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Abstract: Environmental impact and use of energy and materials are relevant topics in companies. To
achieve energy savings and enhance environmental performance, managers can invest in technologies
(technical measures) and/or implement management practices (low-cost and non-technical measures).
This paper focuses on energy and environmental management practices in foundry, which is a
particularly energy-intensive industry producing significant carbon dioxide emissions. We conducted
a scoping review of scientific publications and technical documents to identify practices that enable
energy efficiency improvement and adverse environmental impact reduction in cast iron foundries
using coreless induction furnaces. The review returned 399 practices, which we categorised according
to the process step of application and theme. We developed a hierarchy to classify the practices
according to their sustainability. The results show that the practices proposed in the literature focus
mainly on avoiding or reducing resource consumption, rather than on recovering residual value. The
intended contribution is to promote the adoption of management practices as an effective lever to
increase energy efficiency and reduce environmental impacts, while also providing a summary of
current knowledge to facilitate the identification of areas for further research. The review could also
support foundry managers in the selection and prioritisation of the practices to adopt.

Keywords: non-technical measures; energy saving; environmental performance; environmental
impact; literature review

1. Introduction

Energy efficiency is an essential task for the future [1]. According to the international standard
ISO 50001 [2], energy is “electricity, fuels, steam, heat, compressed air, and other similar media”, while
energy efficiency is the “ratio or other quantitative relationship between an output of performance,
service, goods, commodities, or energy, and an input of energy”. The energy efficiency improvement is
an important pillar in every industrial sector [3], and one of the key measures for the reduction of carbon
dioxide (CO;) emissions [4]. Indeed, energy efficiency has a significant impact on the environment [1].
An environmental impact is a “change to the environment, whether adverse or beneficial, wholly
or partially resulting from an organization’s environmental aspects” [5]; an environmental aspect is
referred to an “element of an organization’s activities or products or services that interacts or can
interact with the environment” [5].

The iron and steel industry plays an important role in such a context: it is highly material and
energy intensive [6-8]. Indeed, according to the U.S. Energy Information Administration [9], it is the
second-largest user of energy in the world industrial sector, after the basic chemicals industry. From
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an environmental point of view, air emissions are the key concern. The iron and steel industry is
one of the biggest industrial emitters of CO;, accounting for between 4% and 7% of anthropogenic
CO; emissions globally [8-10]. In addition, the foundry process generates mineral dusts, acidifying
compounds, products of incomplete combustion, and volatile organic carbons.

Foundries represent an important part of the iron and steel industry and, thus, are characterised
by the same energy and environmental issues described above. Several authors underline the energy
intensive nature (e.g., [11,12]) and the environmental impacts (e.g., [13]) of a foundry. In this sense,
Patange and Khond [13] state “reports from many foundries suggest that energy efficiency is one of
the most significant cleaner production options still to be addressed in the industries”.

As underlined by Lo et al. [14], companies can adopt both technical and non-technical measures
for improving their sustainability. Both academic research and policy documents in the fields of
enhanced energy efficiency and environmental performance have so far focused mainly on technology
implementation [15,16]. However, technology adoption usually requires large capital investments that
may represent a barrier for many companies [17,18].

In addition, empirical studies have demonstrated that technology is not the only way to achieve
improvements [19-21]. Indeed, a cost-effective way is the adoption of non-technical measures such as
management practices [15,16,22]. A management practice can be defined as a strategy for managing
a plant’s operational activities in order to produce a desirable outcome. Energy and environmental
management practices are those systematic activities, procedures, and routines within an industrial
company including 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 adverse environmental impact [16,23]. The term “practice’
as opposed to ‘technology’ refers to the implementation of low-cost measures such as staff training,
changes in day-to-day routines, and the adoption of processes without increasing operating costs [15].
According to Caffall [19], these practices enable relevant savings without capital or with limited
investment and short payback time compared to that of a technical measure. Such savings could
then be used to finance subsequent investment in efficient technologies. For these reasons, several
authors advocate the promotion of management practices as an effective lever for enhancing production
systems and operations towards improved energy efficiency and environmental performance [16,21].
Despite their potential to largely contribute to these objectives, practices have been scarcely studied in
literature and applied in companies [3,15,16,24]. For example, research by Thollander and Ottosson [24]
revealed that only 25%—40% of companies in energy-intensive sectors in Sweden could be classified as
successful in energy management. Moreover, it has been demonstrated that one of the key barriers to
energy efficiency in companies is a lack of information about energy efficiency measures [25].

To fill these gaps, the objective of this paper is to conduct a scoping review of the literature to
identify energy and environmental management practices for energy efficiency improvement and
adverse environmental impact reduction specific to the foundry industry. In order to limit the scope of
the research, our focus is represented by practices that can be implemented in foundries producing
cast iron, which has a low melting point and a good casting ability in comparison to steel [26]. We will
consider only foundries using coreless induction furnace, which is gradually gaining higher market
preference compared to the cupola one and is increasingly being implemented [26], also because it
produces heat cleanly, without combustion [27]. For each practice, the process step(s) to which it could
be applied will be specified.

The paper is organised as follows. In Section 2, a description of the various steps of the foundry
process will be provided. Section 3 will present the review methodology adopted. Results will be
summarised and discussed in Sections 4 and 5. Conclusions and directions for future research will be
available in the last section.
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2. Foundry Process

A typical foundry process is composed of various steps that allow producing finished castings
starting from scrap or ingots. It is a rather complex process where metal, energy, sand, binders, and
water are the main input streams, while dust, amines, and volatile organic compounds (VOCs) are
the major key emissions [26]. Other not negligible outputs are heat, sand and chemicals, odour, and
noise [26].

Figure 1 depicts an overview of a foundry process for making cast iron through an induction
melting furnace. The main reference of Figure 1 and the description below is the Reference Document
on Best Available Techniques in Foundries by the European Commission [26]. Examples of other
interesting information sources are Lazzarin and Noro [28] and Gandhewar et al. [27].

FOUNDRY SCRAP OR INGOTS
+ energy, sand, binders, water

MELTING SHOP MOULDING SHOP

1) Wity (IvelEiem Tmees) MANUAL MOULDING OR MOULDING

2) Tapping
3) Metal treatment: AUTCLIE
. Nodular!sahon 1) Preparation of (permanent or lost) moulds.
* Inoculation i
N 2) Preparation of cores
+ Deslagging
4) Pouring

2 2

CASTING SHOP

1) Casting in lost or permanent moulds
*» Pouring (lost moulds)
* Gravity and low-pressure die-casting
+ High-pressure die-casting
« Centrifugal casting
+ Continuous casting

2) Cooling

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1 3) Shake-out
1
1
1
1
: FINISHING SHOP
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1) Removal of the running system

2) Sand removal

3) Removal of burrs

4) Repair of casting errors

5) Heat (or thermal) treatment (e.g. annealing,
hardening, malleableising)

L

QUALITY CONTROL

VISUAL INSPECTION OR AUTOMATICALLY

+ Dimensions
* Metal structure defects
+ Surface structure

FINISHED CASTING
+ foundry scrap, heat, sand ,air emissions
and chemicals, odour, noise

Figure 1. Foundry process for cast iron production. Adapted from [26].

The foundry process begins with melting operations, as shown in Figure 1. For obtaining the
molten metal (achieved at about 1450-1500 °C based on the type of the cast iron, in accordance
with [28,29]), the foundry consumes a lot of energy. In particular, the melting shop represents the major
energy consumption department [13,28,29], responsible of 55%-80% of the total energy consumed in a
foundry [11,12,30-32].

We focus on melting realised thanks to an induction furnace. According to the European
Commission [26], this type of furnace is gradually gaining higher market preference compared to
the cupola one and is increasingly being implemented. In accordance with Gandhewar et al. [27],
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industrial induction melting furnaces produce their heat cleanly, without combustion. There are two
types of induction furnaces, which are coreless and channel ones. In particular, coreless induction
furnaces are used for melting, while channel induction furnaces are only used for holding. The coreless
induction furnace may be completely emptied and restarted easily [27].

A coreless induction furnace features an external insulated part and an internal part that is
refractory lined [28,29]. Generally, this type of furnace has electricity as the energy source. The coreless
induction furnace requires ferrous material, alloying metal, carburising agents, and cooling water as
inputs, and provides metal alloy (e.g., cast iron), dust, organic and metallic fumes, carbon monoxide,
slag (about 10-20 kg slag per tonne of metal charge; however, the amount of slag produced depends
on the quality of the charge material), and refractory waste. The highest emission rates occur during
charging and at the beginning of the melting cycle. The European Commission [26] reports some data
about emission rates of particulate matter: 0.06-1 kg/tonne of metal charge have been reported in the
literature, but values of 0.04-3 kg/tonne are normal. However, the majority of the emission depends on
the cleanliness and the composition of the charged material.

The European Commission [26] highlights that the energy consumption of a coreless induction
furnace depends on its size and working regime, while the energy level of a channel induction furnace
is based on process-related parameters, such as the holding time. Important aspects about the energy
consumption of a coreless induction furnace are represented by heat losses, such as transmission losses,
radiation losses without lid, coil losses, and lining-conducted heat losses.

The molten metal is then held for short-term periods and transported through ladles, which are
vessels with an insulation of different layers of lining for reducing the level of overheating and the
required time for pre-heating [28].

The moulding shop is the department of a foundry that produces moulds and cores. In particular,
moulding regards the making of a mould in which the molten metal is poured in order to obtain a
piece of the desired shape. Depending on the types of moulds (permanent or lost ones), the moulds
can be metallic or made of sand and chemically bonded, clay-bonded, or unbonded. This department
involves mixing sand with different chemicals and emits gaseous or volatile reaction products and
excess reagents. The European Commission [26] reports some details and data about air emissions and
other environmental impacts of the different binder types.

Consequently, the molten metal and the finished moulds represent the inputs of the casting shop
in the case of lost moulds, while the molten metal, the cores, the water-based release agent, and
the cooling water are the inputs of the casting shop if the moulds are permanent. In this foundry
department, the molten metal fills the mould for obtaining a casting, which then is cooled to allow
solidification and finally removed from the mould. Casting can be performed manually or using a
pouring machine [29].

In particular, the casting in lost moulds comprises several steps, such as pouring (with lip pour
or teapot ladles), solidification or first cooling (sometimes, through the transportation of the poured
moulds along a line whose length determines the final temperature of the casting), shake-out (i.e.,
the separation among the casting, the moulding box, and the sand), and finally casting cooling or
second cooling. In addition to castings, these operations produce used sand, combustion products,
organic pollutants from pyrolysis and thermal degradation of binder, blackened moulds, odour, waste
from exhaust air cleaning, and dust from shake-out. Combustion gases and volatile compounds are
generated during the preheating of ladles and during cooling and shake-out, respectively. In general,
during pouring, fumes and/or vapours and chemical compounds from the binder and some blackening
systems can be released. However, the type of emissions during casting is dependent on the binder
type used and their levels are comparable to those during the mixing stage, with the addition of
pyrolysis products. Note that a lower sand-to-liquid metal ratio can reduce the total volume of sand in
the system and, thus, reduce the consumption of new materials. In the step of casting, the circulating
scrap and the sand are recovered to be regenerated and reused [26,29].
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For casting in permanent moulds, several techniques are available (Figure 1). In this case, oily
mist, organic pollutants, metal oxides containing dusts, dust, and wastewater can be produced as
outputs. Emission and consumption levels depend on the type of alloy used, the surface area of the
melt, the quantity of sand cores inserted in the mould, and the surface/volume rate of the casting.
Furthermore, the electricity consumption is based on process aspects (e.g., the closing force of the die).

After casting operations, finishing of the raw casting is needed in order to obtain finished castings.
Some possible required treatments are listed in Figure 1. The main inputs of this step are abrasives,
water, and electricity, while the outputs are dust from mechanical operations, volatised metals and
combustion products from thermal operations, and wastewater.

If necessary, finishing and post-casting operations require a step of heat treatment. Examples of
these thermal treatments are annealing (i.e., the tension caused in the workpiece and the subsequent
cooling down of the casting are reduced and the structure is evened out), hardening or quenching (i.e.,
the level of heat is raised above the transformation temperature and the workpiece is subsequently
rapidly cooled), and malleableising (i.e., the malleable unfinished casting is transformed to a white
or black temperature casting). The heat treatment produces combustion products from firing, water
vapour, fume, oil mist, NOy, and SO,. Furthermore, emissions derived from heat treatment furnaces
include combustion gases, whose composition depends on the fuel type used. Note that emission
levels are related to energy consumption, burner design, and maintenance.

Finally, the quality control checks the compliance of the product and, if the requirements are not
met, castings are rejected and then remelted.

In addition to all these production processes, in a foundry, there are also ‘horizontal” activities
that are service plants (also called “plant services’, ‘support processes’, or ‘non-production processes’).
These service plants support the overall process of obtaining finished castings: e.g., production
and distribution of compressed air and hydraulic systems for the activation of the equipment and
machine tools, lighting, heating and/or conditioning of the department of the company, handling, and
purification ‘end-of-pipe” processes.

3. Methods

The purpose of this review is to answer the following research question: “‘Which management
practices could be adopted to improve energy efficiency and to reduce adverse environmental impacts
in a cast iron foundry?’. This research question is extremely broad, since our aim is not to focus on a
specific category of practices or energy/environmental benefits, but to identify all possible practices
leading to some benefits and classify them. For this reason, it is not advisable to use a systematic
review approach, since it would generate an unmanageably large number of references, but it is
recommended to carry out a scoping review [33]. A scoping review is a form of knowledge synthesis
comprehensively summarising evidence with the aim of informing practice, programs, and policy and
providing direction to future research priorities [34]. Scoping reviews are relevant to both emerging
and established fields. In established fields where there may be an abundance of evidence, as in the
topic under investigation in this paper, scoping reviews can provide an understanding of the “lay
of the land” [34]. Indeed, one of the objectives of scoping studies is to summarise and disseminate
research findings to practitioners who might otherwise lack time or resources to undertake such work
themselves [33,35]. In addition, review results presented in an accessible and summarised format
facilitate an effective use of the findings [33].

After the definition of the research question, the next step of a scoping review is the identification
of relevant studies. Since the whole point of scoping the field is to be as comprehensive as possible in
identifying studies answering the research question, we adopted a strategy that involved searching
for research evidence via different sources: electronic bibliographic databases; reference lists; existing
networks; relevant organisations and conferences. The process adopted for identifying literature was
not linear but iterative, requiring researchers to engage with each stage in a reflexive way and, where
necessary, repeat steps to ensure that the literature is covered in a comprehensive way. Indeed, as
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familiarity with the literature increased, we refined the search strategy and the search terms. The initial
set of keywords for the search was provided by the research question. For each of the keywords, we
identified various synonyms for intercepting the larger set of possible relevant publications. Some
examples of the terms employed in the search are: practic*, foundr*, improve*, energy, environment*,
sustainabil*, emission*, pollutan*, furnac*, and consumpt* (the asterisk allows including any variation
of the searched terms).

We combined these terms to define different search strings to implement in multiple electronic
databases of scientific publications. Particularly, we used ScienceDirect, Scopus, and Web of Science as
electronic databases for conducting the review. The review covered only English-language papers and
included also conference proceedings.

In addition to journal publications and conference papers, we were interested in standards and
technical papers, e.g., reports derived from European and/or international projects on the review topic.
These documents were retrieved through specialised or general search engines (e.g., Science.gov)
and sites of organisations for standardisation (e.g., International Organization for Standardization).
We also contacted relevant national and international organisations working in the sector and trade
associations. Additional studies were identified by checking the bibliographies of the studies found
through previous searches.

The selection of the studies to include in the review was performed in parallel by two researchers.
The first reading was restricted to title and abstract/summary (if present), and then the full text was
analysed. Publications solely on the technology implementation or other aspects of a foundry (e.g.,
safety issues) were excluded. A third reviewer was added in situations of disagreement to determine
final inclusion.

After identifying all the relevant articles, the full text was screened to identify the management
practices proposed. Duplicate practices were synthesised into a single entry.

We divided practices into two main groups: general management practices and specific practices.
In order to categorise specific practices according to their sustainability, we developed the reference
framework in Figure 2 based on the ‘waste hierarchy’ proposed by the European Union [36] and its
extended version, the ‘resource hierarchy’ [37].

1
PREVENT - ELIMINATE

2
MINIMISE - REDUCE

\\REUSE -RECYCLE /
\_ -RECOVER /
R //

A\ 4

Figure 2. Energy and environmental management practices hierarchy. Adapted from [36,37].

From the sustainability point of view, the preferred option is to prevent or eliminate the
consumption of a resource or an adverse environmental impact. Therefore, we classified as Type 1 all
the practices that eliminate an energy demand or environmental impact altogether. These practices
are generally concerned with the efficient design or redesign of the production plant or its facilities,
or the shift to a cleaner fuel or material. They are usually carried out ‘una tantum’. Type 2 practices
are those that enable the use of less resource to meet the need or to reduce/minimise the connected
environmental impact. They are usually activities performed on an ongoing basis. Minimisation is
clearly a less-sustainable option, and thus less preferable, than elimination. Finally, Type 3 category
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includes all the practices that deal with the reuse, recycling, or recovery of resources. This means
re-introducing the resource into the same flow, using it in a different flow, or capturing some residual
value. It is necessary to underline that the adoption of Type 1, Type 2, or Type 3 practices does not
ensure that a foundry is actually sustainable, since there are other environmental, social, and economic
aspects to consider. The above-mentioned practices are only able to contribute to foundry sustainability.

4. Results

The practices identified through the literature review are synthesised into tables. Tables 1 and 2
present general management practices for energy management and for environmental management,
respectively. They consist of high-level principles, which could be applied across all industries. The
general energy and environmental management principles are then operationalised into more specific
practices, i.e., activities, procedures, and routines. Due to length constrains, the tables listing all specific
practices are not included in the paper but are available as supplementary materials. In particular,
Table S1 gathers the practices common to all process steps in a cast iron foundry, Table S2 provides the
practices specific to each step, and Table S3 summarises the management practices for utilities and
support processes. In Tables S1-53, for each theme, Type 1 practices are listed first, followed by Type 2
and Type 3. In this paper, we provide only a summary of the specific practices. Indeed, Table 3 shows
an overview of the themes tackled, along with information on the references and the number and types
of practices identified.
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Table 1. General energy management practices.

8 of 18

Scope

Practice

References

Energy management system

Manage energy, adjusting and optimising it, using systems and procedures to reduce energy
requirements per unit of output by keeping constant or reducing the total costs of producing the
output from these systems. The energy management consists of planning, execution, and control steps.

[3,6,11,13,15,16,21,38-50]

Implement an Energy Management System (EnMS), specifically according to standard ISO 50001 [2]
and integrate it into the broader industrial management system.

[2,6,16,22,29,38,40—43,45,47 48,51-56]

Energy policy and programs

Have a long-term energy strategy and define an energy policy stating the organisation’s commitment
to achieve energy performance improvement.

[2,15,16,40-42,45,46,48,51,57]

Plan energy targets and objectives and develop an energy management program, also based on the
results of the implementation of a self-assessment tool (e.g., Energy Management Matrix by Carbon
Trust [58]).

[16,22,30,38,40-43,45-48,51,55,58—60]

Energy audits

Conduct in-depth energy audits (also called energy analyses or diagnoses), preferably according to
international standards, to identify where and how much energy is consumed in an existing facility,
building, or structure, and to ensure it is used and controlled efficiently.

[6,13,16,22,28,29,39-42,44-50,52,53,57,61-71]

Energy monitoring, measurement and

Quantify the theoretical energy requirements, monitor and control the amount of energy used
(defining energy indicators, i.e., Key Performance Indicators, KPIs, or Energy Performance Indicators,
EnPIs) to determine where and how energy is being consumed and how efficient are the processes.

[3,4,6,11-13,16,21,28,29,40-42,45-49,52,53,58,61,63,69,72-81]

control Particularly, refer to standard methodology, e.g., EN 16212 [72], ISO 50001 [2], ISO 50006 [73], for cost
and energy savings calculations.
Use benchmarking to compare the energy efficiency performance of own processes with those of
Energy benchmarking others (industry average or best-practice benchmark), with own performance at an earlier time [2,4,16,22,28,38,40,42,46,52-54,58,75,32-84]

(historical benchmark), or with own similar processes (company-wide or internal benchmark).
Particularly, refer to an energy efficiency benchmarking methodology according to EN 16231 [82].

Training, communication and
involvement

Keep employees informed and increase their training, conduct seminars or awareness sessions for all
operators, communicate the results, and support the behaviour change, also through incentives.

[2,3,6,16,22,30,38,40-43,45,48,49,51,52,59,61,85,86]

Assure commitment from top management to support the energy programs.

[3,16,40-42,45-47,52,57]

Continual improvement

Continually improve the energy management: consider the energy management as a process and not a
project which eventually comes to an end. Refer to frameworks, tools and strategies typical of the
quality management, e.g., PDCA (Plan Do Check Act) or 7Epsilon.

[2,16,41-43,45,48,53,61,76,87]

Energy modelling and simulation

Use computer programs and software tools for modelling and simulation of process operations and
energy flows to identify energy saving opportunities.

[1,6,11,16,22,30,32,40-42,46,48,53,61,63,75,80,81,85]

Energy manager and/or team

Employ a (full-time) energy manager, close to the CEO, responsible for energy consumption, internal
communication, and effectiveness of the energy management program and equipped with the
necessary authority for energy efficiency investments.

[3,15,16,21,38,41,48,49,51]

Form an energy team (or Energy Management Committee, EMC) with personnel in operation,
maintenance, administration, management, financing, and governing.

[2,16,41,45]

Assess the possible support of an Energy Service Company (ESCO) in providing technical and
economic information about energy management solutions and managing the interventions.

[42,51,57]
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Table 2. General environmental management practices.

Scope

Practice

References

Environmental management system

Manage environmental aspects using systems, procedures, practices, and services to avoid, reduce, or
control the creation, emission, or discharge of any type of pollutant or waste, reduce adverse
environmental impacts, and enhance environmental performance.

[5,6,22,26,42,48,88-92]

Implement an Environmental Management System (EMS), particularly according to standard ISO
14001 [5] or adopting the EU Eco-Management and Audit Scheme (EMAS) [93] and integrate it into the
broader industrial management system.

[5,6,22,26,41,42,48,53,88,89,91,94]

Environmental policy and programs

Have a long-term environmental strategy and define an environmental policy stating the
organisation’s commitment to achieve environmental performance improvement.

[5,6,26,42,81,88,94,95]

Plan environmental targets and objectives and develop an environmental management program to
prevent or mitigate adverse environmental impacts from both normal operations and emergencies.

[5,6,26,41,88-90,95,96]

Environmental audits

Conduct in-depth environmental audits on a regular basis to analyse key characteristics of operations
and activities that can have significant environmental impacts and/or compliance consequences.
Conduct environmental audits (internal and/or external-supplier or third-party auditing) according to
1SO 19011 [68].

[5,6,26,42,68,88,90,95,97]

Environmental monitoring,
measurement and control

Quantify, monitor, and control resources consumption, the amount of waste, and emissions, preferably
with a continuous monitoring, to determine where and how resources are consumed and where and
how waste and emissions are produced.

[5,6,26,42,47,77,88-92,96-99]

Environmental benchmarking

Use benchmarking to compare the environmental performance of own processes with those of others
(industry average or best practice benchmark), with own performance at an earlier time (historical
benchmark), or with own similar processes (company-wide or internal benchmark).

[6,22,26,77,88,90,91,97-99]

Training, communication and
involvement

Internally and externally communicate information relevant to the environmental management;
increase the employees’ competence on and the awareness of environmental aspects and impacts
associated with their work. Permanently motivate co-workers.

[5,6,22,26,41,61,88,89,91,94,95,97-99]

Assure commitment from top management to support the environmental management programs.

[5,6,26,41]

Continual improvement

Continually improve the environmental management. Refer to frameworks, tools, and strategies
typical of the quality management, e.g., PDCA.

[5,6,26,41,42,53,91,92,97,98]

Environmental modelling and
simulation

Use computer programs and software tools for modelling and simulation of operations and flows to
evaluate actual and predict potential level of resource consumption or waste/emissions (particularly
CO; or dispersion model) and identify environmental opportunities.

[6,30,48,61,77,81,90]

Compile and evaluate inputs, outputs, and potential environmental impacts of a product, process, or
system throughout its life cycle using Life Cycle Assessment (LCA), specifically according to ISO
14040 [100] and ISO 14044 [101].

[6,94,98,100-102]

Environmental team

Set up an environmental team responsible for EMS implementation and monitoring and for
establishing and achievement of environmental programs.

[

o)

]

90of 18
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Table 3. Overview of specific management practices.

10 0of 18

Group Process STEP Theme References Type Total
1 2 3
Process integration [22,42,53] 1 1
Recycling [22,26,41,61,90,92,94,96,103,104] 2 4 6
Management of flows [26,92] 1 1
Storage and handling [26,61,74,78,89,92,96,105] 13 4 1 18
Planning and scheduling [21,26,29,30,41,47,48,53,55,74,78,86-89] 5 5
Insulation [22,28,40,63,96] 1 1
Tidiness and housekeeping [26,40-42,53,61,89,92,94,96] 2 2
Common All Maintenance [26,40-42,50,52,53,61,87,89,92,94,96] 6 6
Noise mitigation [26,92] 4 1 5
Wastewater management [26,90,92,96] 5 2 1 8
Equipment layout [41,61,105] 3 3
Yield [26,41,46,47,55,61,63,69,85,86,92] 1 2 3
Air emission management [26,41,46,55,74,89,90,92,96] 9 7 1 17
Control of processes [42,53] 2 2
Heat recovery [12,22,26,28-31,40-42,46 47,52, ,59,63,69,74,86,92,96,106-108] 2 2
Decommissioning [26] 1 1
Equipment layout [12,13,41,42,4¢ 9,74,78,105] 4 1 5
Maintenance [3,26,30,41,42,46,50,52,55,61,63,69,74,78,87,92,96,105,109] 1 5 6
Planning and scheduling [11-13,26-30,41,52, 8,59,61,63,74,75,78,83,86,92,105,107] 8 8
Heat recovery [74] 1 1
Tidiness and housekeeping [41,55] 2 2
Insulation [12,13,26-30,39,41,42,46,50,52,55,59,61,63,69,74,78,83,92,105,108,109] 4 2 6
Procedures and training [26,28,29,46,74,105,109] 3 3
Melting Power management [12,13,26-29,42,46,55,58,63,69,74,78,86,87,92,96,105,108] 5 9 14
Melting temperature [12,26,28,29,41,42,46,55,69,74,78,92,96,105,109] 4 4
Air-fuel ratio [42,55,96] 1 1
Air emission management [26,92,96,108] 2 1 3
Monitoring [28,29,41,109] 1 1 2
Feedstock [12,22,26-30,41,46,50,52,53,55,58,61,69,74,78,87,92,94,96,105,107,109] 1 8 9
Slag [26,74,78,87,92,109] 3 3
Charging [12,26,27,30,41,53,55,61,74,78,92,105,109] 17 17
Lubricants, solvents, and coatings [26,89,92,96] 4 4
Step-specific Binder use [26,55,61,89,90,92,96,110] 2 11 13
Sand management [26,41,61,63,87,89,90,92,96,102,103] 4 5 3 12
Cores [26,41,46,59,92,103] 6 2 8
Moulding Flasks [61] 2 2
Ovens [41] 2 2
Air emission management [26,89,90,92,96] 2 2
Design [41] 1 1 2
Tidiness and housekeeping [26,92,96] 1 1
Design [26,30,41,53,55,59,61,69] 1 4 5
Air emission management [26,89,90,92] 2 2
Casting Sand management [61] 1 1
Ladles [12,26,28,30,41,46,50,52,53,55,61,63,69,78,87,92,105] 4 7 11
Air emission management [26,89,92] 3 3
Finishing Heat treatment furnace [26,41,52,63] 6 5 1 12
Noise mitigation [92] 3 3
General [13,21,22,41,42,48,55,61-63,74,78,89,92,96,110,111] 2 3 5
Compressed air [13,21,22,29,30,40-42,46,50,52,53,55,63,78,83,86,87,110-112] 13 5 1 19
Lighting [21,29,30,40-42,46,52,53,55,61,62,78,110,111] 9 9 18
Heating, ventilation, and air [26,40~42,46,52,53,55,78,96,110] 18 13 1 32
conditioning
Pumps [42,55,78,92] 16 3 19
Utilities and . Steam systems [42,46,104] 5 7 5 17
services Fuel [22,26,40,42,47,53,96,104,113] 3 1 4
Chillers and cooling systems [40,46,53,78] 3 4 7
Electrical distribution system [13,62,87,111] 2 7 9
Water [26,41,61,90,92,96] 8 3 2 13
Vacuum [46] 2 2
Vehicle movemepts and [26,41,42,92] 5 4 6
transportation
Total 184 190 25 399

5. Discussion

Two main categories of practices could be identified in the literature: general management

practices and specific practices.
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The general management practices consist of high-level cross-industry principles that deal mainly
with the adoption of a management system and its essential elements. Indeed, one of the most
promising means of reducing energy consumption and related energy costs is implementing energy
management in an organisation [16]. A formal energy management system could be certified according
to standard ISO 50001 [2]. Analogously, a formal environmental management system could be certified
according to ISO 14001 [5]. Although these general practices represent the set of requirements to
implement a management system for improving energy and environmental performances, they can
also be adopted individually. The themes are those characteristic of all management systems: policy
and programs; audits; monitoring, measurement and control; benchmarking; training, communication
and involvement; continual improvement; modelling and simulation; manager and/or team.

The second category of practices includes specific practices, i.e., specific activities, procedures, and
routines that represent the translation of general energy and environmental management principles
into more specific operating instructions. A total of 399 specific practices have been identified through
our literature review. They can be further divided into three groups: 81 practices common to all process
steps in a cast iron foundry, 167 practices step-specific, 151 practices for utilities and support processes.

Among the management practices common to all foundry process steps, storage and handling, air
emission management, wastewater management, maintenance, and recycling appear as the themes
with the highest number of practices proposed in the literature. Almost all of them deal mainly
with environmental impact. For example, careful storage and handling of materials inside a foundry
could reduce the spill risks and minimise dust emissions. Only maintenance concerns mainly with
energy efficiency. High interest in the maintenance practice is justified by the fact that investments in
energy efficient technology generate improved efficiencies, but without maintenance and continuous
monitoring the total efficiency potential cannot be attained [15].

As expected, the largest number of step-specific practices is found in the melting department
(84 practices). Indeed, the energy efficiency of any metal casting facility depends largely on the
melting processes [13,30], since induction furnaces are responsible for up to 80% of the whole energy
consumption of the factory [110]. In the set of melting practices, charging takes on particular importance:
the majority of the emissions occurs during charging and depends on the charged material’s cleanliness
and composition.

The third group of specific practices relates to utilities and support processes. Although the energy
need for service plants represents in a foundry a minor fraction, around 5%-10% of the whole energy
consumption, the absolute amounts are relevant [111]. The utilities with the highest number of practices
available for the foundry process to improve energy efficiency and reduce adverse environmental
impact are heating, ventilation and air conditioning, compressed air, and pumps. This is not surprising
since these are all among the most energy-consuming services in a cast iron foundry [110]. On the
contrary, it seems that only limited attention in the literature has been devoted to lighting, steam
systems, and cooling systems despite the significant energy consumption required for their operation.
In addition, only a very few practices are available for the vacuum and transportation systems. The
large majority of the practices related to service plants identified for cast iron foundry could also be
adopted in other production contexts. The opposite way is also true. Since service plants are recognised
as important areas for efficiency improvements in many other industrial and commercial sectors, future
research could focus on identifying service plant management practices in other industries and suggest
their use in foundry.

Unfortunately, the level of detail provided by the literature for the different practices is not
homogeneous. Some practices are high level and generic, e.g., “Select less noisy engineering equipment”,
others very specific and detailed, e.g., “Invert pouring ladles 90° or 180° prior to heating”. In the first
case, the practice could be difficult to implement because it does not provide guidance on how to carry
out the activity; in the second case it could be risky to implement the practice because it is not clear
whether the strict advice is valid in every context or subject to some specific conditions.
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The expected outcome of each practice or the effort required for its implementation are discussed
only by a few reference sources and usually in qualitative terms. This is the reason why this information
has not been summarised in this review. However, this represents a major gap in the literature, since it
is not possible to clearly prioritise which practices to adopt based on the ratio between implementation
cost and potential benefits in terms of energy efficiency or adverse environmental impact reduction.

In order to partially overcome this prioritisation issue, an attempt has been made in this paper to
classify the different practices according to their sustainability. Type 1 practices represent the most
preferable alternative because they aim at eliminating an energy demand or environmental impact
altogether. Type 2 practices are the second choice from a sustainability point of view since they
only try to reduce or minimise the consumption of resources, while Type 3 are the least preferable
category because they only focus on the reuse, recycling, or recovery of resources. The large majority
of the practices identified in our review have been classified as Type 1 (184) or Type 2 (190), while
only 25 practices are Type 3. This result is encouraging since it suggests that energy efficiency
and environmental impact reduction in cast iron foundries are approached mainly through highly
sustainable practices. The high maturity of the foundry industry and its increasing awareness towards
sustainability issues are confirmed also by the large number of practices identified and the wide range
of themes covered.

6. Conclusions

We conducted a scoping literature review of the management practices for energy efficiency
improvement and adverse environmental impact reduction in cast iron foundries. A large number
of practices suitable for each foundry production and non-production process have been returned
by the review. These have then been classified according to theme, process step of applicability, and
sustainability type.

The main contribution of this paper is having highlighted the possibility of achieving energy
efficiency improvement and adverse environmental impact reduction without the need of costly
technology investments, promoting the adoption of management practices as an effective lever to this
aim. The review has demonstrated that a multitude of practices are available, either specific to the
foundry industry or applicable across all industries. Furthermore, the summary tables of results may
represent a valuable instrument for managers interested in appropriately selecting and implementing
the most suitable practices for achieving energy savings and enhancing environmental performance to
improve sustainability in foundries” activities.

Another contribution has been the proposal of a reference framework for the classification of
practices according to their sustainability. The results have shown that the practices proposed in the
literature focus mainly on avoiding or reducing resource consumption, rather than on recovering
residual value, thus confirming the high maturity of the foundry industry. The classification could also
help practitioners in the difficult task of prioritising the practices to implement.

Unfortunately, we could not discuss in depth each identified practice, but the list of references
provides useful and additional insights for a proper adoption of every practice. Since the quantity
of data to manage was huge, breadth (trying to cover all available material) was considered more
important than depth (providing a detailed analysis and appraisal of a smaller number of studies).
However, due to the broadness of the research questions, some studies of interest could have been
overlooked. Among the limitations of scoping studies, and also of this review, are the lack of formal
appraisal of the quality of included research and the issue of ‘synthesis’, i.e., the possibility to provide
only a narrative description of results.

Future research could overcome the limitations of this paper, for example investigating the effort
required to implement each practice. Data on the potential benefits in terms of energy efficiency
improvement and adverse environmental impact reduction achievable by the company through the
implementation of each single practice should also be collected.
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