can be implemented (for example,
downstream of a preliminary assessment), but is looking for more detailed information.

It is essential to highlight that those proposed are only two of the databases’ possible
uses. For both tools, the piece of information used to access the database could be different,
even if the process of retrieving additional information can follow a similar logic to the
ones proposed in Figure 8.

To give a more practical example, we imagine an Energy Manager [40] from a dairy
company searching for WHR projects implemented in this sub-sector. Entering “Manu-
facture of dairy products” in the sub-sectors field of the Case study database, he would find
four case studies. Two of these refer to waste heat recovery through the application of
heat pumps. To obtain more information about this technology, the user could consult the
Technology database entering “Heat pump” in the technology field. The search would show
21 results, from which the user would have more detailed information about heat pumps
and he could then select those compatible with the characteristics of the waste heat flow
available from the dairy company.

Table 7 provides some extracts of the results obtained using the search criteria de-
scribed. Due to confidentiality issues, the table’s data do not provide any information
about the companies and the technology provider involved.
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Table 7. Extract of the results obtained using the search criteria specified in the example of the use of databases.

Case Study Database
Source Type Sub-Sectors * Process Receiving Process Technology Quantity Temperature
Manufacture of Process water Production of hot
Project report . . water for heating ofa ~ Heat pump 7.2 MW 73°C
dairy products cooling
nearby greenhouse
Manufacture of Re}clz‘a,te ;1}:’0?:1 ‘tﬁaesm Preheating of the air
Project report . . . to produce powdered ~ Heat pump 1.25 MW 80 °C
dairy products refrigeration milk
system condenser
Technology database
. . Output Output
*
Source type Recovery type Technology State of maturity Vector fluid power temperature
Catalog Wast;zliiat to Heat pump Consolidated Water 0.6-2.0 MW 80
Waste Heat to . 0.6-10.0
Catalog Heat Heat pump Consolidated Water MW 70-90

* The fields marked with an asterisk are the fields used to enter the two databases in this specific example.

To maintain search effectiveness, in addition to those mentioned, the user can consult
the database using more specific fields, such as the type of fluid, the power range, the state
of maturity of the technology, the process, the receiving process, etc. By inserting more
detailed search criteria, the problems of using the database in terms of an excessive number
of results can be limited, even in the case of an extensive database.

The information contained in the two databases allows the energy attributes for any
WHR system to be demonstrated. Referring to the technology found in Table 7, Figure
9 reports an example made by a Sankey diagram of a heat pump. In the diagram, the
electricity is shown in green, while the thermal flows are shown in a color scale, from bright
red for high temperatures to blue for lower temperatures.

Other Losses ||

Figure 9. Example of a Sankey Diagram for a heat pump.

6. Discussion and Conclusions

This article presents the main phases that led to the development of two databases
aimed at supporting companies in increasing the diffusion of low-temperature heat re-
covery interventions in the industrial sector, which, despite the high potential, are not
sufficiently applied.
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The first database is focused on available state-of-the-art and advanced technolo-
gies, while the second database reports several WHR case studies that have already been
implemented.

Compared to the other tools related to energy efficiency, the two databases proposed
in this article are the only ones entirely focused on low-temperature waste heat recovery.
Although the literature about heat recovery is extensive and presents numerous remarkable
contributions, these previous attempts do not result in tools that are effectively usable
by companies. Therefore, they do not represent a valid aid in overcoming those gaps
in the diffusion of recovery interventions, which we have found to be mainly due to
non-technological barriers.

Compared to the existing tools and databases, one of the main advantages of the
proposed databases is that they contain all the information necessary to analyze the heat
recovery process both from a qualitative and a quantitative perspective. For these reasons,
the databases represent two fundamental elements of a complete information system
that will be developed into a broader research project, aimed at supporting companies
in identifying and conducting the first evaluation of heat recovery opportunities and
overcoming non-technical barriers to the diffusion of energy efficiency measures.

In order to favor the modularity of the final tool, two distinct databases were created to
be applied in different phases of the implementation of a heat recovery project. A common
procedure was followed to develop both tools, starting from an in-depth analysis of the
literature, which provided the basis for identifying an appropriate database structure and
for providing the inputs for its preliminary population.

The Case study database contains 31 fields divided into seven categories. It allows for
the collection of information relating to the industrial sector and subsector in which the
case study is implemented, the characteristics of waste heat, the technology used, and
information about the reuse of the heat recovered. The Technology database contains 28 fields
divided into five categories. It permits collecting information relating to the technology
provider, technology description and state of maturity, and information about the technical
characteristics and range of usability for the technologies collected.

The databases’ structure was preliminarily validated thanks to the interaction with
important stakeholders and possible users of the tools, such as companies operating in
the industrial sector and some WHR technology suppliers operating in the Italian and
European markets. This interaction provided important feedback about the two proposed
tools” usability and helped to define a more appropriate database structure. Therefore, this
allowed for the consolidation of the data within the Technology database, regarding several
aspects of both well-established and emerging technologies, such as the typical operating
temperature and the power range, the energy performance, and the economic parameters
(i.e., specific costs, operating and maintenance costs, lifetime, etc.), and the main barriers
to the technology implementation. The interaction with technology manufacturers also
allowed us to increase the size of the Case study database, by providing data regarding real
case studies on WHR from industrial wastes.

Meetings with industries which use different types of processes were also organized
to verify and consolidate data within the Case study database, particularly regarding types
and characteristics of waste heat sources generated by the production processes and the
types of WHR solutions usually implemented, depending on the industrial sector under
consideration.

Furthermore, possible integrated use of databases and a practical example of their uti-
lization were proposed. This application showed how much information on heat recovery
interventions and implementable technologies could be obtained in a typical situation with
little input information (such as industrial sector or waste heat characteristics).

It should be noted that the two databases were only preliminary populated, and their
content will be substantially increased, thanks to the analysis of energy audits and visits to
different companies involved, during the following years of the project.
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Advanced data analysis techniques, such as machine learning approaches, could
be used when the databases are sufficiently populated. Possible applications are, for
example, database schema matching [41,42], in order to improve the integration of the
two databases, or using the available data to model the relationships between the various
parameters such as output power, waste heat temperature, and type of fluid for the different
technologies [43].

The following steps will involve the IT platform development in which the two
databases will represent key tools. Together with other modules, such as the pinch analysis,
the evaluation of external uses, and the development of specific models of the single
technologies, this will guide the user in all the different phases of implementing a WHR
intervention.
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Abstract: Ceramic tile production is an industrial process where energy efficiency management is
crucial, given the high amount of energy (electrical and thermal) required by the production cycle.
This study presents the preliminary results of a research project aimed at defining the benefits of
using combined heat and power (CHP) systems in the ceramic sector. Data collected from ten CHP
installations allowed us to outline the average characteristics of prime movers, and to quantify the
contribution of CHP thermal energy supporting the dryer process. The electric size of the installed
CHP units resulted in being between 3.4 MW and 4.9 MW, with an average value of 4 MW. Data
revealed that when the goal is to maximize the generation of electricity for self-consumption, internal
combustion engines are the preferred choice due to higher conversion efficiency. In contrast, gas
turbines allowed us to minimize the consumption of natural gas input to the spray dryer. Indeed, the
fraction of the dryer thermal demand (between 600-950 kcal /kgH,0), covered by CHP discharged
heat, is strictly dependent on the type of prime mover installed: lower values, in the range of 30-45%,
are characteristic of combustion engines, whereas the use of gas turbines can contribute up to 77% of
the process’s total consumption.

Keywords: cogeneration; energy efficiency; ceramic industry; spray dryer; energy analysis; process
thermal consumption; gas turbine; internal combustion engine

1. Introduction

The topic of energy efficiency in industry is rising to the top of the agendas of the
European Union (EU) and Member States, primarily for environmental (need to reduce
greenhouse gas emissions) and economic (i.e., unstable energy prices and reliability of
supply) arguments [1,2].

The Energy Efficiency Directive 2012/27/EU (EED) is a solid cornerstone of Europe’s
energy legislation. It includes a balanced set of binding measures planned to help the EU
reach its 20% energy efficiency target by 2020. The EED establishes a common framework
of measures for the promotion of energy efficiency (EE) to ensure the achievement of
the European targets and to pave the way for further EE improvements beyond 2020.
The Italian Government transposed the EED in 2014 (by issuing the Legislative Decree
no. 102/2014, recently updated by Legislative Decree no. 73/2020), also extending the
obligation to a specific group of energy-intensive enterprises (mostly small and medium
enterprises, SME). The ENEA (Italian National Agency for New Technologies, Energy, and
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the Sustainable Economic Development) was appointed to manage the obligation of EED
Article 8 [3], which is dedicated to energy audits, a tool used to assess the existing energy
consumption and identify the whole range of opportunities to save energy.

In the EED, energy audit (EA) is defined as a systematic procedure aimed at obtaining
adequate knowledge on the existing energy consumption profile of a building or group of
buildings, an industrial or commercial operation, or installation for private or public service,
identifying and quantifying cost-effective energy savings opportunities, and reporting
the findings.

According to Article 8 of Legislative Decree 102/14, two categories of companies,
namely large enterprises and energy-intensive enterprises, have been targeted as obliged
to carry out energy audits on their sites, first by the 5 December 2015, and then at least
every four years.

Obliged enterprises that do not carry out an energy audit observing Annex II of the
EED within the above-mentioned deadlines will be subject to administrative monetary
penalties. According to Article 8 of the Italian Legislative Decree 102/2014 implementing
the Energy Efficiency Directive, as of 31 December 2019, ENEA received 11,172 energy
audits of production sites, related to 6434 companies [4].

Over 53% of the audits were carried out on sites related to the manufacturing sector
and over 14% in trade. A total of 70% of the audits collected by ENEA are equipped with
specific monitoring of energy consumption.

Despite relevant efforts having been deployed in terms of both innovation technologies
and regulatory frameworks in enabling it, the full potential for energy efficiency in the
industrial sector remains significant.

According to [5], in 2011, industry was the largest heat-consuming sector (79 EJ),
accounting for 46% of the world total thermal energy demand. Based on recent IEA
Outlooks [6,7], however, the industrial heat makes up two-thirds of industrial energy
demand and 20% of global energy consumption.

In Italy, in 2018 [8], about 2234 ktoe of heat was consumed by industry, representing
53% of the national heat demand, 7% of the total national energy need, and 17.5% of the
industry energy need. Most of the required heat comes from the direct combustion of
fuels, with natural gas as the main supplier followed by petroleum and coal products. The
electricity consumption of the Italian industrial sector, according to [9], with reference to
2018, was equal to 126.4 10° kWh, representing about 42% of the national electricity request.

Within the framework of the described scenario, the reduction in energy consumption
in the industrial sector, together with the increment of the efficiency of energy generation
technologies, are fundamental aspects to meet the EU targets. The industrial sector offers
tremendous opportunity for low-cost energy savings and carbon reductions through energy
efficiency improvements.

In this context, cogeneration, or combined heat and power (CHP) (i.e., the combined
generation of electricity and useful heat from a single primary energy source), still plays
a significant role while maintaining long-term prospects in the global energy markets,
primarily due to its numerous operational, environmental, and economic benefits. Since
the 1970s, cogeneration has been used to improve the efficiency of production systems,
both in the industrial and civil fields. In Italy, industry is the sector that invested the most
in cogeneration technologies in the past decades. The higher value of the electricity price
paid by Italian industries compared to other EU members was one of the main drivers
toward the diffusion of CHP. Indeed, the sum of investments in energy efficiency in 2018 in
Italy was about 7.1 billion €, of which about 7% (about 480 M€) was in cogeneration
technologies [10]. The industrial sector has contributed for 443 million € of investments in
CHP technologies.

According to the latest annual report on cogeneration [11], the total number of CHP
units installed in Italy is equal to 1737, more than 89% of which are represented by internal
combustion engine (ICE) units. The overall installed generation capacity is equal to
13,233 MW. The annual gross electricity generation with CHP units equals 58,722 GWh/Yy,

24



Sustainability 2021, 13, 4006

while useful heat generation reached 36,076 GWh/y. Natural gas is the main source, with
about 119,000 GWh/y of primary energy supplied.

Application of CHP technologies in the industrial sector is preferred in manufacturing
processes that require a significant amount of electricity and heat simultaneously, through-
out the whole year. In this respect, the ceramic tile production is one among the industrial
processes where energy efficiency management is crucial, given the high energy demand
necessary for the production cycle (covered, at the present, for about 70% by natural gas),
and the incidence of the energy item on the final production cost, close to 20%.

In 2016, Confindustria Ceramica, the association of Italian ceramics, conducted re-
search on thermal efficiency strategies developed to optimize the energy consumption
of the ceramic tiles industry [12]. The research analyzed a sample of 64 production sites
covering 59.6% of national production. A first energy saving solution, started in the early
1980s, was the recovery of the indirect cooling air of kilns to the dryers. In 2016, this
strategy concerned 43.2% of vertical dryers and 35.2% of horizontal dryers. The second
and most effective energy efficiency strategy was the introduction of the CHP units in the
90s, and their diffusion had another strong impulse around 2008 (see Figure 1), thanks
to the establishment in Italy of the TEE (“Titoli di Efficienza Energetica”). The TEE is a
mechanism introduced by D.M. 24 April 2001 to incentivize the implementation of energy
efficiency interventions that comply with the national energy savings targets (2001/77/CE).
The most adopted configuration provides for the spray dryer as the thermal user for the
CHP plant, while the prime movers are gas turbines and internal combustion engines. The
study reported in [12] also highlighted that most parts of the CHP units with gas turbine
technology was closer to their end life (17.4 years compared to a hypothetical end life of
24 years) than CHP units with an internal combustion engine (eight years compared to a
hypothetical end life of 20 years). This means that this latter technology has generally been
installed more frequently since 2008.

Number of CHP units installed [-]

before 1980
1980-1989
1990-1999
2000-2007
2008-2011
2012-2016

Figure 1. Combined heat and power (CHP) units installed in the period 1980-2016 [12].

In 2019, the ceramic tile industries located in Italy comprised 135 [13], of which 54 were
equipped with a spray dryer. Within the latter, 28 were provided with a CHP unit, helping
to satisfy both the electrical and thermal request of the production process.

The literature on cogeneration in industrial applications is exhaustive: most relevant
examples can be found in [14-25]. In detail, performance assessment and optimal schedul-
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ing of a CHP power plant for industrial applications can be found in [14-18]. Description
and energy analysis of specific applications of CHP to industrial processes have been
reported in [20-24] for the food processing industry, in [21] for cement production, in [25]
for the textile industry, and finally in [19] for the chemical and pulp mill industry.

In contrast, studies dealing with the specific application of cogeneration in ceramic
tiles factories, according to the authors” knowledge, are limited. Caglayana et al. [26-28]
presented an energy, exergy, and sustainability analysis of a CHP gas turbine applied in
the ceramic sector. The main results of their studies showed that the utilization of the
gas turbine (GT) unit could provide 0.1115 m?3/s and 0.0732 m® /s of natural gas savings
for the ground and wall tile dryers, respectively. Moreover, their results highlight that
the most efficient components are the air compressor and combustion chamber, while the
minimum energy efficiencies were obtained for the wall tile dryer (8%) and ground tile
dryer (8%) components. Yoru et al. [29] presented an energy and exergy analysis on a
CHP system installed into a ceramic plant consisting of three GT units. Results claim that
the exergy efficiency was inversely proportional to the ambient temperature: the rise of
ambient temperature at the compressor inlet adversely affected the efficiency of the system.
The energy and exergy efficiencies of the cogeneration system were calculated as 82% and
35%, respectively.

More strategies on how the EU ceramic sector is following energy efficiency policies
and environmental concerns can be found in [30-36].

In particular, different technological options to reach the EU 2020 and 2050 greenhouse
gas (GHG) emissions objectives were compared in [34] using the LCA methodology on
25 different technological scenarios of the life cycle of porcelain stone tiles. The GHG
emissions’ objectives, considering only the ceramic tile production stage, can be achieved
by modifying the product design (removal of the glaze and reduction of the thickness of the
ceramic body) or by electrifying 50% of the thermal processes through renewable sources.

A more efficient and sustainable production appears to be the only option for a long-
term prospective of manufacturing industries. Efforts required by the traditional industry
should be directed toward implementing measures that concurrently guarantee a global
energy savings and a reduction in the environmental impacts.

In the aforementioned context, ENEA launched a two-year research project in collab-
oration with the University of Bologna, Centro Ceramico, and Confindustria Ceramica
with the aim of delineating the current status of cogeneration in the Italian ceramic tile
sector. The final purpose of the project is to define the energetic and environmental bene-
fits associated with the application of CHP systems to the ceramics industry. This paper
summarizes the results of the first-year research activities, which focused on outlining the
average characteristics of the prime movers installed, and quantifying the contribution
of CHP thermal energy, supporting the spray dryer section. Starting from the analysis of
the energy audits of ceramic companies collected by ENEA, a detailed assessment of the
CHP units’ specific characteristics was realized by integrating these data with information
directly requested from ceramic companies.

The study’s outcomes provide for an overview of the current situation, and can be
used by industrial developers as guidelines for the selection and design of CHP units
as well as by law-making bodies as a reference for energy efficiency programs including
incentives policy.

The rest of this manuscript is organized as follows. In Section 2, a synthetic description
of the ceramic tile production process is presented, and emphasis is given to the detailed
explanation of the spray dryer technology. Thermal integration with the CHP units,
contributing to satisfy the heat consumption of the dryer unit, is presented with schematic
layouts of the integrated system. The research method, data collection, and energetic
performance indexes, ad hoc defined for the purpose of this analysis, are outlined in
Section 3. Section 4 presents and discusses the main results of the study. Finally, in
Section 5, the conclusions of the study are highlighted along with the future steps of
the project.

26



Sustainability 2021, 13, 4006

2. Description of the Ceramic Tile Process

Ceramic tile production plants have been totally revolutionized to improve productiv-
ity and decrease energy consumption as a reaction to the energy crisis of 1974 [37].

Ceramic tiles are the result of a process that is strongly influenced by the raw materials
and firing temperature: as a function of these two parameters, different types of tiles can
be obtained (porcelain tile, monoporosa, single-firing tile, double-firing tile, etc.).

The production process (Figure 2) generally starts with the storage and the prepa-
ration phase of the raw materials, consisting of two main operations: wet grinding and
water content adjustment [38]. Wet grinding technology, which uses a continuous or
discontinuous drum mill, can reduce particle size, dust pollution, and provides a good
homogenization [39]. Subsequently, the aqueous suspension (“slip”, with a water content
of 2230%) obtained from the wet grinding is dried and transformed into spherical granules
by way of the operation called spray drying.

SINGLE - FIRING PROCESS

e N o ~
Glazing

Pressing |p| Drying [p | orsurface )| Firing
\decoraﬁon

DOUBLE - FIRING PROCESS
e N ©

% ~ 7~ N 7 3
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A N

Figure 2. Flow chart of the single and double production process of ceramic tiles.
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Spray-dried granules (still containing =25-6% of water) are then shaped by discontinu-
ous or continuous pressing in order to obtain the tiles, which are further dried to remove
the remaining water through a process of surface evaporation and interstitial diffusion,
which takes place homogeneously in the vertical or horizontal rapid dryers. After the
glazing and decoration phases, currently mainly performed by digital printing, firing
takes place in roller kilns 70 < 100 m long. In kilns, the tiles are exposed to increasing
temperature until they reach the maximum temperature zone around 1000-1200 °C, then
they are quickly cooled. After cooling, tiles can be treated by several mechanical processes
such as cutting, grinding, lapping, and polishing, after which they are sorted and packed.

The production process above described is a single firing process and is mainly used
for the production of monoporosa and porcelain tiles.

A double firing process was also adopted in the past. In this case, glazing and
decoration occurred after a first firing step at about 1000-1100 °C, which is needed to fire
only ceramic tile bodies. The second firing was necessary to fire only the glaze, and it was
generally carried out at lower temperature as a function of the type of glaze (=700 °C).

Tables 1 and 2 summarize the energy consumption according to the phase of the
production process and the type of product, respectively.

Table 1. Specific thermal and electrical consumption according to the process phase [40].

Process Phase Specific Ther[rg;}ﬂConsumption Specific Elect;ié;l/lﬂ(ionsumption
Wet grinding - 0.05-0.35
Spray drying 1.1-2.2 0.01-0.07
Pressing - 0.05-0.15
Drying 03-0.8 0.01-0.04
Firing 1.94.8 0.02-0.15

27



Sustainability 2021, 13, 4006

Table 2. Average total specific consumption according to the type of product [40].

Type of Product Average Total Specific Consumption [G]/t]
Single-firing tile 5.78-6.37
Double-firing tile 4.67

2.1. The Spray Dryer Technology

The spray dryer apparatus, as shown in Figure 3, essentially consists of a cylindrical
chamber, where a heat exchange is promoted between the slip and a hot air flow with
a temperature of about 500 °C. The slip is finely sprayed upward via nozzles in the
form of droplets, while the hot air is directed tangentially downward to impose a spiral
motion. Thanks to the heat exchange process, an immediate evaporation and consequent
hardening of the external side of the droplet take place, and simultaneously, the water
vapor in the interior leaves the droplet through its rear, which collapses inward, forming
the characteristic hollow sphere appearance [38,39].

SPRAY DRYER

BURNER

NATURAL

COMBUSTION ~ FAN
AR GAS

e
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AR b R
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@;ﬂ SLIP PUMP RODUGT

(humidity and dry
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(water and dry materials)

Figure 3. Schematic layout of the spray dryer unit.

The application of spray dryers in the ceramic tile industry has optimized the shaping
process, assuring a high degree of compactness in the formed product. Spray-dried
powders have a tailored particle size distribution (mainly concentrated in the 125-500 pm
range) and a moisture content of =25-6%. The spray-dried powder optimally fills the
press molds by the spherical shape of the granules, which improves its floatability and
compaction. Furthermore, spray drying promotes the agglomeration of fine powders
(<125 um), avoiding de-airing problems during pressing [39].

The hot air flow in the spray dryer is usually generated by the combustion of natural
gas and ambient air into a burner section (see Figure 3). At this stage, CHP units are usually
installed, exploiting the gas turbine and internal combustion engine technologies.

As visible in Figure 3, the flue air stream, before being discharged into the atmosphere,
is forced to pass through a gas cleaning section typically composed of cyclones and bag
filters for dust removal.

In a large part of Italian installations, energy efficiency solutions are adopted to supply
part of the heat required by the spray dryer. The study in [12] reports that over a sample of
71 spray dryers, 18% of them made use of heat recovery from kilns, 44% used CHP units,
4% used both systems, and 34% did not use any solution.

2.2. Cogeneration System Supporting the Dryer Process

Gas turbines (GTs) and internal combustion engines (ICEs) are the two CHP technolo-
gies currently installed in the ceramic tiles industry [12]. In both types of prime movers,
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the electrical energy generated by the CHP unit is used to fully or partially satisfy the
electricity demand of the ceramic tile production process. The heat rejected by the prime
mover (PM) is used to support the spray dryer process with the direct use of exhaust gases.

Simplified layouts of GTs and ICEs thermally integrated with a spray-dryer are
presented in Figures 4 and 5, respectively.
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Figure 4. Schematic layout of the thermal integration between the combined heat and power (CHP)
gas turbine (GT) unit and spray dryer.
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Figure 5. Schematic layout of the thermal integration between the CHP internal combustion engine
(ICE) unit and spray dryer.

In both configurations, the CHP units” exhaust gases are heated up until the optimal
process operating temperature (i.e., typically in the range 500-600 °C), thanks to an after-
burner. The main difference between the arrangements lies in the amount of fresh air that
is added into the process. Exploiting exhaust coming from a GT unit allows for the use
of a small fraction of fresh air coming from ambient and pressurized by means of a fan
(“pressurized air” in Figure 4). The streams are mixed, as in Figure 4, before entering the
after-burner. If the mass flow of the exhaust is sufficient to support the drying process,
the air mass flow could eventually be unnecessary. Conversely, the direct use of ICEs
exhausted gases require a more significant amount of fresh air. Thus, as visible in Figure 5,
both streams named “combustion air” and “pressurized air” are used in this configuration.
The pressurized air stream is mixed with the ICE exhausted one and post combustion takes
place, also introducing the combustion air inside the after-burner component.

This difference between the CHP spray dryer setup was mainly due to two reasons:
(i) the different mass flow of GT and ICE exhaust gases discharged for a given electrical size,
and (ii) the different concentration of oxygen in the exhaust. For the same electric size of
the CHP unit, ICEs are characterized by a lower amount of thermal power discharged with
the exhaust, both in terms of mass flow rate and temperature, due to the higher conversion
efficiency compared to GTs, and to the fraction of low-temperature heat discharged to the
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engine coolant. In addition, GT exhausted gases are typically characterized by an oxygen
concentration within 18-19% vol. dry, while the ICE typical oxygen concentration is lower,
in between 14-15% vol. dry.

The last difference lies, as indicated in Figure 5, in the possibility of preheating the
pressurized air stream exploiting the low-grade heat coming from the ICE water cooling
circuit. As visible in Figure 5, a heat exchanger is placed upstream of the fan component
to increase the temperature of the pressurized air stream exploiting the engine’s cooling
water heat. Typical air temperature increase is in the range 40-50 °C.

3. Methodology and Performance Indexes

In the ceramic sector, 197 energy audits carried out from 143 companies were collected
by ENEA in December 2019 [4]. A total of 103 EAs from 68 companies referred to the
tile ceramic process and have been analyzed to check the CHP presence in the industrial
process. The total number of production sites including a CHP system was found equal to
be 28.

Starting from the analysis EA collected by ENEA, a detailed assessment of the CHP
units’ specific characteristics was realized by integrating those data with information
directly requested from the ceramic companies. For this purpose, a questionnaire was sent
to all the ceramic tile industries equipped with CHP units and located in the tile district,
containing the following specific macro-requests:

- type and model of the CHP unit installed;

- annual consumption of natural gas feeding the CHP unit and annual generated electricity;
- annual operating hours of the CHP unit;

- annual consumption of natural gas feeding the after-burner section;

- annual amount of slip input to the dryer section and dried products generated;

- annual operating hours of the dryer unit; and

- annual electricity consumption of the ceramic tile production process.

In response to that, this study analyzed the annual operating data collected from ten
CHP installations. The energetic analysis of the dryer process and of the CHP system was
accomplished by introducing the following ad hoc-defined performance indexes:

CHP natural gas primary energy input, Qin crip, calculated as the product of annual
natural gas volume flow input to the CHP unit and lower heating value, assumed equal to
8250 kcal/Sm?.

CHP average electric efficiency, M, defined as the ratio between annual generated
electrical energy, Ecpp, and primary energy input, Qin cHp-

Ratio of produced to consumed electrical energy, 6. This index helps to assess the
design and the main target of the CHP unit. A value of § equal to 1 means that all the
energy generated by the CHP unit is used to satisfy the electricity consumption required
by the production process. Values higher or lower than 1 mean, respectively, that a surplus
or a deficit of electricity occurs compared to the production process needs.

Thermal energy discharged by the CHP unit, Qgas,cyp- This variable accounts for
the thermal energy discharged with PM exhaust gases, available to the thermal user. It
has been evaluated, indirectly, based on following equations, according to the definition
reported in [41]:

For the gas turbine:

Echp
Quascitr = QunCHp i — — o 1
gas,CHP in,CHP ‘71 121314 ( )
For the internal combustion engine:
Qgas,cHP = Qin,cHp 11k5 — Ecue_ (2
’ ’ 21314
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where 771,75, 13, and 174 in Equations (1) and (2) represent, respectively, the combustion
chamber, auxiliaries, electric conversion, and gear box efficiencies. Conversion efficiency
values have been assumed equal to the ones reported in Table 3. Coefficient ks, only
included in Equation (2), accounts for the fraction of discharged thermal energy (i.e.,
primary energy not converted into electricity) available in the high temperature heat circuit
(i.e., with exhaust gases). The value of coefficient k5, dependent on the ICE model, was
assumed according to the manufacturers’ specifications. Assumed values were in the range
0.74-0.78.

Table 3. Assumed value of conversion efficiencies [41].

1 [-] 172 [-] 13 [-] 14 [-]
0.9900 0.9800 0.9625 0.9850

To quantify the real amount of heat input to the spray dryer with PM exhaust gases,
the quantity Qgas,cHp Was corrected with a factor representing the ratio between the annual
operating hours of the spray dryer unit and annual operating hours of the CHP system.

Thermal energy input to the dryer with natural gas, Qj, sp, calculated as the product
of annual natural gas volume flow input to the after-burner and lower heating value equal
to 8250 kcal /Sm®.

Total heat consumption of the dryer, Qror. This variable accounts for the total heat
input to the spray dryer component obtained by adding the two main thermal contributions
Qin,sp and Qgas,cup- It must be pointed out that the heat requested to heat up and vaporize
the water content in the slip represents the main contribution (typical values are in the
range 70-80%) to the total process need. Minor contributions are represented by the heat
necessary to heat up the combustion and/or the pressurized air streams, the heat absorbed
by the solid matter, and the heat dissipated through the dryer walls as the process is
not adiabatic.

Fraction of total heat consumption of the spray dryer covered with CHP discharged
heat, A.

A~ Qror 3)
ans,CHP

Spray dryer specific consumption, Cs. This parameter is calculated as the ratio between
Qror and annual amount of evaporated water, 11,0, according to Equation (4):

C.— Qror @)

Mo
The parameter Cs defines the amount of thermal energy requested by the process
for unit mass of evaporated water, and it is normally expressed in kcal/kg H,O. Alter-
natively, the specific consumption can also be expressed with reference to kg of dried
product produced.

4. Energy Analysis Results and Discussion

This section is organized as follows. The first sub-section shows the results related to
the CHP units, whereas the second sub-section describes the results related to the spray
dryer as the thermal user.

4.1. Combined Heat and Power (CHP) Energetic Results

The preferred choice in terms of CHP prime mover is the internal combustion engine,
with seven out of ten installations. Figure 6 shows the design electric power of the CHP
prime movers plotted against the average annual mass flow rate of evaporated water. Blue
squares in the figure represent the ICE units while the red circles represent GT units. The
electric size of the installed CHP units was between 3.4 MW and 4.9 MW with an average
value equal to 4 MW.
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Figure 6. Design electric power size of the CHP units installed versus evaporated water average
mass flow rate.

Gas turbines seem to be the preferred choice only when the size of the spray dryer
technology is high (i.e., with average water mass flow rate higher than 2.50 kg/s), while
ICEs are preferred with low evaporative capacity.

Figure 7 shows the electric efficiency values of installed CHP units plotted versus
design electric size. ICE units are characterized by higher efficiency values, in the range
42-44%, compared to GTs whose values hardly exceed 30%. This outcome is also confirmed
by the data reported in Figure 8, where the primary energy consumption of CHP units is
plotted versus annual operating hours. Annual primary energy consumptions are in the
range between 3210° and 10210 kWh /y, significantly higher for gas turbines compared
to combustion engines for similar values of operating hours. Five CHP units reached
operating hour values above 7000 h/y, three were between 6000 and 7000 h/y, while
the remaining two were in operation for about half the time during the entire year (i.e.,
operating hours between 42004800 h/y).
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Figure 7. CHP average electric efficiency versus design electric size.
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In Figure 9, the generated electrical energy is compared to the electricity demand of
the facility. The black continuous line represents a value of & equal to one (i.e., the case of
self-consumption of the whole CHP generated electrical energy). As observed, the value
of & was higher than one in all of the analyzed cases. In particular, in six installations,
the surplus of electricity was marginal (i.e., 5 between 1.03 and 1.08), suggesting that the
design and the load regulation strategy of the CHP units were targeted to meet the request
of the facility. In the remaining cases, a modest surplus of electricity was generated (o
between 1.10 and 1.25). Only one case showed a significant amount of electricity generated
compared to self-consumption (8 equal to 1.39).
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Figure 9. CHP generated electrical energy versus the electricity demand of the facility.

4.2. Energetic Results of CHP-Spray Dryer Integrated System

The total heat consumptions of the spray dryer units are plotted in Figure 10 as
the function of annual evaporation capacity. As expected, an increase in thermal energy
required for the drying process was observed as the evaporative capacity increased. The
obtained trend was almost linear with values of Qror in the range 1510°-7510° kWh/ y.
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Figure 10. Total heat consumption of the spray dryer plotted against evaporated mass flow.

Contributions of CHP thermal energy, Qgas cHp, and natural gas energy input, Qi sp,
to the dryer’s heat consumption are shown in Figures 11 and 12, respectively. GTs showed
a higher value of Qgas,crp (between 4010°-6010° kWh/ y) compared to the ICEs, thus
confirming that their limited electrical efficiency values (see results in Figure 8) had a
positive effect on the amount of discharged heat. Percentage values of A for GT units,
as shown in Figure 13, were between 67% and 77%. In contrast, in the case of ICEs,
the contribution of thermal energy discharged with exhaust was limited (Qgascrp, in
between 810° and 1410° kWh/y), resulting in A values between 30 and 45%. It must be
highlighted that the value of A seems to be dependent only on the technology used as the
CHP prime mover, not being influenced by the size of the spray dryers (i.e., amount of
evaporated water).
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Figure 11. Thermal energy discharged with CHP and input to spray dryer versus the evaporated
mass flow.
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Figure 12. Thermal energy input to spray dryer with natural gas versus evaporated mass flow.
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Figure 13. Percentage of total heat consumption of the spray dryer covered with CHP discharged
heat versus evaporated mass flow.

Based on the presented results, it can be asserted that for a given prime mover’s size,
the choice of ICE guarantees the maximum generation of electricity, while the GT allows
for the minimization of the consumption of natural gas required to support the spray dryer
thermal process. It must be pointed out that other factors such as the engines’ flexibility,
maintenance costs, specific emission values, etc., can of course affect the choice of the prime
mover technology to be installed.

Finally, the spray dryers’ specific consumption is presented in Figure 14, referred to as
the mass of evaporated water (Figure 14a,b) and to the mass of dried product.

The obtained values were in the range of 600-900 kcal /kgip0 and 250420 kcal /kggyied,
in line with values reported in [37]. Average values were equal to 710 kcal/kgipo and
305 keal /kggried-
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Figure 14. Spray dryer thermal specific consumption based on evaporated mass flow (a) and dried
product (b).

5. Conclusions

In this study, the preliminary results of a two-year research project named “Energy
efficiency of industrial products and processes”, aimed at evaluating the benefits of cogen-
eration (CHP) applied to the ceramic tile industry, are presented.

Then findings demonstrate how the use of CHP technology can contribute to pursue
the energy savings targets intended within the energy efficiency policy measures. Installed
CHP units are used to generate onsite electricity, while thermal energy discharged with
exhaust gases is directly used to supply the spray dryer, thus reducing the consumption of
natural gas.

Obtained results of the study showed that:

e The electric size of the installed CHP units was between 3.4 MW and 4.9 MW, with an
average value equal to 4 MW.
e  CHP installed prime movers are internal combustion engine and gas turbines.
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e Internal combustion engines are often the preferred choice, due to higher conversion
efficiency values in electricity production (found in the range 42-44%).

e In contrast, GTs seem to be the preferred choice only when the size of the spray dryer
unit is high (i.e., with evaporated mass flow rate higher than 2.5 kg/s) and the target
is to minimize the consumption of natural gas input to the dryer.

e The total specific consumption of the spray dryer process was quantified in the range
600-950 kcal/kggino or 250420 kcal/ kg of dried product, in line with values reported
in the specific literature.

e The percentage of specific consumption covered with CHP thermal energy is strictly
dependent on the type of prime mover installed: lower values, in the range 30-45%, are
characteristic of combustion engines, whereas the use of gas turbines can contribute
up to 77% of the process’s total consumption.

The results aim to provide an overview of the current CHP installations in the Italian
ceramic tile sector and could also be used as guidelines in the selection and design of CHP
units to industrial developers.

Future steps of the research activity will be focused on thermodynamic modeling of the
integrated system for a detailed representation of the thermal fluxes involved. Moreover, a
methodology will be defined to assess the reduction of the environmental impact related to
the use of a cogeneration unit in the ceramic tile industry.
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Abstract: The cement industry is highly energy-intensive, consuming approximately 7% of global
industrial energy consumption each year. Improving production technology is a good strategy to
reduce the energy needs of a cement plant. The market offers a wide variety of alternative solutions;
besides, the literature already provides reviews of opportunities to improve energy efficiency in a
cement plant. However, the technology is constantly developing, so the available alternatives may
change within a few years. To keep the knowledge updated, investigating the current attractiveness
of each solution is pivotal to analyze real companies. This article aims at describing the recent
application in the Italian cement industry and the future perspectives of technologies. A sample
of plant was investigated through the analysis of mandatory energy audit considering the type
of interventions they have recently implemented, or they intend to implement. The outcome is a
descriptive analysis, useful for companies willing to improve their sustainability. Results prove that
solutions to reduce the energy consumption of auxiliary systems such as compressors, engines, and
pumps are currently the most attractive opportunities. Moreover, the results prove that consulting
sector experts enables the collection of updated ideas for improving technologies, thus giving valuable
inputs to the scientific research.

Keywords: cement manufacturing plant; energy savings; technology solutions; Italian companies;
descriptive analysis

1. Introduction

The production process in cement manufacturing plants is typically energy-intensive
and requires large amounts of resources [1]. A typical well-equipped plant consumes
about 4 GJ of energy to produce one ton of cement, while the cement production in the
world is about 3.6 billion tons per year [2]. It was estimated that the cement manufacturing
process consumes around 7% of industrial energy consumption, which, in turn, accounts
for 30-40% of the global energy consumption [3].

Given the significant impact that the manufacturing industry has on global sustain-
ability and considering the increasing economic pressure introduced by a competitive
market and the reduction of available energy resources, optimizing the energy efficiency
of production systems has become a primary concern [1]. For this purpose, to reduce
energy consumption in the cement sector, it is possible to act both on a technological and
a managerial level [4]. Focusing on the technological aspects, one of the strategies to be
embraced is to improve production plants by modifying or replacing inefficient equipment
with better-performing and less energy-intensive ones [5,6].

As stated by Su et al. [7], the cement manufacturing process can be divided into three
major stages: raw material processing, clinker production, and finish grinding processing
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Stage 1. Raw materials processing | Stage 2. Clinker production i Stage 3. Finish grinding 1

(finished cement production). A schematic representation of the cement production process
is illustrated in Figure 1. The raw material processing reduces the size of limestone and clay
extracted from the quarries, thus obtaining a homogeneous mixture with an appropriate
chemical composition. At first, one or more subsequent crushers break down the raw
material, reducing the rocks’ size from 120 cm to 1.2-8 cm [8]. The crushed rocks are
then pre-blended through dedicated apparatuses called stackers and reclaimers. Next, the
ingredients are dosed and fed to the mills, which perform the grinding process. During
this phase, rocks are ground to fine particles, moved through mechanical conveyors, or
fluidized channels fed by blowers, and transported to the homogenizing silos, where the
blending process takes place. As the last step of raw material processing, the blending
process allows obtaining a uniform chemical composition. Before entry into the kiln, the
homogenized ingredients are sent to the preheater tower, where they flow through a series
of cyclones. Here, fine particles are preheated exploiting the kiln’s exhaust gases, reducing
the energy required to carry out the subsequent heating process. The heating process is
performed by the kiln, which could be arranged vertically or horizontally. In the kiln, the
material temperature is increased over 1000 °C (sometimes up to 1400 °C), resulting in
the formation of calcium silicate crystals-cement clinker [8]. At the kiln exit, the clinker is
directed to a cooler and lowered in temperature. The cooling process is required to stop the
chemical reactions at the right moment, allowing to obtain a proper quality of the products.
Moreover, the cooling process allows to recover some heat from the hot clinker. Finally,
the cooled clinker is stored inside silos and then fed to specific mills for the finish grinding
process. During the final milling phase, some substances such as fly ash, limestone, slag,
gypsum, and pozzolana are added to the clinker, depending on the requirements of the
final product. In addition to the aforementioned processes, during the clinker production
stage, two other complementary processes are performed: fuel preparation and exhaust
gas treatment. Indeed, the fuel (i.e., pet-coke, carbon coke, Refuse-Derived Fuel—RDF, or
others) must be milled before entering the kiln, while exhaust gases must be treated to
remove dust and reduce emissions.

Homogenising silos

Silos

1.1. Crushing 2.1. Pre-heating 3.1. Final milling
Crushers Pre-heating tower Mills
v 3
1.2. Pre-blending 2.2. Heating 3.2. Cement storage in silos
Stackers & reclaimers L Kllu Ly Silos
1.3. Grinding raw materials 2.3. Cooling
Mills Cooler
1.4. Blending 2.4. Clinker storage in silos

Figure 1. Cement production process. The colored boxes show the sequential operations, while the white boxes summarize

the process machinery.

Based on the water content of the raw materials, the cement manufacturing process
can be divided into four categories: dry, semi-dry, semi-wet, and wet [9]. Since cement
production requires the complete evaporation of the water in raw ingredients, the higher
the percentage of water, the more energy-intensive the process will be. On the other side, a
higher water content facilitates the processes of homogenizing and blending. It is worth
mentioning that several cement plants only deal with the final milling phase. In these
plants, the starting material is the clinker, which has already undergone the heating process.
Therefore, for such manufacturing sites, the above classification is not valid.
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Generally, energy consumption in the cement industry is provided by electricity and
fuels. Over 90% of fuels used are consumed in the production of clinker. Electric energy,
on the other hand, is used for about 39% for the finishing process, for around 28% for
both processing the raw materials and burning the clinker, and for less than 5% for other
operations [7].

To pursue greater energy efficiency in the cement manufacturing plants, for each
operation forming the production process, a wide variety of technological solutions has
been developed. For instance, solutions to reduce energy problems during raw material
crushing are described in [4,10]. Ref. [9] shows solutions for the slurry production process,
Ref. [11] for pre-homogenization, and Ref. [12] for drying. Technological opportunities are
also shown for grinding [13], homogenization [14], granulation [9], preheating [15], heat-
ing [16], cooling [17], and final grinding [18]. Other measures were outlined to improve the
efficiency of dedusting [9], exhaust gas treatment, and heat recovery [4,19]. Finally, multiple
solutions were developed for material transport systems [20] and auxiliary services [21].

Nevertheless, the multitude of more or less efficient technological alternatives simul-
taneously offered on the market hamper the choice of which improvement intervention is
better to adopt. Therefore, in the scientific literature, several efforts have already been made
to develop a review of the main technologies for overcoming energy problems and mini-
mizing energy consumption [9,17,22,23]. Decision support tools have also been developed
to help companies in selecting optimal energy efficiency measures [24]. In this context, a
crucial role is played by the Best Available Techniques Reference Documents (BREFs), a
series of documents developed by the European Union to review and describe industrial
processes, their respective operating conditions, pollution factors, and strategies for im-
proving industrial sustainability. In the case of the cement sector, the latest BREFs were
published in 2013, in which, in addition to paying particular attention to pollution issues,
the main strategies to reduce plant energy consumption were also detailed, considering
both technological and technical (management and process control) solutions [4].

A synthetic classification that summarizes the main technological energy-saving
alternatives, also dividing them according to the specific phase and asset on which they act,
is provided in Appendix A (Tables A1-A17, black writings). It is worth mentioning that
solutions related to auxiliary and heat recovery systems, being used in multiple process
stages, were not associated with a specific manufacturing operation, but were considered
as a separate category.

As technology is constantly developing [23], the available alternatives may change
within a few years. Some new solutions may emerge, and others may fall into disuse due
to their inferior performance. To this end, in addition to consulting the literature, a good
way to update the state of the art of energy-saving technological opportunities and to check
their degree of application is to consult a sample of companies working in the cement
industry [19,25]. Due to the increasing competitiveness in the global industrial sector [26],
companies are constantly looking for better technological solutions. Consequently, their
consultation could be useful to keep up to date with energy efficiency measures currently
attractive in real-life contexts. In this perspective, many studies were carried out on Chinese
industries. For instance, the spread of technologies in Taiwanese plants is described by
Huang et al. [25], while the current status of energy-efficiency opportunities in Shandong
industries is shown by Hasanbeigi et al. [27]. On the contrary, to the best of the authors’
knowledge, a similar study on Italian industries is missing.

As stated by Supino et al. [28], Italy and Germany are the most important cement
manufacturers in Europe. In 2019, cement production in Italy was 19,240.645 tons [29]. The
Italian cement sector is characterized by non-uniform operators, including multinational
groups and other smaller and medium enterprises that operate both at national and local
levels. In response to a period of crisis, the Italian cement industry radically changed its
energy mix over the last two decades. The contribution of natural gas (—69%) and heavy
fuel oil (—60%) was reduced, while the proportion of alternative fuels (such as RDF) was
increased. Given the central role of the Italian cement industry in Europe, the diversification

43



Sustainability 2021, 13, 3810

of its companies, and the energy progress occurring in such country [30], the results of the
Italian analysis could also give important information on the European scenario.

To fill the gap caused by the absence of an Italian study, the contribution of the
present paper is to show the Italian current situation and future perspectives of energy-
saving technologies for cement plants, thus expanding the knowledge on energy efficiency
measures. In this paper, a sample of Italian companies was analyzed consulting the results
of mandatory energy audit and collecting information on which of the energy efficiency
measures were recently implemented in each company and which will be applied in the
next few years. Thus, in the present work, we aim to answer three research questions.

RQ1: What technological enerqy-saving interventions were applied by Italian cement companies in
the last four years?

RQ2: What measures are suggested by the same sample of companies to be applied in the next
four years?

RQ3: What are the reasons why some solutions are preferred to others? What conclusions about the
future development of Italian companies can be drawn by analyzing a sample of companies?

The importance of the present study is to provide a realistic representation of the
current Italian scenario. The results of the analysis are used both to extend Tables A1-A17
(Appendix A), indicating other possible measures in addition to those found in the litera-
ture, and, above all, to identify through statistical analysis the current degree of implemen-
tation of technological interventions. A coherent and systematic reflection on the diffusion
of technologies in recent years provides a significant insight into their level of maturity and
attractiveness for companies [25].

The methodology proposed in this paper is of significant importance because, by
investigating a sample of real companies, the spread level and current situation of tech-
nologies in one of the most important cement manufacturers in Europe (Italy) is shown.
The outcome of this document could be useful for companies willing to improve their sus-
tainability by implementing new technological opportunities. Moreover, it could be useful
to gain a better understanding of the Italian industry context. Finally, the consultation
of sector experts is important because it allows collecting updated ideas for improving
technologies, thus giving valuable inputs to the scientific research.

Focusing on technological opportunities, this article refers only to solutions concern-
ing cement production equipment, excluding managerial energy-saving measures and
measures related, for example, to the use of waste fuels. Moreover, the discussion ex-
cludes solutions concerning the lighting or heating of the industrial shed where the plant
is located [31], solutions concerning quality control of finished products and packaging
activities (which are downstream of the production process) [17], and solutions concerning
the installation of sensors which, despite being technologies, are typically used together
with software and computer systems to implement management solutions [6].

The remainder of the present paper is organized as follows: Section 2 outlines the
approach followed to reach the goals; Section 3 offers the application of the proposed
methodology and the description of the Italian scenario; and finally, Sections 4 and 5
provide a discussion on the results and some conclusions.

2. Materials and Methods

To investigate the actual state of cement production in Italy, an approach similar to
the one presented by Hasanbeigi et al. [27] for analyzing Chinese provinces was adopted.
The approach was focused on data collection to characterize the cement sector at a national
level, thus obtaining an overview of the Italian scenario. This work was carried out in
collaboration with the Italian cement trade association (Federbeton) and with the national
agency for new technologies, energy, and sustainable economic development (ENEA). The
aim of this approach was to analyze a sample of Italian companies, providing an insight into
their current interest in energy-saving technologies and their future development directions.
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The Energy Efficiency Directive 2012/27/EU (EED) is a solid cornerstone of Europe’s
energy legislation. It includes a balanced set of binding measures planned to help the EU
reach its 20% energy efficiency target by 2020. The EED establishes a common framework
of measures for the promotion of energy efficiency (EE) to ensure the achievement of
the European targets and to pave the way for further EE improvements beyond 2020.
The Italian Government transposed the EED in 2014 (by issuing the Legislative Decree n.
102/2014, recently updated by Legislative Decree n. 73/2020), extending the obligation
also to a specific group of energy-intensive enterprises (mostly SMEs) and assigning ENEA
(Italian National Agency for New Technologies, Energy, and the Sustainable Economic
Development) the management of EED Article 8 obligation [32], where Article 8 is dedicated
to Energy Audits, a necessary tool to assess the existing energy consumption and identify
the whole range of opportunities to save energy.

In the EED, Energy Audit is defined as a systematic procedure aimed at obtaining
adequate knowledge on the existing energy consumption profile of a building or group of
buildings, an industrial or commercial operation or installation or private or public service,
identifying, and quantifying cost-effective energy savings opportunities, and reporting
the findings.

According to Art. 8 of Lgs. D. 102/14, two categories of companies have been
targeted as obliged to carry out energy audits on their production sites, firstly by the 5th of
December 2015, and then at least every four years: large enterprises and energy-intensive
enterprises. In Italy, an organization qualifies as a large enterprise if it shows one of the
following characteristics:

e  Number of employees >250 and annual turnover >€ 50 million and annual budget
>€ 43 million;
Number of employees >250 and annual turnover >€ 50 million;
Number of employees >250 and annual budget >€ 43 million.

Under the implementation of Article 8 in Italy, the size of the company must be
calculated only on Italian sites both of the company itself and of its associated /related
companies. Energy Intensive Enterprises are the ones with large energy consumptions
applying for tax relief on part of the purchased energy. All the energy-intensive enterprises
are registered on the list of «Cassa per i servizi energetici ed ambientali» (Governamental
Agency related to electricity). Obliged Enterprises that will not carry out an energy audit
observing Annex II of the EED within the above deadlines will be subject to administrative
monetary penalties. The penalty does not exempt obliged enterprises from carrying out
the audit, with its submission to ENEA within six months from the sanction imposition
by the Ministry of Economic Development. According to Article 8 of Italian Legislative
Decree 102/2014 implementing the Energy Efficiency Directive, as of 31 December 2019,
ENEA received 11,172 energy audits of production sites relating to 6434 companies.

Over 53% of the audits were carried out on sites related to the manufacturing sector
(8% Plastic, 9% Iron and Steel, 2% Paper, 3% Textile, 6% Food Industry) and over 14%
in trade. Seventy percent of the audits collected by ENEA are equipped with specific
monitoring of energy consumption.

In the cement sector, 65 Energy Audits carried out from 27 companies were collected
by ENEA in December 2019 [33] and 61 energy Audits were characterized by the presence
of a monitoring plan for energy consumption (11 companies are equipped with the ISO
50001 energy management system).

Each Energy Audit contains specific information on the geographical location of the
plant, some general characteristics of the company, the type of production process, and
the type of finished products. In addition, the energy audit is useful to collect additional
information on:

e Which energy efficiency measures were implemented by the company in the last
four years;

Which were planned to be implemented in the next four years;

Why they applied or they are suggesting such solutions.
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These additional information (not referring to Tables A1-A17, Appendix A) were
deliberately analyzed for two reasons. On the one hand, to confirm the validity and
the attractiveness of the solutions already found in the literature, in the case they were
proposed by companies. On the other hand, to extend and update the list of solutions if
sector experts proposed alternative technologies to those already identified.

From 65 energy audits, a sample of 48 Italian cement plants was selected. The gathered
information was registered in a database (Excel spreadsheet) and used to expand the list
of technological solutions (see Tables A1-A17 in Appendix A, red writings). Then, the
generated list was shared with the cement trade association (Federbeton) to obtain observa-
tions from industry experts and validate the output. Appendix A provides companies with
a synthetic tool to improve their sustainability in each specific process phase or cement
production machine.

Moreover, the collected data was analyzed, checking which interventions from the list
were proposed and by how many companies. The following statistical parameters were
computed for each alternative on the list:

Number of companies that applied the i-th intervention in the last four years (1, ;);
Number of companies that suggested i as a future action (15 ;);

Frequency of application of i in the last four years (f,,;);

Frequency of suggestion of i for the next four years (f; ;).

where the relative frequency distribution of the i-th intervention is given by the ratio
between the number of observations of this event and the number of total observations,
that is the number of energy audits examined, coinciding with the number of companies
constituting the sample (sample dimension—SD), see Equations (1) and (2):

Na,i

fa, i = b/ (1)
N
fsi=gp )

The considered sample is only partially represented by Equations (1) and (2). Indeed,
the studied cement plants can be classified into two separate categories: (i) half-cycle plant
(i.e., grinding center) where only the finish grinding is performed and (ii) full-cycle plant
where the entire manufacturing process is carried out. As a result, some interventions can
be implemented for just a portion of the original sample. For instance, the interventions
related to the kiln are applicable only to the full-cycle plants.

To produce a more realistic representation of the trends related to the adopted tech-
nologies in cement plant, Equations (3) and (4) are calculated for each intervention:

Mg, i
. e 3
frelfvuntfu, i reference_SD ’ ( )
Mg i
- , 4
frelevantfs, i reference_SD ’ (4)

where 1, ; and 1, ; denote the number of applications and suggestions of a given interven-
tion, respectively, while reference_SD represents the effective number of manufacturing
sites that could implement the considered intervention. The application frequency of
each solution is useful to assess its degree of diffusion in recent years. High values of
Sfretevant_a,i indicate that intervention was often applied in the last four years. On the other
side, the frequency of suggestion represents the technology’s degree of attractiveness for
Italian companies in the current scenario [25]. High values of f,jeuant s, ; indicate that the
i-th solution is probable to be applied in the next four years. In other words, fyeievant a,i
keeps up to date with the actual level of application of energy efficiency measures in the
Italian country, while frcpant s, i gives an idea of the future development perspectives of
technologies in Italy.
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After analyzing the data, by identifying the highest and the lowest fyjeoant 4, i and
Sfrelevant_s, i» the most recently applied solutions and the most proposed ones were deter-
mined. In Section 3, the results obtained by applying this methodology are illustrated.

3. Results

From 65 energy audits, a sample of 48 Italian cement plants was selected. They are
located in Italy, as shown in Figure 2. To obtain an adequate representation of the national
scenario, companies were selected to represent both the regions in the north, the center,
and the south of Italy. In a sample of 48 sites, 20 companies were in the norther regions of
Italy (Emilia Romagna, Friuli Venezia Giulia, Lombardy, Piedmont, and Veneto), 8 in the
center (Tuscany, Latium, and Umbria), and 20 in the south (Abruzzo, Basilicata, Calabria,
Campania, Molise, Apulia, Sardinia, and Sicily).

Veneto:
Lombardy: 5 plants Friuli Venezia Giulia:
7 plants 2 plants
Piedmont: o« Emilia Romagna:
2plants 4 plants
5 — Umbria:
Tuscany: S 4 plants
2 plants
[ Abruzzo:
—e
Latium: 1plant Molise:
2 plants P 2 plants
N e
e o .
Sardinia: 3Ap|u||a;
3 plants Campania: plants
j. 2 plants R
Basilicata:
2 plants
- \\ Calabria:
Sicily: 3 3 plants
4 plants h \ P

Figure 2. Geographical distribution of the 48 Italian companies constituting the sample.

In terms of manufacturing processes, 34 out of 48 sites carried out the complete cement
production cycle, while 14 plants performed only the third stage of the manufacturing
process (Figure 1, finish grinding process). Moreover, the finished products manufactured
by the production sites were those shown in Table 1. The variety of production processes
and finished products further confirms that this sample represents the national scenario
well. In fact, plants producing cement and clinker (33.3% of the sample), plants producing
only cement (33.3%), plants producing cement and other elements such as bituminous
asphalt or other hydraulic binders (29.2%), and plants producing white cement (4.2%) were
all taken into consideration.

Table 1. Types of finished products manufactured by the 48 production sites.

Type of Finished Products Number of Production Sites Percentage of the Sample

Cement and clinker 16 33.3%
Cement only 16 33.3%
Cement and other 14 29.2%
White cement 2 4.2%
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The technological energy-saving solutions extrapolated from the energy audit and the
results of the analysis are shown in Table 2. In Table 2, suggested and applied interventions
are ordered according to process stages, putting all auxiliary and heat recovery solutions
upstream because, as already explained, they are considered separately.

Table 2. Results of the analysis of Italian energy audits.

Process Process Solution .
Stage Machine Object Intervention Tai fs,i fai i Jreteoant_ai Freleoant s
Auxiliary . . Installing efficient electric motors
systems Engines Engines (class TE2, TE3, or IE4) 3 7 0.06 0.15 0.06 0.15
Auxiliary . . Installing variable speed motors
systems Engines Engines (motors with inverters) 1 8 0.02 0.17 0.02 0.17
Auxiliary Pressure Pressure Installing inverters on compressors,
systems systems systems pumps, or fans 4 19 0.08 0.40 0.08 0.40
o Insulating pipes, valves, and pumps
Auxil Pressure Pressure B 5 B !
s;;(tlelxi\l-sy systeums sys::ms and installing sealing to reduce air 0 4 0 0.08 0 0.08
leakage
Auxiliar; Pressure Silo cement
s stemsy systems extraction Replacing pumps with rotocells 0 1 0 0.02 0 0.03
Y N Y plant
Chilled wat Installing shut-off valves on the
Auxiliary Pressure wied water cooling water branches (pushed by
systems systems dl;;rslg'rl:\lgon pumps), to block flows when the 0 1 0 0.02 0 0.03
) system is at a standstill
Auxiliary Electricity Electricity Optimizing transformer losses in the 0 1 0 0.02 0 0.02
systems transformers transformers electrical cabin ) .
Auxiliary Electricity Electricity Replacing oil transformers with resin 0 5 0 0.04 0 0.04
systems transformers transformers transformers (having less leakage) . .
e - - Renewing transformers in the
Au{(lllary Electricity Electricity electrical cabin installing k-factor 0 1 0 0.02 0 0.02
systems transformers transformers
transformers
Heat : :
Heat recovery Heat recovery Installing an ORC turbine for
ge;s(z;rg system system electricity production 2 4 0.04 0.08 0.06 0.12
Heat Heat Installing heat recovery systems to use
recovery eaq rqetg)r\‘/ery Kiln the hot gases leaving the kiln to dry 0 2 0 0.04 0 0.06
systems sys raw materials
Heat Heat Installing heat exchanger to recover
recovery ea; ;teecrrr)‘\gery Kiln heat from the flue gases and pre-heat 1 0 0.02 0 0.03 0
systems Y the thermal oil for the kiln fuel
Heat y Installing systems to recover heat from
recovery He:t ;te:;\:ry Cooler the thermal waste of the cooler (useful 0 2 0 0.04 0 0.06
systems Y for heating offices or other)
Crushing Crusher Feeder Installing modern gravimetric feeders 1 0 0.02 0 0.03 0
and scales
Grinding
raw Mill Mill Installing a high-pressure roller mill 0 1 0 0.02 0 0.03
materials
Grinding Installing a mill with a dynamic
raw Mill Mill/Separator separator and cyclones with a process 1 0 0.02 0 0.03 0
materials filter
Grinding . . .
raw Mill Boilers Replacing boilers .Wlfh more advanced 1 0 0.02 0 0.03 0
materials and efficient ones
Grinding . . Eliminating two cyclones after
raw E/[Icllloanneds Emcllloar?e(i introducing an electrofilter and a bag 1 0 0.02 0 0.03 0
materials Y 4 filter for the mill
Blending Homogenizing g s plowers . Replacing silo’s blowers with 0 1 0 0.02 0 0.03
silo inverter-equipped screw compressors
: Preheating Reducing the cyclones from 16 to 12 in
Preheating tower Cyclones the Lepol grid preheater 1 0 0.02 0 0.03 0
Heating Kiln Kiln Installing an automatic c_onduction 0 5 0 0.04 0 0.06
system for the kiln
Install an advanced dosing device for
Heating Kiln Burners dosing powder to the main burner of 1 0 0.02 0 0.03 0

the kiln to optimize consumption
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Table 2. Cont.

Process Process Soluti .
Stage Machine Sl:ljel?tn Intervention Ma,i s, fai fi Sectevant_ai Sectevant s
Installing intermediate inverter
Heating Kiln Burners exhausters for the kiln to optimize the 1 0 0.02 0 0.03 0
power output during the firing process
Optimizing the feeding system
Final milling Mill Feeder installing more efficient and advanced 0 2 0 0.04 0 0.04
systems
Final milling Mill Dispenser Installing weight-measuring devices 1 0 0.02 0 0 0.02
for material entering the mill
Final milling Mill Mill Installing an automatic conduction 0 1 0 0.02 0 0.02
system for ball mills
Dedusting Dus;tyf;{ter;tion Dusstyfsi{tel;?qtion Installing an electrofilter 1 0 0.02 0 0.03 0
Total 20 59 - - - -
Table 2 was created after analyzing energy audits and also after screening the scientific
literature on technological solutions to reduce energy consumption in the cement industry.
The content of Table 2 is characterized by two colors. In black are outlined the solutions
suggested or applied by the sample of companies and previously mentioned by other scien-
tific authors (bibliographic references and detailed explanations are given in Appendix A).
In red, instead, are represented the solutions identified in the energy audits, but not found
in the scientific literature.
Figure 3 shows the applied and suggested interventions by considering the process
stage on which they acted to reduce energy consumption, whereas Figure 4 summarizes
the same measures according to the process machinery (see Figure 1).
NUMBER OF
INTERVENTIONS

50
45
40
35
30
25
20
15
10

PROCESS
STAGE

B Applied interventions M Suggested interventions

Figure 3. Suggested and applied interventions divided according to the process stage on which they act.

Results in Table 2 show a strong tendency of analyzed companies to prefer improve-
ments in auxiliary processes, working on engines, compressors, fans, pumps, or on heat
recovery systems over all the other interventions reported in Tables A1-A17 (Appendix A).
The aforementioned improvements are preferred to other interventions, due to the ease of
implementation and the low operative costs required. In contrast, no solution is adopted
or suggested for the pre-blending and silo storing phases. Neither are considered solutions
to improve the sustainability of equipment such as stackers and reclaimers.
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Figure 4. Suggested and applied interventions divided according to the process machine on which they act.

3.1. Analysis of the Applied Interventions

The sum of column 7,; (4th column of Table 2) is not 48 (sample dimension) but
assumes a value of 20. This is because some companies carried out more than one interven-
tion, while others did not apply any improvements in the last four years.

In the case of recently applied interventions, most of the sample companies acted on
the auxiliary systems, for instance installing variable speed motors, pumps, or compressors,
or replacing boilers and motors with more efficient ones.

Another solution implemented by 2 out of 34 production sites was to replace the classic
steam cycle with the Organic Rankine Cycle (ORC) to recover heat from hot gases and
produce electricity. Today, however, this solution does not represent the market standard
in Italy, especially due to the high investment costs involved in its implementation (as
confirmed by the analyses shown below and summarized in Tables 3-5).

Table 3. Energy savings produced by the applied technological measures in the various areas of intervention. The total

annual savings are calculated as the sum of thermal energy, electricity, and fuel savings.

Number of
Area of Production Sites Electricity TElLegnal Fuel Annual Annual IZ‘I’I?&%T
Intervention Reporting Savings Savingys Savings Savings Savings Savings
Quantitative (Toe/Year) (Toe /Yegar) (Toe/Year) (Toe/Year) (%) (Toe, /Yegar)
Information
Pressure systems 2 96 66 0 162 2.6% 81
Thermal power
plant and heat 5 1844 139 140 2123 33.4% 425
recovery systems
Engines, inverters,
and other electrical 2 27 0 0 27 0.4% 27
installations
Production lines o,
and machines 4 87 3952 0 4039 63.6% 1010
Total 13 2054 4157 140 6351 100% -

Overall, the most implemented technological solution over the last four years was the
installation of inverters on compressors, pumps, or fans. Such a solution showed a relative
frequency distribution (fyejevant a,i) of 0.08.

Some companies also reported quantitative data on the savings achieved by imple-
menting technological measures. These results are divided by area of intervention and
summarized in Tables 3 and 4. In the tables, toe stands for ton of oil equivalent. Areas
related to thermal recovery and production lines determine large energy savings, and
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the largest economic investments (both total and average). The average quantitative data
shown in Tables 3 and 4 is computed as the average of the number of production sites that
reported quantitative information.

Table 4. Investments required to apply technological measures in the various areas of intervention.

Number of Production

Area of Intervention Sites Reporting Total Investment Total In:lestment Average
e . ©) (%) Investment (€)
Quantitative Information
Pressure systems 2 124,798 0.4% 62,399
Thermal power plant and heat 3 16,220,000 58.4% 5,406,667
recovery systems
Production lines and machines 4 11,430,000 41.2% 2,857,500
Total 9 27,774,798 100% -

Table 5. Cost-effectiveness indicator for each area of intervention.

. Number of Production Sites Reporting Cost-Effectiveness Indicator
Area of Intervention e ge .
Quantitative Information (€/toe)
Pressure systems 2 874
Thermal power plant and heat recovery systems 3 16,076
Production lines and machines 4 10,940

A cost-effectiveness indicator was calculated for each intervention, measured as
Euros invested per Ton of Oil Equivalent (toe) of energy saved (Table 5). The available
information allowed to calculate it only on nine interventions, reporting both information
on energy saved and costs. The area of pressure system interventions shows a particularly
advantageous indicator, thus explaining the current tendency of Italian companies to invest
in auxiliary systems.

3.2. Analysis of the Suggested Interventions

On the contrary, the sum of column 7 ; (5th column of Table 2) is greater than 48 (sam-
ple size), assuming a value of 59. The significant difference between the total of 7, (59)
and the total of 1,; (20) may suggest an interest of Italian companies to improve their
sustainability in the next four years.

Even in the case of the proposed interventions, most of the companies showed interest
in technological solutions related to auxiliary systems, proposing to exploit variable speed
machines, to improve the energy class of engines, or to improve the electricity transformers.
Another suggested solution was to use the ORC cycle to produce electricity (4 out of
34 companies).

Once again, the most attractive and most proposed technological solution for the next
four years was the installation of inverters on compressors, pumps, or fans. Such a solution
showed a relative frequency distribution (frejepant i) of 0.40.

Tables 6 and 7 summarize the energy savings and investment cost indicated by those
companies that proposed a feasibility study. Table 8 reports the cost-effectiveness indicators
calculated for the suggested interventions. Feasibility studies estimated electrical savings
to be far greater than thermal savings in all areas, except the production lines and machines
one. This result was strongly influenced by the technological measures in heat recovery
systems. As in the applied interventions, also in the suggested measures, the highest energy
saving was associated to the heat recovery area, accompanied however by a significant
investment cost (Table 7). This area shows a relatively good cost-effectiveness indicator;
indeed, only production lines and machines area has a better value of cost-effectiveness
than thermal power plant and heat recovery systems (Table 8).
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Table 6. Energy savings assessed for the suggested technological measures in the various areas of intervention. The total
annual savings are calculated as the sum of thermal energy, electricity, and fuel savings.

Num.ber of Prod.uctlon Anm.la'l Annual Thermal Annual Annual Average
Area of Sites Reporting Electricity . . . Annual
. o . Energy Savings Savings Savings .
Intervention Quantitative Savings (Toe/Year) (Toe/Year) (%) Savings
Information (Toe/Year) ’ (Toe/Year)
Pressure systems 18 446 0 446 2.2% 25
Thermal power
plant and heat 10 12,546 29 12,575 63.4% 1258
recovery systems
Engines, inverters,
and other electrical 15 998 0 998 5.0% 263
installations
Production lines 20 526 5296 5821 29.3% 306
and machines
Total 63 14,516 5325 19,840 100% -
Table 7. Investments assessed for the suggested measures in the areas of intervention.
Number of Production Total Investment Total Investment Average

Area of Intervention Sites Reporting

0,
Quantitative Information © %) Investment (€)
Pressure systems 18 1,392,025 3.0% 77,335
Thermal power plant and heat o
4 34,540,000 73.8% 8,635,000
recovery systems
Engines, inverters, and other 15 6,945,793 14.8% 1,817,566
electrical installations
Production lines and machines 18 3,941,626 8.4% 218,979
Total 55 46,891,444 100% -

Table 8. Cost-effectiveness indicator for each area of intervention.

Number of Production Sites Reporting Cost-Effectiveness Indicator

Area of Intervention

Quantitative Information (€/toe)
Pressure systems 17 4491
Thermal power plant and heat recovery systems 4 3788
Engines, inverters, and other electrical installations 15 7158
Production lines and machines 16 2649

Suggested technological measures can also be analyzed distinguishing for their pay-
back time class (PBT, Figure 5). In this case, 55 measures report quantitative information:
measures with PBT between one and two years represent 40% (5.3 ktoe/year) of total
annual potential saving. Further 20% of potential saving is associated with measures
having a PBT between 3 and 5 years (3.2 ktoe/year).

Finally, Figure 6 shows that 75% of potential saving (10.6 ktoe/year) can be achieved by
mobilizing 40% of total investment associated with suggested measures (around 19 million
Euro), highlighting that relatively less expensive measures are associated with a high
saving potential.
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Figure 6. Cumulative saving and investment according to PBT classes.

3.3. Other Results

In the energy audits, the sampled companies mentioned some technological interven-
tions not found in the literature (red writings, Table 2). Among them, there are improve-
ments in the electricity transformers, several interventions to make the kiln more efficient,
some solutions to increase the sustainability of final milling, and so on. The other solutions
listed in Table 2 were already suggested by scientific authors [4,15-17,34,35]. In this case,
by mentioning them, expert industrialists confirmed their current goodness as sustainable
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technologies. As anticipated in Section 2, the results of the analyses were shared with
expert industrialists to validate the generated output. Overall, consulting energy audits
and sector experts allowed validating 10 solutions from the literature, while expanding
Tables A1-A17 (Appendix A) by adding 17 solutions. More information on the latter can
be found in Appendix A.

4. Discussion

Today, sustainability is an aspect that is becoming increasingly important in industrial
plants. It has many facets and covers aspects ranging from the location of production
facilities [36], to the optimization of logistics in industrial plants [37], to the efficient energy
consumption in production systems [1]. In terms of energy consumption, one of the most
energy-intensive processes is cement production. Indeed, the cement industry is highly
energy-intensive, determining around 7% of global industrial energy consumption each year.

Improving production technologies, by replacing inefficient equipment with better-
performing ones, is a good strategy to reduce the energy consumption of a cement plant.
In this sense, the market offers a wide range of solutions, and the scientific literature already
provides several reviews of available energy-saving technologies [38].

However, technology is constantly developing, so the alternatives may change within
a few years. Some solutions may become obsolete and fall into disuse while others may
gain interest due to technological progress. For this reason, as shown by [19,25], besides
consulting the literature, a viable way to keep the knowledge updated and also investigate
the current attractiveness of each solution is to analyze a sample of real companies. To the
best of the authors” knowledge, similar work is missing for Italian companies, although
Italian cement plants are among the most significant in Europe.

After a preliminary consultation of the existing literature to identify the available
technological energy-saving solutions, based on the approach by Hasanbeigi et al. [27], in
this paper, this gap is filled by investigating a sample of 48 production sites, analyzing
production and energy consumption data (in a normalized and anonymous way) from
energy audits collected by ENEA, pursuant to Art. 8 of the EED Directive.

In this paper, by applying the approach described in Section 2, the following informa-
tion is investigated in energy audits: technological energy efficiency measures implemented
by the companies in the last four years, sustainable energy efficiency measures proposed to
be implemented in the next four years, the relative frequency distribution of application
and the relative frequency distribution of suggestion of each technology, and, finally, the
motivations that led each company to be interested in the respective proposed solutions.
The degree of application and future perspectives of available technologies to reduce en-
ergy consumption are studied considering as a reference sample size the number of plants
where a given intervention can be implemented. This information answers the research
questions RQ1 and RQ2.

The main reasons for the choices and trends in technologies were also researched,
analyzing the costs of the solutions, the energy benefits they bring, and, above all, the
cost-effectiveness factor, given by the ratio between the cost of solutions and their impact
on consumptions. This last aspect answers research question RQ3.

Results prove that in Italy, companies have focused their attention mainly on solutions
to reduce the consumption of auxiliary systems such as compressors, engines, pumps,
and fans. This is because of their easiness of implementation and the low operative costs
required. This claim is validated by the historical data and feasibility studies reported by
some of the surveyed companies.

In particular, the most attractive (most applied and most suggested) solution was
the installation of inverters on compressors, pumps, or fans. Such a solution showed the
following relative frequency distributions: fye1epant o = 0.08 and frerepant s = 0.40.

Therefore, based on the results, it is possible to say that Italian companies will likely
invest in technologies with a high relative frequency distribution value. Inefficient, non-
variable speed engines and turbomachines will probably become obsolete, and a spread of

54



Sustainability 2021, 13, 3810

ORC cycle systems for heat recovery is expected to occur (compatibly with budget availability
and the eventual possibility of exploiting the opportunities of outsourcing the energy service).

Overall, the results of the analysis do not allow for the calculation of the payback pe-
riod (PBP) of each technological intervention. However, by consulting the cost-effectiveness
indicators and the applied and suggested solutions, we can infer that PBP drives the choice
of companies. PBP is likely a parameter proportional to frequency, and low PBP values
make technological solutions preferable.

It is worth mentioning the relevance of the effective sample size to estimate the fre-
quencies of application and suggestion, indeed considering all the manufacturing plants for
the interventions that can be implemented only for the full-cycle sites, would underestimate
the frequencies. On the contrary, less appreciation will have to improve the pre-blending
and silo storing processes or make stackers and reclaimers efficient.

Besides forecasting the development of technologies in Italy, the consultation of expert
industrialists allowed collecting updated ideas for improving technologies, thus giving
valuable inputs to scientific research. To the 198 solutions previously described by other
scientific authors (Tables A1-A17, Appendix A, black writings), 17 solutions were added
(Tables A1-A17, Appendix A, red writings). With regards to the final milling phase, it
emerged that companies prefer making the upstream feeding more efficient by acting on
feeders and dispensers, while literature insists on modifying the mill. Moreover, companies
proposed solutions on transformers or auxiliary systems, whose opportunities are not
emphasized in the cement sector literature. Furthermore, both literature and companies
have shown interest in upgrading kilns. Indeed, in addition to the 18 solutions already
expressed by scientific authors, 3 others were added by consulting energy audits, mainly
concerning the improvement of burners. Finally, consulting audits allowed us to identify
further solutions to the ones already found in the literature to make the preheating cyclones
and blending silo more sustainable (see Appendix A).

5. Conclusions

The presented analysis of energy audits was useful to identify the degree of application
and the future perspectives of the available technologies in the Italian industry, also
allowing to identify the main reasons for these choices and trends. The outcome of the
analysis is a realistic representation of the current Italian scenario, which clearly suggests
that the choices of Italian companies are driven by considerations concerning the Pay
Back Period of technological solutions. Indeed, companies currently prefer to act on
auxiliary systems, improving the efficiency of engines and pressure systems and, especially,
adopting variable speed drives. The low value of the cost-effectiveness indicator explains
why companies have invested in such technological solutions in the last four years and
why they will presumably continue doing so in the near future. Another noteworthy result
of this study can be summarized as follows. Despite a high investment cost, companies are
showing increasing interest in ORC cycle systems for heat recovery, and a spread of these
solutions is expected to occur soon.

In addition to the description of the Italian scenario, a collateral outcome of this paper
is an updated list of energy-saving technologies (which are divided by process stage and
machine type). This work was entirely developed in cooperation with Federbeton. In par-
ticular, the analysis of the audits and the creation of the list of technologies (Appendix A)
was carried out by the University of Florence and ENEA. Subsequently, this list was shared
with Federbeton and the observations of plant managers and other sector experts were
collected. Consequently, the generated list of technologies was validated by both the
main Italian entities in the field of cement (Federbeton) and energy (ENEA) efficiency.
The provided list of technologies could be useful for companies willing to improve their
sustainability by implementing new technological opportunities. In fact, a concise and
up-to-date representation of possible strategies to reduce the consumption of technologies
can help industrialists to clarify what maneuvers can be implemented in the various plant
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areas, both suggested by literature studies and sector experts. In this sense, the tables
provided in Appendix A can represent a decision support tool.

There are two limitations in this research: First, to keep the list of technological
measures (Appendix A) updated, the analysis here proposed should be regularly repeated
in the future. Second, the present study is mainly based on the consultation of energy
audits carried out by obliged companies, which are only a part of all Italian companies in
the cement sector.

However, the results emerging from the analysis could be interesting both at the
academic and industrial levels. In fact, consulting real companies allows obtaining a
precise view of the currently interesting technologies in the specific production sector
considered, thus updating the state of the art of literature. Moreover, a generic company
willing to improve its sustainability in a specific plant area/machine (for instance the one
affected by higher energy consumption) can consult the present paper to quickly identify
the available alternatives. In this perspective, this article not only gives a clear picture of
the Italian situation but could also be useful for companies in the cement sector working
outside the Italian nation.

Future developments of this work could be as follows. First of all, it would be
interesting to develop a multi-criteria ranking of the available technological solutions,
evaluating aspects such as installation cost, operational and maintenance costs, payback
period, energy-saving achieved, and so on. The obtained ranking could help companies
in choosing the most suitable solution based on their requirements and needs. Secondly,
it would be worthwhile studying other countries, to verify whether the Italian situation
is in line with the international trend. Thirdly, the proposed study could be repeated in
manufacturing sectors other than cement. Finally, the proposed study could be repeated in
the future (say in the next ten years) to determine if radical changes have happened or not.
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Appendix A

The principal technological solutions described in the literature for reducing the energy
consumption of a cement production plant can be summarized as shown in Tables A1-A17.
Each table refers to the strategies (3rd column) that can be implemented to improve a
specific process operation (table header), dividing the available alternatives according to
the machinery (1st column) and the object of the machinery involved (2nd column).

Each technological alternative is associated with the bibliographic reference consulted
to identify it (4th column). In light of this, readers interested in finding out more about
individual solutions can consult the 4th column of each Table.
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To create Tables A1-A17, we initially followed the approach proposed by [24], identi-
fying the major production processes and corresponding energy efficient technologies by
screening the previous literature studies. The solutions identified during this stage were

written in black in the tables.

Subsequently, as already described in Section 2, other solutions detected through
the energy audits were added to the alternatives found in the literature. The solutions
identified in this phase were written in red in the tables. The list of technology solutions
was shared with Federbeton and its content was reviewed and validated by sector experts.
Only for the solutions indicated by the experts as currently obsolete, appropriate comments

were inserted in a 5th column.

Table Al. Technological energy-saving solutions for crushing.

Process Solution . . .
Machinery Object Energy-Saving Technological Solution Reference
Crusher Feeder Installing modern gravimetric fee'ders and scales for efficient raw material feeding 4]
into the crusher
Crusher Screening Installing machines for preliminary screening [4]
Crusher Screening Improving screening efficiency through efficient designs [10]
Crusher Crusher Installing a hammer crusher (Preferal?le if the moisture content is less than 10%) 4]
with or without a screen
Crusher Crusher Installing a twin-rotor hammer cn‘lsher (p?eferable if the moisture content less 39]
than 10%) with or without a screen
Crusher Crusher Installing a compact impact crusher (also known as a monorail impact crusher) [39,40]
Crusher Crusher Installing an impact crusher (also known as a twin-rotor impact crusher) [4]
Crusher Crusher Installing a jaw crusher (also known as a toggle crusher) [4]
Crusher Crusher Installing a double toggle crusher [39]
Crusher Crusher Installing a rotary crusher [4]
Crusher Crusher Installing a roller crusher (cylinders) [4]
Crusher Crusher Installing a toothed roller crusher (.teeth ensure better distribution of the [39]
forces involved)
Crusher Crusher Installing a single toothed roller crusher [39]
Crusher Crusher Installing a semi-mobile or mobile crusher [4]
Table A2. Technological energy-saving solutions for quality control.
Quality Control
Process Machinery  Solution Object Energy-Saving Technological Solution Reference
X-ray laboratory X-ray laboratory Installing an XRF laboratory (X-ray fluorescence) [20]
X-ray laboratory X-ray laboratory Installing an automated XRF laboratory (X-ray fluorescence) [20]
Installing a laboratory with a robotic and automated EDXRF
X-ray laboratory X-ray laboratory spectrometer to sample the material mixture entering the mill [20]
X-ray Installing a cross-belt XRF EDXREF spectrometer on the conveyor belt
X-ray laboratory spectrometer from the pre-homogenization site to the mill 20]
y-ray laboratory y-ray laboratory  Installing a laboratory with a gamma-ray spectrometer (batch y-ray) [20]
y-ray laboratory specw;;gze tor Installing a gamma-ray spectrometer at the crusher outlet (chute y-ray) [20]
~ y-ray Installing a cross-belt y-ray spectrometer on the conveyor belt from the
y-ray laboratory spectrometer pre-homogenization site to the mill (201
y-ray laboratory sp ecﬁgg{ eter Installing a gamma-ray spectrometer at the crusher outlet (slurry y-ray) [20]
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Table A3. Technological energy-saving solutions for pre-blending.

Pre-Blending

Process Machinery Solution Object Energy-Saving Technological Solution Reference
Stacker Stacker Installing a circular stacker [40]
Stacker Stacker Installing a longitudinal stacker [40]

Reclaimer Reclaimer Installing a circular reclaimer [40]
Reclaimer Reclaimer Installing a longitudinal reclaimer [11,40]

Table A4. Technological energy-saving solutions for slurry production.

Slurry Production
Ml;ilﬁis:ry Sglbujteigtn Energy-Saving Technological Solution =~ Reference Comments from Sector Experts
Wash-mill Wash-mill Installing a closed-circuit washer [4,27]
: : Installing a tubular mill for wet and Solution reported in literature,
Mill Mill h [4]
semi-wet processes but currently obsolete
. . Installing a ball mill for wet and Solution reported in literature,
Mill Mill . [4]
semi-wet processes but currently obsolete
Table A5. Technological energy-saving solutions for drying.
Drying
Process Machinery Solution Object Energy-Saving Technological Solution Reference
Dryer Dryer Installing a rotary drum dryer with parallel flow [41]
Dryer Dryer Installing a rotary drum dryer with opposing flows [41]
Dryer Dryer Installing a solar dryer [12]
Dryer Dryer Installing a rapid dryer [40]
Dryer Dryer Installing a pre-dryer before a ball mill or tube mill [40]
Dryer Dryer Installing a filter press (for the semi-wet process) [9]
Dryer Dryer Installing a dryer-pulverizer (dedicated machine for [40]

simultaneous crushing and drying)
Dryer Dryer Installing an impact dryer [40]
Installing a tandem drying grinding (a combination of hammer

Dryer Dryer mill and ventilated ball mill) 401
Dryer Dryer Install mechanical air separators [40]
Table A6. Technological energy-saving solutions for grinding raw materials.
Grinding Raw Materials
Process Solution . . .
Machinery Object Energy-Saving Technological Solution Reference
Mill Transport Installing a weighing belt for raw materials entering the mill [4]
systems
Mill Mill Installing a tube mill with central discharge [4]
Mill Mill Installing a tube mill with a closed-circuit final discharge [4]
Mill Mill Installing a ball mill [4]
Mill Mill Installing a ventilated ball mill [4]
Mill Mill Installing a central discharge ball mill [4]
Mill Mill Installing a ball mill with a closed-circuit final discharge [4]
Mill Mill Installing a horizontal roller mill [4,15,27]
Mill Mill Installing an autogenous mill [4]
Mill Mill Installing a high-pressure roller mill [4]
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Table A6. Cont.

Grinding Raw Materials

MI;Z%CiiS:ry 5811’1}2::1 Energy-Saving Technological Solution Reference

Mill Mill Installing a track and ball vertical mill [39]

Mill Mill Installing a vertical roller mill [13,16,35]

Mill Mill Grinding the various materials e.nte.ring the mill separately according [35]

to their fineness

Mill Mill Replacing and improving the abrasive material used for the balls [16]

Mill Mill Installing a roller press in addition to a ball mill [16,35]

Mill Mill Grinding the various materials e'ntering the mill separately according 35]

to their hardness

Mill Mill Installing a dopplerotator mill [42]

Mill Mill Installing an aerofall-mill (autogenous mill) [40]

Mill Mill Installing a ventilated mill [40]

Mill Mill/Separator Installing a mill with a d}l;r:)zr;isz sﬁel]tajrrator and cyclones with a Energy audits
Separator Separator Installing a high-efficiency rotating cage separator [4,9,35]
Separator Separator Installing a high-efficiency air separator [4,9,23]
Separator Separator Installing a static grid separator [40]

Ml Mlstans e vercal e crusher () sl

Mill Boilers Replacing boilers with more advanced and efficient ones Energy audits
Mill and Mill and Eliminating two cyclones after introducing an electrofilter and a bag Sample of analyzed
cyclones cyclones filter for the mill companies

Table A7. Technological energy-saving solutions for blending.
Blending
Proc.ess Solu.tion Energy-Saving Technological Solution Reference
Machinery Object

Blending silo Blending silo Removing leaks in the corr;%iiissivaiici Zircuit by installing seals or 9,14]
Blending silo Blending silo Sizing the air circuit correctly [9,14]
Blending silo Blending silo Installing a flow-controlled, multi-outlet blending silo [40]
Blending silo Blending silo Installing a flow-controlled cone blending silo [40]
Blending silo Blending silo Installing a turbulence blending silo [40]
Blending silo Blending silo Restoring the structural integirriltiyt :;fttrl;ec ‘:)iir:ding silo and eliminate leaks [14]
Blending silo Blending silo Installing a gravitational blending silo [13,16,27]
Blending silo Blending tank Installing a blending tank [9]
Blending silo Tank’s agitator Installing high-efficiency agitators [9]
Blending silo Silo’s blower Replacing silo’s blowers with inverter-equipped screw compressors Energy audits
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Table A8. Technological energy-saving solutions for preheating.

Preheating
Process Solution . . . Comments from

Machinery Ol:ljelct Energy-Saving Technological Solution Reference Sector Experts

Proheater Preheater Installing a cyclone preheater [4]

with calciner
Solution reported in
Preheater Preheater Installing a grid preheater with calciner [4] literature, but currentl
gagrdp y
obsolete
Preheater Preheater Installing a cyclone preheater [4]
Solution reported in
Preheater Preheater Installing a grid preheater [4] literature, but currently
obsolete
Preheater Preheater Recoverm}% h(t)_t gatses from the 4]
preheating tower
Preheater Cyclones Increasing the number of cyclones in the [15,27,35]
cyclone preheater
Optimizing the number of cyclone stages
considering the characteristics and
Preheater Cyclones properties of the raw materials and 4l
fuels used
Reducing the cyclones from 16 to 12 in the Sample of analyzed
Preheater Cyclones Lepol grid preheater companies
Preheater Cyclones Rleplacmg the cyclone preheater with a [13,15,17,23,27,35]
ow pressure drop cyclone preheater
Preheater Preheater’s fans Installing high-efficiency fans in [9,15,27]
the preheater
Pre-calciner Pre-calciner Replacing the existing pre-qalcmer with a [13]
more advanced and efficient one

Pro-calciner Pro-calciner Installing a pre-calciner with a high [4,18]

solid/gas ratio

Pre-calciner

Burners

Replacing calciner burners

[4]
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Table A9. Technological energy-saving solutions for heating.

Heating
Process Solution . . . Comments from
Machinery Object Energy-Saving Technological Solution Reference Sector Experts

. . Installing gravimetric dosing units for efficient flour
Kiln Dispensers feeding into the kiln 41
Kiln Kiln Installing a rotary kiln [4]
Kiln Kiln Installing a vertical kiln [4]
Kiln Kiln Improving the refractory lining of the kiln [9,15,17,23,27]
Kiln Kiln Installing a fluidized bed advanced cement kiln [18] Emerging solution
Kiln Kiln Improving the combustion system [4,18]

Minimizing leakage or entry of unwanted air/gases
Kiln Kiln into the kiln. Alternatively, replacing inlet and [9,17]
outlet seals
Kiln Kiln Stabilizing the outer shell of the kiln [4,18]
Kiln Kiln Minimizing bypass flow [4,18]
Kiln Kiln Installing indirect combustion systems [4,18]
Reducing the pressure of the methane gas coming from

. . international network through a turbine. The turbine

Kiln Kiln [4]
can be connected to a generator to produce
electrical energy.
Kiln Kiln Replacing the existing kiln with a higher capacity one [13,35]
Kiln Kiln Installing an automatic conduction system for the kiln ~ Energy audits
Kiln Kiln's fans Installing fans fo'r cooh?lg the kiln with a larger 9]
inlet diameter

. Fuel transport  Installing a gravimetric feeding system to efficiently

Kiln : [4]
system feed solid fuel

. Fuel transport . Lo
Kiln system Installing pumps for liquid fuel burners [4]
Kiln Burners Installing single-channel burners [4]
Kiln Burners Installing multi- channel burners [4]

Installing an advanced dosing device for dosing
Kiln Burners powder to the main burner of the kiln to Energy audits
optimize consumption

Kiln Burners Installing intermediate inverter exhausters for the kiln Energy audits

to optimize the power output during the firing process
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Table A10. Technological energy-saving solutions for cooling.

Cooling
Process Solution . . . Comments from
Machinery Object Energy-Saving Technological Solution Reference Sector Experts
Solution reported in

Cooler Cooler Installing a tube cooler [4] literature, but

currently obsolete
Solution reported in

Cooler Cooler Installing a planetary cooler [4] literature, but
currently obsolete

Cooler Cooler Installing a travelling grid cooler [4]

Cooler Cooler Installing an oscillating grid cooler [4]

Cooler Cooler Replacing the Ve{ntllatlon syst.erp of the touring cooler [4,13,35]

with a more efficient one

Cooler Cooler Adding a static grid to the touring grid cooler [4,13,35]

Cooler Cooler Installing a vertical cooler [4]

Cooler Cooler Replacmg ex1stlpg grid coolers with 4]

high-efficiency ones
Cooler Cooler Optimizing energy recovery frorp the cooler by means 4]
of a static grid

Cooler Cooler Installing a rotating cooling disc [4]

Cooler Cooler Installing a rapid cooler (only for white cement) [4]

Cooler Cooler Installing a pendulum frame for swinging grilles [11]

Cooler Crid Replacing existing grilles with more advanced and 4]

modern ones
Cooler Crid Replacing the grill plates of the second-generation [4,13,35]

touring cooler
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Table A11. Technological energy-saving solutions for final milling.

Final Milling
Process Solution . . . Comments from
Machinery Object Energy-Saving Technological Solution Reference Sector Experts
Mill Dispensers Installing welght—mee.isurmg de.zvmes for material Energy audits
entering the mill
Mill Feeder Optimizing the feeding system installing more efficient Energy audits
and advanced systems
Mill Feeder Installing a weighing belt fo.r each material entering 4]
the mill
Mill Feeder Installing a clinker flow regulator at the tube mill inlet [4,18]
Mill Mill Installing a ball mill with a closed circuit [4]
Mill Mill Installing a ball mill with closed circuit final discharge [4]
Solution reported in
Mill Mill Installing a ball mill with open circuit final discharge [4] literature, but
currently obsolete
Mill Mill Installing a vertical roller mill [13]
Mill Mill Installing a horizontal roller mill [4]
Mill Mill Installing a high-pressure roller press [4]
Mill Mill Installing a vertical roller mill before the ball mill [4,18]
Mill Mill Installing a roller press before the ball mill [4,18] Uncom_mon
solution
. . Improving the abrasive material used for the balls or
Mill Mill replacing the balls with better performing ones [4/18]
. . Installing a classification liner for the ball mill at the
Mill Mill entrance to the second chamber [4,18]
Mill Mill Installing plasma technology [18] Emerging solution
Mill Mill Installing ultrasound technology [18] Emerging solution
Mill Mill Installing an automatic conduction system for ball mills ~ Energy audits
Mill Mill’s fans Replacing mill fans with high-efficiency ones [15]
Table A12. Technological energy-saving solutions for fuel grinding.
Fuel Grinding
Process Machinery Solution Object Energy-Saving Technological Solution Reference
Mill Fuel transport system Installing a weighing l::lilet froliruraw materials entering 4]
Mill Mill Installing a ventilated ball mill for solid fuel [4]
Mill Mill Installing a vertical roller mill for solid fuel [4]
Mill Mill Installing an impact mill for solid fuel [4]
Mill Mill Installing a roller press for solid fuel [27]
Mill Separator Installing a high efficiency separator/classifier [13]
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Table A13. Technological energy-saving solutions for gas treatment.

Exhaust Gas Treatment

Process Machinery Solution Object Energy-Saving Technological Solution Reference
Cooling tower Cooling tower Installing a cooling tower [4]
Selective non-catalytic reduction . o .
system (SNCR) SNCR Installing an SNCR (difficult for long kilns) [4]
Selective catalytic reduction system (SCR) SCR Installing a low dust SCR [4]
Selective catalytic reduction system SCR Installing a high dust SCR [4]
. . . Replacing existing low dust SCR with high
Selective catalytic reduction system SCR efficiency low dust SCR [4]
. . . Replacing existing SNCRs with high
Selective catalytic reduction system SNCR efficiency SNCRs [4]
Activated carbon Activated carbon Installing crmisston reduction systems [4]
based on activated carbon
Wet scrubber Wet scrubber Installation of a wet scrubber system [4]
Table A14. Technological energy-saving solutions for dedusting.
Dedusting
Process . . . . . Comments from
Machinery Solution Object Energy-Saving Technological Solution Reference Sector Experts
Electrostatic .
precipitator (ESP) ESP Installing an ESP [4]
Replacing the electrostatic precipitator
ESP Vibration system vibration system with a more modern and [4]
efficient one
Electrostatic field ~ Replacing ESP’s electrostatic field generator
ESP . - [4]
generator with a more advanced and efficient one
ESP Cleaning system Installing a Vlbra‘[mg precipitator 4]
cleaning system
ESP and filters ESP and filters Installing a hybrid filter system [4]
Dust filtration Dust filtration Installing an electrofilter Energy audits
system system
Dust filtration Dust filtration Installing a dust filtration system with 4]
system system vertical cylindrical bag fabric filters
Dust filtration Dust filtration Installing a dust filtration system with Horlzontal bag
. o [4] filters are rarely
system system horizontal pocket fabric filters used
e Installing a low-pressure pulse jet cleaning
Dust filtration Cleaning system system for dust filter systems with [4]
system . g
fabric filters
Separator Separator Installing a high-efficiency air separator at the 4]

exhaust gas outlet of the cooler
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Table A15. Technological energy-saving solutions for other transport systems.

Other Transport Systems

Process Machinery Solution Object Energy-Saving Technological Solution Reference
Transport systems Transport systems Installing a cup elevator to feed raw materials into the mill [27]
Transport systems Transport systems Installing a conveyor belt to feed raw materials into the tank [9]
Transport systems Transport systems Installing a cup elevator to feed the blending silo [15]
Transport systems Transport systems Installing a conveyor belt to feed clay into the wash/mill [9]
Transport systems Transport systems Installing efefifti:;;;;rzﬁzp; ;tvsif';ti}ri Sctr(zl};ﬁg;ﬂe material [17]
Transport systems Transport systems Installing a conveyor belt to feed the dryer [9]
Transport systems Conveying systems Installing a cup lifter to feed raw materials into the kiln [15,27]
Transport systems Conveying systems Installing a conveyor belt to feed the oven [9]
Transport systems Conveying systems Installing a conveyor belt to bring material to the pelletizer [9]
Transport systems Conveying systems Installing a conveyor belt to feed preheater/calciner [9]
Table A16. Technological energy-saving solutions for heat recovery systems.
Heat Recovery Systems
Process Element Solution Object Energy-Saving Technological Solution Reference
Heatrecovery systems Heatrecoverysystems—, qet T80, B0 SO0 it om the cocler 1
Heat recovery systems Heat recovery systems Installing a steam turbine for electricity production [35]
Heat recovery systems Heat recovery systems Installing an ORC turbine for electricity production [35]
Heat recovery systems Heat recovery systems Installing a turbin;iolzaellie;;ri;ictl};production using [35]
Installing heat exchanger to recover heat from the
Heat recovery systems Kiln flue gases and pre-heat the thermal oil for the Energy audits
kiln fuel
Heat ecovery systems Kiln T i the ki oy e mterals + 1
Installing systems to recover heat from the thermal
Heat recovery systems Cooler waste of the cooler (useful for heating offices [4]
or other)
Table A17. Technological energy-saving solutions for auxiliary systems.
Auxiliary Systems
Ml;lgfiis: Solution Object Energy-Saving Technological Solution Reference
ry
Engines Engines Installing variable speed motors (motors with inverters) [15,16,27]
Engines Engines Installing efficient electric motors (class IE2, IE3, or 1E4) [15,16,27]
Engines Engines Resetting the pre-tensioning of the motor belts [21]
Engines Engines Sae‘:—}]?};;sailrsleg l’i};ienr;l(c);;rasd(:g‘:e—phase) to rebalance the loads of [17]
Replacing motor belts with newer, more efficient ones to
Engines Engines optimize tensions. For example, replacing V-belts with toothed [17,21]
belts (preferably for high torques)
Engines Engines Rewinding motors already in the system [17]
Engines Engines Installing inverters in motors [17]
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Table A17. Cont.

Auxiliary Systems
Process Solution Object Energy-Saving Technological Solution Reference
Machinery ) 8y g 8
Engines Engines Replacing belt motors with hydraulic motors or gearboxes [17]
Engines Engines Re-wiring the engines [9]
Engines Engines Instavllmg motors correctly sized in relation to the power [17,18]
required by the system
Pressure systems Pressure systems Rgplacmg compressors, air sgpply and Tefrlgeratlon systems [17,34,43]
with more advanced and efficient machinery
Pressure systems Pressure systems Installing inverters on compressors, pumps, or fans (i.e., [17,34]
kiln fans)
Pressure systems Pressure systems Select turbomachinery appropriate to plant requirements [4,18]
Pressure systems Pressure systems Installing tanks and systems for storing excess compressed air [4,44]
Pressure systems Compressors Rgplacmg compressors needed to cool, suck, stir or inflate glass [17,34]
with fans and blowers
Pressure systems Pressure systems Insulatm‘g pipes, valves, and pumps and installing sealing to [4]
reduce air leakage
Installing gaskets or other devices or replacing damaged
Pressure systems Compressors components to reduce air leakage at pipe joints and [4,17,34,43,45]
leakage points
Pressure systems Compressors Replacing compressors needed to clean or remove debris with [17,34]
brushes, vacuum pumps, or blowers
Pressure systems Compressors Replagmg compressors needed to move components with [17,34]
electric or hydraulic actuators
Pressure systems Compressors Replacing compressors needed to create a vacuum with [17,34]
vacuum pumps
Pressure systems Compressors Rgplacmg compressors to power machines, tools, and actuators [17.34]
with electric motors
Pressure systems Compressors InsFalhng Ccompressors poweref:l by electricity (with lo_wer [4,18]
maintenance costs, longer service life and less down-time)
Installing gas-fueled compressors (for which it is easier to obtain
Pressure systems Compressors variable-speed machines and for which lower plant operating [4,18]
costs are obtained)
Pressure systems .Co'mp FeSSEd air Correctly size fittings, filters, and hoses to minimize air leaks [45]
distribution systems
Compressed air Fitting valves and pressure regulators in compressed air
Pressure systems _-Ompr distribution systems to regulate air supply or shut it off when [17,34]
distribution systems . . .
the machinery is not in use
Compressed air Installing pipes with the largest possible diameter in air
Pressure systems distribution systems ~ distribution systems to reduce losses [4,18]
Pressure systems Compressor nozzles Replacing and renewing compressed air delivery nozzles (which [4,18]
may be worn, clogged, or corroded)
Pressure systems ~ Ventilation system fans ~ Replace gas handling fans with more efficient ones [17,34,43]
Pressure systems Heat exchangers Installing heat exchangers or other systems to recover heat from [43,45]
the compressors
Silo cement . : :
Pressure systems extraction plant Replacing pumps with rotocells Energy audits
Chilled water Installing shut-off valves on the cooling water branches (pushed .
Pressure systems distribution systems by pumps), to block flows when the system is at a standstill Energy audits
Electricity Electricity Optimizing transformer losses in the electrical cabin [17,34]
transformers transformers
Electricity Electricity Renewing transformers in the electrical cabin (preferably .
- . Energy audits
transformers transformers installing k-factor transformers)
Electricity Electricity Replacing oil transformers with resin transformers (having E .
nergy audits
transformers transformers less leakage)
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Abstract: The potential for mining companies to contribute to sustainable energy development is
characterized in terms of opportunities for energy efficiency and support of electricity access in
mining-intensive developing countries. Through a case study of the Central African Copperbelt
countries of Zambia and the Democratic Republic of Congo, energy efficiency opportunities in copper
operations and environmental impact of metal extraction are evaluated qualitatively, characterized,
and quantified using principles of industrial ecology, life cycle assessment, and engineering economics.
In these countries the mining sector is the greatest consumer of electricity, accounting for about
53.6% in the region. Energy efficiency improvements in the refinery processes is shown to have a
factor of two improvement potential. Further, four strategies are identified by which the mining
and technology industries can enhance sustainable electricity generation capacity: energy efficiency;
use of solar and other renewable resources; share expertise from the mining and technology industries
within the region; and take advantage of the abundant cobalt and other raw materials to initiate
value-added manufacturing.

Keywords: copper; cobalt; mining; sustainable energy development; engineering economics;
multi-national enterprises

1. Introduction

Many of the world’s poorest countries rely on mining and fossil fuel extraction as the primary
basis of their economy [1]. Development pathways for resource-intensive economies are a core
challenge of sustainable development [2]. Despite the great wealth of the materials mined and
exported, leveraging these industries into economic benefits for the people has been a continuing
challenge. Less resource-intensive countries, together with all the world’s rich and middle-income
countries, have developed through a transition to a manufacturing economy using fossil fuels
countries [3]. However, the manufacturing pathway for developing economies might not be realistic
for all countries [4]. A key part of this new development model is vested in the role of multi-national
enterprises in supporting sustainable economic development in these regions.

The electronics industry depends on minerals from a number of the foremost economically
challenged areas of the world. The industry has in recent years taken responsibility for its supply chains
in areas characterized by conflict, child labor, and widespread environmental impacts from mining.
Some of the world’s largest mining firms have developed a framework for supporting sustainable
development in its operations and supply chains [5].
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To date, the key topics addressed by multinational sustainable development efforts have been
child labor, conflict, the rights of indigenous people, human rights, fair trade, and the environmental
impacts of mining, extraction and refining.

This study introduces the concept that mining multi-national enterprises (MNEs) can improve
their operations and contribute to energy systems for sustainable development. Energy and its
accessibility are at the core of social, economic and environmental concerns facing all nations, especially
in developing countries. In several countries, mining and ore refining is the largest electricity consumer.
The study explores the potential role of multinationals in energy development through two case studies:
Zambia and the Democratic Republic of Congo (DRC), which is also referred to as Central African
Copperbelt (CAC). This region is one of the world’s richest mineral ore body. It is the world’s second
largest copper cathode producer and the world’s largest cobalt producing region [6,7]. In Zambia,
copper and cobalt are the major exports, accounting for more than 70% of foreign exchange earnings.
This study explores options for increasing energy efficiency, renewable energy deployment, and
providing technical support for energy system reliability and development.

A number of previous studies have addressed the relationship between development and
environmental impacts in broad statistics analyses. Aldieri et al. found that there is a spillover effect,
that is, learning from proximity to technologically advanced firms, that can support technical efficiency,
economic viability, and higher productivity [8]. A review across developed and developing countries
by Wang et al. finds that the studies on developed countries predominantly take a multi-industry
perspective, while studies from developing countries have focused primarily on manufacturing [9].

There have been some studies on the mining industry in developing countries. Lane’s study on the
need for collaborations to achieve sustainable mining recognized that for the mining sector to remain
sustainable, the concept of inclusive growth needs to be adopted by all players. However, the mining
sector in Africa comes with challenges like social equity, social license to operate, local supplier
development, new investment model development, the requirement for mines to adopt initiatives for
infrastructure and energy development [10]. Lebre et al. identify the co-occurrence of environmental,
social, and governance risk factors in mining for energy-relevant metals [2].

This research study evaluates the potential for improved energy systems and energy management
in mining to support sustainable development. In contrast to previous work, this study quantifies
energy efficiency potential for the copper industry in Zambia and DRC, and suggests additional
technical measures for increased use of renewables and sharing of technical expertise to support
electrification and development. Based in the field of industrial ecology [11], this work begins to fill the
literature gap on quantitative assessments of how the multi-national mining and technology industries
can contribute to clean energy access in developing countries.

The field of industrial ecology takes the perspective that industry can be an agent of change in
meeting environmental objectives, alongside worker safety and customer satisfaction [11]. Taking a
largely engineering and technical perspective, the emphasis is on identifying opportunities for meeting
broad societal and environmental objectives through innovation and efficiency. Within industrial
ecology, life cycle assessment is an important method for evaluating environmental impacts throughout
the entire supply chain of a product or service. This is combined with engineering economic
or techno-economic assessment, which evaluates the costs and benefits of different technology or
policy options.

The study qualitatively characterizes and quantifies the need for energy efficiency in mine
production and shows the potential for mining and technology companies to contribute to the
sustainable energy development using principles of industrial ecology, life cycle assessment and
engineering economics.

Although framed in an industrial ecology context, the full challenge of energy development
must be shaped by local choices and decisions by citizens and governments. By developing an
industrial ecology framework for the energy development challenge, we aim to shape the potential for
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multi-nationals to participate as partners with governments, citizens, agencies, and local entrepreneurs
in meeting sustainable development goals.

2. Methods

To achieve this aim, a fourfold method is adopted to first evaluate the current energy scenario in
Zambia and DRC including modeling energy flow diagrams for the two cases and second, to benchmark
with the leading global copper producer of mined copper, Chile to evaluate the energy requirement for
copper production in Zambia and DRC. This will help to quantify the copper production efficiencies
for the two main copper production methods in use, pyrometallurgical and solvent extraction (5X) and
electrowinning (EW). Thirdly, the study evaluates the environmental impact of metal extraction in
terms of greenhouse gas (GHG) emissions per ton of copper production while benchmarking with
other top copper producers like Australia and the expected global average GHG emission quantity.
Fourthly, the sharing of expertise from mining and technology industries for energy development was
explored because these tech industry experts can serve on advisory panels for policy formulation and
provide a knowledge base for possible replication within Sub-Saharan Africa.

Figure 1 gives a visual perspective of the adopted research method to demonstrate how the mine
technology industry can be used to support sustainable energy development while fostering economic
growth and development in SSA.

-

» Evaluate the current
ENErgY SCenario in

Zambia and DRC

* Evaluate the energy
requirement for copper
production efficiencies
in Zambia and DRC

-

* Explore the strategy to Evaluate the

share expertise within environmental impact
the mining and of GHGs of mineral
technology industries extraction per ton of
for energy development copper produced

Figure 1. Evaluation steps for mine technology industry support for sustainable energy development.

First, the Central African Copperbelt is a mineral-rich region, but each location has a different
political governance system, energy management systems and challenges which may need a different
approach and methodology. However, the mining industry in CAC has synergies like having some
mine MNEs operating in both Zambia and the DRC as mine owners. This background coined the
evaluation of the energy scenarios in DRC and Zambia separately using energy flow diagrams
(Sankey) to show the produced energy, its conversion or transformation visually and quantitatively
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including primary energy, imports, exports and losses and energy consumption by economic sectors in
gigawatt-hours (GWh).

Second, the energy requirement for copper production efficiencies in Zambia and DRC was then
evaluated to while benchmarking the engineering economic analysis copper production per ton for
Zambia and DRC with Chile, the leading global producer of mined copper. The total annual smelting
capacities, measured in tons per annum, was also estimated in CAC.

Third, the environmental impact of GHGs of mineral extraction per ton of copper produced was
analyzed while benchmarking with another top copper producer, Australia to qualitatively analyze the
greenhouse gas emission contribution in the mining and milling sector and smelting sector according
to the energy resource used in the different mining activity or process.

Finally, the need to share this expertise for broader energy development projects could make
a significant impact on the energy and economic development in DRC and Zambia. Apart from
benchmarking with Chile, which has already deployed solar energy on a large scale as a main source of
electricity for copper production, this stage explores the strategy to share expertise within the mining
and technology industries for energy development.

3. Results

3.1. Energy in Zambia and the Democratic Republic of Congo

Zambia’s electricity generation is dominated by hydropower that comprises over 95% of total
generation capacity. About 90% of hydro generation comes from just two power stations, the Kariba
North Bank and the Kafue Gorge, in the country’s Southern province. The country additionally
generates about 0.5 GWh using diesel generation system for standby supply. Zambia’s sole focus on
hydroelectricity is understandable but makes it vulnerable to drought. Zambian power plants are
summarized in Table A1 (Appendix A).

Zambia has an average national electrification rate of about 31%, with 61% of the urban areas
having access to electricity, while the rural community electrification rate is only 4% [12,13]. Figure 2,
of the energy flow for electricity in Zambia, shows that more than 52.3% of the electricity is used
by industry, almost all of which is for the metals industry. Zambia’s key mine MNEs are Glencore,
Mopani, Vedanta Resources, Konkola Copper, First Quantum Minerals, Kalumbila, Barrick Gold and
Lumwana mines [14].

Transport: 33
Transmission and Distribution losses: 410

on-ferrous metals: 6682
Industry: 7368

n-specified (Industry): 84 —
Mining and Quarrying: 148
Construction: 11

Electricity: 13,048 Distribution: 13.048

Other: 5681
Residential: 4337

Commerce and public services: 896 M

Agriculture/ forestry: 297
Non-specified (PPA): 151 —

Figure 2. Electricity energy flow in Zambia, as of 2018 (GWh), as built using SankeyMATIC.
The DRC is endowed with large mineral resources and has the potential to install up to 100,000 MW

of hydropower capacity. The installed capacity is 2790 MW. Almost 8% of the produced hydropower is
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consumed by the residential sector while other sectors mostly consume oil. Only 1% of the people
in rural areas of DRC and about 8% in the urban areas have access to hydroelectric power [15,16].
The country’s electrification rate remains low at 9.6%, and the government’s vision is to increase the
level of service up to 32% in 2030 [17].

The major mining activities in DRC are in Katanga province whose power capacity is around 900
megawatts (MW) but only about 461.7 MW is available for usage, due to several issues including poor
power governance and lack of support from government; lack of findings with high electricity tariffs
that are not cost reflective; poor electric utility performance characterized with poor recovery of public
consumption electricity invoices that are as high as 40% of total consumption; absence of a regulatory
agency and a Rural Electrification Agency; high taxes, and import duties and most importantly the
current installed hydropower system has poor infrastructure that leads to many technical losses in the
transmission and distribution networks of SNEL. This has resulted in a low distribution efficiency of
hydropower with a far lower distributed power compared to the installed power (Figure 3).

Statistical Difference: 1056 W
Industry: 3861

Power Station: 9167

- Distribution: 7028
Hydropower: 9111  Transmission: 9195

Other: 3167
Own Use: 667 =

Import: 28 Export: 417

Figure 3. Electricity energy flow in the Democratic Republic of Congo (DRC), as of 2016 (GWh), as
built using SankeyMATIC.

The low generation cost of DRC’s largest power plant, Inga, potentially reduces the overall cost
of electricity in DRC, making it cheap and affordable, but this is subject to other factors like good
governing policies and political stability [18,19]. Table A2 (Appendix A) shows the installed, planned
electricity capacity under development in DRC as of 2018.

In the past, DRC had huge losses in transmission and distribution; therefore, only 1228 MW (almost
50% of installed capacity) was available capacity in DRC [19]. This situation improved subsequently
by 2018 [20]. Figure 3, of the electricity flow in the Democratic Republic of Congo, shows that more
than half (54.9%) of the electricity is consumed by the industry sector, which is predominantly mining.
The statistical differences in Figure 3 account for transmission losses while rationale of the Other
sector comprises 2444.44 GWh for the Residential sector and 722.22 GWh for Commerce and Public
Services sector.

3.2. Copper and Cobalt Production Efficiency Potential

Copper production in Zambia and the DRC is benchmarked with Chile, the leading global
producer of mined copper. Table 1 shows the energy use for copper production in Chile, Zambia,
and the Democratic Republic of Congo. The two main methods used in copper production are
pyrometallurgical and solvent extraction (5X) and electrowinning (EW).

Table 1. Energy requirement for copper production in Chile, Zambia and DRC.

Copper Electricity for Production Production Energy
Production Cu Production Method: Method: Efficiency
(Mt/year) (TWh/year) Concentrate (%) SX-EW (%) (kWh/kg Cu)
Chile 5.6 22 63 33 39
Zambia 0.755 6.2 57 43 8.2
DRC 0.85 7 90 75 8.2
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Energy consumption in copper mining and refining varies with the nature of the ore.
Copper production operations in DRC and Zambia has the advantage of high ore grades (3 to
5% acid-soluble Cu), and consequently significantly higher pregnant leach solutions (PLS) copper
grades found in other regions [21].

The two main copper extraction processes are the pyrometallurgical process and the solvent
extraction and electrowinning (SXEW). The pyrometallurgical processing involves crushing of abundant
sulfide ore deposits that are mined and then concentrated into copper concentrate, containing around
30% pure copper which is then smelted into copper anode of 99.5% purity. The copper concentrate
utilized in refineries to produce copper blister, which contains about 98% pure copper. The blister is
further processed to produce pure copper cathode at copper refineries through leaching, SX and EW to
make copper cathodes. The SXEW process is energy intensive (~2.1 MWh/t Cu) because it directly
produces copper cathodes from oxide ores. The pyro-metallurgical process is used to recover copper
from the mined ore, while SXEW plants process mostly oxide ores but not scrap [22].

The annual smelting capacities are: 870,000 tons per annum at Mufulira smelter, 311,000 tons per
annum at Nchanga smelter, 300,000 tons per annum at Nkana Refinery, 150,000 tones of blister copper
per annum at Chambishi smelter and 25,000 tons of blister copper at Chambishi Metals refineries and
336,000 tons at Kansanshi smelter [23,24].

The Kansanshi Mine Smelter, identified as the most advanced copper smelter in the world, is worth
$900 million and started operating in early 2015 in North-Western province of Zambia. Owned by
First Quantum Minerals” (FQM) the Kansanshi Mine Smelter is of strategic importance to both DRC
and Zambia. First, the significance is because Zambia’s North-Western province has three copper
mines which produce more than half of Zambia’s copper. Second, since Kansanshi Mines in Zambia
and Sentinel copper mine in DRC are both owned by First Quantum Minerals (FQM), the copper
concentrate from Sentinel copper mine in nearby Kalumbila in DRC are refined at the new refinery in
Zambia where acid is abundant to treat oxide copper ore during the refinery process [25].

More broadly, due to robust domestic smelting capacity, rising mine output and continued support
from the Zambian government, the smelting capacity has also improved due to large investment by
multi-nationals, making Zambia the largest refined copper producing country in Africa, ahead of DRC
and South Africa. The Zambian copper mines are forecast to continue to grow.

The three main competitive refinery technologies are reverberatory furnaces, flash furnaces and
heap leach-SX-EW. These three technologies can be compared on the basis of ore grade, scale and other
features. Out of these three technologies the heap leach-SX-EW is more modern although it is still
being improved. Previously the SX-EW process had an extractant consumption of about 3 kg per ton
of copper but this has been improved to about 2 kg per ton of copper. Reverberatory furnaces and
flash furnaces can achieve a total recovery of 88%, whereas the SX-EW method achieves a marginal
62%. On the contrary, concerning energy consumption, the flash smelters consume about 6000 kWh/t,
and the reverberatory smelters consumes 5700 kWh/t, whereas the SX-EW smelters can consume as
much as 9350 kWh/t [26]. The engineering economic analysis to evaluate the energy requirement for
copper production is given in Table 1.

Table 1 indicates that copper production in Zambia and DRC could potentially increase its energy
efficiency by a factor of two (50%) [27]. A more detailed local analysis would be needed to fully
characterize the energy efficiency potential. An interview with a Zambian mineral processing specialist
Dr. Kenneth Sichone, on 5 September 2018, confirmed that some MNEs that invested in Zambia in early
2000, after the privatizations of mines, used Chilean processing technology, without considering the
concentrate types and copper ore grade against the design specification of the processing technologies
and this reduced the production levels [28]. Globally, average production efficiencies can be as low as
60 GJ/t (8.34 kWh/kg) of copper due to low ore grades, ranging to about 30 GJ/t (4.2 kWh/kg) of copper
for the most efficient refinery systems. The production efficiency reduces as the ore grade of copper
reduces especially to as low as 0.1% [26]. On a global basis, energy contributes approximately 35% of
total copper refinery production costs [29].
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3.3. Environmental Impact of Metal Extraction

In the Australian copper industry, the main contributor to greenhouse gas emissions are the mining
and milling, accounting for about 57% while smelting accounts for about 27% [30]. The extraction
of metal ores involving both underground and open-pit mining techniques have different energy
consumptions and GHG emissions or waste. The selection of an appropriate processing technique
depends on many factors but not restricted to the character of the ore and the location of the ore, its size,
at what depth and most importantly the concentrate or ore grade. Unlike the open-pit mining method,
underground mining consumes a lot of energy owing to larger demands from hauling, ventilation and
water pumping. In Australia, most of the copper ore comes from underground mines [31]. The global
average of greenhouse gas (GHG) emissions was estimated in 2012 to be 6.58 t CO, per ton of copper
production [32].

The CO, emissions of copper processing at different refinery stages depend on the energy source
used in that stage which could be coal, diesel, natural gas and solar, hydropower or any other
renewables energy resource. As ore grade decreases, higher energy consumption is expected for future
copper production [32].

Further, to enhance competitiveness by resolving societal problems firms should be credited at
country and regional level especially if benchmarked against the international mining policies that
govern the regional mining policies [33].

3.4. Expertise from Mining and Technology Industries for Energy Development

In Zambia and the Democratic Republic of Congo (DRC), hydropower is the main source of
electricity. As discussed above this contributes to the production of copper and cobalt production with
relatively low greenhouse gas emissions.

In Chile, solar power is becoming the main source of electricity for copper production [34].
The Chilean mining region has outstanding solar resources and few other energy resources, making the
location particularly well suited for solar power development. However, given the success of Chilean
use of solar power in the metals industry, there may be potential to introduce utility-scale solar to the
Zambia and DRC mining districts.

The extensive energy consumption of mine operations can be utilized to manage the introduction
of intermittent renewables such as wind and solar into the national electricity system [35]. Similar
to the use of electric vehicle charging to buffer the variability of solar power [36], the operations of
mining can also provide flexibility to reduce their costs and electricity system costs.

Metals and technology industries have developed substantial expertise in electricity systems
operation. Sharing this expertise for broader energy development projects could make a significant
impact on the energy and economic development in these countries [37].

4. Discussion

The technology industries use copper and cobalt for production of electronics and batteries; these
are key contributors to a global sustainable energy future. The production of copper and cobalt in the
Democratic Republic of Congo (DRC) and in Zambia does have some strong sustainability features,
including use of renewable energy sources in the production process, and increased energy efficiency
over time. Even so, at a national level the energy systems of DRC and Zambia are underdeveloped,
and electricity access is low. The metals industries are the main users of electricity, and energy costs are
significant for them. The situation presents an opportunity for the metals industries and the technology
industries to catalyze improved energy access because energy efficient production can save about 50%
of energy. This can allow both Zambia and DRC to increase the consumption of other uses to about
75% as opposed to the initial 46.4% average power to sectors other than the mines in CAC.

To design a sustainable energy supply system in CAC within the mines, both generation-mix and
energy efficiency are important components. Sustainable mining can make the business more viable
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because renewables can be cheaper than conventional power. Moreover, improved socio-economic
development of both society and the mining firm benefits the nation. Requirements from the customers
of mining companies, throughout the international supply chain, are increasingly pushing suppliers
to meet sustainability standards. Achieving socio-economic development implies that renewable
energy will not simply be used to solve societal problems concerning the environment but support
the business model of the international mining industry and potentially provide benefit more reliable
energy supply at a reduced cost. From a business perspective, this provides corporate shared value
amongst all stakeholders.

The extraction of metal ores involving both underground and open-pit mining techniques have
different energy consumptions and GHG emissions or waste. Further, the selection of an appropriate
processing technique depends on many factors but not restricted to the character of the ore and the
location of the ore, its size, at what depth, and most importantly the concentrate or ore grade. Unlike the
open-pit mining method, underground mining consumes a lot of energy owing to larger demands
from hauling, ventilation, and water pumping.

The CO,; emissions of copper processing at different refinery stages depend on the energy source
used in that stage which could be coal, diesel, natural gas and solar, hydropower, or any other
renewables energy resource. A quantitative analysis of greenhouse gas emissions from cobalt and
copper production in Zambia and the DRC is beyond the scope of this study. However, the dominance
of hydropower in the electricity systems of both countries suggests that the greenhouse gas emissions
would be lower than that produced in Australia, which has a fossil fuel-dominated electricity system.
As ore grade decreases, higher energy consumption is expected for future copper production.

The metals and technology industries have developed substantial expertise in electricity systems
operation. Chile uses solar power in the metals industry, and this shows that there may be potential
to introduce utility-scale solar to the Zambia and DRC mining districts. The combination of solar
power with hydropower can increase the overall resilience of the electricity system, mitigating the
tendency of hydropower to be affected by drought and seasonal variations. Implementation of
state-of-the-technology solar systems for metals development in Zambia and DRC could benefit the
metals industries and could also provide a technological foundation for the broader implementation
of solar power in these countries and the broader region. Sharing this expertise for broader energy
development projects could make a significant impact on the energy and economic development in
these countries. Further, the energy ministries and utility systems of these countries could consider
inviting the metals industry and tech industry experts to serve on advisory panels and to find ways to
support the beneficial development of energy access. Situating the sharing of expertise in the concept
of United Nations or other international development agency activities can provide a framework for
sharing of information and access to innovative expertise in a way that is transparent and that could be
replicated throughout Sub-Saharan Africa and elsewhere.

Other innovative spring-out opportunities that would benefit the local people in DRC and Zambia
concern the use of cobalt in lithium-ion batteries and renewable energy technologies, power grid
stabilization, and electric vehicles. The mine MNEs in Zambia and DRC export unprocessed copper
and cobalt and purchase back finished battery components in CAC to support the energy storage
industry. Exploring value-added manufacturing of battery components using readily available raw
materials (cobalt and copper) would support sustainable development in CAC.

Multi-national companies in the metals and technology sectors have strong sustainability and
social responsibility programs that support the communities and environments in which they operate.
Some multi-national enterprises have set high employment standards in compliance with industry
best practice and social responsibilities as stipulated by the International Council on Mining and
Minerals [7]. Some multi-national firms that source materials from the CAC, notably including
Apple, have worked towards reduced environmental impacts and seek to be trendsetters for other
multi-nationals [38]. In 2018, Transparency International (TI) worked to ensure that multi-national
companies, such as Apple, meet the appropriate labor standards concerning the procurement of cobalt
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from firms that observe sustainable mining practices and not from child miners in DRC [39,40]. In the
energy area, in 2018 Apple declared its complete migration to 100% renewable energy and encouraged
other multi-nationals to emulate it [41].

Including a focus on energy development in the countries that supply essential materials, as part
of these social responsibility programs, could help transform the energy policies and energy systems of
these mining-dependent nations and provide an example of the potential for extractive industries to
make positive substantial contributions to development.

5. Conclusions

Mining activities absorb much of the electricity generated in Zambia and the DRC.
Copper production efficiency in the CAC is relatively low. With the high ore grades averaging
in CAC, the energy efficiency in the refinery processes can be improved by about a factor of two. As this
electricity-generating capacity already exists, reducing the energy demand would improve electricity
availability in Zambia and DRC at a low cost. The implementation of more energy efficient production
would benefit the mining industries by reducing production costs, and would benefit the region as a
whole. The key finding, that energy efficiency measures in one industry could substantially improve
energy access in two nations, suggests a new avenue to meeting sustainable energy development goals.
In Zambia and the DRC, and potentially in other countries, a major portion of future energy needs can
be met through energy efficiency rather than entirely by constructing new generating sources.

The mining and technology industries can enhance sustainable electricity generation capacity by
deploying energy efficiency strategies throughout the mine operations. They can identify the areas or
mine operation activities for renewable resource usage especially the abundant solar energy resource.
The intermittency of solar energy could potentially be mitigated with battery energy storage Use of
cobalt-containing storage batteries would provide Zambia and DRC with the technological benefits
of their mining industries. The mining MNEs can enhance the energy storage systems by taking
advantage of the abundant Cobalt raw material to explore battery component manufacturing to boost
economic diversity beyond Copper and Cobalt mining in the CAC region. Further, the sharing of
expertise from the mining and technology industries within the region can also support sustainable
energy development and mining.

The CO, emissions of copper processing at different refinery stages depend on the energy source
used in that stage which could be coal, diesel, natural gas and solar, hydropower, or any other
renewables energy resource. Renewable energy resource generation-mix strategy is encouraged to
achieve, net-zero emission energy generation systems within the copper mines in CAC.

This study has used a case study approach to examine the potential for technology and mining
companies to contribute to energy development while meeting their own environmental goals.
Expanding on this perspective, a comprehensive analysis of the potential for energy efficiency and
renewable energy in mining to support both developing county energy goals and technology firms’
sustainability goals could provide a basis for concerted programs in clean energy access. In addition,
a more detailed quantitative industrial ecology study in the CAC region could quantify energy flows
through mine industrial systems and quantify the greenhouse gas emission contributions within the
mine operation processes for strategic energy modeling and optimization using a life cycle assessment.
This would support future mine operation designs to increase renewable energy applications and
exploit the abundant renewable resources as a leapfrog strategy for the MNEs to achieve sustainable
energy development.
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Appendix A

Table Al. Installed Generation Capacity in Zambia as of 2018 (Energy Regulation Board of Zambia,

2018).
Power Station Installed Capacity (GWh) ~ Generation Type Operator
Kafue Gorge 5142.56 Hydro ZESCO
Kariba North Bank 3740.04 Hydro ZESCO
Kariba North Bank Extension 1870.02 Hydro ZESCO
Victoria Falls 561.01 Hydro ZESCO
Lunsemfwa and Mulungushi 290.89 Hydro LHPC
Maamba 1558.35 Coal Maamba Collieries
Ndola 571.40 Heavy Fuels Ndola Energy Plant
IPP Small Hydro ** 627.24 Hydro IPPs
Small Hydro * 225.96 Hydro ZESCO
Isolated Generation *** 187 Diesel ZESCO
CEC (Stand By) 415.56 Diesel CEC
(Solar Samfya) (Sinda, Kitwe Samfya) 5.66 Solar CEC, Muhanya and Rural Electrification Authority
Total Installed Capacity 15,027.39

Note: * Lusiwasi, Musonda falls, Shiwang’andu, Chishimba falls and Lunzua; ** Zengamina Power Limited and
Itezhi-Tezhi; *** Shangombo and Luangwa.

Table A2. Installed generation capacity in DRC by 2018.

Power Station Capacity (MW) Generation Type Status Name of River Source
Ingal 351 Run of river Operational Congo [42]
Inga II 1424 Run of river Operational Congo [42]
Nseke 260 Reservoir Operational Lualaba [19,43]
Ruzizi I 40 Reservoir Operational Ruzizi [19]
Ruzizi IT 45 Reservoir Operational Ruzizi [19]
Ruzizi 11 147 Run of river Under Construction Ruzizi [19]
Ruzizi IV 200 Run of river Proposed Ruzizi [44]
Rutshuru 13.8 Run of river Operational Rutshuru [45]
Mutwanga 10 Run of river Operational Semliki [46]
Nzilo 108 Run of river Operational Lualaba [19,47]
Mobayi 115 Reservoir Operational Ubangi [48]
Koni 36 Reservoir Operational Lufira [47]
Mwadingusha 71 Reservoir Operational Lufira [49]
Kyimbi 18 Reservoir/Waterfall Operational Kyimbi [44]
Tshopo 19.65 Reservoir/Waterfall Operational Tshopo [19,48,50]
Kilubi 9.9 Operational [44]
Lungundi 1.6 Operational Kasai [44]
Mpozo 2.21 Operational Mpozo [44]
Sanga 12 Reservoir/Waterfall Operational Inkisi [51]
Zongo 75 Reservoir Operational Insiki [19,47]
Zongo I 150 Reservoir Operational Insiki [52]
Katende 64 Run of river Under Construction Daugava [53]
Kakobola 10.5 Run of river Under Construction Rufuku [54]
Grand Inga 39,000 Run of river Proposed Congo [42]
Inga III 4800 Run of river Under Construction Congo [42]
IPPs owned by 14 Mine MNEs 100.3 Hydro-electric Operational Various Mine sites [44]
Other 25 Thermal Plant IPPs 31.6 Thermal Power Stations Operational Various sites [44]
Planned Capacity 39,000.00
Under Construction 5021.50
Total Installed 2790.56
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Abstract: A promising way to stimulate industrial energy efficiency is via energy management
(EnM) practices. There is, however, limited knowledge on the implementation process of EnM in
manufacturing firms. Aiming to fill this research gap, this study explores the implementation of a
corporate environmental program in an incumbent firm and the ensuing emergence of EnM practices.
Translation theory and the ‘travel of management ideas’ is used as a theoretical lens in this case study
when analysing the process over a period of 10 years. Furthermore, based on a review and synthesis
of prior studies, a ‘best EnM practice’ is developed and used as a baseline when assessing the EnM
practices of the case firm. Building on this premise, we highlight four main findings: the pattern
of translation dynamics, the key role of the energy manager during the implementation process,
the abstraction level of the environmental program and, ‘translation competence” as a new EnM
practice. Managerial and policy implications, as well as avenues for further research, are provided
based on these results.

Keywords: energy efficiency; energy management practices; translating managementideas; case study

1. Introduction

Increasing environmental degradation and risks from disasters have placed the mitigation of
climate change and the emission of greenhouse gases (GHG) among the most pressing issues of the
twenty-first century. The industrial sector accounts for a large proportion (37%) of the world’s total
energy consumption [1]. Therefore, increased industrial energy efficiency (EE) is an important means
for sustainable development [2], and is essential to reach global sustainability targets such as the Paris
Agreement [3] and the European 2030 climate and energy framework [4]. Manufacturing firms can
increase their EE by implementing new technological measures in their production processes [5] that
require less energy to perform the same functions [6], and by behavioural changes [7]. EE reduces energy
costs [8] and increases productivity [9,10] and is positively related to firms’ financial performance [11,12]
and competitiveness [13]. Nonetheless, research has identified a wide range of barriers for industrial
EE [14-16]. Hence, the manufacturing sector’s full potential remains unexploited [17-19], leading to an
‘EE gap’ [20] which denotes the discrepancy between the theoretically optimal and current level of EE.

While the EE gap has mainly been addressed with relevance to technological innovations [21,22],
it also consists of behavioural and managerial components, conceptualised as the ‘extended EE gap’ [7].
Thus, manufacturing firms” enhanced EE improvements and sustainable development [23] require
that they accompany technological innovations with the implementation of energy management
(EnM) [24-27]. EnM is thus a significant driver for increased EE in manufacturing firms [28,29] and
requires academic attention.

Industrial EnM has been thematised in a number of publications, and comprehensively reviewed
by e.g., Schulze et al. [30] and May et al. [26]. These reviews illustrate the broad variety in the
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conceptual understanding of EnM in academic research. Lawrence et al. [25] describe EnM as the
procedures in industrial firms addressing energy use to improve EE. Moreover, EnM is described
as technical energy monitoring and measurement systems [31], and organizational systems for the
continual improvement of energy performance [32]. Furthermore, EnM is considered a tool in helping
firms overcome barriers to improving industrial EE [33,34]. Agencies such as the International
Organisation for Standardisation (ISO) denote EnM as a standard, such as the ISO 50001 [35] energy
management standards, whereas Sanno el al. [27] and Sa et al. [36] describe EnM as a program. EnM can
also be incorporated in environmental policy programs at both national and regional levels [22,37].
Despite considering EnM from different perspectives, these studies present EnM as ideal recipes,
at various abstraction levels, that firms should commit to for increasing their EE. Furthermore, in a
comprehensive definition, EnM Schulze et al. [30] assert that ‘EnM comprises the systematic activities,
procedures and routines within an industrial company including the elements strategy/planning,
implementation/operation, controlling, organisation and culture and involving both production and
support processes, which aim to continuously reduce the company’s energy consumption and its
related energy costs’. This definition endorses the need for transforming EnM into EnM practices in
the organisation, at the strategic, operational and human level.

It is worth mentioning, however, is that the contribution of EnM depends on firm-specific and
contextual characteristics such as size, energy intensity and production type [7,27], and that these
EnM recipes need to be given content and meaning according to the contextual setting of each firm.
To this end, there is a broad variety in types of EnM practices [38] that firms can consider. Nonetheless,
research shows that manufacturing firms often fail to implement EnM practices and that their EnM
maturity level is generally low [8,25,32,39]. This suggests that firms face large challenges when
implementing EnM.

In this emerging research field on EnM practices scholars have mainly focused on how to
characterise effective and successful EnM practices [16,30,32,33,38,39]. Although these studies provide
valuable information for describing and assessing the level of EnM practices in firms [27,36], they do
not provide knowledge on the implementation process where EnM programs are transformed into
specific EnM practices. This gap in the literature is addressed by Lawrence et al. [25] asserting that
‘while barriers to and drivers for industrial EE have been investigated for many industries, there is a lack
of studies of barriers to and drivers for EnM practices’. Hence, there is little knowledge on how firms
adopt EnM [30] and align EnM practices with firms’ core business and strategic agendas [40]. Models
to support industrial managers in successfully implementing EnM are also lacking [38]. Furthermore,
with the exception of Sanno et al. [27], few empirical studies analyse the implementation of in-house
EnM programs in multinational companies (MNC). Hence, there are several calls for more knowledge
on the implementation of EnM programs in MNC.

A research tradition that pays attention to the transformation from programs to practices is the
“translation perspective’ [41], located within the framework of Scandinavian institutionalism [42—44].
Here, the inherent premise is that implementation is closely associated with the translation of
management ideas and models [41,44]. A main focus in this approach has been on variations in
how new versions of organisational ideas are translated in the local context. Empirical research has
identified that translation takes place in accordance with translation or editing rules, and that ‘good
translations’ foster successful results [45-47]. As such, the outcome of a successful implementation
process can be observed in the materialisation of, for instance, new routines and practices. According
to this approach one would assume that EnM goes through a transformation from a vague idea to
concrete practices as part of implementation. Furthermore, scholars assert that how this transformation
is approached with regard to translation will affect if and how the EnM program materialises as definite
EnM practices in the organisation.

Using this framework, this study aims to meet these calls by considering the implementation
of EnM as a process of translation. We ask: What is the relationship between the translation process of a
corporate environmental program and the successful materialisation of EnM practices in a manufacturing firm?
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The case study is new in the sense that it explores retrospectively over a period of 10 years
(2004-2014) the implementation of a corporate environmental program, here called ‘EcoFuture’.
The data are qualitatively collected in ‘Pharma’, a subsidiary of an MNC. Through EcoFuture, the global
management of the MNC pledged to integrate long-term sustainability objectives into its global
business strategy and the business strategies of all subsidiaries.

As such, the study contributes to the EnM literature with new knowledge on the relevance of
contextual factors and the role of key translators in reinterpreting and giving the environmental
program content in the firm setting. In addition, the results add to our limited knowledge of corporate
EnM and EnM practices at the firm level. Moreover, the results indicate the potential of the translation
framework in research on EnM, and suggests its use as a ‘tool” to gain translation competence to
facilitate successful implementation of EnM. This will benefit managers by highlighting specific
competences and actions for successfully implementing EnM and obtain enhanced EE. Regarding
policy implications, the results point to the relevance of the design of environmental policy programs
for effectively stimulating industrial EE.

The remainder of the paper is structured as follows. Section 2 describes the theoretical framework
of the study, including a literature review of EnM practices and a presentation of the translation theory.
The research methods and data collection are outlined in Section 3. Section 4 presents the empirical
analysis and the results of the study. In Section 5 we offer a discussion of the research findings. Finally,
in Section 6, we provide a conclusion where the limitations, implications and avenues for future
research are highlighted.

2. Theoretical Framework

2.1. EnM Practices

The objective of EnM is to continuously increase manufacturing firms” EE in production
processes [30]. From a wider perspective, energy management contributes to the environmental
transition and sustainable development of manufacturing firms by incorporating economic and
environmental factors into overall business strategies [40]. In the literature, EnM is defined as
‘the strategy of meeting energy demand when and where it is needed’ [48] and “procedures for strategic
work on energy [21]. Moreover, Bunse et al. [49] define “EnM in production as including control,
monitoring, and improvement activities for EE’, and Ates and Durakbasa [39] emphasise that "EnM is
considered a combination of EE activities, techniques and management of related processes which
result in lower energy cost and CO2 emissions’. The comprehensive definition by Schulze et al. [30]
(see intro) endorses that EnM needs to be operationalised as EnM practices.

EnM practices include a broad range both technical and managerial elements [38,50], by which
the spillover effect from general management practices to EE has been investigated [22]. Scholars in
the field also have put forward several frameworks for characterising and assessing EnM practices in
manufacturing firms, such as: Minimum requirements, Success factors for in-house EnM, EnM Matrix
and Maturity models. The frameworks are described in the following text, while the EnM practices
considered in these frameworks and in other relevant studies are depicted in Table 1. We identified
the reviewed articles by searching for ‘energy management practices’ in Google Scholar and through
manual screening of cross-references. The list of articles is not exhaustive but provides an overview of
the EnM practices considered relevant for EE improvements in recent research.

The Minimum requirements model is a basic framework for assessing EnM in manufacturing
firms [32,39], by limiting the analysis to evaluate to what extent EnM is put into practice. Based on
this model, a survey study covering 304 Danish industrial firms, concluded that only between 3%
and 14% of the firms practiced EnM [32]. A multiple case study in Turkey found that only 22% of the
surveyed companies practiced EnM [39]. Furthermore, based on a review of empirical research on
industrial EnM in Sweden, Johansson and Thollander [33] propose a framework of ten success factors
for efficient in-house EnM. This framework is used in empirical studies to monitor the adoption of an
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EnM program in an MNC and assesses the performance of these key elements [27]. The five level EnM
matrix framework is a more elaborated framework that consists of six organisational issues related to
EnM [51]. Gordic et al. [50] used this matrix when analysing the procedure for developing EnM in a
Serbian car producing company. The EnM matrix is often combined with the Maturity model which is
a relevant framework for evaluating firms’ ability to manage energy [36,52].

The Maturity model contributes to a better understanding of suitable EnM configurations and
the required steps to establish EnM practices according to firms’ energy strategies [36]. Empirical
studies from Sweden applying the Maturity model shows that the maturity level of firms is relatively
low [36,53]. The EnM maturity and matrix models have several similarities in addressing firms’
sophistication level of EnM practices and take into account more detailed descriptions of activities
considered as EnM practices. The most comprehensive presentation of EnM practices is proposed by
Trianni et al. [38]. Based on a literature review they develop a reference list of 58 EnM practices that are
specified and can be used as a baseline for benchmarking firms” implementation of EnM practices.

Thus, the literature emphasises the importance of adopting EnM practices within an organisation
and proposes assessment models with definite practices that characterise effective EnM. The framework
of EnM practices depicted in Table 1 builds on this literature and serves as a point of reference
when assessing the EnM practices of Pharma. In the following this is referred to as ‘best EnM
practice’. Table 1 synthesises the findings in the literature on how to characterise successful EnM
practices. These theoretical ‘best EnM practices’ assert the need to adopt both management routines and
organisational structures, in addition to competence-enhancing activities. Considering environmental
leadership practices, it is essential that top managers support and are committed to the environmental
agenda and formulate long-term environmental strategies and goals. Management practices should
also focus on employee involvement and motivation. Furthermore, successful EnM practices depend
on dedicated personnel working on energy matters and a clear allocation of responsibility. Additionally,
performance measurement systems are essential in controlling, monitoring, and planning energy
consumption against strategic targets, thus allowing for effective information assimilation and reporting
to management and operational personnel. Competence is positively related to environmental
awareness; hence, education and training are outlined as important ways to improve internal energy
performance. Studies also assert that EnM should be reflected in a firm’s investment decision processes
and plans by prioritising environmental business objectives and allocating resources to EE projects.
Firm characteristics and operations, such as production processes, innovation, and R&D focus are also
found to influence EnM. It is worth mentioning, however, is that although some studies include energy
costs and external factors as EnM practices, they are not included as such in this study since they are
not considered to be part of organisational structures or routines.
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2.2. Translation Theory

In exploring the materialisation of EnM practices in Pharma, this study considers
EcoFuture a management idea and analyses the firm’s internal translation process of the idea.
Sahlin-Andersson [43,44] defines management ideas as successful models that provide solutions to
pressing problems in different contexts and at different points in time. They can further be described
as social and legitimised norms for how an efficient organisation should appear regarding structural
arrangements, procedures, and routines [54], such as codes of ethics [55], lean management [56] and
reputation management [57]. When travelling between settings, ideas are conceived as immaterial
accounts that are dis-embedded from their original contexts in terms of time, space, and location [43,57].
Hence, when an idea is re-embedded in a new setting, it must be translated and recontextualised [55].
As the translation process may include a broad range of translators, including government personnel,
managing directors, middle managers, researchers, consultants, and operational personnel [58,59],
there are numerous ways of translating the idea. However, empirical research has identified that
translation takes place in accordance with translation or editing rules [55,56,60], that are applied more
or less deliberately as a chosen strategy [47]. The outcome can be witnessed through changesine.g.,
the mindset of individuals, formal documents, and the enactment of new practices [57].

Scholars have conceptualised the translation process through, for example, translation modes and
rules [47,57], abstraction levels [61,62], and translation processes [63]. The theoretical framework in
this study builds mainly on editing rules [43,44], which are apt for analysing the translation of broad
ideas into local workplace practices. The first editing rule concerns the context and the process by
which the idea is made appropriate for the local setting. In recontextualising the idea, organisational
members add time, space, and sector-bounded features and make it relevant to the local setting. In this
study, emphasis is placed on regulative and normative sector-bounded features and macroeconomic
issues. The second editing rule concerns the formulation and labelling of an idea. The focus is on
how the idea is formed so that it is deemed appropriate in the new context by discarding and adding
elements to the idea [57]. Relabelling offers explanations for why an idea is successful and allows an
idea to ‘seem different but familiar” [56]. This rule is therefore relevant when analysing how EcoFuture
was formulated when communicated in the organisation. The third rule relates to the plot of the
story or the rules of logic. Sahlin-Andersson [43] describes this rule as the rationale behind the idea,
in which ‘explanations are given as to why a certain development has taken place’. Doorewaard and
Van Bijsterveld [63] describe this as a power-based process in which the actors ‘continuously reshape
the elements of this process by confronting their own ideas with those of others and with existing
organisational practices’. Prior empirical studies provide different examples of how to operationalise
this editing rule [56,60]. Here, the analysis includes the translators’ endeavours in fitting EcoFuture
in the organisation setting through linking it to a known and acceptable internal logic, and thereby
stimulating engagement among operational personnel. The theoretical framework is summarised
in Figure 1.

The translation process:

isati EnM
EcoFuture 1: Recontgxtuallsatlon ] )
A corporate Fitting the idea to context and time pra_ct_lces
environmental . m_aterlallseq in
rogram 2. Relabellm_g ) ) daily operations
p The formulation used to communicate the idea locally and routines

3. Rules of logic: Rationalising the EnM idea
according to the organisational logic

Figure 1. From program to practice: the translation of a corporate environmental program to EnM
practices in a manufacturing firm.
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The figure depicts how the original idea travels from the corporate to the firm level and illustrates
the translation of the environmental program. It is important to point out that time is essential in the
translation process, which is not captured by this model.

3. Methods

3.1. Case study Research Design

We selected a retrospective longitudinal case study as a research design when exploring the
implementation of a corporate environmental program in a manufacturing firm. The case analysed
here is the implementation process of a corporate environmental program in a context-bounded
setting. Ragin [64] supports this understanding of a case and ‘consider cases not as empirical units
or theoretical categories, but as products of basic research operations’. Through the research design
we aim to present a detailed understanding of the process, which can be found in qualitative data
sources [65]. Furthermore, we chose the single case study approach because of its ability to provide rich
and detailed data [66] on the process and the contextual setting in which the implementation occurred.
Such contextual understanding is critical for the translation process and the organisational logics
behind the emergence of EnM practices. Case study designs are accordingly often used in translation
research [55,56,58] and in empirical studies on the implementation of environmental programs [67].
A common criticism to case study design is its inability to make statistically valid generalisations
beyond the particular case. In the case of study research, however, the aim is rather to contribute to
analytical generalisation [66], by analysing the contextual description of the behaviours and actions
that are embedded in the empirical context through theoretical lenses [68]. Through the process of
confirming, developing or extending a theory’s area of use, analytical generalisation is achieved.

3.2. The Case and the Empirical Context

The case analysed in this study is the implementation process of a corporate environmental
program of an MNC, here named EcoFuture. The MNC operates in a multitude of sectors, employing
more than 300,000 people in over 180 countries. EcoFuture has run from 2004 and aims to integrate
long-term sustainable objectives into the core of the MNC's business strategy by: (1) increasing its
investment in clean R&D (cleaner technologies); (2) increasing revenue from EcoFuture products,
defined as products and services that provide significant and measurable environmental performance
advantages to customers; (3) reducing greenhouse gas (GHG) emissions and their intensity, along with
improving EE; and (4) informing the public. At the corporate level, EcoFuture is mainly based
on quantifiable environmental targets and without any detailed instructions on how it should be
operationalised at the local level in the subsidiaries. The abstraction level of the program was
accordingly rather high [62]. The program was globally revised in 2007, 2009, 2010, and 2014.

The empirical context selected for this study is a pharmaceutical firm in Norway with about
100 employees—Pharma. The firm specialises in producing drug substances for contrast agents used
in medical imaging. Most of the firm’s economic activity relates to two products, for which it holds a
significant market share. The firm thus produces mainly commodity-type products of high volume
for global markets, and high capital investments in facilities, which are typical in the broad-process
industrial sector [40]. Pharma was purchased by the MNC in 2004 and became subject to EcoFuture.
Hence, the decision to implement the program was at corporate level and not within the hands of
the firm. Nonetheless, Pharma had to find means to fit the program to the local context, which is the
process explored in this study.

3.3. Data Collection

The case is selected purposefully [69], due to Pharma’s impressive EE improvements over time
and recommendations from various sources such as environmental NGOs, energy mangers in other
companies and public agencies. The case was therefore considered information-rich and adequate
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to answer the research question [70]. Primary data were collected through interviews, observation,
firm internal manuals, and other documents during three company visits over a period of four months
in 2014. Secondary data were also collected such as annual reports, conference presentations and
press articles. The data collection started with a meeting with the energy manager at Pharma. At this
first meeting, the overall objectives of the research project were discussed. The second company visit
included a guided tour of the site and observations in some of the factories, a firm presentation, and an
interview with the firm’s top management. Additionally, we were given access to internal documents
such as investment prospects, project descriptions, and project manuals. We also collected secondary
information from press articles, marketing brochures, conference presentations, and annual corporate
reports. This information was used to prepare for new interviews. During the third company visit,
semi-structured interviews were carried out with key informants. The main purpose of the interviews
was to understand informants’ perceptions of the firm’s operations, including production processes,
R&D, technology implementation, and decision processes and practices for employee involvement and
training. Additionally, they were asked about their understanding of EcoFuture and the integration of
EnM into the firm’s daily operations and activity. Following Eisenhardt and Graebner [71], data were
collected from highly knowledgeable informants who viewed the focal phenomena from diverse
perspectives. The energy manager helped identify key informants representing a cross-section of
the organisation that were engaged in and/or affected by EcoFuture, including the director of health,
safety, and environment (HSE), the energy manager, project managers, site managers, operating
personnel, R&D staff, and members of the EcoFuture team. This cross-sectional sample allowed for
a comprehensive understanding of the translation process and the EnM practices within Pharma.
For practical reasons, some of the interviews were performed in groups of 2-3 interviewees. In total,
nine key informants were interviewed. Two of the informants, considered particularly knowledgeable,
were interviewed more than once. Hence, during the period, eight interviews were conducted,
each lasting 1-2.5 h. All interviews were fully transcribed.

3.4. Method of Analysis

The analysis of the empirical material rests on the framework of directed content analysis [72].
The goal of a directed approach to content analysis is to validate or extend conceptually a theoretical
framework or theory, and one might categorise this as a deductive approach. In our case we used
translation theory, and more specifically the editing rules, as key concepts to create coding categories
to guide the reconstruction of the material. As such, we also used translation theory to help focus the
research question. Such theoretical conceptualisation of the empirical data is particularly suitable for
case studies [70].

The analysis started with a chronological presentation of the material. This was done by
triangulating data from the interviews, annual reports, conference presentations and press articles.
The chronological presentation was then followed by an effort to code the material according to
the editing rules described in the theoretical framework (Figure 1). Moreover, the researchers
analysed the EnM practices in Pharma by using data from the interviews and observations at the
site, and from internal documents and manuals describing routines and investment projects. NVivo,
a qualitative analysis software product, was used to store the material and as a support for the
coding. The operationalisation of the editing rules allowed the identification of shifts in intensity of
the translation process that indicated patterns in the implementation of EcoFuture. Subsequently,
we categorised the material into three periods: 2005-2007, 2008-2010, and 2011-2014. The first phase
was mainly recognised by the contextualisation of EcoFuture to the local context of the firm. In the
second phase, external economic shocks called for larger organisational changes and stimulated
managerial efforts to implement EcoFuture within the organisation. The third phase was recognised
by the efforts of the energy manger in rationalising EcoFuture into EnM practices. We named these
phases Complacency, Urgency and Maturity, drawing the attention to some main characteristics
regarding translation during these periods. As such, temporal bracketing was applied as an analytical
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strategy [65] by which the data are decomposed into successive periods. This strategy permitted the
creation of comparative units of analysis [73] and helped us analyse how the translation of EcoFuture
unfolded over time. Furthermore, this strategy allowed the inclusion of time as an additional dimension
to the theoretical framework (Figure 1). Finally, the researchers assessed the outcome of the translation
process, in terms of successful materialisation of EnM practices, by benchmarking Pharma’s EnM
practices with the theoretical best EnM practices described in Table 1.

There are some limitations related to the research design, for instance regarding the context
bounded character of the data provided. This also implies challenges in making causal connections
between actions and results in single case studies. Nevertheless, several strategies have been applied
to ensure the rigor and reliability of the study. First, we used a research framework, derived from
translation theory, to guide data collection and the analysis. Furthermore, the analysis is based on
multiple data sources, and the triangulation of the material allowed us to develop an understanding of
the translation process over time and reduce the intrinsic biases in empirical data.

4. Results

The presentation of results is structured according to the three chronological time periods described
in Section 3.4—Complacency, Urgency and Maturity. By following the translation across these periods,
the analysis illustrates how EcoFuture goes through a maturity process before unfolding as EnM
practices. The results related to the translation process are summarised in Table 2 below, while the
outcome of the translation process in terms of EnM practices is discussed in Section 4.4.
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4.1. Period 1: Complacency

The first period is mainly recognised by the top managers’ initial efforts to fit EcoFuture into
the contextual setting of the firm. Normally, the translation process begins with the decision to
adopt the idea [74]. In this case, however, the adoption decision was made at the corporate level,
and the local managers had to find ways to fit EcoFuture to the local firm setting. Hence, the top
managers contextualised EcoFuture according to regulative and technological sector-bounded features.
The analysis points to the impact of pharmaceutical acts regulating lengthy procedures and product
certificates before commercialising new drugs. In addition, licences and emission permits by the
national environmental authorities affecting the firm’s production figures also played a role in this
contextualisation process. Furthermore, Pharma was characterised as having a few commodity-type
products, continuous production in high volumes, extensive capital binding in existing production
equipment and facilities, and limited access to investment capital. The following interviewee quote
illustrates how EcoFuture imposed new environmental demands on the firm without the backing of
additional resources:

[Y]ou don’t get any money for doing this. The environmental investments compete on equal terms
with any other investment project. They say that we have to reduce the energy consumption, but they
don’t say ‘Here, you have money to do it’. It doesn’t work that way. The environmental projects have
to enter ordinary budgets. That is tough!

These regulative and technological features prompted the managers to search for a way
to implement EcoFuture without triggering significant operational changes or large investments.
Subsequently, EcoFuture was translated to fit the extant portfolio of products and production processes
by contextualising it as an EE program. During this first period, Pharma had significant potential for
EE improvements, which were realised via minor adjustments and ‘picking the low-hanging fruits’.
Moreover, only the top managers were preoccupied with EcoFuture and no significant efforts were
made to implement the program within the entire organisation. Such situations in which an idea
resides high in the hierarchy being decoupled from organisational practice, is described as ‘isolation’ by
Rovik [74], and casued the further travel of EcoFuture to stagnate. The analysis suggests a complacent
translation of EcoFuture during this period, in the sense that translators in Pharma did not see the
relevance or need to take large environmental steps and putting efforts into translating EcoFuture.

4.2. Period 2: Urgency

This second period is recognised by external economic shocks and changes in the institutional
environment that boosted the relevance of EcoFuture. With this as a backdrop, the translation of the
program intensified, as the top managers started to recontextualise and relabel EcoFuture with the aim
to implement the program within the organisation. Indeed, the global financial crisis of 2008 led to
reduced sales, price drops, and production overcapacity. Moreover, the patent protection on Pharma’s
products expired during this period, leading to increased competition from generic drug manufacturers.
EcoFuture was also revised at the corporate level and the environmental targets amplified. As the firm
had already taken advantage of the ‘low-hanging fruits’, greater organisational involvement was now
needed, and it became necessary to rethink the strategy and organising of the program.

Economic considerations were prominent when top managers translated the program during this
period. Furthermore, in translating EcoFuture into an internally understandable concept, the program
was relabelled as a productivity program named ‘Smart Growth’, with an emphasis on EnM. The use
of familiar rhetoric is an efficient means to avoid organisational resistance towards an idea [55].
Productivity was a well-established concept within the organisation. EcoFuture and EnM were,
hence, fitted to the local setting by having productivity as a primary objective and taking advantage of
the synergies between increased productivity and EE. This approach is illustrated by an interviewee
stating that the ‘environmental benefits are a spin-off of productivity’.
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The intensification of the translation process also involved the restructuring of the organisation and
technical improvements. Furthermore, new EnM practices started to materialise such as energy audits,
the systematic monitoring of main energy streams, and the measurement of total energy consumption,
all of which are essential for attaining correct information, reporting, transparency, and constructing a
shared course of action in strategic energy planning [75]. In addition, the operational personnel started
to engage in EE. As illustrated by the following interviewee quote, this upscaling of the program can
be considered an important premise for succeeding with energy improvements:

[Flrom then, the program changed from being an energy-saving program that only some were engaged
in to become a factory productivity program. This is one of the success criteria.

Contextual changes characterised this period. The analysis indicates that these changes created
an urge to act in the organisation [74] that reactivated the relevance of EcoFuture. Hence, in contrast to
the complacency described in the first period, the idea was now translated as an EnM and productivity
program. As a result, the initially abstract idea now started to materialise further in the organisation.
This could be observed in both the relabelling of EcoFuture and the emergence of EnM practices.

4.3. Period 3: Maturity

During the first two periods, EcoFuture was translated into an EnM program after being
recontextualised and relabelled primarily by the top managers. In contrast, this third period is
recognised by the further materialisation of new EnM practices. The analysis now reveals the
energy manager as an important translator. This includes his efforts in aligning EnM with internal
organisational agendas and structures, such as the technological complexity of the production processes,
organisational resistance to change, organisational integration of energy issues, and the rationale of
economic feasibility. By applying ‘rules of logic” as a translation tool, the energy manager stimulated
the development of accepted and legitimate EnM practices.

First, we find that the rationale of economic feasibility was used as a way of framing the
implementation of the EnM program. In general, investments arise due to new technology,
machinery wear-out, and changes in market demand, prices, and legal requirements. Investments
are, thus, necessary to remain competitive in changing environments. The analysis indicates
that the principle of ‘good business’” was an overarching logic in Pharma and thereby strongly
affecting the internal investment decision processes and reporting schemes. Good business is
understood as investments that are economically feasible in the short term and ideally lead to
long-term sustainability. Indeed, all investments were based on economic considerations within which
environmental improvements were deemed positive spin-offs. This approach is exemplified in the
following interviewee quote:

We don'’t really think that our first priority is to save the environment. However, we include it in
productivity. We will show you how we plan to become CO2 neutral ... It is, however, not a target in
itself for this factory, even though there are some demands for us to become CO2 neutral.

The significance of the economic logic is also apparent in the way investment projects were
evaluated and prioritised. The typical required payback time for investments was 2-3 years. Prior
studies have noted that it is a challenge for energy projects to comply with such short payback demands,
thus causing a significant barrier for industrial EE improvements [76,77]. Furthermore, all investment
projects were categorised and rated according to compliance, health, safety and environment (HSE),
maintenance, and productivity. The following interviewee quote illustrates the limited priority given
to environmental objectives:

Legislative compliance, HSE, and maintenance have priority before the green projects (because the
green projects are sometimes productivity-related), and we don’t get green projects through just
because they are green.
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The firm had organisational structures and routines for assimilating information and reporting
to management and the organisation about energy consumption. Nonetheless, to gain support for
energy-related projects during investment decision processes, energy improvements had to be argued
and rationalised according to the extant economic logic and culture of the firm. Hence, arguments
based on compliance, HSE, maintenance, and productivity had to be integrated and highlighted to
win through with environmental projects. These strategies of searching for and aligning economic
and environmental objectives are important for rationalising the EnM program according to the
organisational logic. Nonetheless, these strategies contradict with recommendations from prior studies
asserting that earmarked funding for environmental investments is a significant driver for EE [76].
Moreover, Sandberg and Soderstrom [78] state that the priorities made during investment decision
processes depend on the culture of the firm. In other words, the strong economic rationale can be
considered a cultural factor affecting the rationalisation of the EnM program in Pharma.

In this situation, the energy manager had seniority and operational experience, which provided
him with in-depth knowledge about the factory and production processes. The analysis suggests
that he took advantage of this experience and previously established energy monitoring practices
-which provided him with accurate information on energy consumption, production bottlenecks,
and investment opportunities—when rationalising the EnM program according to the logic of ‘economic
feasibility’. Radaelli and Sitton-Kent [59] describe several channels that middle managers can use in
this translation process. Here, the energy manager worked proactively and used formal and informal
arenas to continuously sell the EnM idea, manage conversations, and align diverging interests among
organisational units and members.

Pharma had developed a complex production infrastructure over decades. Any changes in
the production processes, including energy improvements, required not only excellent engineering
skills, but also comprehensive and in-depth knowledge about the factory. External stakeholders
were considered by Pharma to lack such detailed knowledge; thus, the innovation processes in the
firm depended on the skills and creativity of the employees. Consequently, Pharma’s EnM practices
were largely determined by the employees” motivation and competencies in EnM. This finding
coincides with prior studies underlining the role of operational personnel in process innovation and
EnM [25] and the significance of employee motivation regarding EnM [31]. Hence, in addition to
technological complexity, the translation of a management ideas depends on translators” ability to
mitigate organisational resistance to change [60]. Such resistance was also experienced in Pharma,
with the following interviewee quote illustrating the challenge of motivating employees to work
collectively with EnM:

[W]e have some examples [in which] we have completed projects in one area where the savings have
been in another area, and then we have met a lot of resistance in the area in which the change has
taken place.

The integration of energy issues in organisational structures, or lack of such integration, was also
part of the translation process. Pharma had systems and routines for controlling and monitoring
the largest energy flows, however the analysis indicates that energy issues were only formally
integrated in selected areas of the organisation. This restricted integration can be exemplified by the
firm’s use of key performance indicators (KPIs). KPI is a management tool developed to motivate
employees in a preferred direction and is a recommended EnM practice [33]. Nonetheless, the use
of KPI can also hamper change processes and compromise EnM practices [24], by stimulating other
operational activities and investments. In Pharma, KPI was customised to the main activity of each
unit. Hence, only the units with extensive energy consumption had energy use integrated into their
KPI. Consequently, this use of KPI provided most employees with limited incentives for engaging with
the firm’s total energy consumption.

However, to motivate operational personnel to work collectively with EnM, Pharma provided
several competence-enhancing schemes and activities such as internal training programs and education
support, which are found to be significant drivers for industrial EE [28,79]. The following interviewee
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quote illustrates how the benefits of energy improvements at the individual level were identified and
communicated to provide motivation to make energy improvements:

The best projects are carried out when the area in which the change takes place [obtains] good benefits
from the change. So, being very strategically smart, when you create projects, you have to find
something that the department [in which] the change [takes place] benefits from.

The energy manger also formed alliances with external stakeholders. The use of an external
network is a well-known strategy for enhancing EE by exchanging knowledge and ideas [80]. Pharma
was a partner in an industrial network for sustainable process industry firms. This network in addition
to other external stakeholders were used strategically to gain legitimacy for the program and convey the
relevance of EnM to the organisation by promoting Pharma’s EnM at conferences, generating editorial
publicity, and inviting firms, experts, academics, non-governmental organisations, and politicians to
the site.

Furthermore, the energy manager’s central position in the organisation allowed him to
communicate directly to top management and have close relationships with operational personnel.
The energy manager’s position in the organisation is known to affect EnM implementation [11,40].
Personal relationships are also known to be valuable assets in innovation processes [81]. Here, the energy
manager took advantage of his position in the organisation to get involved in the conceptual design of
projects early on. The following quote by the energy manager illustrates how such early involvement
is essential for aligning the demands, interests, and rationales of other organisational members:

Here, we have a project that is very good. However, it does not include that much energy saving.
It is a project that is about reducing solvent in one area. It provides a yield increase and some energy
savings ... I think there is more energy to be saved! Since it includes energy saving, I have worked
with the concept.

By getting involved early in the conceptual design of new projects, the energy manager uses his
expertise when strategically aligning the EnM program with the organisational rationale, engaging
allies, and inviting opponents to identify common goals and values. Accordingly, the analysis indicates
the relevance of timing and early involvement in the translation process.

The analysis suggests that the process of translating EcoFuture into EnM practices involves selling
a version of the idea, mediating others’ versions, and aligning goals and agendas, thus supporting
Doorewaard and Van Bijsterveld [63] who describe translation as a power-based process in which the
involved actors ‘continuously reshape the element of this process by confronting their own ideas with
those of others and with existing organisational practices’. Furthermore, this period is characterised by
the energy manager’s efforts to rationalise the EnM program. Although top managers’ involvement as
translators was significant in the first two periods, the energy manager appeared as a key translator
during this third period. The results described in this section reflects that Pharma has now reached
a higher level of maturity [27,51] regarding the implementation of the EnM program and the EnM
practices. Table 2 depicts the implementation process of EcoFuture in terms of translation rules and
periods. The results suggest that the expected chronology in the use of the translation rules, as depicted
in the conceptual framework, was not met. Instead the use of the rules had a more dynamic character.
Rather than applying one translation rule in each period, the process is characterised by successive
phases of translation. Within each phase, various translation rules with different intensities were
applied, and different translators at various levels in the organisation were involved. We label this
pattern as translation dynamics.

4.4. EnM Practices in Pharma

The results of the translation process are evaluated based on the premise of the materialisation
of EnM practices and with reference to the theoretical ‘best EnM practices’ (Table 1). The identified
EnM practices in Pharma are listed in Table 3. Inspired by the EnM maturity models [27,51], we have
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separated into two columns the EnM practices in Pharma that are considered to comply with the best
EnM practices, from those considered not-complying.

The results suggest that the EnM practices in Pharma to a large extent comply with the theoretical
best EnM practice. Indeed, several EnM practices related to management, organisational routines
and structures, and competences are identified in the firm. However, the analysis also reveals
shortcomings in some of Pharma’s EnM practices that the literature emphasises as essential. The first
shortcoming concerns Pharma’s use of KPIs, which for most units in Pharma do not include energy
consumption or other energy related measures. Indeed, while most good management practices
have beneficial spillovers on EE, an emphasis on non-energy targets is found to be correlated with
energy inefficiency [24]. Hence, Pharma’s design and use of KPIs might undermine the employees’
motivation to improve the firm’s overall EE. The second shortcoming concerns Pharma’s limited
integration of environmental strategies in the internal investment decision processes. Such decoupling
between energy objectives and firms” investment decision processes is known as a considerable barrier
for EE improvement [76,77]. Nevertheless, Pharma improved its EE considerably over the analysed
period, which might seem to be a paradox. Some possible explanations will be discussed in the
following section.
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5. Discussion

Through the lens of the editing rules, as part of the translation theory, a picture of the
implementation process of EcoFuture—from program to practice— emerges from the results (Section 4),
illustrated in Figure 2 below:

Implementing a corporate environmental program

1. Recontextualisation Management

The translation process
of the program

2. Relabelling

Energy manager

3. Rules of logic

Translation rules
slojejsuel) Aoy

4. EnM practices
Operational
personnel

Complacency Urgency Ma{urity
Periods

Figure 2. Conceptual model of the EnM implementation process from program to practise.

Figure 2 conceptualises the translation process and the resultant EnM practices in the studied
firm. The figure incorporates three essential dimensions of the implementation process, namely:
time, translation rules and key translators. The translation of the corporate environmental program
passed through three time periods, which were recognised by changes in translation intensity, and the
activation of different translators. The figure also illustrates how the translation moved back and
forth over a decade, driven by different translation rules and key translators, before resulting in new
EnM practices.

The results suggest that the use of the translation rules has a dynamic character. Rather than
applying the translation rules successively in each period in a linear manner, the periods are recognised
by different dynamics of translation. Within each period, various translation rules were applied with
different intensity, and with the involvement of different translators. This finding supports prior
studies stating that ideas need to undergo several cycles of translation before being applied to a new
setting [56]. It also coincides with Revik’s [74] remark that ideas might alternate between passive
and active phases and may linger in an organisation for a long time before materialising, leading to a
gradual, slow-phased transformation of the idea to practice. Interestingly, this pattern of translation
dynamics that stretches over multiple years, is an aspect that is not pinpointed in the EnM literature.
Within this field, EnM implementation is usually considered from a static perspective, focusing on
models and tools for assessing the end results in terms of EnM practices [38]. Moreover, the efforts and
competences required to obtain to these results have received little attention [25,30]. Hence, this study
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complements extant research by illustrating the complexity of implementation, and emphasising the
relevance of long-time perspectives and the endurance of managers and other key translators from
different levels in the organisation.

Following the analysis, we see how the top managers played an important role during the first two
periods of the process. However, the energy manager emerged as a key translator when rationalising
the program into EnM practices that were accepted and adopted by the operational personnel. Energy
managers are often middle managers that both lack the hierarchical authority of top managers, and the
immediate operational knowledge of operational personnel [59]. It is however confirmed that energy
managers’ operational experience [77] and position in the organisational hierarchy [11] have a positive
effect on firms” EE. In line with this research, our study addresses how the energy manager used
his operational experience, technical competence, social network and position in the organisation to
champion the environmental program. Indeed, the results show how the energy manger worked
actively, using formal and informal arenas, to rationalise energy improvements using a logic that was
deemed legitimate and agreed upon in the organisation. In this manner the energy manger took the
role as a change agent that ‘made the change happen’ [82], being translators both of the idea to be
implemented and in terms of ‘translating’ between different levels in the organization due to their
position as two-way-windows [83]. Coinciding with the increasing recognition of middle managers’
role in change processes [84], our finding supports the relevance of energy managers to drive the
environmental transition in manufacturing firms.

In addition to the findings that we have highlighted in Figure 2, there are two other points
to be made as part of the discussion. One concerns the abstraction level of the idea, and another
is the identification of additional EnM practices to those being part of the theoretical ‘best EnM
practices’ (Table 1).

Translation scholars hold that there are variations in the abstraction level of management ideas.
The abstraction level reflects whether the idea contains explicit and detailed descriptions of how it
should be materialised into practices, or whether it gives room for the local organisation to make its own
interpretation of the contents [62]. It is further argued that abstract ideas are more complex and thus
harder to implement in a new context than those that have a more explicit and concrete character [47].
In this case, EcoFuture was oriented towards quantifiable targets without providing details on how to
operationalise the program locally and is thus considered to hold a high abstraction level. The results
show that the abstraction level of the environmental program allowed the translators large flexibility
and freedom in the translation process, and that EcoFuture changed quite extensively when fitted
to the local firm setting. In contrast to Revik’ suggestion [47], our findings suggest that the high
abstraction level of the program was a success criterion rather than a barrier for the implementation of
the program. As such, this finding contributes to shed some light on the challenges that firms face
when they are going to implement EnM standards. A key argument in this study is that the abstract
character of the environmental program implies that its contents are negotiable in each new setting.
Furthermore, we argue that each local translation of the program can give rise to new versions and
result in differing practices that is customised to the contextual setting of the individual firm.

The results show that most of the EnM practices recommended in the literature were put into
action in Pharma. As such, the study complements prior research in emphasising the relevance
of EnM practices related to environmental leadership, organisational structures and routines,
and competence-enhancing activities. However, compared to the theoretical best EnM practices
(Table 1), there are some vital shortages in the Pharma’s EnM practices. In particular, this relates to the
investment decision processes and the use of KPIs, under which environmental issues are granted
limited priority. Financial limitations and firms’ reluctance to prioritise EnM at a strategic level are
considered substantial barriers to EE [8,40]. Despite this, Pharma reports exemplary records of EE
improvements during the analysed period. Although the context bounded character of the data
provided have limitations and must be closely considered, the results point to an interesting finding
which we suggest is not properly captured in previous EnM studies, and which might provide an
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explanation to this apparent paradox. By translating EnM according to the extant economic logic
embedded in the organisation, EnM gained legitimacy and strategic relevance. Investment projects
were accordingly conceptualised so that both economic and energy objectives were attained. In this way,
the firm surmounted financial and organisational barriers and attained continuous EE improvements.
This finding underlines the importance of translators of the environmental program working actively
to align environmental and economic objectives in projects, and thereby gaining support in investment
decision processes, even without earmarking funding for environmental projects. Moreover, this finding
supports the claim that management ideas’ capacity to travel depend on the extent to which they are
associated with rational values such as renewal, efficiency, and effectiveness [85]. This way of using
editing rules in translation processes invites the proposal of an additional EnM practice to the list of ‘best
practice EnM’, one called ‘translation competence’ [47]. Translation competence points to the ability
and knowledge of key actors and change agents to translate ideas and programs between organisational
contexts. The production and diffusion of organisational ideas are important tools to transfer best
practices between organizations [55,58]. Since the use of translation competence is assumed to increase
the probability of achieving the desired organisational ends [43,46,47], this competence becomes
increasingly important as a strategic organizational resource [47].

The current discourse in the field emphasises EnM models, and in particular maturity models [51],
as efficient tools for reaching enhanced industrial EE [25,38,52,53]. These models recommend explicit
EnM practices and consider them as the basic element of the analysis of EnM activity in firms [38],
commonly rated as maturity levels [51,52]. Hence, the scope of these models is on the preferred
end result. What is missing though in these studies, and in the broader literature, is a conceptual
understanding and awareness of firms’ internal processes that lead to this organisational end. In this
study we demonstrate that successful implementation of EnM, in terms of the materialisation of
EnM practices, is intimately connected to the organisational acceptance and preparation of the
program. Furthermore, we establish the potential of the translation framework in research on EnM,
by illustrating the relevance of translation rules [43,44] as a tool to guide successful implementation
of EnM. Moreover, the study supports an orientation towards ‘good translations” as part of these
processes [44,45,59], to increase the probability of achieving more mature levels of EnM practices in the
firm. Through the concept of good translation, attention is directed towards ‘translation competence’
in terms of managers’ awareness of translation rules, abstraction level of ideas and the role of key
translators. Consequently, while scholars have addressed the need for a best EnM practice [30] and
EnM practice-based assessment models [38], we here propose the relevance of a ‘translation framework’
that complement these assessment models by supporting managers during the acutal implementaion
process of environmental programs. As such, we propose a way of complementing ‘result’ with
‘process’, which can serve as reference point for both management and policy implications.

Regarding management implications, the study emphasises that organisations play an active role
in translating how environmental programs are operationalised and that these processes are lengthy
and often last for years. Thus, successful implementation requires managerial endurance, support,
and dedication. Moreover, we suggest translation competence as part of these processes [45,46], as it
may increase the probability of achieving organisational ends [47]. Managers should accordingly direct
attention to good translations in terms of being aware of translation rules, the abstraction level of the
idea and key translators. Furthermore, as middle managers and other employees play a prominent role
during this process, managers need to encourage and educate individuals and set up organisational
structures supporting the environmental change process.

Considering policy recommendation, the study suggests a positive relationship between EnM
and EE in manufacturing firms and indicates that EnM is an important means to attain environmental
targets. To enhance EnM practices in manufacturing firms, the results suggest that policymakers
consider three mechanisms: regulation, idea complexity, and education. Policies and regulations
on energy consumption and GHG emissions require organisations to adopt a concept or maintain
a certain practice, as legislative compliance is a precondition for business operation [86]. Voluntary
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agreements at local levels of governments are also effective in overcoming the traditional constraints of
implementing top-down policies at the local level [37], and allow each firm to identify the solutions
that are deemed most fitted for the local setting. The study also illustrated how the abstraction
level of an idea affects the flexibility in how the environmental idea is implemented at firm level.
An abstraction level that is either too high or too low might pose challenges for implementation [62].
ISO-standards [31] can for example be characterised as explicit and detailed content-wise and therefore
with a low abstraction level. Hence, policymakers must be observant and ensure that the policy
framework contains all relevant information required to explain and understand the EnM practices and
be flexible enough to fit them into the local setting. Furthermore, this study shows that the emergence
of EnM practices depends on the competence of the translators and the amount of resources devoted
to educating and training organisational members. This implies that energy policies should support
EnM-related education and on-the-job training.

6. Conclusions

This study explores the implementation process of a corporate environmental program in
a manufacturing firm, a perspective that has received limited attention in the EnM literature.
The conceptual framework is built on translation theory and the EnM literature, and the qualitative
analysis is based on data from a pharmaceutical firm over the period 2004-2014. The analysis suggests
that a wide spectrum of EnM practices have materialised during the studied period, and complements
prior research suggesting a positive link between EnM practices and EE in manufacturing firms.
Furthermore, this study addressed the relationship between the translation process of a corporate
environmental program and the successful materialisation of EnM practices.

The results point to four main findings with theoretical relevance to the field. First, the pattern
of translation dynamics illustrates how the implementation process consists of various periods of
translation that evolve over time. Second, the results point to the role of the energy manager as a key
translator when rationalising the idea into EnM practices. Third, the relevance of the abstraction level
of management ideas is addressed. Fourth, we propose a new EnM practice to the list of ‘best practice
EnM’, namely ‘translation competence’.

Based on these findings, the study proposes avenues for future research. The translation occurs
in a dynamic environment in which both the idea and context change over time [58]. Hence, it is
difficult to determine whether the EnM practices emerged as a direct result of the idea or whether they
would have emerged regardless of the adaptation. More research is therefore needed to obtain more
knowledge on this relationship. Moreover, although this study focused on the translation process in a
recipient organisation, little is known about how to effectively prepare an idea for new settings. Hence,
there is need for more research about the decontextualisation phase of environmental programs—that is,
translating the desired practices into an abstract representation (e.g., images, words, and texts) that is
easy to recontextualise at the firm level. Such knowledge can give rise to valuable recommendations to
policymakers on how to design environmental policy frameworks that can easily travel across contexts
and organisations.

Furthermore, even though this study demonstrates the potential of translation theory in research on
EnM, we have only applied some selected elements from this rather mature framework which has gained
attention and attracted different fields [41]. Due to the pressing relevance of sustainable management
programs and sustainable business models, the development and diffusion of organizational ideas has
become increasingly important for businesses as a strategic organizational resource, for research and
for the larger society. Hence, we suggest that EnM scholars should explore further the potential within
this theoretical framework to further conceptualise translation competence as an EnM practice and
develop best translation models of EnM.
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