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Abstract
Sustainable manufacturing methods make it possible to develop products in ways which
minimize negative environmental impacts, conserve energy and save natural resources whilst
being economically sound. The concepts of sustainability in manufacturing being are still fairly
broad, in scope, and need to be more focused and firmly established at the process, machine or
factory levels. This project proposes a structure for manufacturing with a main objective to
develop a sustainability framework which encompasses various production processes.
Structured information models for the seamless flow of information across the design and
manufacturing domains, for selected manufacturing processes, are defined. The thesis work
identifies key performance indicators (KPIs) for the assessment of manufacturing sustainability
and performs analysis of selected unit manufacturing processes and their sub-processes with
the aim of proposing a methodology for determining science-based measurements of the
manufacturing processes affecting these KPIs. The theoretical foundations established are then
used to develop a model that could evaluate sustainability of selected manufacturing processes
and their respective process plans providing a basis for inter-process comparison and selection
of the most sustainable process plan. The proposed framework is presented in form of a
manufacturing planning computer-based package which is designed to to consider different
influencing factors such as product information, part geometry, material related physical and
processing properties and the manufacturing equipment operating data. The thesis presents a
number of case studies which have been published in international journals. The case studies
present estimates of the manufacturing sustainability KPIs for a number of production methods.
These estimates have been verified with available shop floor data. The work in the thesis makes
it possible to establish manufacturing industry equipped to deal the challenges of the future
when sustainability will be the major factor up on which the quality of success will be
determined.
Keywords:

Sustainable

manufacturing

assessment,

Key

performance

indicator,

manufacturing process, evaluation, improvement.
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1.1 Manufacturing processes
Manufacturing is the production of different products for use or sale using different type of
machines, tools, chemical, manpower and biological processing, or formulation. The term may
refer to a range of human activity, from handicraft to high tech, but is most commonly applied
to industrial production, in which raw materials are transformed into finished goods on a large
scale whereas manufacturing process are the steps through which raw materials are transformed
into a final product. The manufacturing process begins with the product design, and materials
specification from which the product is made. These materials are then modified through
manufacturing processes to become the required part.
In its earliest form, manufacturing was usually carried out by a single skilled artisan with
assistants. Before the Industrial Revolution, most manufacturing occurred in rural areas, where
household-based manufacturing served as a supplemental subsistence strategy to agriculture.
Entrepreneurs organized a number of manufacturing households into a single enterprise
through the putting-out system. However, any manufacturing industry is a combination of
various unit processes that include both input as well as output information related to product.
Input module includes information related to machine, material and various types of energy
that is required to operate the machinery. While, the output module contains the finished
product along with several types of wastages.
Unit processes are linked in such a manner that the output of one process becomes the input
for another. The output characteristics of the final product include outcome of each unit process
along with proper sequence of machines. Figure 1 shows the general discerption of input/output
parameters of a manufacturing process.

Figure 1.1: Input/output diagram of manufacturing process.
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The manufacturing process used in engineering industries basically consider shape and size of
the work piece, physical and chemical properties of the work pieces as well as surface finish
and dimensional accuracy. Based on the nature of work involved these processes may be
divided into following types as shown in figure 1.2.

Figure 1.2: General manufacturing processes (Ashby, 2004).

For the optimization of unit process, proper control of process parameter such as energy use,
scrap produce, various type of cost optimization is essential. In addition, customer’s
satisfaction and healthy environment for workers also increase the outcome of each unit
process.
1.2 Sustainable Manufacturing
According to the U.S. Department of Commerce, sustainable manufacturing is defined as “the
creation of manufactured products that use processes that minimize negative environmental
impacts, conserve energy and natural resources, are safe for employees, communities, and
consumers and are economically sound” (US Department of Commerce, 2009). The ideas of
sustainability in manufacturing being very broad in scope, still demands it to be firmly
established at the process, machine or factory levels.
Sustainable manufacturing plays a vital role in the manufacturing of economic, social and
environmental friendly products. In product sustainable development, factors such as energy
consumption, material wastage, several types of emissions and less use of non-renewable
resources is to be targeted (Seow & Rahimifard, 2011).
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Sustainability concept has been found to have an enormous impact on growth of any nation as
it aims at integrating their economic, environmental, and social aspects with supply chain
management systems (ASTM, 2017). The manufacturing performance is the primary
determinant of the growth of any organization. As far as India’s manufacturing sector is
concerned, it accounts for 14–18 % share in Indian GDP and thus, becomes necessary to give
proper consideration for the growth of Indian economy (World Development Indicators, 2015).
The organizations are already burdened with an immense pressure to minimize the impact of
their manufacturing activities on the environment while at the same time maintaining social
and economic aspects (E & S, 2011). The need for implementing sustainable manufacturing
(SM) initiatives, however, further escalates due to ever increasing consumption of nonrenewable resources along with generation of wastes and pollution at large scales (Gungor &
Gupta, 1999).
With the increasing cost and scarcity of natural resources, saving the environment is getting
more attention of the policy planners. The major environmental damage sector in the world
are: industrial, transportation, residential and commercial sectors. Around one third of CO2
emissions comes from industrial sector in which manufacturing is a major part. Energy, CO2
emissions and material wastage are important indicators for assessing sustainability
performance of manufacturing.
Manufacturing industries need to consider and initiate the implementation of sustainable
frameworks and tools to improve their economic benefit and environmental performance
(Wang, Lin, & Su, 2016). To help the industries, it is pertinent to develop the needed
measurement science methodologies and related standards to evaluate and improve
sustainability of manufacturing processes. Focusing on energy alone, the U.S. industrial sector
consumes about 31 % of the total energy (Mani, Jones, Shin, & Sriram, 2008).
Making a successful transition to this new arena of competition will require planning and
organization as well as new technology development for the manufacturing firm. Similar to
transition to “Lean Manufacturing” there is some debate over the details, but there is a broad
consensus on the basic steps to sustainable manufacturing. The very first step is to collect data
related to manufacturing processes. This includes identification and accounting for materials,
energy, and wastes, compliance with regulations, and the reduction of toxics. The next phase
involves developing life cycle thinking, working with suppliers, and improving efficiency in
the use of materials and energy. This can save both on input related costs, as well as output
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costs, by reducing wastes and emissions. To go beyond these phases requires a corporate
strategy to target opportunities and an organizational structure to facilitate this implementation.
Organizationally, this can be a much more difficult step. To help with this transition, a wide
range of organizations, consulting groups and professional activities have become available
and are increasing. However, some organizations have found that previously developed
systems for either Lean Manufacturing and/or Quality Control (e.g. Six Sigma) can be
successfully adapted to this new purpose (Psychogios, Jane , & Tsironis, 2012).

Figure 1.3: The concept of sustainable manufacturing (Kellen et al, 2011).

1.3 Sustainability Indicators
A sustainability indicator is a single parameter used to measure the condition of an aspect in
sustainability, such as CO2 emission or energy use (Jayal, Badurdeen, Dillon, O, & Jawahir,
2010). In order to successfully assess sustainability, sustainability indicators should be clearly
defined according to the purpose and scope of sustainability assessment. Sustainability
indicators help measure & assess sustainability and provide basis for it improvement. Working
on an objective requires at all times a view of its status, progress made towards it and the issues
to be resolved while achieving the set goals.
Sustainability Indicators are mainly classified into three types: environmental, economic and
social as shown in figure 1.4.
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Figure 1.4: Sustainability as the intersection of its three key parts (Rosen & Kishawy, 2012).

Indicators are what one needs to help identify them all. Sustainability indicators help measure
and assess sustainability and provide a basis for its improvement. There is a fair difference
between the indicators of sustainability and the traditional indicators of economic, social and
environmental progress. Unlike the sustainable indicators of community that determine the
weak links between the economic, environmental stewardship and society, and suggesting
solutions to the problems, the sustainability indicators identify the relations among the three
aspects of sustainability and the factors affecting them (Vimal & Vinodh, LCA Integrated ANP
Framework for Selection of Sustainable Manufacturing Processes, 2016).
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Figure 1.5: Relations between social, environmental and economic parts of sustainability (Rosen &
Kishawy, 2012).

Various Methods and software (Gabi, Umberto, Quantis Suite 2.0 and SimaPro) have been
developed for sustainability assessment on the basic of different aspects.
The work featured in this thesis will describe a system development for a number of selected
manufacturing processes in sustainable manner. These specific processes have been selected
due to similarity in process as well these processes are carried out in same sequence of
operations. The aspects which are considered for sustainability assessment in this work are as
follows;
(i)

Different types of energy resources

(ii)

Energy usage at various stages with variation in employed power

(iii)

Number of materials

(iv)

Wastage of material at different levels

(v)

Labor cost

(vi)

Product manufacturing cost

(vii)

Cost of tooling and equipment’s (Singh & Sultan, 2017).
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1.4 Background of Manufacturing Industries
It is undoubtedly true that every manufacturing industry has always affected the environment
and will continue doing so in one or the other ways, demanding ongoing research in the area
of sustainability. Moreover, manufacturing industries are facing tough competition due to
increasing raw material cost and depleting natural resources. There is also an increasing
pressure on the industry to produce environment friendly products using environment friendly
processes. To address these issues modern manufacturing industries are paying more attention
to sustainable manufacturing approaches.
Our goal is to achieve continuous improvement in sustainability performance of manufacturing
companies. To propose more sustainable manufacturing frameworks, the industry needs more
detailed knowledge of the three pillars of sustainability (i.e. environmental, economic and
social). This project work has been motivated by the need to propose a framework and tools
for sustainable manufacturing assessment to increase the product overall sustainability and deal
with the environmental, social and economic challenges.
1.5 Regulations for Sustainable product development
At its broadest, ‘regulation’ means the actions and requirements of government that are
intended to change the choices and actions of individuals, community organizations and
businesses. It includes rules backed by government authority (e.g. legislation) and the activities
of regulators, such as approval processes and enforcement activity.
Regulation can also be viewed as a continuum with mandatory rules enforced by government
at one end, and self-regulatory approaches at the other. Self-regulation typically involves
voluntary standards or rules being developed and enforced by industry. In such arrangements,
direct government involvement may be limited or non-existent. Government can also influence
the choices and actions of individuals and groups through non-regulatory approaches, including
through public information and education, incentives and program design (Faure & Neils ,
2014).
Environmental law, also known as environmental and natural resources law, is a collective
term describing the network of treaties, statutes, regulations, common and customary laws
addressing the effects of human activity on the natural environment. The core environmental
law regimes address environmental pollution (Axelrod, David, & Norman, 2005).
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Environmental impact assessment (EIA) is the assessment of the environmental consequences
(positive and negative) of a plan, policy, program, or actual projects prior to the decision to
move forward with the proposed action. In this context, the term "environmental impact
assessment" (EIA) is usually used when applied to actual projects by individuals or companies
and the term "strategic environmental assessment" (SEA) applies to policies, plans and
programs most often proposed by organs of state. Environmental assessments may be governed
by rules of administrative procedure, regarding public participation and documentation of
decision making, and may be subject to judicial review (Christopher, 1993). Based on
environmental sustainability, different environmental laws are mention in below paragraphs.
Environmental laws have been developed in response to emerging awareness of and concern
over issues impacting the entire world. While these laws have been developed piecemeal and
for a variety of reasons, some effort has gone into identifying key concepts and guiding
principles common to environmental laws as a whole. The principles discussed below are not
an exhaustive list and are not universally recognized or accepted. Nonetheless, they represent
important principles for the understanding of environmental laws around the world.
According to United Nations Environment Program, sustainability development is defined as
"development that meets the needs of the present without compromising the ability of future
generations to meet their own needs," sustainable development may be considered together
with the concepts of "integration" (development cannot be considered in isolation from
sustainability) and "interdependence" (social and economic development, and environmental
protection, are interdependent). Laws mandating environmental impact assessment and
requiring development to minimize environmental impacts may be assessed against this
principle (Grubb, 1993).
The modern concept of sustainable development was a topic of discussion at the 1972 United
Nations Conference on the Human Environment and the driving force behind the 1983 World
Commission on Environment and Development (WCED, 1987). In 1992, the first UN Earth
Summit resulted in the Rio Declaration, Principle 3 of which reads: "The right to development
must be fulfilled so as to equitably meet developmental and environmental needs of present
and future generations." Sustainable development has been a core concept of international
environmental discussion ever since, including at the World Summit on Sustainable
Development and the United Nations Conference on Sustainable Development (Middleton &
P, 2002).
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Metropolitan development is a crucial climate change issue as development influences the
levels of greenhouse gas emissions associated with transport, buildings and infrastructure
construction. Urban development strategies have potential to influence around 50% of
Australia’s energy use and greenhouse gas emissions. If we are to limit energy consumption
and its economic, social and environmental costs, while continuing to develop our economy, it
will be essential to decouple fossil fuel use from economic development. There is increasing
evidence that this can be done at low cost, or even with economic benefits (Turner, 1990).
Greenhouse gas (GHG) emissions drive global climate change, which is considered one of the
most important global challenges of the near future. The Intergovernmental Panel on Climate
Change (IPCC) announced in 2007 that climate change is due to GHGs released by human
activities and that carbon dioxide (CO2) is considered the most important GHG. IPCC
presented future scenarios that estimate the increase in the global average temperature and the
rise of the average sea level with different changes in global carbon emissions compared to the
year 2000 level. The worst case scenario is in the year 2050 that carbon emissions rate increase
from 90% to 140%, the global average temperature increases 4.9–6.1 degree centigrade and
the average sea level rises 1.0–3.7 meter (Climate Change: Synthesis Report, 2007). The
situation which requires special attention from all stakeholders.
According to recent studies, the building sector is considered to have the most feasible potential
worldwide for reducing the GHG emissions in the short term (McKinsey & Company, 2009).
Buildings’ share of the total worldwide energy consumption is approximately one third
(Huovila, Ala-Juusela, Melchert, & Pouffary, 2007). In Nordic countries, the heating of
buildings alone accounts for as much as two thirds of buildings’ GHG emissions (Junnila ,
Horvath , & Guggemos, 2006) (Kyro, Heinonen, Saynajoki, & Junnila, 2011). Institutional
arrangements, policies and practices with regard to greenhouse gas emissions and energy are
in a state of rapid transition. Restructuring of the electricity supply sector has contributed to
an increase of 6 million tonnes of CO2 per annum (almost 5%) above projected ‘business as
usual’ nationally by 1998. The implementation of many elements of greenhouse strategies has
also been slow and standards have been set at relatively low levels, as seen by very slow
progress on improving new vehicle fuel efficiency (Clapp & Peter, 2005). Other areas of
activity that contribute to greenhouse gas emissions include organic wastes, industrial
processes, agricultural practices, land use change and forestry practices. Stationary energy use
is influenced by a range of policies and programs, including urban planning, building control,
and appliance and equipment standards (Taylor & F, 1992).
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Energy use is responsible for almost 80% of Victoria’s greenhouse gas emissions. Almost all
growth in emissions between 1990 and 1998 has resulted from energy growth. Of the end-use
sectors, transport and manufacturing are the largest energy consumers, and both have
experienced strong growth in recent years. Emissions are dominated by road transport, which
uses over 85% of Victorian transport energy (Chasek, David, & Janet, 2006). Emissions from
both transport energy and stationary energy have increased by around 20% over the period,
with three-quarters of the growth in emissions from stationary energy coming from electricity
generation and use. The overall increase in emissions has been just over 5 per cent. There has
been significant growth in Victorian emissions since 1995, due largely to the increased
utilization of Victoria’s older brown coal-fired power stations since privatization. Residential
sector energy use is smaller than transport and manufacturing, but has grown strongly, with
over 40% growth between 1981 and 1998, compared with 32% for transport and 24% for
industry. Home heating and cooling, water heating, refrigeration and appliances are significant
(Elliott, 2004).
1.6 Review of Literature for the Sustainable manufacturing processes on the basis of the
three different aspects.
Earlier researchers investigated sustainability for various manufacturing processes by
considering different key performance indicators. In this research work, all efforts can be
categorized into three main types such as, methods and models design for sustainability,
modeling and simulation of manufacturing processes and optimization of manufacturing
processes. It is important to discuss each aspect from a sustainability point of view to evaluate
different manufacturing processes.
1.6.1 Methods and models to design sustainable manufacturing processes
The study of methods and models to evaluate sustainability for a manufacturing process is
required to identify the formulations for different sustainability indicators and choose the most
important indicators for manufacturing sustainability.

(Bhanot, Rao, & Deshmukh, 2016)

proposed a framework to analyze different machining processes based on environment and
economic indicators. The authors considered wet and dry turning conditions for this study. This
work also contributes towards the optimization of both the environment and economic
indicators such as cost per component and energy consumption by using different optimization
techniques. (Bourhis, Kerbrat, Dembinsk, Hascoet, & Mongal, 2014) proposed a new
methodology to calculate electricity consumption, solid wastage and usage of several type
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coolants for direct metal removal processes. This methodology is based on both analytical and
practical models and provides optimization for additive manufacturing with respect to
sustainable assessment. The limitation of this work is that it only considers direct metal removal
processes. (Chen, Thiede, Schudeleit, & Herrmann, 2014) proposed a sustainability assessment
tool for small and medium sized organizations based on the KPIs and identify importance of
each indicator. The tool informs the decision for improvement and provide ground for
comparison among different companies. A case study of a Swedish company has been
introduced to verify the assessment tool. (Ciceri, Gutowski, & Garetti, 2010) proposed a tool
to calculate product material and manufacturing energy as per a given BOM (Bill of materials)
and proposed a method of material processing for a product. There approach helps to determine
the energy consumed by manipulating present data from graphed data, empirical database and
bill of materials. The proposed tool took the bill of materials as input and based upon that input,
it identified the energy estimation of manufacturing processes. (Culaba & Purvis, 1999)
developed a software model for LCA of manufacturing processes considering flexibility and
decision-making approaches with the use of hybrid system. This model is used for evaluating
the sensitivity analysis for manufacturing processes. A case study of pulp and paper
manufacturing company was presented to verify the proposed model. (Dalquist & Gutowski,
2004a) proposed framework to evaluate environmental impact for the conventional die-casting
process. Different types of energy and material usage in die casting process are identified and
improvements are made to overcome environmental issues. Auxiliary processes like die
preparation, metal preparation, casting and finishing are included. A discussion was not
presented on how such heat- and waste- producing process as casting impacts the environment.
(Dalquist & Gutowski, 2004b) presented methodology for the sand casting process including
its all stages starting from mould preparation to final casting of a product. The methodology
calculated the amount of different types of wastage which occur in the sand casting process in
the form of liquid, gases and solid waste. It also determines the environmental impact of
different sub-processes such as mould and metal preparation, casting, finishing and recycling.
In their methodology, activities such as lighting and internal transportation have not been
considered. (Huanga & Badurdeena, 2017) proposed a framework for the evaluation of
sustainable manufacturing performance at the system level which contains a set of metric for
five different hierarchy. The 6R methodology and the three pillars of sustainability were
considered for selected metrics. 6R signify: Reduce, Reuse, Recycle, Remanufacturing,
Recover and Redesign. The metrics selected in this work were used for the development of an
index of enterprise level sustainability assessment and have been verified by a numerical
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example. (Jeswiet & Kara, 2008) proposed a methodology that made a connection between
electrical energy with the carbon emission for different manufacturing processes. A
methodology has been proposed to determine product related carbon emissions from the
electricity usage. This work concludes that carbon emission in the manufacturing processes
such as turning and open die forging are less than the waste produce by other processes. (Krajnc
& Glavic, 2003) introduced various sustainability performance indicators. These indicators are
categorized into social, economic and environmental indicators on the basis of industrial data
and other input factors such as energy, materials and water consumption as well as different
types of emission. This study mainly considers environment related indicators for sustainable
production system. A methodology developed for measuring sustainability indicators and a
strategic set of matrices for assessing the sustainability level of a company has been provided.
They collected and developed a standardized set of sustainability indicators for companies
covering all main aspects of sustainable development. To enable comparisons among
companies, they used ISO 31 as a guide to define the terms used in names and symbols for
physical quantities. The proposed indicators were not verified by manufacturing case study.
(Kim, Shin, Shao, & Brodsky, 2015) proposed a decision-guidance structure to improve
sustainability in manufacturing. This framework consists of six different phases: goal and scope
definition, collection of data, generate model, sustainability process analysis, implementation
and decision making. For implementation of this methodology step turning was performed on
a CNC machine. (Moldavska & Welo, 2015) developed an assessment tool on the basis of
system thinking to improve sustainability in manufacturing organizations. The proposed
framework demonstrated that that various tools like analysis of viewpoints, seven samurai,
conceptagon and model based system engineering can enhance the development of a
sustainable system. (Ocampo & Clark, 2014) proposed a framework that could be used by
decision makers into the manufacturing industries for making products in a more sustainable
fashion. A case study of a multinational semiconductor company was conducted to promote
sustainable practices to their decision-making staff. The proposed framework considers the
effect of internal and external factors in implementing sustainable manufacturing on the basis
of three pillars of sustainability: economic, environmental and social. The framework is
beneficial for manufacturing industries and produces better decisions at early design stages.
(Thirez & Gutowski , 2016) proposed an approach to identify the effect of different types of
machines on energy consumption. They accounted for the environmental impact of different
machines on the basis of energy supplied. A system level environmental analysis has been
carried out for injection moulding and it concluded that the emission rate for the injection

Singh, Karmjit

Page-13

moulding process is higher than the emissions produced by other processes such as
thermoplastic production and compounder. The authors calculated energy consumptions for
hydraulic, hybrid or electric injection moulding machines. (Vimal & Vinodh, 2016) proposed
a methodology which is combination of ANP with LCA for calculating the environmental
impact score and single point process sustainability. In this study, comparison of injection
molding (IM) and selective laser sintering (SLS) processes were considered to evaluate the
sustainability performance and choose the most sustainable process. This methodology is
beneficial for decision making in practical situations. (Vimal, Vinodh, & Raja, 2015)
considered shielded metal arc welding (SMAW) processes for sustainability improvement.
This work consists of two different approaches one for training of the workers and another one
for the minimization of wastage. The waste minimization and disposal strategy results are
utilized to improve environmental issues and motivate the use of recyclable materials. The
major aim of this work is to motivate manufacturing organizations to use sustainable
manufacturing practices in their processes and provide modeling approaches for economic
sustainability.
1.6.2 Modelling and simulation of sustainable manufacturing processes
Researchers also considered various modelling and simulation tools and frameworks to make
the product sustainable. (Feng & Joung, 2009) proposed a framework for quantitative
measurement of sustainability for machining operations. A science based methodology has
been proposed to calculate the various indicators of sustainable manufacturing. They take into
consideration carbon emission and energy use in their study. (Seow & Rahimifard, 2011)
proposed a framework that enables designers to select the most energy efficient materials and
processes. This work calculates the use of energy at both plant and process levels. Then the
amount of energy contribution for each unit manufacturing process is represented. After that a
model was proposed for embodied product energy (EPE) during manufacturing. The major
limitation of this work was that the proposed framework considers energy related indicators
only. (Kellens, Dewulf, Overcash, Hauschild, & Duflou, 2011-a) proposed a life-cycle analysis
oriented methodology for inventory assessment at the use phase of unit manufacturing
processes. The methodology consists screening and in-depth approach to perform engineering
calculations like energy use, material loss, time, power and emission study. To ensure optimal
reproducibility and applicability, documentation guidelines were included in both approaches.
The aim of this work was to provide high quality data for the use phase of unit manufacturing
processes. (Kellens, Dewulf, Overcash, Hauschildl, & Duflou, 2011-b) presented two case
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studies for the implementation of LCA oriented methodology. For the screening approach, a
case study of a drilling process was considered to calculate the energy use and material loss.
For the in-depth approach, a laser process was considered to calculate the environmental impact
as well as to present a time and power study. (Madan, Mani, Lee,, & Lyons, 2014) proposed a
methodology for energy calculation, benchmarking and performance evaluation and
improvement for manufacturing sub-processes. The methodology includes a number of factors
related to design, manufacturing equipment and part geometry. The system which was
developed with GUI (Graphical User Interface) helps the user to follow the steps of the
proposed methodology. For the implementation of the proposed methodology, the authors
considered injection moudling as an example. (Lee, Kang, & Noh, 2014) introduce MAS2,
which is a modeling and simulation-based approach for sustainability in manufacturing
industries. The requirements that are essential for evaluating the sustainability performance of
manufacturing industries are introduced. This paper has provided a way to assess the
sustainability performance by combining sustainability concepts with engineering technologies
using mathematical modeling. It can be considered as a practical and efficient guideline for
accomplishing sustainable manufacturing for manufacturing industries. (Zhang, Zhu, Li,
Yaman, & Roy, 2015) developed a process-oriented Information Model (PIM) to integrate the
relevant information regarding the sustainable manufacturing with the product design
information. A three-layered framework is also developed for the utilization of the proposed
PIM in a software environment. For implementation of proposed PIM model a case study has
been presented. This work is a useful tool for product designers in making sustainability related
decisions at the early design stages.
1.6.3 Optimization of sustainable manufacturing processes
Some researchers considered process parameters optimization for different sustainable
indictors to make the product more sustainable. (Alvarez, Barcena, & Gonzalez, 2017) mainly
focus on the sustainability of machining processes. This work has been achieved on the basic
of the pillars of sustainability, economic, environmental and equity as an opportunity to
improve towards excellence and present more reliable and useful solutions. The authors
proposed a framework to assess the sustainability in machining processes. (Jayal, Badurdeen,
Dillon, O, & Jawahir, 2010) presented an overview of the current tools and methodologies for
evaluating sustainability contents at the product, process and system levels. The authors
consider dry, near-dry and cryogenic machining as examples for optimization of sustainable
manufacturing processes. This work proposed some sustainability scoring methods that are
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beneficial for the improvement of product sustainability. The major limitation of this work is
lack of metrics to quantity the extent of environmental and social impacts. (Tang, Mak, &
Zhao, 2016) proposed a framework which can integrate a design stage in LCA for minimizing
the product environmental impact of AM process. The authors choose binder-jetting process
as a case study for this work. This framework has been applied to evaluate the environmental
impact of fabricating an engine bracket by the binder-jetting process. Also, a comparison
between the CNC machining and the binder-jetting process is presented. (Yoon, Lee, Kim,
Kim, & Kim, 2014) proposed a methodology for calculating energy consumption of three
different manufacturing processes. The authors consider conventional bulk-forming,
subtractive, and additive manufacturing (AM) processes for their work; and presented case
studies for the three manufacturing processes, to provide practical examples of energy
consumption. A comparative study was presented in this work.
The sustainability assessment tools like SimaPro and GaBi use LCA as their common
assessment methodology. These applications give engineers a start in making environmentallyrelated decisions in their design, manufacturing and quality domains. But LCA applications
cannot support system, process, or machine level sustainable manufacturing decision making.
(Reap, Roman, Duncan, & Bras, 2008) developed a Visual Basic application with the capability
to assess and compare the sustainability impacts of alternative manufacturing process flows.
The application was built upon the UMP characterization method. The application provided
solutions without requiring sustainability information from the user, a design element
previously identified as necessary for widespread use of such tools. (Chiu & Kremer, 2011)
recently noted that industry is reticent to adopt new applications without substantial
improvements in the accuracy of the underlying UMP models and manufacturing system
models. They proposed an information modeling framework to assist the composing of UMP
models for sustainable assessment. The first step in developing such calculations was the
identification of useable sustainability metrics. The metrics used herein were first proposed for
use in a method by (Eastlick,, Sahakian, & Haapala, 2011) expanded by (Eastwood, Haapala,
& Carter, 2013) and implemented by (Garretson,, Eastwood, & Eastwood, 2014). However,
for comparison purposes, the results are then normalized by some methods. These methods
were proposed by a set of methodology which consists of a number of steps for manufacturing
assessment. The method of composing UMPs was later expanded by (Smullin, Garretson, &
Haapala, 2016). The method borrows computer science techniques to standardize UMP
composability and information capture and use. The main outcome of this work will be to
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provide inter-process sustainability comparison for manufacturing processes and provide
solution for decision making at early design stages. Examples of multicriteria decision making
approaches have been reported by (Zhang, Zhu, Li, Yaman, & Roy, 2015).
A comparative summary of key papers related to this work is explain in table 1.1. Besides
comprehending and differentiating the scopes of papers presented by various authors, the
literature review sought to assimilate and compare proposed methods, evaluate their strengths
and weaknesses and identify research gaps.
Table 1.1: A comparative summary of the key papers
S.
No.

Name of
Author’s/
Year

Title

Objective

Scope

Approach

Limitation

1.

(Zhang,
Zhu, Li,
Yaman, &
Roy, 2015)

Developme
nt and
utilization
of a
processoriented
information
model for
sustainable
manufactur
ing.

Develop
process-oriented
Information
Model (PIM) to
integrate the
relevant
information
regarding the
sustainable
manufacturing
with the product
design
information.

Manufact
uring
process
sustainabi
lity
informati
on

Determines manufacturing
process specific
sustainability information ,
such as energy

Does not
support a
science
based
sustainabili
ty
determinati
on for
manufactur
ing.

Key
performanc
e indicators
for
sustainable
manufactur
ing
evaluation
in cement
industry.

Proposes a set of
Key
Performance
Indicators
(KPIs) for
evaluating the
sustainable
manufacturing
for cement
industry based
on the triple
bottom line.

Selection
of KPIs
for the
cement
industry

2.

(Elita &
Annike ,
2015)
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Represents the sustainability
information with the help of
information model
Facilitates use of process
information model
sustainability data for
product design for
assessment
Identifies the initial key
performance indicators
(KPIs) for sustainable
manufacturing evaluation.
The initial KPIs are then
validated to industry
practices.
Applies the Analytical
Hierarchy Process (AHP)
method is to prioritize the
performance indicators by
summarizing the opinions of
experts.

This work
only
include
opinions
based
methodolog
y for
sustainable
manufactur
ing.
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3.

(Lee, Kang,
& Noh,
2014)

MAS2: an
integrated
modeling
and
simulationbased life
cycle
evaluation
approach
for
sustainable
manufactur
ing.

A model has
been introduced
for life cycle
sustainability
evaluation.

Provides
a basic
foundatio
n for
assessing
sustainabi
lity at
factory
level.

Suggests the essential
requirements for evaluating
the sustainability
performance of
manufacturing industry.

Collection
of data
from shop
floor and
this data
collection
takes long
time.

Generates a sustainability
model using
A theoretical foundation
comprising 20 principles
Key performance indicators
identified on the basis of
principles, Manufacturing
Sustainability Index (MSI)
introducing the KPIs,
An evaluation method and
information management
method.
Provides a way to assess the
sustainability performance by
combining sustainability
concepts with engineering
technologies using
mathematical modelling.

4.

(Madan,
Mani, Lee,,
& Lyons,
2014)
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Energy
performanc
e
evaluation
and
improveme
nt of unit
manufactur
ing
processes:
injection
molding
case study

Develop the
needed
measurement
science,
standards and
methodologies
to evaluate and
improve
sustainability of
manufacturing
processes.

Sciencebased
guidelines
to
estimate
the
energy
consumpti
on of
UMPs,
with the
objectives
of
benchmar
king,
evaluation
and
improvem
ent.

Develops a standard
reference sustainability
characterization
methodologies for unit
manufacturing processes
focusing on injection
moulding with energy as the
sustainability indicator.
Presents a science-based
guideline to characterize
energy consumption for a
part manufactured using the
injection moulding process.

Only
energy
evaluation
and
improveme
nt
indicators
are
identify.

Estimates energy of the
injection moulding process
based on the selection of
process parameters and
manufacturing resources,
determination of cycle time,
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theoretical minimum energy
computations, and estimated
energy computations.
5.

6.

7.

(Lee, Kang,
& Noh,
2014)

Simulation
–based
analysis for
sustainabili
ty of
manufactur
ing system.

This paper
suggests a
simulation based
analysis for
sustainable
manufacturing.

Input and
output
data of
the
process
are used
to
generate
simulatio
n model
for
sustainabi
lity.

Defines sustainability
input/output factors and
constructs a framework for
simulation based analysis of
sustainability.
Generates a model using
sustainability factors and
P3R information.
Assigns sustainability factors
to the existing each unit
process with the relation of
routing information.

(Seow &
A
Rahimifard, framework
for
2011)
modelling
energy
consumptio
n within
manufactur
ing
systems.

This work
presents a novel
modelling
framework to
represent the
total energy
required to
manufacture a
unit product.

Enable
designers
to select
the most
energy
efficient
materials
and
processes

Investigates the combination
of energy used both at the
plant and process levels.

(Kim, Shin,
Shao, &
Brodsky,
2015)

Propose a
decision
guidance
framework to
address the
limitations of
LCA methods.

For
improving
sustainabi
lity in
various
manufact
uring
processes

Introduces a decision
guidance framework which
consists of six phases for
sustainable analysis of
product.

A decision
guidance
framework
for
sustainabili
ty
performanc
e analysis
of
manufactur
ing
processes.

Represents the amount of
energy attributed for a unit
manufacturing process.

This work
does not
included
science
based
measureme
nts of
sustainable
manufactur
ing.

Only
energy
related
indicators
are
identified.

Proposes a framework for
modelling embodied product
energy (EPE) during
manufacturing.

Goal and scope definition

Only
energy and
emissions
related
indicators
are
identified.

Data collection
Model generation for
processes
Sustainability performance
analysis Interpretation
Decision support and
guidance
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8.

(Kellen,
Dewulf,
Overcash,
Hauschildl,
& Duflou,
2011-a)

Methodolo
gy for
systematic
analysis
and
improveme
nt of unit
process life
cycle
inventory
(part 1)

Propose a lifecycle analysis
(LCA) oriented
methodology for
systematic
inventory
analysis of the
use phase of
manufacturing
unit processes
providing unit
process datasets
to be used in
life-cycle
inventory (LCI)
databases and
libraries.

UPLCIframewor
k to
collect,
document
and
provide
LCI data
for a wide
range of
discrete
manufact
uring unit
processes.

Develops the methodology as
a framework of the CO2PE!
comprising two approaches
with different levels of detail.
The screening approach
provides publicly available
data and engineering
calculations for energy use,
material loss, and
identification of variables for
improvement.

A large
amount of
LCI data is
required for
each
process.

In-depth approach is
subdivided into four
modules, including a time
study, a power consumption
study, a consumables study
and an emissions study.
All relevant process inputs
and outputs are measured and
analysed in detail by using
this method.

9.

(Kellen,
Dewulf,
Overcash,
Hauschildl,
& Duflou,
2011-b)

Methodolo
gy for
systematic
analysis
and
improveme
nt of unit
process life
cycle
inventory
(part 2)

Demonstrating
the application
of life cycle
assessment
oriented
methodology for
systematic
inventory
analysis of
machine tool.

Focuses
on the
practical
document
ation of
the data
collection
phase of
the
CO2PE!
Methodol
ogy.

Generates uniform, complete
and robust LCI datasets of
the machine tool use phase of
unit manufacturing
processes.

A large
amount of
LCI data is
required for
each
process.

The screening approach,
which provides a first insight
into the unit process and
results in a set of
approximate LCI data relies
on engineering calculations
for energy use and material
loss.
The in-depth approach,
which leads to more accurate
LCI data as well as the
identification of potential for
environmental improvements
of the manufacturing unit
processes.
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10.

(Jayal,
Badurdeen,
Dillon, O,
& Jawahir,
2010)

Sustainable
manufactur
ing:
modeling
and
optimizatio
n
challenges
at the
product,
process and
system
levels.

Present an
overview of new
concepts that are
emerging for
evaluating
sustainability
contents at the
product, process
and system
levels for
enabling
sustainable
manufacturing.

Evaluatin
g the
sustainabi
lity
contents
at the
product,
process
and
system
levels.

Proposes sustainability
scoring methods for products
and processes
Predictive models and
optimization techniques for
sustainable manufacturing
processes.
Focusing on dry, near-dry
and cryogenic machining as
examples.

There has
been lack
of metrics
to quantity
the extent
of
environmen
tal and
social
impacts.

1.7 Need and motivation of present work
Therefore, to address the sustainability issue discussed above such as global warming,
responsible use of natural resources, material wastage and consumption of energy and fossil
fuels, manufacturing industries are focusing on sustainability analysis of manufacturing
processes. Present methods are used for determination of sustainability analysis for a product
having following limitations:
•

complex mathematical relations are involved

•

manual calculations need to be used that are prone to error

•

a lot of literature needs to be referred for collecting the data

•

lot of human effort are required at every stage

•

this is an iterative and time consuming process

Hence, there is a need for computer-aided system that automatically assesses sustainability of
different process plans at early design stage and benefitting the industry. The system would
help in minimizing the use of non-renewable sources, choosing energy efficient processes,
minimizing waste, reduce product manufacturing cost, labor cost and reduce carbon emissions
(Singh, Madan, Singh, & Mani, 2012).
Sustainable manufacturing assessment models would enable the prediction of energy usage,
wastage, consumption cost and emissions for each part of the process and through this, industry
optimization will be targeted. As these are related to material and energy, the improvements
have been demonstrated to the manufacturing industries. Sustainable manufacturing
assessment models provide improvements of the best possible chances of being implemented
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and thus reducing the usage of materials, energy consumption and also emissions generated for
the manufacturing process.
1.8 Research Gaps
After going through the literature survey, some of the research gaps have been identified and
these are listed below:
(1) Available approaches do not satisfy the need for early estimation of sustainable
manufacturing indicators that are beneficial for providing inter-process sustainable comparison
and optimization of process parameters for different sustainable indicators.
(2) Few researchers have made efforts in selecting indicators effecting environmental,
economic and social aspects of sustainability manufacturing. However the use of specific
methods and tools to measure and evaluate such indicators based on data collection from the
industry shop floor or LCI database.
(3) Focus of most of the research papers is to collect life cycle inventory (LCI) data for the
database. This database is later used in the various inventory databases, such as Ecoinvent. The
process of this data collection takes long time. Furthermore, such databases only represent
average sustainability information and does not represent specific improvements made by the
manufacturing.
(4) The manufacturing industry is more interested in knowing sustainability assessment of their
product manufacturing in terms of
- inter-process sustainable manufacturing comparisons
- comparing alternative process plans for manufacturing a product
Therefore a deeper science based study to further carry on the sustainability assessment
research to the process level is required.
(5) In demand-driven manufacturing scenario, estimation of sustainability assessment is very
important and available systems do not support it.
(6) Other associated operations, like finishing, joining and coating which are closely linked
with the major manufacturing processes, have not been given much attention.
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(7) Providing a computer-aided approach would help generate better sustainability evaluation
and inter-process sustainability comparison for selected manufacturing processes.
1.9 Research Questions
This project will attempt to answer the following questions:
1. What are the most suitable KPIs to measure the impact of manufacturing processes?
2. Is it possible to develop a framework which will generate better sustainability
evaluation and provide an inter-process sustainability comparison for proposed
manufacturing processes?
3. Is it possible to make the production methods more sustainable by the optimization of
manufacturing process parameter?
Further information related to research gap is mention in chapter 2 in section 2.2.
1.10 Aims and Objectives
In order to accomplish sustainable manufacturing, it is important to evaluate the sustainability
performance in relation to how well products are produced in a sustainable manner. There have
been many frameworks for sustainability assessment and indicators, which evaluate the
sustainability performance of manufacturing industries.
Researchers had done many efforts in sustainability assessment, but there are still difficulties
in evaluating the sustainability performance of manufacturing industries. Along with the
increased concern to the social, environmental, economic and other important issues, all
existing methodologies, and technologies for manufacturing systems are needed to be
innovated in terms of sustainable manufacturing. In present work, a modeling approach to
Sustainable manufacturing development will identify and provide an effort to overcome the
gaps between the manufacturing processes, across the whole product lifecycle (i.e. gate to
gate). The major objectives of the present thesis are listed below.
1. Study the manufacturing processes with an objective to develop a sustainability
assessment methodology for manufacturing processes.
Step 1: Study taxonomies and structure of manufacturing processes
Step 2: Select representative manufacturing processes
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2. Identify key performance indicators (KPIs) for manufacturing sustainability
assessment.
3. Analyze the proposed unit manufacturing processes and their structure/sub-processes.
For example, heating and melting, casting, cooling, machining and finishing process.
4. To propose a science-based approach for sustainability assessment of the
manufacturing processes with respect to identified KPIs.
5. To develop a framework that helps assess sustainability for product manufacturing
with proposed manufacturing processes and process plans. This framework should
provide a basis for comparison and selection of the most sustainable process plan
6. Optimize product manufacturing for sustainability by selecting appropriate process
parameters.
7. Verify the proposed methodology, compare the developed model with the actual shop
floor data obtained from the manufacturing industries.
1.11 Thesis structure
This thesis comprises eight distinct but interrelated chapters which address the questions noted
above. These chapters provide a systematic study of the existing information regarding the
sustainable manufacturing assessment for manufacturing processes. The chapter scheme of the
present study is as follows:
Chapter 1: Provides the general introduction and describes the need and motivation for the
present work. Furthermore, this chapter presents the literature review of research already
conducted on the Sustainability analysis of manufacturing processes such as machining, diecasting, extrusion, injection molding and sand die- casting processes. This chapter also
describes the research gap and objectives for the present study.
Chapter 2: Provides an attempt to have a brief overview towards the sustainability and related
issues. This chapter also provide various gaps in sustainable manufacturing assessment along
with proposed methodology to solve the above said issues.
Chapter 3: Gives a general overview of sustainable production and describes the indicators
for assessing the sustainability level of a company. This chapter presents the determination of
sustainability indices for manufacturing processes based on:
•

Determination of Sustainability Indicators for extrusion process
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•

Determination of Sustainability Indicators for extrusion process using the Actual
Process Information

Chapter 4: Provides a computer aided system for manufacturing processes. In this chapter
three case studies from different manufacturing processes (forming, machining & casting) are
considered. This chapter also presents discussion on implementation of proposed system.
Chapter 5: This chapter describes the computer aided system for the determination of
sustainability indices for extrusion process. This chapter also presents the system architecture
and its modules for the sustainability analysis of extrusion process. Proposed system calculates
the sustainability indices from the user input information.
Chapter 6: In this chapter, a computer package, which utilizes life cycle inventory models has
been presented for CNC (Computer Numerical Control) milling and turning processes. As
parameters are different for evaluating the process times, i.e., depth and width of cut in case of
milling, initial and final diameters for turning, two different case studies are presented, one for
each process. The effect of material selection on the sustainability factors has been studied for
different processes.
Chapter 7: This chapter outlines optimization of the machining parameters for CNC turning
by using a Taguchi method. The objective of this study is to investigate sustainability issues
pertinent to turning process in machining industry. Parameters such as emission rate and energy
consumption are considered as sustainability factors. Analysis of Variance (ANOVA) is
applied to test the data. The results of the study help to understand the effect of the cutting
parameters on energy consumption and emission rate.
Chapter 8: In this chapter, we present a conclusion and future scope of the present study.

Singh, Karmjit

Page-25

Thesis outline, approach and objectives (Chapter 1)

Review of Literature for
Sustainability Manufacturing

Framework for Sustainability Performance Assessment for
Manufacturing Processes—A Review. (Chapter -2)

Classification of manufacturing processes

Machining

Forming

Casting

Modelling and Evaluation of KPIs for the
Assessment of Sustainable Manufacturing: An
Information and Computational Modeling for
Sustainability Evaluation and Improvement of
Manufacturing Processes. (Chapter -4)

A Computer-Aided Sustainable Modelling
and Optimization Analysis of CNC Milling
and Turning Processes. (Chapter -6)

Extrusion process case study. (Chapter -3)

A Computer Aided Unit process Sustainable
Modeling for Manufacturing Processes: Case
for Extrusion Process. (Chapter -5)

Parameters Optimization for Sustainable Machining
by using Taguchi Method. (Chapter -7)

Synthesis of key findings and recommendations (Chapter 8)
Figure 1.6: Conceptual frame work of thesis structure.
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Chapter 2

Framework for Sustainability Performance
Assessment for Manufacturing Processes- A
Review
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Abstract. Manufacturing industries are facing tough competition due to increasing raw
material cost and depleting natural resources. There is great pressure on the industry to produce
environmental friendly products using environmental friendly processes. To address these
issues modern manufacturing industries are focusing on sustainable manufacturing. To develop
more sustainable societies, industries need to better understand how to respond to
environmental, economic and social challenges. This paper proposed some framework and
tools that accelerate the transition towards a sustainable system. The developed framework will
be beneficial for sustainability assessment comparing different plans alongside material
properties, ultimately helping the manufacturing industries to reduce the carbon emissions and
material waste, besides improving energy efficiency. It is expected that this would be highly
beneficial for determination of environmental impact of a process at early design stages.
Therefore, it would greatly help the manufacturing industries for selection of process plan
based on sustainable indices. Overall objective of this paper would have good impact on
reducing air emissions and protecting environment. We expect this work to contribute to the
development of a standard reference methodology to help further sustainability in the
manufacturing sector.

1. Introduction
Sustainable manufacturing broadly implies the development of innovative manufacturing sciences and
technologies that span the entire lifecycle of products and services to minimize negative
environmental impacts, conserve energy and natural resources, are safe for employees, communities,
and consumers, and are economically sound [1].
Sustainable manufacturing plays an important role in the manufacturing of products, materials and
processes. For sustainable manufacturing development, enhanced modeling techniques are needed to
understand and predict the sustainability aspects through design and manufacturing where
technologies can be applied to transform materials with reduced energy consumption, reduced
emissions, reduced generation of waste products, and reduced use of non-renewable or toxic materials.
The scope of this paper is to propose some significant findings for sustainable manufacturing
assessment.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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However, every manufacturing industry has always affected the environment and will continue doing
so in one or the other ways, demanding a never-ending research for sustainability. Our goal will be
continuous improvement making constant advances in manufacturing company’s overall sustainability
performance. To develop more sustainable societies, industry needs to better understand how to
respond to environmental, economic and social challenges. Our motive is to develop framework and
tools that accelerate the transition towards a sustainable system.
This paper is organized as follows, Section 2 describe the literature reviews on sustainable
manufacturing assessment and identify the research gap based on various authors work in the field of
sustainable manufacturing processes followed by some useful findings in this area. Section 3 propose
some basic steps of methodology for sustainable product development. Section 4 present conclusions
and future scope of work.
2. Related work
Earlier, researchers have investigated performance evaluation and improvement for manufacturing
process variable consumption. This section describes previous research efforts related to sustainable
manufacturing assessment and sustainability indicators of various manufacturing processes. Lee et al.
[2] introduces MAS2, which is an integrated modeling and simulation-based life cycle evaluation
approach for sustainable manufacturing. This work has provided a way to assess the sustainability
performance by combining sustainability concepts with engineering technologies using mathematical
modeling. Zhang et al. [3] developed process-oriented Information Model (PIM) to integrate the
relevant information regarding the sustainable manufacturing with the product design information.
Seow et al. [4] developed an approach to model energy flows within a manufacturing system with an
aim of representing the amount of energy attributed for manufacturing a product. They applied the
concept of direct energy, indirect energy and auxiliary energy. Ciceri et al. [5] proposed a tool to
estimate materials and manufacturing energy based on the bill of material for a product. The
mechanism proposed by them determines the energy estimate by compiling available data from
material embodied figures, empirical and bill of material. Kellens et al. [6] proposed a life-cycle
analysis (LCA) oriented methodology for systematic inventory analysis of the use phase of
manufacturing unit processes providing unit process datasets to be used in life-cycle inventory (LCI)
databases and libraries. The methodology has been developed as a framework of the CO2PE! and
comprises two approaches namely, screening approach and the in-depth approach with different levels
of detail. Kellens et al. [7] presented two case studies, one for both the screening approach and the indepth approach, demonstrating the application of the life cycle assessment-oriented methodology for
systematic inventory analysis of the machine-tool use-phase of manufacturing unit processes.
Methodology is explained with the help of machining and laser cutting processes. Jeswiet and Kara [8]
proposed a method that connects the electrical energy used in manufacturing directly to the carbon
emissions generated during production of that electrical energy. The developed methodology was
implemented in machining operations, such as turning and milling. Taha et al. [9] presented a
methodology that links design features of a product to the environmental impact. The study determines
the specific energy consumption for the turning operation experimentally, which is in turn interpreted
into CO2 emissions. Jayal et al. [10] presented an overview of present tools and methodologies for
evaluating sustainability contents at the product, process and system levels. The authors consider dry,
near-dry and cryogenic machining as examples for optimization of sustainable manufacturing
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processes. Feng and Juong [11] proposed a framework for quantitative measurement of sustainability
for machining operations. They take into consideration carbon emission and energy use in their study.
Gutowski et al. [12] studied the environmental impact of different manufacturing processes, which
accounts for the exergy used during the manufacturing process. Krajnc et al., [13] proposed a method
to measure sustainability indicators and a strategic set of metrics for assessing the sustainability level
of a company. The choice of the sustainability indicator for a company is left at the option of the user.
Madan et al. [14] develop the needed measurement science, standards and methodologies to evaluate
and improve sustainability of manufacturing processes. Authors present a science-based guideline to
characterize energy consumption for a part manufactured using the injection molding process.
Companies use these indicators to set targets and monitor progress for sustainability in manufacturing.
A survey of the corporate sustainability reports demonstrated that environmental and social impact
assessment has received less attention as a whole to evaluate sustainability of a manufacturing process.
Furthermore, comparison and assessment of production systems demand quantitative measures for
sustainability. Such quantitative measurement requires environmental indicators. For simplicity,
environmental indicators are classified into input and output indicators. Input indicators for
sustainability include energy use, material use, and water use indicators. Output indicators include
product, solid waste, liquid waste, and air emission indicators. It is identified that some indicators do
affect the performance of the other indicators. For example, electrical energy affects indicators like the
Co2 emission or renewable of energy. In the following section, we discuss the research gap followed
by objectives of present work.
2.1. Research gaps
Despite very useful work presented in the literature, there are still gaps that need to be addressed, the
prominent ones are mentioned below:
 Available approached do not satisfy the need for early estimation of sustainable manufacturing
indicators that are useful for decision support to identify the most efficient
manufacturing/process plans.
 Few researchers have made efforts in selecting indicators effecting environmental, economic
and social aspects of manufacturing sustainability at the factory level. However, the use of
specific methodologies and tools to measure and evaluate such indicators based on data
collection from the industry shop floor or LCI database.
 Focus of most of the research papers is to collect life cycle inventory data for the database.
This database is later used in the various inventory databases, such as Ecoinvent. The process
of this data collection takes long time. Furthermore, such databases only represent average
sustainability information and does not represent specific improvements made by the
manufacturing.
 The manufacturing industry is more interested in knowing sustainability assessment of their
product manufacturing in terms of
- inter-process sustainable manufacturing comparisons
- comparing alternative process plans for manufacturing a product
 Therefore, a deeper science based study to further carry on the sustainability assessment
research to the process level is required.
 In demand-driven manufacturing scenario, estimation of sustainability assessment is very
important and available systems do not support it.
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There has been a very limited work on sustainability information with integrating product
design, which is essential for achieving overall sustainability. Therefore, further research is
needed to address how to evaluate product sustainability using economic and environmental
factors.
Pre-and post-operations, such as joining, coating which are closely associated with the
processes, have not been given much attention.
Providing a computer-aided approach would help generate better sustainability evaluation and
inter-process sustainability comparison for selected manufacturing processes.

2.2. Objectives of the present work
To address the research gaps, there is a need to develop a methodology, which can be used to evaluate
and improve the sustainability of manufacturing processes. In this paper, we try to develop a guideline
specify to several manufacturing processes. The objectives of this paper are mainly:
 Study the manufacturing processes with an objective to develop a sustainability assessment
methodology for manufacturing processes
- Step 1: Study taxonomies and structure of manufacturing processes
- Step 2: Select representative manufacturing processes.
 Identify key performance indicators (KPIs) for manufacturing sustainability assessment
 Analyze the selected unit manufacturing processes and their structure/sub-processes.
- For example, Heating and melting, casting, cooling, machining and finishing process.
 To propose a science based approach for sustainability assessment of the manufacturing
processes with respect to identified KPIs.
 To develop a framework that helps assess sustainability for product manufacturing with
selected manufacturing processes and process plans.
- provide a basis for comparison and selection of the most sustainable process plan.
 Optimize product manufacturing for sustainability by selecting appropriate process parameters
 Verify the proposed methodology, compare the developed model by comparing results with
the actual shop floor data obtained from the manufacturing industries.
3. Methodology for Sustainable manufacturing assessment
Methodology for proposed work is listed below.
 To review the literature related to Sustainable assessment of manufacturing processes, key
performance indicators and various techniques to solve above said problem.
 After that this project proposes a structure for manufacturing processes and identification of
representative manufacturing processes with an objective to develop a sustainability
framework for manufacturing processes.
 Structured information models for seamless flow of information across design and
manufacturing domains for selected manufacturing processes will then be defined.
 The proposed work also intends to identify key performance indicators (KPIs) for
manufacturing sustainability assessment and perform analysis of selected unit manufacturing
processes and their sub-processes aiming to propose a methodology for determining science
based measurements of the manufacturing processes affecting the KPIs.
The below figure 1.1 chart shows the methodology of proposed system.

4

Singh, Karmjit

Page-31

International Conference on Sustainable Energy Engineering
IOP Conf. Series: Earth and Environmental Science1234567890
73 (2017) 012029

IOP Publishing
doi:10.1088/1755-1315/73/1/012029

Figure 1. Methodology of proposed system








The theoretical foundations determined will be used to develop a model that could evaluate
sustainability of selected manufacturing processes and their respective process plans providing
a basis for inter-process comparison and selection of the most sustainable process plan.
The framework aims to consider different influencing factors such as product information,
manufacturing process plan, part geometry, material related physical and processing properties
and the manufacturing equipment information.
Optimize product manufacturing for sustainability by selecting appropriate process parameters.
Obtaining best compromising results.
The proposed methodology will be verified with actual shop floor data obtained from the
industry.

4. Conclusion
Since In recent years, the concepts of sustainability have gradually evolved and has begun receiving
international attention. In addition, companies are under pressure to have environmental friendly
manufacturing and service sectors, hence, this paper provides an attempt to have a brief overview
towards the sustainability and related issues. Sustainability in manufacturing is considered as an
important tool strategy similar to other manufacturing tools and systems for example lean production,
supply chain management etc. This concept helps organization to have economically improvement but
not only this, but also, environmentally and sociality. In the other words, environmentally friendly
product and totally sustainable manufacturing system helps organization to reduce use of material,
minimize environmental impact and make product economical sustainable. Although there are lots of
researches which have been done on the area of sustainability, there are few works on sustainability of
early product development and inter-process sustainable comparison, therefore, these issues need more
investigation in future research.
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Abstract
Manufacturing industries today are focusing on controlling negative environmental impacts, reducing cost, conserving energy
and natural resources while producing new products through various methods and tools of Sustainable manufacturing assessment.
This paper proposes science-based guidelines for modeling and evaluation of key performance indicators (KPIs) in an aluminium
extrusion process. The proposed methodology consists of the following main components: 1) identification of key performance
indicators 2) classification of manufacturing processes on the basis of KPIs 3) evaluation of key performance indicators. We
discuss in detail the steps of the proposed indicators for aluminium extrusion process. The proposed indicators also contribute
towards the development of standard reference methodology to help further sustainability in the manufacturing industries. In this
paper we propose science-based guidelines, which can be used to determine key performance indicators, namely energy
consumption, solid waste and carbon emissions of an aluminium extrusion process. The proposed methodology has been verified
with actual shop floor data obtained from the industry.
Crown Copyright © 2017 Published by Elsevier Ltd. All rights reserved.
Selection and/or Peer-review under responsibility of 7th International Conference of Materials Processing and Characterization.
Keywords: Sustainable manufacturing assessment, Key performance indicarors, Manufacturing processes, Extrusion process

1.

Introduction

Today, Sustainable manufacturing has become a very important issue amongst industries around the world.
Manufacturing industries are focusing on controlling negative environmental impacts, reducing cost, conserving
energy and natural resources while producing new products through various methods and tools of Sustainable
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Nomenclature
Symbol
E
Energy consumed (kilowatt-hour)
Rated power of machine (kilowatt)
Prated
Calorific value (kilojoules per kilogram)
Hs
ρ
Density of fuel (kilograms per cubic meter)
t
Time (hour)
cos φ
Power factor
Carbon emissions (kilograms of CO2)
CW
f
Emission factor (kilograms of CO2/kWh)
I
Line current (ampere)
M
Mass of alloy (kilogram)
Total heat required to superheat casting alloy (mega joules per kilogram)
Q total
Quantity of fuel consumed (cubic meter)
QF
V
Line voltage (kilovolt)
η
Efficiency
Solid waste (kilogram)
S waste
W molten metal Mass of molten metal (kilogram)
W % of melt loss Percentage of mass wastage (kilogram)
manufacturing assessment. Therefore, developing sustainable approaches to manufacturing companies has
been regarded as a critical global concern [1].
Sustainable manufacturing assessment is a new paradigm in which manufacturing industries produce
products in a sustainable manner while maintaining global competitiveness and coping with recent challenges and
problems. According to the United States Department of Commerce (US DOC), “sustainable manufacturing is the
creation of a manufactured product with processes that have minimal negative impact on the environment, conserve
energy and natural resources, are safe for employees and communities, and are economically sound” [3].
The aim of this research paper is to develop science-based guidelines to evaluate the key performance
indicators for aluminium extrusion process. The indicators, formulas and coefficients proposed in this paper provide
a basic foundation to consider sustainability at sub-manufacturing process level. The proposed methodology not
only considers the extrusion process but also sub-processes of extrusion processes also, namely melting, casting,
cutting of billets, pre-heating of billets, stretching and final cutting. The proposed methodology can subsequently be
including sustainability assessment of other manufacturing processes.
The rest of paper is organized as follows. Section 2 discusses summary of the previous work related to
sustainable manufacturing assessment for various manufacturing processes alongside research gaps and objectives
of this paper. Section 3 identifies the key performance indicators and information modelling for extrusion process on
the basis of KPIs. Section 4 presents evaluation of key performance indicators from science based guidelines.
Section 5 proposes a case study of aluminium extrusion process. Lastly, Section 6 present conclusions and future
scope of work.
2.

Related work

This section describes previous research efforts related to sustainable manufacturing assessment and
sustainability indicators of various manufacturing processes.
1.1. Sustainability manufacturing assessment
Lee et al. [10] introduces MAS2, which is an integrated modeling and simulation-based life cycle
evaluation approach for sustainable manufacturing. This work has provided a way to assess the sustainability
performance by combining sustainability concepts with engineering technologies using mathematical modeling.
Seow et al. [12] developed an approach to model energy flows within a manufacturing system with an aim of
representing the amount of energy attributed for manufacturing a product. They applied the concept of direct energy,
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indirect energy and auxiliary energy. Ciceri et al. [2] proposed a tool to estimate materials and manufacturing energy
based on the bill of material for a product. The mechanism proposed by them determines the energy estimate by
compiling available data from material embodied figures, empirical and bill of material. Kellens et al. [8] proposed a
life-cycle analysis (LCA) oriented methodology for systematic inventory analysis of the use phase of manufacturing
unit processes providing unit process datasets to be used in life-cycle inventory (LCI) databases and libraries. The
methodology has been developed as a framework of the CO2PE! and comprises two approaches namely, screening
approach and the in-depth approach with different levels of detail. Kellens et al. [9] presented two case studies, one
for both the screening approach and the in-depth approach, demonstrating the application of the life cycle
assessment-oriented methodology for systematic inventory analysis of the machine-tool use-phase of manufacturing
unit processes. Methodology is explained with the help of machining and laser cutting processes. Jeswiet and Kara
[6] proposed a method that connects the electrical energy used in manufacturing directly to the carbon emissions
generated during production of that electrical energy. The developed methodology was implemented in machining
operations, such as turning and milling. Taha et al. [13] presented a methodology that links design features of a
product to the environmental impact. The study determines the specific energy consumption for the turning
operation experimentally, which is in turn interpreted into CO2 emissions. Gutowski et al. [4] studied the
environmental impact of different manufacturing processes, which accounts for the exergy used during the
manufacturing process.
1.2. Indicators for sustainable manufacturing
A sustainability indicator is a single parameter used to measure the condition of an aspect in sustainability,
such as CO2 emission or energy use [5]. In order to successfully assess sustainability, Key performance indicators
should be clearly defined according to the purpose and scope of sustainability assessment. Krajnc et al., [7] proposed
a method to measure sustainability indicators and a strategic set of metrics for assessing the sustainability level of a
company. The choice of the sustainability indicator for a company is left at the option of the user. Madan et al. [11]
develop the needed measurement science, standards and methodologies to evaluate and improve sustainability of
manufacturing processes. Authors present a science-based guideline to characterize energy consumption for a part
manufactured using the injection molding process. Companies use these indicators to set targets and monitor
progress for sustainability in manufacturing. A survey of the corporate sustainability reports demonstrated that
environmental and social impact assessment has received less attention as a whole to evaluate sustainability of a
manufacturing process. Furthermore, comparison and assessment of production systems demand quantitative
measures for sustainability. Such quantitative measurement requires environmental indicators. For simplicity,
environmental indicators are classified into input and output indicators. Input indicators for sustainability include
energy use, material use, and water use indicators. Output indicators include product, solid waste, liquid waste, and
air emission indicators.
It is identified that some indicators do affect the performance of the other indicators. For example,
electrical energy affects indicators like the CO2 emission or renewable of energy. In the following section, we
discuss such key performance indicators that help to improve manufacturing from the sustainability point of view.
The aim of this work is to propose a methodology for sustainability manufacturing assessment of a part
manufactured by the aluminium extrusion process. The proposed methodology can be used as a general framework
to perform a sustainable manufacturing assessment for the aluminium extrusion process at early design stage. The
subsequent sections provide the detail of the methodology adopted as shown in below Fig 1.
2. Sustainable manufacturing assessment approach
2.1. Identification of key performance indicators
Generally, there are a number of indicators for sustainability, which include indicators based on environmental,
economic growth, social well-being and technology and performance management. Key performance indicator,
which is an indicator set to assess manufacturing sustainability, is defined based on the theoretical formulas. The
environmental indicator includes land, emissions, waste, and three types of resources: energy, materials and water.
The economic indicator includes renewable types of these three resources. In addition to renewable resources, land,
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cost, and products are classified as economic indicators. The social indicator includes labor, cost and product quality
and four types of social indicators for labor are recognized: safety, health, satisfaction, and development.

Figure 1: Various KPIs for Sustainable manufacturing assessment [10]
2.2. Classification of manufacturing processes on the basis of KPIs
Any manufacturing system can be decomposed into a series of unit processes that impart both physical
shape and structure to the product. Unit processes are intimately linked to one another; the output of one process
becomes the input for the next process. The quality of the final product depends not only on the capability of each
unit process but also on the proper sequencing of unit processes. A unit process can be considered optimized when
the value added in terms of the required configuration and property changes is delivered to the work piece in the
most cost-effective manner from the system as a whole [1]. This involves minimization of factors such as energy
use, scrap generation, labor costs, and capital equipment requirements. In addition, rapid response to the needs of
customers and a safe working environment are essential. A general definition is "minimization of input and resource
costs per unit of output product value."
In industrial production, many different processes or manufacturing methods are used. To be able to select
the technically and economically best manufacturing sequence for the product, it is necessary to have a broad
fundamental knowledge of the possibilities and limitations of the various manufacturing processes, including work
materials used, energy used and output required. The manufacturing system addresses the entire product life cycle of
the final product, from raw material extraction to disposal. Disposal is conceptually connected to raw material
extraction by reuse, remanufacturing and recycling. The figure 2 determines which unit process shall be investigated
and which sub processes for the selected unit processes will be investigated. The sustainable assessment evaluation
of the product is made on the basis of various KPIs, which are further classified as social, environmental and
economic indicators.
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Figure 2: Classification of manufacturing processes on the basis of KPIs
In the following section, we are evaluating these key performance indicators when reporting sustainability.
At various stages of the manufacturing processes, there is certain material waste and energy consumption, which
needs to be determined in order to evaluate KPIs.
3. Evaluation of key performance indicators
The methodology to determine the key performance indicators, namely, energy, environmental and social is
discussed in the following paragraphs.
3.1. Energy use indicator
In the manufacturing processes, two types of energy sources are used, e.g., electrical energy and heat
energy from fossil fuels such as diesel and natural gas.
Electrical energy
Table 1, shows the science based mathematical equations for the determination of electrical energy
consumption. The amount of electrical energy consumed by different machines is reported by kilowatt-hours (kWh)
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Actual Electrical energy required:

Table 1: Electrical energy consumed
Theoretical Electrical energy required:
=
×
Where
E theoretical = Theoretical electrical energy (kWh)
Prated = rated power load (kW)
t = time (hr.)

= √3 × × ×
∅×
Where
E =Electrical energy consumption (kWh)
V = voltage (V)
Cos ∅ = power factor
I = Current (amp)
T = time (hr.)

Fossil fuel energy
The quantity of fuel consumed for melting process, depends upon the heat produced in the furnace,
properties of fuel and material, efficiency of furnaces, and quantity of material to be melted and required
temperature of the charge. The quantity of fuel required can be calculated by using the equations which are shown
in Table 2.
Table 2: Fuel energy consumed
Actual Fuel energy required:

Theoretical Fuel energy required:

Furnace fuel consumption readings for
a shift are taken from furnace tank
measurement.

=

×
×
Where η = efficiency of furnace
Hs = Calorific value of fuel ( kJ/kg)
ρ = density of fuel (kg/Lt.)

3.2. Solid Waste
The waste is produced at each stage of manufacturing process. The following table 3 deals with the
determination of theoretical and actual wastage of material during the process.
Table 3: Waste material consumption
Actual Material wastage:
The data for actual solid waste is
based on the average waste per day in
a company.

Theoretical Material wastage:

=

×

%

Where W molten metal = Mass of molten metal
(kg)
W % of melt loss = Percentage of mass waste

3.3. Air emissions
Process emissions refer to the CO2 emissions emitted during the casting process. Carbon dioxide
emissions are caused directly by the onsite combustion of fuel and indirectly by the use of electricity within the
company as shown in Table 4.

Singh, Karmjit

Page-40

Karmjit Singh et al./ Materials Today: Proceedings 5 (2018) 3825–3834

3831

Table 4: Process emissions calculation
Actual Electrical energy emissions:
= ×

Theoretical Electrical energy emissions:
=
×

Where

Where

CW = carbon emissions (kgCO2)
f = emission factor
E = actual electrical energy (kWh)

CW = carbon emissions
f = emission factor
E = Theoretical electrical energy (kWh)

Actual fuel related emissions:
×
=

Theoretical fuel related emissions:
=
×

Value of emission factor has been taken from the CO2 database for Indian power sector provided by
Central Electricity Authority; emission factor for northern grid is 0.84 tCO2 per MWh of electricity use.
According to Department of Environment Food and Rural Affairs (DEFRA) and US Environmental Protection
Agency (EPA), Emission factor for fuel oil is 2.63 kgCO2/liter. Emission factor for fuel oil can be directly used
for the determination of emissions from the fossil fuel.
4. Case study: aluminum extrusion process
The case study is of aluminium extrusion process is presented in this section. This case study is conducted
at Valco Industries Limited, Chandigarh, India. The aluminium used in the plant is secondary aluminium (known as
AA 6063 aluminium alloy), which is delivered to the plant in the ingot from. The aluminium extrusion process
mainly consists of the following sub processes:
• Alloy making: Charge the scrap, Aluminium Ingot, LM6 (Silicon Master Alloy) scrap into the melting
furnace. Afterwards, the furnace is tilted so that the molten metal can come through launder in distribution
box. Thereafter, the molten metal is casted in form of logs which are further cut into billets.
• Casting & transportation: The molten metal is maintained at a set temperature in the furnace. The furnace is
tilted so that molten metal is poured into the distribution box. This molten metal is casted in form of logs
which are further cut into the billets of desired lengths.

Figure 3: Aluminium extrusion process flow chart
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•
•
•

Log cutting and pre-heating of billets: Logs are cut into desired length as per requirement and then billets
are heated in billet heater and as shown in below Fig 3.
Extrusion process: Now in extrusion, the billet pushed into container by ram which further passes into the
die to give desired shape of the product. Thereafter, the material is extruded on run-outs in the form of
lengths which further moves on run-out for next process stretching.
Stretching & Final cutting: In stretching, hold length of both the ends of extruded products and stretch till
being straightened. After stretching then material is cut into desired length as per requirement.

4.1. Theoretical data based on material and process information
To demonstrate the utility of the proposed methodology, case study of the extrusion process has been
presented in this section. The case study is of extrusion products are made with the aluminium extrusion process.
These products are made up of Aluminium 6063T6 alloy. Table 5 shows the results obtained from theoretical values
of various key performance indicators.
Table 5: Theoretical energy used and output material
Electricity
Fuel
Carbon emission
consume(kWh)
consume(liters)
(kgCO2)

Sub processes

Input
metal(kg)

Melting &
drossing

3264

50.71

200.43

Casting &
transportation

3153

33.10

Log cutting &
preheating of
billets

3066

Extrusion &
rough cutting

Solid wastage(kg)

Output
metal(kg)

579.77

110.97

3153

0

27.80

86.70

3066

71.95

120.59

383.64

275.94

2790

2790

1305

0

1096.3

167.4

2623

Stretching &
final cutting

2623

30

0

25.20

104.92

2518

TOTAL

-

1490.97

321.02

2112.89

745.94

-

Material is lost in every sub process of aluminium extrusion process. In melting process 0.75 to 1.25% material is
lost in melting and 2 to 3% of total metal is wasted in the form of dross. In casting and transportation process 4 to
4.5% material is wasted during casting of logs. Similarly, during log cutting process generally 9 to 10% metal
wastage occurs during log cutting. Approximately 6% of input material is wasted during extrusion of pre-heated
billets in extrusion process and lastly for final cutting process the metal wastage varies from 3.5 to 4%.
4.2. Actual data obtained from the shop floor
For the electrical energy parameters like current, voltage etc. are noted from the energy meters, which are
installed on machines. In the case of fuel data is observed from the sub meters installed on the furnaces.
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Table 6: Actual energy used and output material
Sub processes

Input metal
(kg)

Electricity
consume
(kWh)

Fuel consume
(liters)

Carbon
emission
(kgCO2)

Solid wastage
(kg)

Output
metal(kg)

Melting &
drossing

3264

48.18

213

600.66

115

3149

Casting &
transportation

3149

31.54

0

26.49

92

3057

Log cutting &
preheating of
billets

3057

68.42

128

394.11

288.9

2770

Extrusion &
rough cutting

2770

1241.05

0

1042.48

172

2598

Stretching &
final cutting

2598

28.56

0

23.99

108.5

2489.5

TOTAL

-

1417.75

341

2087.73

776.4

-

Carbon emissions from electrical energy use and fuel related emissions can be determined by using
equations presented in the previous section. Solid waste consists of waste like scrap and slag. Data for actual solid
waste is based on the average waste per day in the company. The collected data from the shop floor has been shown
into the Table 6. The proposed methodology utilizes theoretical formulae for the determination of key performance
indicators. Therefore, to check the accurateness of the proposed methodology results have been compared with the
actual measured data obtained from aluminium extrusion plant.
The next section presents the comparison of the science based theoretical results of extrusion process with the actual
data from the shop floor.
2500
System results
2000

Actual results

1500

1000

500

0
AIR EMISSIONS ELECTRICITY FUEL CONSUME SOLID WASTE
KGCO2
KWH
LITERS
KG

Figure 4: Comparison of theoretical and actual shop floor result
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4.3. Comparison of theoretical and actual shop floor results
Comparison of the results reveals that the carbon weight from calculation by the proposed science based
methodology is 1.2% more than results obtained by actual measurements. The difference is represented with the
help of figure 4. This deviation is due to consideration of rated power of machines in calculating the carbon weight
for electricity consumption. Theoretical energy consumption is 4.9% more than actual one. This difference is
because of the reason that the proposed methodology utilizes rated power for the determination of energy
consumption but practically machines operate below the rated value of power.
Fossil fuel consumption, which has been calculated from the actual measured data, is more than the
theoretical results. This variation in actual and theoretical result is due to energy losses. These energy losses cannot
be considered in theoretical calculations. Therefore, actual result is 5.85% more than that calculated by the
theoretical formulas.
Solid waste determination reveals an inaccuracy of 3.9%. In actual practice the solid waste generation was
more as compared to theoretical one. It can vary from company to company. Therefore proposed methodology gives
approximately fine results.
5. Conclusion

and future scope

This paper emphasizes the role of key performance indicators to facilitate measurement science and
methodology development to evaluate the sustainability assessment of manufacturing processes. The indicators,
formulas and coefficients proposed in this paper provide a basic foundation to consider productivity and
sustainability for manufacturing processes. A case study of extrusion process has been presented for the
determination of various KPIs such as, energy use, waste and air emissions from the process information. In the last,
Theoretical results from the science based relations are verified by comparing the results with the actual data
measured from the shop floor. In conclusion, this paper has provided a way to assess the sustainability performance
by combining key performance indicators with engineering theoretical foundation. It can present a practical and
efficient science based methodology for accomplishing sustainable assessment manufacturing for various
manufacturing industries.
With increased focus on sustainable manufacturing assessment in the manufacturing industries, we intend
to extend this work to develop a standard reference methodology on the basis of various key performance indicators
for evaluation and improvement for manufacturing. Our major objective is to help manufacturing industries by
developing the needed science based standards. The work presented in paper may be extended to develop
information and computational models for various manufacturing processes and equipments on the basis of key
performance indicators.
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Abstract. Over the last few decades, manufacturing industries are working towards sustainable
manufacturing due to the high cost of raw material and depletion of natural resources. There is
also a great concern for manufacturing companies to produce products by considering three
aspects of sustainability, i.e. economic, environmental and social. This pressure has motivated
modern manufacturing industries to, commit to and, adopt the ethos and methods of sustainable
manufacturing. An outcome that is manifested by the current undertakings of many research
projects designed to propose automated systems for determination of CO2 emissions, solid
waste, and energy consumption of various manufacturing plants.
An effort for developing a generic model for different manufacturing processes, graphic user
interface system is presented in this work. The chapter presents detailed discussions of the
proposed models for two different manufacturing processes. Sustainability analysis case
studies, based on the models developed, are presented for die-casting, injection molding and
turning processes. It will be shown that the developed models are effective for sustainability
assessment process and have the potential of helping the manufacturing companies. Moreover,
the work presented is highly beneficial in determining the sustainability assessment of a
manufacturing process at beginning of product design. An overarching motive of this chapter
is to reduce emissions from energy production into atmosphere and alleviate impact on the
environment.
Design/methodology/approach – The research work carried out through the following steps:
1.) Developing models that would quantify and improve sustainability performance particularly
in relation to realizing and managing sustainable manufacturing processes.
2.) Testing and evaluating the efficacy of the developed concepts and models with the purpose
of fine tuning and improving their outcome.
Findings – Sustainability is more than just being green or nature friendly. Sustainability stands
on three pillars, economics, social and environmental.
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Measurement Framework crafted such that it can be consider all product information from
scrap.
Research limitations/implications – The focus in this work is on sustainable manufacturing
and product development. This work will be extended in the future to cover the manufacturing
sector at product, plant and process levels.
Originality/value – The produced work presents a concept for Sustainability Measurement
Framework. The aim is to use sustainability performance indicators and data to create
competitive advantage. The study will demonstrate how to integrate sustainability aspects to
digital manufacturing tools.
Keywords - Sustainable manufacturing assessment, Key performance indicator, manufacturing
process, evaluation, improvement.
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1. Introduction
1.1 Manufacturing processes
Manufacturing is defined as the production of different products by using different types of
materials, machines, tools, chemicals, and manpower. In a manufacturing process, various
activities are taking place for converting raw material to finished product. For manufacturing a
product the initial stage is product design and drafting followed by material classification and
type of machinery that is used to manufacture the product [12].
Any manufacturing industry is a combination of various unit processes that include both inputs
as well as output information related to the product. Input module includes information related
to machine, material and various types of energy that is required to operate the machinery.
While the output module contains the finished product along with several types of wastages. In
the unit process, the output of one process converted into the input of the next process. The
output characteristics of the final product include the outcome of each unit process which
features a sequence of production machines [1].
1.2 Background of Manufacturing Industries
It is true that manufacturing industries are affecting the environment in various ways. This is a
fact which motivated industry to pay more attention to sustainable manufacturing approaches
[25]. The chief objective of the work presented here is to help the manufacturing companies to
make the product more sustainable. To propose more sustainable manufacturing frameworks,
industry needs more detailed knowledge of three pillars of sustainable development
manufacturing (i.e. environmental, economic and social). The work presented in this chapter
has been motivated by the need to propose a computational model for sustainable
manufacturing evaluation and improvement to increase the product overall sustainability and
reduce environmental, social and economic challenges.
1.3 Need and motivation of present work
Most methods currently employed for the determination of sustainability analysis for a product
having following limitations:
•

complex mathematical relations solved manually

•

data are not readily available
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•

the whole process is iterative and time consuming [22]

Hence, there is a need for a computer-aided system that automatically assesses the sustainability
of different process plans at early design stage to guide the manufacturing decision-making
process. Such a system would help in choosing efficient processes to minimize waste, decrease
the cost of manufacture and labour and reduce carbon emissions [23].
Sustainable manufacturing assessment models would enable the prediction of energy
consumption and carbon emission, material usage and wastage, cost and production time for
each stage of the process. Industry can then utilise these predictions to plan and implement
sustainable measures and approaches.
1.4 Review of literature and objective of present work
The study for methods and models to evaluated sustainability for manufacturing processes are
conducted with the purpose of identifying the formulations for different sustainability indicators
to choose the most important indicators for manufacturing sustainability.

(Bhanot, Rao, &

Deshmukh, 2016) propose a framework to analyse different machining processes based on
environment and economic indicators. The authors consider wet and dry turning conditions for
this study. This work also contributes towards optimization of environment and economic
parameters by using different optimization techniques. (Bourhis, Kerbrat, Dembinsk, Hascoet,
& Mongal, 2014) propose a new methodology to calculate electricity consumption, solid
wastage and usage of several types of coolants for addictive manufacturing processes for direct
metal removal processes. This methodology is based on both analytical and practical models
and provides optimization for additive manufacturing with respect to sustainable assessment.
(Chen, Thiede, Schudeleit, & Herrmann, 2014) propose a sustainability assessment tool for
different manufacturing industries in relation to the KPIs and identify importance of each
indicator. The tool provides decision for improvements and make a comparison among sample
companies. (Ciceri, Gutowski, & Garetti, 2010) propose a methodology to calculate product
material and energy as per a given BOM (Bill of materials). The method helps determine the
energy consumed by manipulating present data from embodied figures, empirical and bill of
material. (Culaba & Purvis, 1999) develop a computer model for the sustainability evaluation
of manufacturing processes considering different approach from the use of hybrid model. This
model is used for evaluating the sensitivity analysis for manufacturing processes. (Dalquist &
Gutowski, 2004) propose a framework to evaluate environmental impact for a conventional die-
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casting process. An approach of energy and material usage in die casting process is presented
and improvements are demonstrated. (Dalquist & Gutowski, 2004) present a methodology for
sand casting processes including all stages starting from mould preparation to final casting
product. The methodology calculated the amount of different types of wastage occur in sand
casting process in the form of liquid, gases and solid waste.. (Huanga & Badurdeena, 2017)
propose a tool to evaluate sustainably at the process level which contains a set of metrics for
five different hierarchy. (Jeswiet & Kara, 2008) propose a methodology that related electrical
energy with the carbon emission for different manufacturing processes. Their model determines
product related carbon emissions from the electricity usage. (Kim, Shin, Shao, & Brodsky,
2015) propose a decision-guidance structure to improve sustainability in manufacturing. Their
framework contains 6 different stages. For implementation of this methodology step turning
was performed on a CNC machine. (Moldavska & Welo, 2015) develop an assessment tool on
the basis of practical application of system thinking to improve sustainability in manufacturing
organizations. (Ocampo & Clark, 2014) propose a methodology that is used for early design
making to make the production process more sustainable. The proposed framework is beneficial
for manufacturing industries and provide a better decisions at early design stage. (Thirez &
Gutowski , 2016) proposed an approach to identify the effect of machine type on energy
consumption. A system level environmental analysis is carried out for injection moulding (IM)
and this led to concluding that the emissions associated with that process are higher than those
associated with other processes. (Vimal & Vinodh, 2016) propose a methodology which is
combination of analytical network process with Life cycle assessment for calculating the impact
score and single point process sustainability. In this study, comparison of different
manufacturing processes are considered on the basis of sustainability performance. This
methodology is beneficial for decision-making in practical conditions. The major aim of this
work is to motivate manufacturing organizations to use sustainable manufacturing practices in
their processes and provide modeling approach for economic sustainability.
Researchers have also consider various modelling and simulation tools and frameworks to
improve manufacture sustainability. (Feng & Joung, 2009) propose a tool for sustainable
machining. A science based methodology has been proposed to calculate the various indicators
of sustainable manufacturing. (Seow & Rahimifard, 2011) propose a framework that enable
designers to select the most energy efficient materials and processes. The models presented
calculate the use of energy at both plant and process. Then the amount of energy contribution
for each unit manufacturing process is assessed. After that a model was proposed for embodied
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product energy (EPE) during manufacturing. (Madan, Mani, Lee,, & Lyons, 2014) propose a
methodology for energy calculation for sub-processes of manufacturing. Computer based
method is used to measure the sustainability. For implementation of proposed methodology
authors have considered injection moulding as an example.

(Lee, Kang, & Noh, 2014)

introduce computer modelling for sustainability in manufacturing industries. They provided
practical implication for automobile company to verify their model. (Zhang, Zhu, Li, Yaman,
& Roy, 2015) develop a process-oriented information gathering with the product design
information.
1.4.1Objectives of the Work Featured in this Chapter

1. To study sample manufacturing operations and their unit processes with the purpose of
developing a sustainability assessment methodology for these operations
2. To propose a science based approach for sustainability assessment of the manufacturing
processes with respect to KPIs.
3. To develop a framework that helps assess sustainability for product manufacturing with
proposed manufacturing processes and process plans. This framework will provide
comparison amongst various processes and process parameters and enable the
manufacturing engineers to select the most sustainable process plan

2. Determination of Sustainability Indicators for manufacturing processes
The methodology to evaluate key sustainability performance indicators, in this work, is
grounded in energy consumption, wastage and the impact of a given manufacturing process on
the environment and the availability of resources.
2.1 Sustainability Indicators for Die-casting Process
2.2.1 Electrical energy

Electric energy consumption and fossil fuel consumption are determined using the well-known
laws of physics. Theoretical electrical energy consumption depends on the cycle time and rated
power load characteristics. In fact, theoretical energy consumption, 𝐸𝐸, is determined by below
equation.
𝐸𝐸 = 𝑃𝑃 × 𝑇𝑇

(1)

where 𝑃𝑃 is the rated power of a given process and 𝑇𝑇 signify the time used to achieve that process.
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The units for electrical energy consumption are kilowatt-hours (kWh). However, actual energy
use for manufacturing process can be more accurately determined from practical calculation in
manufacturing companies. To calculate practical energy consumption, we have to require the
current, voltage and cycle time values. The following expression is used to calculate practical
electrical energy.
𝐸𝐸 = √3 × 𝑉𝑉 × 𝐼𝐼 × 𝑇𝑇 × cos 𝜑𝜑

(2)

where 𝑉𝑉 and 𝐼𝐼 are, respectively, the measured voltage and current and 𝜑𝜑 is the power phase
angle.

2.2.2 Quantity of fuel consumption

Die casting is associated with the process of melting metals in oil fired furnaces where heat
energy is provided by the burning of fuel (e.g. furnace oil, diesel and other elements). To
calculate the value of fuel consumption primarily depends on the heat energy required to
increase the temperature of a material from the ambient temperature to the required moulding
temperature. During the melting process phase transformation (from the solid state to the liquid
state) takes place. The total heat requirement calculated using quantitative formulae stated as
follows:
𝑄𝑄𝑠𝑠 = 𝑀𝑀𝐶𝐶𝑠𝑠 (𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑎𝑎 )

(3)

𝑄𝑄𝑠𝑠ℎ = 𝑀𝑀𝐶𝐶𝑠𝑠 (𝑇𝑇𝑠𝑠ℎ − 𝑇𝑇1 )

(5)

𝑄𝑄𝑓𝑓 = 𝑀𝑀�𝐶𝐶𝑠𝑠 (𝑇𝑇1 − 𝑇𝑇𝑠𝑠 ) + 𝐻𝐻𝑓𝑓 �

(4)

𝑄𝑄𝑡𝑡 = 𝑄𝑄𝑠𝑠 + 𝑄𝑄𝑓𝑓 + 𝑄𝑄𝑠𝑠ℎ

(6)

where,
•
•
•
•
•
•
•
•
•

𝑀𝑀= Mass of metal in the furnace;
𝐶𝐶𝑠𝑠 = Specific heat of the metal;

𝑇𝑇𝑎𝑎 = ambient temperature;

𝑇𝑇𝑠𝑠 = Temperature at the liquid state;

𝑇𝑇1 = Temperature at the moulding state

𝑄𝑄𝑠𝑠 = Heat to raise temperature from room temperature to start of melting
𝑄𝑄𝑡𝑡 = Total heat required for the melting process

𝑄𝑄𝑓𝑓 = Heat to raise temperature from the solidus to liquid temperature

𝑄𝑄𝑠𝑠ℎ = Heat to raise temperature from super heat casting to holding furnace temperature
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•
•

𝐻𝐻𝑓𝑓 = Latent heat of fusion

𝑇𝑇𝑠𝑠ℎ = Temperature at the saturation heat state

By knowing such parameters as the mass of metal processed, temperature at each process total
heat required in melting can be calculated.
For calculating the quantity of fuel required following expression is used
𝑄𝑄

𝑉𝑉𝑓𝑓 = 𝜂𝜂×𝐻𝐻 𝑡𝑡×𝜌𝜌
•
•
•
•

𝑓𝑓

𝑉𝑉𝑓𝑓 = The fuel
𝐻𝐻𝑓𝑓
𝜌𝜌𝑓𝑓
𝜂𝜂

(7)

𝑓𝑓

volume flow rate required;

= Heat value of fuel per unit mass;

= Fuel density

= Efficiency of the furnace

For the actual measurement of fuel consumption, values are taken from meters installed on
furnaces.
2.2.3 Air emissions

Emissions possess a particular significance due to their harmful impact on the environment and
humans. Of note are gasses such as CO2, CH4, SO2, NOx. Amongst these, stands out CO2 (or
carbon dioxide) as a major contributor to global warming conditions. Carbon dioxide value
mainly depends upon use of electricity and fuel consumption.
Carbon dioxide emissions due to electricity
Carbon dioxide emissions are calculated on the basis of electricity consume. The formulation
used to calculate electrical energy for machining is discussed in below expression. where 𝐶𝐶𝑤𝑤 ,

denotes carbon emissions which is calculated by below expression.
𝐶𝐶𝑤𝑤 = 𝐸𝐸 × 𝑓𝑓

(8)

where, 𝑓𝑓 = emission factor.

In the above equation, the units used to quantify the emission factor are either mass of
CO2/energy produced.
Carbon dioxide emissions due to fuel usage
Some amount of air emissions are occur due to combustion of fuel. Carbon dioxide emissions
for fuel usage calculated by using the following expression.
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𝐶𝐶𝑤𝑤 = 𝑉𝑉𝑓𝑓 × 𝑓𝑓

(9)

Note that the units used to quantify 𝑓𝑓 is the above equation is mass of CO2/amount of fuel burnt.
2.2.4 Solid waste

Material is wasted at each stage of the manufacturing process. The wastage of material depends
upon the type of material, type of fuel used and nature of process. Material loss, 𝑀𝑀𝑤𝑤 , can be
quantifies by using the below equation (10)
𝑀𝑀𝑤𝑤 = 𝑀𝑀𝑚𝑚 × γ

(10)

where
•
•

𝑀𝑀𝑚𝑚 = Mass of molten metal (kg)
γ = Percentage of mass waste

The value of γ used in the computer models presented in this work has been taken from Cast

Metal Coalition (CMC) (Carbon Trust 2011). For example, for induction furnaces CMC,
proposes that γ should fall between 0.75% and 1.25%. The solid wastage is calculated in kg.
2.2 Sustainability Indicators for the Machining Process

In a machining process, the total energy, 𝐸𝐸𝑡𝑡 , consists of the sum of idle, basic and machining

energies. The equation used for calculating total energy is, therefore, given as follows,
𝐸𝐸𝑡𝑡 = (𝑃𝑃𝑏𝑏 × 𝑇𝑇𝑏𝑏 ) + (𝑃𝑃𝑖𝑖 × 𝑇𝑇𝑖𝑖 ) + (𝑃𝑃𝑚𝑚 × 𝑇𝑇𝑚𝑚 )

(11)

where,
•
•
•
•
•
•

𝑃𝑃𝑏𝑏 = Basic power;

𝑇𝑇𝑏𝑏 = Basic time;

𝑃𝑃𝑖𝑖 = Ideal power;
𝑇𝑇𝑖𝑖 = Ideal time;

𝑃𝑃𝑚𝑚 = Machining power;

𝑇𝑇𝑚𝑚 = Machining time.

It is worth noting here that the above parameters which determine the energy consumption for
a specific machining process depends on such aspects as the workpiece material, the type of
process, and the machine used to effect the cutting.
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The chip mass, which is the material lost by the workpiece during the machining process, can
be calculated from the material density, 𝜌𝜌, workpiece length, 𝑙𝑙, and both the depth and width of
cut as follows,

𝑉𝑉𝑚𝑚 = 𝑙𝑙 × 𝑤𝑤𝑐𝑐 × 𝑑𝑑𝑐𝑐

(12)

𝑀𝑀𝑐𝑐 = 𝑉𝑉𝑚𝑚 × 𝜌𝜌 × (1 m3 /1𝐸𝐸 + 09 mm3 )

(13)

where,
•
•
•
•

𝑤𝑤𝑐𝑐 = Width of cut;
𝑑𝑑𝑐𝑐 = Depth of cut;

𝑉𝑉𝑚𝑚 = Volume of material;
𝑀𝑀𝑐𝑐 = Mass of chip.

It is worthy of noting here that, in case of turning, the volume of the removed metal is calculated
as follows:
𝐷𝐷𝑖𝑖2 − 𝐷𝐷𝑓𝑓2
𝑉𝑉𝑚𝑚 = 𝜋𝜋 ×
× 𝑙𝑙
4

(14)

where,
•
•

𝐷𝐷𝑖𝑖 = Initial workpiece diameter;
𝐷𝐷𝑓𝑓 = Final workpiece diameter.

2.3 Sustainability Indicators for Injection Moulding Process
In case of injection molding process the counting of cycle time, 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 , starts with the mold

closing and ends as the mold opens. Total cycle time is usually given by the following equation,
𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 2𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(15)

where the subscripts clearly signify the various phases during which time is consumed.
The action time, 𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 , is the time needed to close or open the mold, and the cooling time,
𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 , is the cooling time for the mould from the nozzle temperature down to removal

temperature. An estimate of cooling time is of paramount importance to an estimate of the
energy consumption. As per (Friedrich, 2008) cooling time can be estimated as
𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = (2 𝑡𝑡𝑡𝑡 3)ℎ2

(16)

where ℎ is the wall thickness of the specimen in mm.
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The injection molding machine injects molten plastic into a mold piece. The plastic then cools,
as it is packed into the mold to take the desired shape. The entire process of an injection molding
machine cycle can be broken down into four main energy consuming phases: plasticizing,
injecting, cooling and clamping/unclamping. The total energy consumption, 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 , of injection
molding is calculated as follows.

𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(17)

where the subscripts clearly indicate the various phases during which energy is consumed.

The total energy used by the injection molding process can be calculated from the equation:
𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 + 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

(18)

where 𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the energy needed to fill the mold, 𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the energy needed to pack the mold

after injection, 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the energy needed to hold the mold shut during injection, and 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
is the energy needed to eject the product from the mold.

This pressure can be estimated from the following equation,

𝑃𝑃 =

12𝜇𝜇𝜇𝜇

ℎ2 𝑡𝑡

𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

(19)

Where,

𝑃𝑃 = pressure flow in a channel

ℎ = nominal thickness of the cavity

𝐿𝐿 = distance from the cavity through metal flows
𝜇𝜇 = the apparent viscosity
𝑡𝑡𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = the inject time

Once the pressure is calculated from above expression, we can easily find out the energy
required to fill the mold.
𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑃𝑃𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

(20)

where 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is the volume of polymer injected. This can be calculated with known mass and
density of the polymer.

𝐸𝐸𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 , 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 , and 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 depend on the type and size of machine and on the mold and part
characteristics. These three energy quantities usually account for less than 25% of the process.
The average cooling power per square meter, 𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 , is:
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𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝜌𝜌𝐶𝐶𝑝𝑝 ℎ�𝑇𝑇𝑚𝑚 − 𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 �

(21)

where 𝑇𝑇𝑚𝑚 , is the melting temperature, 𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 is the ejection temperature, 𝐶𝐶𝑝𝑝 the specific heat,
and 𝜌𝜌 is the density of the polymer.

The energy, 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 , required to melt the amorphous polystyrene can be calculated from:
𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 𝑚𝑚𝐶𝐶𝑝𝑝 ∆𝑇𝑇

(22)

where

𝑚𝑚 = the mass of material to be melt

∆T = difference between nozzle temp. and hopper temp.

3. Computational system to evaluate Sustainability of manufacturing
processes
3.1 Introduction of graphic user interface system
A graphic user interface system to evaluate sustainability for manufacturing will be presented
to help industry quantify sustainability indicators. The system utilises knowledge-base of
different manufacturing processes in terms of part design, material properties, process
parameters and machine profiles. The presented computer system combines coded empirical
relations, user input and knowledge from available databases for the determination of
sustainability indicators.
The presented sustainability analysis algorithm is divided into following sections which are
mention below,
•

Part basic information module,

•

Mathematical processing module,

•

Result display module.

These modules are explained in the following sections.
3.1.1 Part basic information module
In this module, basic information of part is entered which are relevant to the specific
manufacturing process. For example, for a molding or a casting process, these parameters would
be the volume of cavity, clamping force, flow rate, density and other relevant parameters. These
input parameters are provided manually and the system takes other relevant data from the
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available databases.
3.1.2 Mathematical processing module
In this module, processing of data is done by using logical reasoning and mathematical
calculations some of which have been described above. The results thus obtained are displayed
and stored in the system.
3.1.3 Result display module
Results determined by the processing module are displayed by the system. Further output in the
form of bar charts is presented by this module. A report for the analysis of Sustainability is
generated by the system. This report is stored in the database and is retrieved on demand.
3.2 Database for system
System uses various such databases as material, machine and runner volume percentage
database. Databases are stored in the form of XLS files. The databases are interlinked to all the
modules, and the results obtained from the processing unit are stored in these databases for
future reference.
3.3 GUI (GRAPHIC USER INTERFACE) of Sustainability Analyser
This section shows a snap shot of the graphic user interface for the different manufacturing
processes. The sustainability analyser consists of various panels such as the selection of
manufacturing process family, selection of sub processes and selection of unit manufacturing
processes.
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Figure 1: GUI of different manufacturing processes
3.4 Case Studies
For the validation of proposed graphic user interface system, three case studies are consider
from machining, forming and casting processes.
3.4.1 Turning Process
A cylindrical-shaped aluminum alloy workpiece used for turning process case study. All the
initial parameters and length of cut is mention in input module to assess sustainability. The
interface provide user to vary initial parameters to achieve better sustainability results. The
major objective is to analyse and estimate the energy consumed in different machining
operations by using work piece dimensions.
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Figure 2. A snapshot of Sustainability analyzer for turning process
The above figure shows graphic user interface results for turning process.
Table 1: Outputs in tabular form for turning process
Calculated Parameters

Turning Process

Timeturning (sec)

0.57301

Timeidle (sec)

0.57432

Timebasic (sec)

75.5743

Powerturning (kW)

53.8908

Poweridle (kW)

10

Powerbasic (kW)

7.5

Energyturning (kJ/cut)

30.8802

Energyidle (kJ/cut)

5.7432

Energybasic (kJ/cut)

566.8074

Total Energyturning (kJ/cut)

603.4308

Total Powerturning (kW)

7.9846

3.4.2 Die casting Process
Sustainability indices for a pressure die-casting of a zinc-alloyed tap handle is determined
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with the help of sustainability analyser presented in this work. Zinc alloy is consider as a
base material for this case study. The furnace serves the purpose of both melting as well as
holding the molten alloy. The poured metal is then transferred to casting machine, whereas
after solidification casting is machined.
Graphic user interface determines such sustainability indices as carbon emissions, electrical
energy required, fuel required and solid waste by processing the input parameters provided by
the user. The sustainability analysis is performed per shift basis as shown in the result display
panel depicted in Figure 3.

Figure 3. Graphic User Interface model for pressure die-casting process
Table 2: Outputs in tabular form for pressure die-casting process
Unit-processes

Carbon emissions

Electrical Energy

Melting and holding furnace

KgCO2
38.048

consumption (KWh)
10.6

(lt.)
530.699

22.5

Pressure Die-casting machine

152.039

180.99

0

0.560

Micro-level activities

6.10

7.64

0

0

Total

196.19

199.44

530.699

23.060
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3.4.3 Injection Moulding Process
This case study features a plastic bucket which is manufactured by using a gravity injection
moulding process. The computer system, introduced in this work, processes the input
parameters provided by the user to determine such sustainability indices as solid waste,
electrical energy consumed, amount of fuel combusted and resulting carbon emissions. Figure
4 shows the sustainability analyser output panel for the injection moulding process featured by
the case study.

Figure 4. Graphic User Interface model for injection moulding process
Table 3: Results for Injection moulding process
Sustainability Indicators

Sustainability Analyzer results

Energy Consumption (KWh)

Emelting= 2.52083
Efill= 0.145455
Ecool= 0.0153875
Ereset= 0.0367394
Eidle= 0.025
Etotal= 2.74341
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2.30446

Solid waste (Kg)
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4. Conclusions
A Graphic user interface (GUI) for the determination of sustainability in manufacturing
processes has been presented in this book chapter section. The proposed model calculates
sustainability by processing theoretical mathematical models with available databases of the
process parameters of various manufacturing methods. The sustainability indicators featured
in this work are carbon emissions, energy and fuel consumption and material wastage. The
input parameters are enter either manually or values for process parameters from existing
databases. The system then processes the input data and produces the results in form of
sustainability indicators. The system information shows that the proposed system is valid and
useful for the intended purpose. Moreover, the sustainability results determined by the system
based on existing databases are close to these calculated on the basis of actual measurements
of process parameters. The system can also be used to compare two process plans for
manufacturing a part and can be used to measure progress of a company in terms of energy
and material uses at various stages.
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A Computer Aided Unit process Sustainable Modelling for
Manufacturing Processes: Case for Extrusion Process 1
Karmjit Singh and Ibrahim A. Sultan
Federation University Australia
School of Science, Engineering and Information Technology, PO Box 663
Ballarat Victoria 3353, Australia
Abstract - Sustainable manufacturing assessment is meant to ensure that products
are manufactured such that negative environmental impacts are reduced by
conserving energy and managing the use of natural resources as well as ensuring
economical soundness for the process. The main objective of this work is to
introduce Sustainable Development methodology/ models for manufacturing
processes.

For this purpose, the paper utilises background data, develops a

computer model and presents detailed case studies. This paper will identify and
adopt key performance indicators (KPIs) and utilize these to assess the
sustainability of extrusion process and their designs. Different manufacturing
parameters such as material types, product specifications and manufacturing tools
are considered in the process of measuring sustainability. The proposed computer
model is verified with data obtain from actual aluminium extrusion plants.
Findings – Sustainability stands on three pillars, economics, social and
environmental. A Sustainability Measurement Framework has been crafted in
response to environmental and energy challenges.
Research limitations/implications – The focus in this work is on sustainable
manufacturing and product development. This work will be extended in the future
to cover the manufacturing sector at product, plant and process levels.
Practical implications – The proposed concept and models of the Sustainability
Measurement Framework is tested with real industrial case studies and data. The
work will also rely on published sources for further information on sustainability.
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1. Introduction
Manufacturing is the production of different products for use or sale using different types
of machines, tools, chemical, manpower and biological processing, or formulation.
Manufacturing processes manipulate such geometrical characteristics as shape, size,
surface quality and accuracy as well as the physical and chemical properties of the
intended product. A manufacturing operation consists of a combination of various unit
processes each of which is controlled by both input as well as output information related
to a given product. On one hand, input modules may refer to related to the machines,
materials and various types of energy that is required to operate the machinery. On the
other hand, the output modules are the finished product along with several types of
wastages. The output characteristics of the final product are impacted by features of each
unit process along with the employed sequence of machines (Gungor & Gupta, 1999).
For the optimization of a given unit process, proper control of process parameters, such
as energy consumption, scrap produce, various types of cost is essential. In addition,
customer satisfaction and healthy environment for workers also vary the outcomes of
each unit process.

1.1 Sustainable Manufacturing
According to the U.S. Department of Commerce, sustainable manufacturing is defined as
“the creation of manufactured products that use processes that minimize negative
environmental impacts, conserve energy and natural resources, are safe for employees,
communities, and consumers and are economically sound” (US Department of
Commerce, 2009). The concepts of sustainability in manufacturing are generally fairly
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broad in scope and vary with process and product.
Sustainable manufacturing plays a vital role in the manufacturing of economic, social and
environmental friendly products. For sustainable development of products, factors such
as energy consumption, material wastage, gas emissions and use of non-renewable
resources is to be targeted (Seow & Rahimifard, 2011).

1.2 Background of Manufacturing Industries
Every manufacturing industry has always impacted the environment and will continue
doing so in one way or another, demanding an ongoing research effort to identify
adoptable sustainable approaches. The ability to measure and assess the level of
sustainability of a given manufacturing process will result in improving manufacturing
processes and creating opportunities to bench-mark performance of various
manufacturing enterprises. For the purpose of building a proper sustainability indicator,
a framework is developed in this paper based on the following steps;
 A proper system is defined with clear boundaries to help analyse and classify
manufacturing processes.
 The process input, output, emissions, energy and other auxiliary elements are
properly analysed where the machining parameters, working conditions and
characteristics are considered.
 The indicators selected are measurable. Proper assessing tools are used and tests
or experiments are performed for each pre-selected indicators to quantify the
indicators measured.
 The results obtained from the proposed system are compared with real data from
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manufacturing plants for further improvement and fine tuning.

1.3 Sustainability Indicators
A sustainability indicator is a single parameter employed to measure the condition of a
sustainability aspect, such as material wastage or energy use (Jayal, Badurdeen, Dillon &
Jawahir, 2010). Sustainability indicators help measure and assess sustainability and
provide basis for improvement. Working to improve an objective requires an ongoing
monitoring of its status, progress made towards realising that objective and the issues
encountered while achieving the set goals. Indicators are what one needs to help identify
process objectives. Sustainability indicators help measure and assess sustainability and
provide a basis for its improvement. There are numerous indicators which could be used
as basis for sustainability assessment. Most commonly used indicators are:
environmental, economic and social indicators.
The work in this paper aims at developing a roadmap for continuous improvement in the
environmental sustainability performance of manufacturing companies. To develop more
sustainable societies, industry needs to better understand how to respond to
environmental challenges. Our motive is to develop a framework and tools that accelerate
the transition towards a sustainable future. For the present study, we consider following
environmental indicators.
 Electricity consumption
 Fuel consumption
 CO2 Emission
 Solid wastage
Whilst the focus in this paper is environmental sustainability, future publications will
report work in which the economic and social indicators will be considered. The
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formulation used to calculate sustainability indicators and equipment used to measure
these parameters are explained in section 3.

2. Literature Review
This section reviews related work on sustainability assessment and environmental issues
in the manufacturing industry. A few papers on energy and material usages in different
manufacturing processes can be pointed out. The literature survey is summarised by the
following table.

No. Details
1.

Table 1: A comparative summary of the previous work
Objective
Approach

Limitation

(Zhang,

Develop models to

Determines manufacturing

Does not

Zhu, Li,

gather information

process specific sustainability

support a

Yaman, &

related to the

information , such as energy

science based

Roy,

sustainable

Represents the sustainability

sustainability

2015)

manufacturing with information with the help of

determination

the product design

information model

for

information.

Facilitates use of process

manufacturin

information model

g.

sustainability data for product
design for assessment
2.

(Elita &

Proposes a set of

Identifies the initial key

This work

Annike ,

Key Performance

performance indicators (KPIs)

only include

2015)

Indicators (KPIs)

for sustainable manufacturing

opinions

for evaluating the

evaluation.

based

sustainable
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manufacturing for

The initial KPIs are then

for

cement industry

validated to industry practices.

sustainable

based on the triple

Applies the Analytical Hierarchy manufacturin

bottom line.

Process (AHP) method is to

g.

prioritize the performance
indicators by summarizing the
opinions of experts.
3.

(Lee,

A model has been

Suggests the essential

Collection of

Kang, &

introduced for life

requirements for evaluating the

data from

Noh,

cycle sustainability

sustainability performance of

shop floor

2014)

evaluation.

manufacturing industry.

and this data

Generates a sustainability model collection
using

takes long

a theoretical foundation

time.

comprising 20 principles
Key performance indicators
identified on the basis of
principles, Manufacturing
Sustainability Index (MSI)
introducing the KPIs,
an evaluation method and
Information management
method.
4.

(Madan,

Develop the needed Develops a standard reference

Only energy

Mani,

measurement

evaluation
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Lee,, &

science, standards

methodologies for unit

and

Lyons,

and methodologies

manufacturing processes

improvement

2014)

to evaluate and

focusing on injection moulding.

indicators are

improve

Calculate theoretical energy by

identify.

sustainability of

considering different parameters

manufacturing

of injection moulding process.

processes.
5.

(Lee,

This paper suggests Defines sustainability

This work

Kang, &

a simulation based

input/output factors and

does not

Noh,

analysis for

constructs a framework for

included

2014)

sustainable

simulation based analysis of

science based

manufacturing.

sustainability.

measurement

Generates a model using

s of

sustainability factors and P3R

sustainable

information.

manufacturin

Assigns sustainability factors to

g.

the existing each unit process
with the relation of routing
information.
6.

(Seow &

This work presents

Investigates the combination of

Only energy

Rahimifar

a novel modelling

energy used both at the plant and related

d, 2011)

framework to

process levels.

indicators are

represent the total

Represents the amount of energy

identified.

energy required to

attributed for a unit
manufacturing process.
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manufacture a unit

Proposes a framework for

product.

modelling embodied product
energy (EPE) during
manufacturing.

7.

(Kim,

Propose a decision

Introduces a decision guidance

Only energy

Shin,

guidance

framework which consists of six

and

Shao, &

framework to

phases for sustainable analysis

emissions

Brodsky,

address the

of product.

related

2015)

limitations of LCA

Goal and scope definition

indicators are

methods.

Data collection

identified.

Model generation for processes
Sustainability performance
analysis Interpretation
Decision support and guidance
8.

(Kellens,

Propose a life-cycle Develops the methodology as a

A large

Dewulf,

analysis (LCA)

framework of the CO2 PE!

amount of

Overcash,

oriented

comprising two approaches with

LCI data is

Hauschildl methodology for

different levels of detail.

required for

,&

systematic

Consider energy, material,

each process.

Duflou,

inventory analysis

power and time studies to

2011-a)

of the use phase of

evaluate life cycle inventory

manufacturing unit

analysis for machining

processes

processes.

providing unit
process datasets to
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be used in lifecycle inventory
(LCI) databases
and libraries.

9.

(Kellens,

Demonstrating the

Generates uniform, complete

A large

Dewulf,

application of life

and robust LCI datasets of the

amount of

Overcash,

cycle assessment

machine tool use phase of unit

LCI data is

manufacturing processes.

required for

Hauschildl oriented
,&

methodology for

Duflou,

systematic

2011-b)

inventory analysis

each process.

of machine tool.

10.

(Jayal,

Proposes sustainability scoring

There has

Badurdeen overview of new

methods for products and

been lack of

, Dillon,

concepts that are

processes

metrics to

O, &

emerging for

Predictive models and

quantity the

Jawahir,

evaluating

optimization techniques for

extent of

2010)

sustainability

sustainable manufacturing

environmenta

contents at the

processes.

l and social

product, process

Focusing on dry, near-dry and

impacts.

and system levels

cryogenic machining as

for enabling

examples.
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sustainable
manufacturing.

Besides comprehending and differentiating the scopes of papers presented by various
authors, the literature review sought to assimilate and compare proposed methods,
evaluate their strengths and weaknesses and identify research gaps (Singh & Sultan,
2017).

2.2 Research Gaps
•

Most of the research work has been done for the machining operations like turning
and milling while a limited study is done on primary processes such as extrusion
process.

•

Some studies proposed a system for energy estimation for extrusion process but
energy use can change from one process plan to the other and this has not been
considered previously.

•

Sustainability data of energy and material flow analysis of manufacturing
processes, including aluminium extrusion are lacking.

•

A well-designed computer-aided approach would help to generate better
sustainability for aluminium extrusion processes.

2.3 Research Objectives
This research work have the following objectives:
•

Identify the most suitable KPIs to measure the environmental impact of the
extrusion process.
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•

To develop a framework which evaluates different sustainability indicators and
provides sustainability comparison at different sub processes levels for the
extrusion process.

In order to achieve the objective of present work, a sustainable manufacturing assessment
methodology is adopted. The study begins with the raw material processing, process
input/outputs and unit manufacturing processes evaluation and extends up to data
collection and validation.

Fig. 1: Input/output diagram of an aluminium extrusion plant
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The aim of this study is to help improve the sustainability aspects of a manufacturing
process taking place on a company premises. Pre-processing of raw material production
and the use of the product outside of the company is not considered within the scope of
the study. In the study, energy consumption is taken into consideration as well as off-site
air emissions specifically, emissions related from the production of energy and on-site air
emissions from the burning of fossil fuels (Thirez & Gutowski, 2016). Waste of
processing material within the company is also within the scope of the study yet
transportation of raw materials and capital equipment has not been considered in this
study. System boundaries for aluminium extrusion plant are shown in figure 1.
The system boundaries include emissions from such sources as furnace oil, diesel oil,
electricity and solid waste. Waste water emissions have also been included in the
industrial waste. The amount of electrical energy consumed is calculated in kilowatthours (kWh), fuel consumption will be given in litres for oil-fired furnaces but solid waste
will be calculated in kg.

3. Mathematical evaluation of sustainability indicators
The methodology to evaluate sustainability indicators, namely, electrical energy, solid
wastage, CO2 emission and fuel consumption is discussed in the below paragraphs.

3.1 Energy use indicator
For energy indicator, electrical and fossil fuel energy is used. The following expressions
are used to calculate energy in any manufacturing process.

3.1.1 Electrical energy
Electric energy consumption and fossil fuel consumption can be calculated by using
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theoretical and actual measurement formulations. Therefore theoretical rated energy
consumption, 𝐸𝐸𝑟𝑟 , can be calculated by the following equation;
𝐸𝐸𝑟𝑟 = 𝑃𝑃𝑟𝑟 × 𝑡𝑡

(1)

where 𝑃𝑃𝑟𝑟 is the rated power (kW) of a given machine and 𝑡𝑡 (hours) is the time used to

achieve a specific task on that machine. Electrical energy in equation (1) is reported in
kilowatt-hours (kWh).

Actual energy use, 𝐸𝐸, for manufacturing process is measured for different equipment

during the actual manufacturing process. This energy consumption is determined by
measuring the actual values of current, 𝐼𝐼, voltage, 𝑉𝑉, and time taken from the actual

measured data. The below formulation provide value of actual energy consumption.
𝐸𝐸 = √3 × 𝑉𝑉 × 𝐼𝐼 × 𝑡𝑡 × cos 𝜑𝜑

(2)

where 𝜑𝜑 is the phase angle.

3.1.2 Quantity of fuel consumption
In the process of melting metal in oil fired furnaces, heat energy is provided in form of
furnace oil, diesel and other fuels. The quantity of fuel consumption primarily depends
on the heat energy required to increase the temperature of material from the ambient
temperature to the required injection temperature. The process of melting features a
complex phase transformation and change in state of material from solid state to the
liquid. During this transformation, heat energy is required to raise the temperature of the
casting alloy from ambient to superheated and melting temperatures. Thus, total heat
energy can be given by the following relation (Bill 2005).
𝑄𝑄𝑠𝑠 = 𝑀𝑀𝐶𝐶𝑠𝑠 (𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑎𝑎 )
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𝑄𝑄𝑓𝑓 = 𝑀𝑀�𝐶𝐶𝑠𝑠 (𝑇𝑇1 − 𝑇𝑇𝑠𝑠 ) + 𝐻𝐻𝑓𝑓 �

(4)

𝑄𝑄𝑡𝑡 = 𝑄𝑄𝑠𝑠 + 𝑄𝑄𝑓𝑓 + 𝑄𝑄𝑠𝑠ℎ

(6)

𝑄𝑄𝑠𝑠ℎ = 𝑀𝑀𝐶𝐶𝑠𝑠 (𝑇𝑇𝑠𝑠ℎ − 𝑇𝑇1 )

(5)

where,
•
•
•
•
•
•
•
•
•
•
•

𝑀𝑀= Mass of metal in the furnace;
𝐶𝐶𝑠𝑠 = Specific heat of the metal;
𝑇𝑇𝑎𝑎 = ambient temperature;

𝑇𝑇𝑠𝑠 = Temperature at the liquid state;

𝑇𝑇1 = Temperature at the moulding state

𝑄𝑄𝑠𝑠 = Heat to raise temperature from room temperature to start of melting

𝑄𝑄𝑡𝑡 = Total heat required for the melting process

𝑄𝑄𝑓𝑓 = Heat required to increase casting alloy from the solidus to liquid temperature

𝑄𝑄𝑠𝑠ℎ = Heat required to super heat casting alloy to holding furnace temperature

𝐻𝐻𝑓𝑓 = Latent heat of fusion of alloy

𝑇𝑇𝑠𝑠ℎ = Temperature at the saturation heat state

By knowing such parameters as the mass of metal processed, temperature at each process
total heat required in melting can be calculated.
The quantity of fuel needed for the melting process depends upon a number of such
parameters as the type of material, melting temperature and mass of material. An estimate
for the volume, 𝑉𝑉𝑓𝑓 , of fuel required can be calculated from the following equation,
𝑄𝑄

𝑉𝑉𝑓𝑓 = 𝜂𝜂×𝐻𝐻 𝑡𝑡×𝜌𝜌
𝑓𝑓

where
•
•
•
•

𝑓𝑓

(7)

𝑉𝑉𝑓𝑓 = The fuel volume flow rate required;
𝐻𝐻𝑓𝑓
𝜌𝜌𝑓𝑓
𝜂𝜂

= Heat value of fuel per unit mass;

= Fuel density

= Efficiency of the furnace

The actual amount of fuel used is also measured and compared with the estimated value.
3.1.3 Air emissions
Emissions have a particular significance due to their harmful effects on the environment.
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CO2 emission into atmosphere is caused by electrical energy and fuel consumption which
occurs in any manufacturing process. Air emissions occur due to electrical energy
depends upon the consumption of electricity. The below expression provides an estimate
for air emission which results from the production of electrical energy.
𝐶𝐶𝑤𝑤 = 𝐸𝐸 × 𝑓𝑓

(8)

where 𝑓𝑓 is a factor used to estimate CO2 emission as provided by Electricity Authorities

in various locations. For example, for the Northern Grid this factor is 0.84 tonne of CO2
per MWh of electricity used. (Jeswiet & Kara, 2008). Some authorities provide the factor
𝑓𝑓 in form of tonnes of CO2 per unit volume of the fuel consumption instead of unit energy

produced. For example, according to the US Environmental Protection Agency, emission

factor for diesel is 2.63 kg of CO2/litre of burned fuel. If this case, CO2 emitted to
atmosphere would be given as follows;
𝐶𝐶𝑤𝑤 = 𝑉𝑉𝑓𝑓 × 𝑓𝑓

(9)

3.1.4 Solid waste
The major material wastage occurs during the heating process which contain
transformation of material from solid to liquid. Material losses depend upon a number of
factors such as, type of furnace, type of fuel and material characterization. Melting loss
estimates for furnaces can be taken from the data provided by the Cast Metal Coalition.
Generally, melting furnace are expected to exhibit a material loss that ranges from 0.75%
to 1.25% of the initial furnace load. As such, the solid waste equation for extrusion
process can be expressed as follows;
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 × (% 𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙)
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Solid wastage is usually calculated in kg per work shift.

4. Matlab Model to evaluate sustainability for extrusion process
A model has been constructed to quantify the sustainability characteristics of the
extrusion process and its allied sub processes. The model, which is coded in a computer
package, is so comprehensive it takes into account the parameters of various production
tools, the materials involved, the fuels employed and the produced part. The proposed
model contains various coded modules employed to enter and process of data by the mean
of mathematical calculations and provide end results in the form of bar charts and graphs.
The user interface for the model is depicted in Figure 2.

Fig. 2: GUI for different manufacturing processes
The computer aided approach used in this paper is designed to be user friendly. The first
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step is to select the manufacturing processes class along with major unit process, such as
extrusion or die-casting. Then materials and alloys are selected from provided databases.

Fig. 3: System architecture of the Sustainability Assessor
The final step is to select the sub processes which are associated with major metal forming
operations. For example, melting, billet heating, log cutting and final cutting are sub
processes for extrusion process. The computer system presented in the paper can evaluate
the sustainability of different sub processes as well as compare two sub processes.
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5. Case Study
For the validation of proposed computer model, a case study of an extruded aluminium
product is presented. The proposed system takes the required information such as mass
of charge, time per cycle, melting, heating of billets and superheat temperature along with
other process parameters. Table 2 offers some insight into the list of parameters used by
the model for sustainability calculations. The system processes the input information for
the determination of sustainability indices.
Table 2: Parameters of the sustainably model for extrusion Process
S.No

Sub-processes

1.

Metal process

Casting and
transportation

2.

3.

4.

5.

•
•
•
•
•
•
•
•
•
•
•
•

Inputs parameters
Melting furnace parameters
Material mass
Time for melting
Furnace efficiency
Initial temperature
Final temperature
Cycle time for tilting motor
Cycle time for water inlet motor
Cycle time for water outlet motor
Cycle time for lifting motor
Cycle time for cooling fan
Casting charge
Cycle time for log cutting
Cycle time for heating billets
Heater efficiency
Ambient temperature
Final temperature
Total mass of casting logs

Extrusion and rough
cutting

•
•
•
•
•
•
•
•
•

Stretching and final
cutting

•
•
•

Cycle time for stretching process
Cycle time for finish cutting
Total metal input

Log cutting and
preheating of billets

Cycle time for extrusion process
Cycle time for rough cutting
Extrusion metal input

For the mathematical modelling, the system employs various documented properties of
material, alloys, furnaces, machine databases and theoretical formulae coded into the
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system for the determination of sustainability. Results of the sustainability analyser for
the extrusion process are shown in figure 4.

Fig. 4: Sustainability analyses for extrusion process
The proposed system utilizes theoretical formulae for the determination of indicators. To
check the accuracy of the sustainability analyzer, the system results have been compared
with the actual measured data obtained from an aluminium extrusion. Table 3 shows the
actual results and output material for aluminium extrusion, where the sustainability
analysis is performed per shift basis. The calculated sustainability indices are shown in
figure 5.
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Table 3: Actual energy used and output material

Figure (5a) of sustainability indices represents CO2 emissions occurred during the
aluminium extrusion process. Figure (5b) and figure (5c) indicate the energy used in
form of electrical and fossil fuel energy respectively. Figure (5d) represents the solid
waste produced during the extrusion process.

Fig. 5a. CO2 emissions

Fig5 b. Electrical energy

used
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Fig. 5c. Fossil fuel used

Fig5 d. Solid waste

Fig 5: Sustainability indices evaluation at every stage of extrusion process

6. Results and discussions
To assert the accuracy and validity of the proposed model, a comparison between the
actual measured data and the results obtained by the proposed model has been conducted
with the aid of Figure 6. Deviations in the values of sustainability indicators obtained by
the proposed model as compared to actual data are also listed in Table 4.
The values listed in Table 4 reveal that the calculated estimate of carbon emission is only
1.2% more than the corresponding data obtained by actual measurements. This minor
deviation can be attributed to using catalogued values for rated power of various
equipment in the calculations. In reality, however, the actual power consumed by a
machine is expected to vary slightly based on operating conditions. The use of rated
power values also resulted in estimating the energy consumption to be 4.9 % higher than
what the actual data suggested as shown in Table 4.
Fossil fuel consumption, which has been calculated from the actual measured data, is
more than the proposed model estimated. This variation is due to energy losses which
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take place in real situations but cannot be reliably considered in theoretical calculations.
In fact, the actual data suggested 5.85% higher fuel consumption than what the model
estimated. The solid waste estimation part of the proposed model produced results which
are 3.9% out when compared to the actual data. In actual practice, the solid waste
generation was higher than the theoretical estimate. This outcome is expected to vary with
data collected from various extrusion plants.
Overall, the presented model demonstrates levels of accuracy which qualify it for the use
as a design tool for future manufacturing processes in order to ensure that a sustainable
outcome will be achieved.

2500

2000

1500

1000

500

0

AIR EMISSIONS
KGCO2

ELECTRICITY
KWH

FUEL CONSUME
LITERS

System results

SOLID WASTE
KG

Actual results

Fig. 6: Comparison of system results with the actual measured industrial data
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Table 4: Percentage error for system results and actual results
Indicators

System results

Actual results

% Error

Electricity

1502.03 kWh

1417.75 kWh

4.9

CO2 emissions

2135.33 kgCO2

2087.73 kgCO2

1.2

Fuel consumption

327.35 litres

341 litres

5.85

Solid waste

748.54 kg

776.4 kg

3.9

7. Conclusions
A framework for evaluating the sustainability of extrusion processes has been presented
in this work. The system combines mathematical modelling with information available in
industry databases for various parameters of manufacturing processes. The indicators
used in this work are air emissions, energy use and solid waste. In the computer aided
model featured here, user can enter the input parameters or choose the value of process
parameters from pre-stored. The process plan of a product is simulated in the produced
system in order for accurate results to be obtained. The system processes the input data
and produces the results in form of key performance indicators. The present system has
the following advantages.
•

The results determined by the system are close to that calculated based on actual
measurements of process parameters.

•

The results show that the percentage error for the system for electricity, CO2
emission, fuel consumption and solid waste are 4.9%, 1.2%, 5.85% and 3.9%
respectively.

•

The results show that proposed system is valid and could be used for calculating
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energy use, emissions and solid wastage in manufacturing companies.
•

The proposed framework could also be used to measure progress of a company in
terms of energy and material uses at various stages.

The future work includes extending the system utilization for whole life cycle for
manufacturing processes considering economic and social indicators.
Appendix
A Snapshot of the GUI of different sub-processes for Extrusion extrusion.

Fig.7: Sub-process form for Melting Stage
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Fig. 8: Sub-process form for Casting process

Fig. 9: Sub-process form for Log cutting & Heating
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Fig. 10: Sub-process form for Extrusion process

Fig. 11: Sub-process form for Stretching & final cutting
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Abstract: The sustainability of a manufacturing process can be measured by three main factors
which impact both ecological and financial constraints. These factors are the energy required to
achieve a specific job, the material utilized for the job, and the time taken to complete that job.
These factors have to be quantified and analysed so that a proper manufacturing system can be
designed to optimize process sustainability. For this purpose, a computer package, which utilizes
life cycle inventory models has been presented for CNC (Computer Numerical Control) milling and
turning processes. Based on utilization of resources and production stages, the job completion time
for the turning and milling processes can be divided into process (i.e., machining), idle and basic
times. As parameters are different for evaluating the process times, i.e., depth and width of cut
in case of milling, initial and final diameters for turning, two different case studies are presented,
one for each process. The effect of material selection on the sustainability factors has been studied for
different processes. Our simulations show that highly dense and hard materials take more time in
finishing the job due to low cutting speed and feed rates as compared to soft materials. In addition,
face milling takes longer and consumes more power as compared to peripheral milling due to more
retraction time caused by over travel distance and lower vertical transverse speeds than the horizontal
transverse speed used in a peripheral retraction process.
Keywords: manufacturing sustainability; milling process; turning process; energy consumption;
power consumption

1. Introduction
The system design for sustainable manufacturing is achieved by considering both ecological
and financial constraints. Business concerns are growing with sustainable business models and
environmental accounting as today there is no agreed-upon single standard. So, there are large number
of techniques to measure the whole environmental footprint belonging to an association or supplying
sequence. Nowadays, the utmost imperative encountered by civilization and industry is the climate
and environmental impacts due to rapid usage of energy. When fuel is combusted or electricity is being
used on-site in some way, the most significant greenhouse gas that is emitted is carbon dioxide (CO2).
At the time of manufacturing, the basic factor that needs to be tackled is the growing energy budget.
So, to make massive savings throughout the equipment lifespan, more energy efficient solutions are
essential. Business benefits and the ecological execution can be improved by applying sustainability
standards to machining forms [1]. Sustainability indicators are mainly classified into three main types:
environmental, economic and social as shown in Figure 1.

J. Manuf. Mater. Process. 2018, 2, 65; doi:10.3390/jmmp2040065www.mdpi.com/journal/jmmp
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Figure 1. Sustainability as the intersection of its three key parts.

For many organizations, new zones of achievement are imposed by varying demands and
requests from customers, administrative guidelines and shifting competition. Today not just quality,
time, adaptability and cost necessities are encountered, but also continuous expanding pressure on
natural resources. To accomplish sustainable production, conventional financial focus requests and
environmental impact must be satisfied. In the production method, a variety of indicators are utilized
with regard to time, cost and quality at various stages to raise economic output. It is very necessary to
outline standards, signs and approaches to allow more ecologically kind production, as work centered
on CNC machining. Fundamentally ecological enhancements of CNC machining can be accomplished
through innovation improvements or using more powerful strategies. In general, these should consider
the CNC machining sustainable production to incorporate the given features, which are impacted by
decisions prepared at the time of process planning [2].
•
•
•
•
•

Cost (labor, machine apparatuses, cutting instruments—as a capacity of machining time).
Environment (energy used, material and process emission from use of cutting solutions).
Quality (process capacity, scrap rate, in process control needs and so forth).
Lead time (material evacuation rates, diminished set-up times—consequently diminished standby
circumstances).
Flexibility (routines, knowledge base engineering and competence) it is vital to comprehend
the interrelation between various machining factors, choices, imperatives and so forth and their
separate effect on the machining result.

Manufacturing industry is an imperative mainstay of the world’s economy. It is basic to have
a solid base of manufacture as it empowers the various divisions of any industrialized nation [3].
The matter of sustainability has been broadly perceived as a need in manufacturing research. Numerous
new terminologies, for example, ecologically aware manufacturing, energy effective manufacturing,
remanufacturing, and product lifespan engineering, have been recommended. An energy consumption
model is essential for pretending energy consumption in an expansive number of various situations
rapidly. CNC machine devices are the key players in the present-day machining industry. Its principal
natural effect is recognized in energy consumption during the utilization stage, which represents over
95% of the life cycle energy use. CNC machines are involved in various motors and helper segments
whose energy utilization can fluctuate emphatically during production [4]. The pattern towards a
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higher level of automation of CNC will, as needs be, develop the energy aspect of the aggregate
cost. An unambiguous data format is desirable to simplify energy data exchange among dissimilar
happenings of a production system. This is especially valid in a situation where distinctive events,
e.g., designing, plan, fabrication and data storage, are distributed geographically. Thus, to characterize
and incorporate energy data, a standardized data model is considered as a viable solution. The energy
features of CNC machining have a tendency to be extremely composite, fluctuating meaningfully with
respect to method design and the variety of operative procedures. An examination of current writing
concentrates on energy requests displayed for CNC machining [5]. The primary energy necessity of a
machining procedure is steady energy utilization and variable utilization. The static energy is required
by the supplementary devices of machines to confirm its operative readiness, although the inconstant
energy consumption is reliant on its processing rate. A comparable report was compiled by [6] where
the particular energy utilization of a machining procedure is assessed in light of a consistent and
a variable segment with identified material removal rate. These mathematical models provided an
invaluable basis for in-depth energy analysis of CNC machining.
Most studies have been based on machining parameters to analyze energy consumption for CNC
machining systems. Gutowski et al. [7] provided specific electricity consumption dependent needs
for manufacturing CNC operations. They found that these needs vary from process to process and
depend upon the rate of machining processes and energy-use operations are increasing day by day.
Diaz et al. [8] studied the procedures for exemplifying and minimizing the consumption of electrical
energy of CNC milling tools. They measured the power demands and specific energy variables of a
micro-machining tools in which they use low carbon steel for cutting under different material removing
rates. A similar procedure has been adopted for cutting aluminum as well as poly-carbonate materials
in order to make comparisons and find the differences for specific energy for individual materials with
respect to steel. Rajemi et al. [9] assessed ideal instrument life for least energy of a turning procedure
by considering the energy spending plan in manufacturing an item. The study concludes the increase
in tool life and hence decreases in energy usage in order to gain more value out of high-energy tools.
Mori et al. [10] researched the significant causes of a decrease consumption of power in tooling process
of the machine and three cases are considered with the following findings: (1) utilization of power
can be decreased for basic types of milling operations; (2) utilization of power for machining deep
holes can be lessened with a versatile pecking cycle; (3) utilization of power can be lessened further by
synchronizing the spindle accelerating/de-accelerating speed with the feed axis at rapid traversing
operation. Avram and Xirouchakis [11] proposed a method estimating variable energy requires of
a machining tool system in part machining. They used cutter location and speed data. During the
material removal processes, energy savings need to be considered in order to fix the match between the
efficiency requirements of a machine to that of the proficiencies of the machine, hence magnitude and
duration of machine running are taken into account. Hu et al. [12] propose on-line energy monitoring
for developing the efficiency of energy of tools used in a CNC machining process. They propose
reduction in initial energy consumption using task scheduling in which, ready-for-operation time and
idling time can be reduced and then provide some technology-related measurements so that cutting
parameters can be optimized so that cutting time for the processes can be reduced. Calvanese et al. [13]
proposed an energy consumption model for the machine tooling used in the milling CNC machining
processes. They provide optimization of the cutting variables and conditions in order to minimize the
energy consumption in the milling process. Different machine tool functional modules and production
phases were considered. Draganescu et al. [14] studied out the importance of a mathematical model
of tool efficiency of the machine to determine the electrical energy consumed during the machining
operation. They find out the possibilities of the statistic modeling efficiency of machine tools with
the functions as working parameters by taking data from response surface methodology experiments.
Kara et al. [15] presented an empirical approach for unit-process energy calculations used for material
removal operations. The proposed unit-process energy consumption model finds that that a higher
MRR (Material Removal Rate) results less energy consumed in removing same amount of material
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volume as compared to lower MRR rates. Guo et al. [16] proposed two step methods in calculating the
ideal cutting factors for finishing–turning processes in order to minimize the total energy consumption
by achieving a quantified surface roughness. For this, they derived an energy and surface roughness
model for a particular defined machine tool taken in the study.
To accomplish sustainable manufacturing, it is important to evaluate the sustainability
performance regarding how well products are produced in a sustainable manner. There have been
many frameworks for sustainability assessment and indicators, which evaluate the sustainability
performance of manufacturing industries. These indicators are categorized into social, economic and
environmental indicators based on available data and commonly measured aspects of production like
materials use, energy use, water consumption, products, waste, air emissions etc. A manufacturing
process generally consists of a number of unit processes. There are a number of issues, which increase
the level of complexity in the manufacturing processes. These issues are different types of energy
resources, energy usage at various stages with variation in employed power, number of materials,
wastage of material at different levels, labor cost, product manufacturing cost, and cost of tooling and
equipment. Manufacturing industries are focusing on the sustainability analysis of manufacturing
processes. The present methods are used for determination of sustainability analysis for a product
having following designs:
•
•
•
•
•

complex mathematical relations are involved;
manual calculations need to be used that are prone to error;
a lot of literature needs to be referred to for collecting the data;
lot of human effort is required at every stage;
this is an iterative and time-consuming process [17].

Hence, there is a need for computer-aided system that automatically assesses sustainability of
different process plans at the early design stage and benefitting the industry. The system would help in
minimizing the use of non-renewable sources, choosing energy efficient processes, minimizing waste,
reduce product manufacturing cost, labor cost and reduce carbon emissions. To advance sustainability
assessment analysis, machining processes need reliable measurement methods to evaluate performance
of the machining processes by considering the factors of production volume, elapsing time of the
process energy consumption, power consumption wastage etc.
1. To determine performance metrics for a milling and turning process.
2.
3.
4.

To propose a methodology for determining science-based measurements for both
machining processes.
To develop a computer model that could evaluate sustainability of machining processes from
process plan of the part with the help of MATLAB Software.
To verify the proposed methodology, compare output data obtained from the machining processes
(face milling, peripheral milling and turning).

2. Methodology for Sustainable Modeling for Milling/Turning Process
To evaluate a machining procedure productively with reusable methods in terms of ecological
effects, the idea of a unit task is employed. The unit-process comprises of the data sources or inputs,
process, and yields of a task, i.e., outputs. The unit-process outline of a milling/turning procedure is
demonstrated in Figure2. Production of final product from the input raw material is characterized by
the following attributes:
•
•
•
•

input sources or materials;
energy requirements;
material loss (whether recycle or waste);
the main machine (or material) factors which relate the inputs shown in Figure2to the outputs.

Singh, Karmjit

Page-100

Figure 2. Initial workpiece and finished product diagram of a milling/turning process.

2.1. Sustainability Analysis for the Machining Process
Energy and the loss of material are employed in the present paper as the main characteristics on
which the sustainability analysis is based. As such, the following sections are presented by way of
example to highlight how these two characteristics are quantified in the machining process.
Total energy, Et, consists of the sum of the idle, the basic and the machining energies. The equation
used for calculating total energy is given as follows,
Et = (Pb × Tb) + (Pi × Ti) + (Pm × Tm)

(1)

where,
•
•
•
•
•
•

Pb = Basic power;
Tb = Basic time;
Pi = Ideal power;
Ti = Ideal time;
Pm = Machining power;
Tm = Machining time.

It is worth noting here that the above parameters which determine the energy consumption for
a specific machining process depend on such aspects as the workpiece material, the type of process,
and the machine used to effect the cutting.
The material lost by the workpiece during the machining process is commonly known as the chip
mass. This can be calculated from the material’s density, ρ, workpiece length, l, and both the depth
and width of cut as follows,
Vm = l × wc × dc
(2)
Mc = Vm × ρ × (1 m3/1E + 09 mm3)

(3)

where,
•
•
•
•

wc = Width of cut;
dc = Depth of cut;
Vm = Volume of material;
Mc = Mass of chip.

It is worth noting here that, in case of turning, the volume of the removed metal is calculated as
follows:
D2i − D2
f

Vm = π ×
where,
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•
•

Di = Initial workpiece diameter;
D f = Final workpiece diameter.

2.2. Developing Graphical User Interface in MATLAB
The fundamental machining equations shown above have been implemented as part of the
MATLAB package which encompasses a large database of material, machine specifications and
machining process. The MATLAB package has been built to help manufacturing engineers make
decisions in relation to which combination or material, process and machine is likely to produce the
optimal outcome with respect to energy consumption and material losses. The mathematical models,
upon which the MATLAB package is built, take the input variables, type of material used for workpiece
and type of CNC machining operation selected for a particular case study. Other parameters included
in the intricate programming procedure used in the MATLAB package are as follows:
•
•
•
•
•

specific cutting energy (W/mm3 per sec),
cutting speed (m/min),
feed per teeth (mm/rev),
density (kg/m3) and
X-Y transverse speeds while retracting step for different types of workpiece materials.

Two case studies have been considered here in which dimensions and parameters for initial and
desired final product have been assumed. The first case study features a milling process which takes
into account both face and peripheral milling. The second case study attempts to employ turning to
achieve the desired machining outcome. Details of the case studies along with GUI (Graphic User
Interface) screenshots for input and output attributes are given in Figure3.

Figure 3. A GUI showed both inputs (column first and second) and outputs (column 3) for a face
milling process.

2.2.1. Case Study 1, the Milling Process
A parallelepiped aluminum-alloy workpiece, of dimensions 600 mm × 150 mm × 70 mm and
mass 17 kg, is considered for this case study. The aim is to analyse the consumption of energy by
milling a cut of a diameter 160 mm and depth 4 mm.
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As shown in Figure3, a number of parameters need to be put through the GUI and some
parameters are read directly from a previously stored database. The output of the calculations is given
in terms of time, power, energy and material wastage in different sections of the processes. For this
case study, end milling was initially considered and then the process is repeated for peripheral milling
in which there is a difference of one parameter; this is the extension of cutting tool that goes away from
the workpiece. The results for this operation is shown in Figure4.

Figure 4. A GUI showed both inputs (column first and second) and outputs (column 3) for a peripheral
milling process.

2.2.2. Case Study 2, the Turning Process
A cylindrical-shaped aluminum alloy workpiece has been considered for this case study.
The initial diameter of the workpiece is 77.3 mm and its final diameter is required to be 72.3 mm with
a bar length of 300 mm. The aim is to analyze the consumption of energy by turning the whole bar
length. The workpiece has a mass of 3.8 kg.
As the turning process is different from milling, specific cutting energy, cutting speed, feed rates
differ in this process. As the material is reduced progressively from the outer diameter, different
parameters and type of job have been assumed for the turning process.
As the length of the workpiece, initial and final diameters and length of cut are different here
to the milling process pointed out in case study 1, a separation has been provided for dissimilar
parameters for both turning and milling processes. The output results for the turning case study has
been shown in Figure5.
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Figure 5. A GUI showed both inputs (column first and second) and outputs (column 3) for the
turning process.

3. Analysis for Sustainability Optimization
In the current paper, a sustainability multi-objective optimization approach is proposed to focus
on three process outcomes: the energy consumption, the process time and the material wastage. As
such, the process whose combined outcome is likely to produce the minimized values of these outputs
is taken as the optimal manufacturing choice.
3.1. Comparison of Face and Peripheral Milling Operations for Different Output Parameters
The section shows the results obtained by simulating different types of CNC milling processes
and by considering different types of workpiece material. A comparison is graphically provided here
for face and peripheral milling of the same material in terms of time, energy, power and wastage.
Figure6compares face milling to end milling in relation to various times involved in the
manufacturing process. In the face milling process as the cutter needs to travel across the workpiece it
has extra over travel time than the peripheral process which results in taking more milling idle and
basic times. As 12 s was over travel time for the cutting tool, process time for the face milling was
68.1 s and 56.1 s for the peripheral milling. Similarly, other times, i.e., idle basic times, have similar
differences as they have added process time included in them.
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Figure 6. Comparison of milling, idle and basic times for face and peripheral process.

Power consumption was similar for process idle and basic per unit times, but total power
consumption is more in face milling as the total power consumed depends upon total energy and total
time taken by the process. Total power consumption per cut for face milling and peripheral processes
is 15.1 and 14.5 kW, respectively, as Figure7clearly shows.

Figure 7. Comparison of milling, idle, basic and total power for face and peripheral process.

As shown in Figure8, energy consumption depends upon elapsing time of the process, face milling
consumes more power than the peripheral process. Total energy consumption for face and peripheral
processes is 1814 and 1546 kJ/cut, respectively.
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Figure 8. Comparison of milling, idle, basic and total energy consumption for face
peripheral process.

and

3.2. Effect of Material Selection on the Sustainability Parameters in the Milling Process
Six different materials have been selected in order to compare sustainability parameters (time,
energy and material waste) in both the face and peripheral milling processes. All materials are taken
with their possible lower cutting speeds and feed rates. The comparison has been shown for different
output parameters for both face and peripheral operations.
Figure9shows total power consumption for different types of workpiece materials. As feed rates
and cutting speeds are lower for less dense materials (aluminum and magnesium), they consume more
time and hence more power per cut as compared to hard and highly dense materials like titanium,
stainless steel, hard steel and cast iron. Our analysis suggests the cutting power is about 15 kW for
aluminum and magnesium materials whereas it is approx. 17 kW for highly dense materials.

Figure 9. Comparison of total power consumed for face and peripheral processes for different materials.
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As hard steel requires low cutting speed (15 m/min) and feed rate (0.005 mm per tooth), which are
far less than the values used for other materials, it consumes more time to complete the process and
hence higher energy consumption is observed. Steel consumes approx. 546 MJ of energy per milling
operation for face milling process, which is about five fold the energy required by other materials.
The comparison of different material with face and peripheral milling process is shown in Figure10.

Figure 10. Comparison of total energy consumed for face and peripheral processes for different materials.

3.3. Effect of Material Selection on the Sustainability Parameters in the Turning Process
Feed rate and cutting speeds for turning operation are different from that of the milling operations
and are slightly higher for most of the materials. Power consumption depends upon the time consumed
by a given process, which in turn depends upon specific cutting energy, cutting speed and feed rate of
the material, and hence varies from material to material. As Figure11suggests, titanium, stainless
steel and hard steel consume more power than the aluminum and magnesium materials, which is
about 10–10.5 kW for these materials. For other materials it is about 8 kW.
Similarly, as Figure12shows, the energy consumed to machine titanium, stainless steel and hard
steel (831–882 kJ/cut) is more than the aluminum and magnesium materials (appx. 600 kJ/cut).
As density of the materials varies, chip mass removed also varies with it. Stainless steel, hard steel
and cast iron has similar and high density then the rest; chip mass removed is larger for these materials
(approx. 0.35 kg). Chip mass removed for aluminum and magnesium workpieces is about 0.12 and
0.08 kg, respectively, as clearly shown in Figure13.
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Figure 11. Comparison of total power consumed for turning processes for different material.

Figure 12. Comparison of total energy consumed for turning processes for different materials.

Figure 13. Comparison of chip mass removal for turning processes for different materials.
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4. Conclusions
The input of the presented work is a number of parameters, i.e., cutter-diameter, cutting-speed,
feed rate, number of teeth (if milling process), depth and width-of-cut (if milling), initial-final diameters
and length of cut (if turning), rapid transverse speeds, some properties of material of workpiece
(specific cutting energy, feed rate etc.), coolant, axis and spindle powers, load–unload-clean times,
offset-approach distance etc. and objective function is times, wastage and energy consumption at
different phases of the machine process, along with chip mass which is the wastage material
removed after finishing the job part. Two different case studies have been presented each for a
milling process and a turning process. A further two types of milling processes have been considered
named as face and peripheral milling. Evaluation of results has been done by showing outputs in
graphical form by taking aluminum alloy as the material of choice in both case studies. It is
concluded that face milling takes more time in finishing the same process than peripheral milling
and consumes more power and energy. For an aluminum alloy workpiece, total time taken by the
face milling operation is 106.5 s as compared
to 119.7 s by peripheral milling. The case study has
been extended by considering six different materials of workpieces in which aluminum alloy,
magnesium alloy, titanium, stainless steel alloy, hard steel and soft cast iron have been used. It has
been concluded that hard materials takes more time and consumes more power and energy than soft
materials. For example, in the turning process moderate power consumption has been found for
aluminum and magnesium alloys which are 14.5 and 13.5 kW, respectively. Power consumption is
high for titanium (17.5 kW), stainless steel alloy (17.2 kW), hard steel (17.4 kW) and soft cast iron
(16.7 kW) workpieces. As hard steel needs to be cut with very lower cutter speeds and feed rate, it
consumes far more energy as compared to other materials. Aluminum and magnesium alloys show
lower energy consumption with respective figures of 1545.9 kJ/cut and 1393.0 kJ/cut, where the depth
of cut is 4 mm as mention above.
In the present work only electrical energy consumption, cutter fluid, lubricants, cutter
tool, wastage/chip mass have been taken into account for sustainability, and hydraulic,
air compression–decompression, labour cost or other costs are not considered, so more factors need to
be taken into account in order to reach the real attributes involved in the process. For materials taken
in the study, only lower and higher ranges of cutting speeds and feed rates have been considered, and
the effects on tool wear and type of finished surface are not considered in the evaluations for the
speeds employed. Work can be extended to optimize the cutting speeds and feeds for a particular
material so that maximum output can be produced with minimum tool wear or other losses of the
machine and with minimum energy consumption.
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Abstract
Sustainability has crucial importance in the field of machining processes where great amount of energy is being consumed. The
environmental performance of machining operations can significantly be improved by reducing energy consumption. This paper
outlines optimization of the machining parameters for CNC turning by using a Taguchi method. The objective of this study is to
investigate sustainability issues pertinent to turning process in machining industry. Parameters such as emission rate and energy
consumption are considered as sustainability factors. Analysis of Variance (ANOVA) is applied to test the data. The results of the
study help to understand the effect of the cutting parameters on energy consumption and emission rate. The process is optimized
from power consumption, time and energy point of view. Extended form of the model could be useful to predict the environmental
impact of other manufacturing processes which will bring environmental concern.
© 2018 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the 9th International Conference of Materials Processing and Characterization, ICMPC-2019
Keywords: Sustainable machining, Turning, Taguchi method, Energy consumption

1. Introduction
Over the last few decades, manufacturing industry is exploring sustainable product development methodologies
through sustainable manufacturing. This shift is a result of increased awareness among the manufacturer and the users.
All countries are being compelled to reduce negative environmental impact and conserve energy used in
manufacturing processes [12]. The environmental concern and focus is above the interest of any individual,
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organization or country. For a better and safe environment every nation working towards sustainable production.
However, machining industry is the most energy consuming and waste generating industry. The major question is
how to use a manufacturing process so that the emissions will be on lower side and will provide high productivity.
[15]. Sustainability is no longer a choice now rather it has become a need of today from small scale enterprises to
large companies.
Nomenclature
S
Cutting Speed
C
Depth of cut
f
Feed
S/N
Signal to Noise ratio
ANOVA Analysis of variance
CO2
Carbon Emission
Etotal
Total energy consumption
tactive
Time for active mode
Stnum
Number of strokes
Eactive Energy consumption for active mode
Pactive
Power consumption for active mode
toffset
Tolerance offset
The purpose of this study is to determine the optimal process parameters of turning processes with the objective of
improving sustainability and minimizing impact on the environment. The turning process is decomposed into multiple
unit-processes by using the manufacturing cycle-based decomposition method, such as setup, idle, active, and
teardown [9,10]. Each unit-process has its own inputs and outputs. The impact assessment method is used to estimate
two main sustainability indicators: energy consumption and Carbon dioxide (CO2) emission.

CO2 emission

Raw material
Coolant

Unit process
for setup

E setup

Unit process
for idle

Unit process
for active

E idle

E active

Unit process
for teardown

Finish
product

E teardown

Total Energy

Figure 1: Input\output diagram of each unit process
1.1 Machine and Material Selection
The machine tool selection is a crucial factor which affects the outcome of experimental work. Thus, it should be
selected in such a manner that it incorporates the basic needs of the present study like desired range of spindle speed,
depth of cut and feed rate etc. Therefore, DX-200 Series slant bed CNC lathe is selected for the present study.
The major technical specifications of the CNC turning centre are given in Table 1.
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Table 1: Technical Specifications of CNC Turning Centre
Sr. No.
Specifications
Range
1
Slant bed angle
30°
2
Spindle Speed
50-4500 rpm
3
Spindle motor power
4.5-10.5 kW
4
Maximum Turning length
300 mm
5
Maximum Turning diameter
265 mm
6
Controller
Fanuc- Siemens
7
Number of station of turret head 8
8
Weight
3200 kg
The Aluminium Alloy 6061-T6511 had proven to be best material which matches the desired material characteristics
for present experimental work and also it is the commonly used wrought alloy in most of the industries. Mechanical
properties and chemical composition of 6061- T6511 Aluminium Alloy is as shown in Table 2 and Table 3
respectively. The work pieces cut for the experimentation were of similar dimensions and cut from 50 mm diameter
rod. Each work piece was roughly cut prior to the final finish cut in order to maintain dimensional accuracies. There
are some key characteristics of this material which have proven this material to be very important for industrial use.
These properties are its durability, light weight, corrosion resistive, excellent joining characteristics and good
acceptance of applied coatings, relatively high strength and good workability. These properties make it useful for
various industrial segments like couplings, aircraft, pistons, fittings, and bike frames etc.
Table 2: Mechanical Properties of 6061- T6511 Aluminium Alloy
Hardness
Elongation
Tensile
Yield
Young’s
Thermal
Strength
Strength
Modulus
Conductivity
95 BHN

Al
95.8- 98.6

12-17 %

310 MPa

276 MPa

69 GPa

167 W/mK

Table 3: Chemical Composition of 6061- T6511 Aluminium Alloy, % Weight
Cr
Cu
Fe
Mg
Mn & Ti
0.04-0.35

0.15-0.4

Max 0.7

0.8-1.2

Max 0.15 each

Zn
0.25

2. Related work
Most studies have been based on machining parameters to analyze energy consumption for CNC machining
systems. (Gutowski et al.) provided speciﬁc electricity consumption dependent needs for manufacturing CNC
operations. They found that these needs vary from process to process and depend upon the rate of machining processes
and energy-use operations are increasing day by day [6]. (Diaz et al.) studied the procedures for exemplifying and
minimizing the consumption of electrical energy of CNC milling tools. They measured the power demands and
speciﬁc energy variables of a micro-machining tools in which they use low carbon steel for cutting under different
material removing rates. A similar procedure has been adopted for cutting aluminum as well as poly-carbonate
materials in order to make comparisons and ﬁnd the differences for speciﬁc energy for individual materials with
respect to steel [3]. (Rajemi et al.) assessed ideal instrument life for least energy of a turning procedure by considering
the energy spending plan in manufacturing an item. The study concludes the increase in tool life and hence decreases
in energy usage in order to gain more value out of high-energy tools [13]. (Hu et al.) propose on-line energy monitoring
for developing the efﬁciency of energy of tools used in a CNC machining process. They propose reduction in initial
energy consumption using task scheduling in which, ready-for-operation time and idling time can be reduced and then
provide some technology-related measurements so that cutting parameters can be optimized so that cutting time for
the processes can be reduced [7].
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Some researchers considered process parameters optimization for different sustainable indictors to make the
product more sustainable. (Alvarez, Barcena, & Gonzalez, 2017) mainly focus on the sustainability of machining
processes. This work has been achieved on the basic of the pillars of sustainability, economic, environmental and
equity as an opportunity to improve towards excellence and present more reliable and useful solutions. The authors
proposed a framework to access the sustainability for research and professional practices in the machining processes
[1]. (Jayal, Badurdeen, Dillon, O, & Jawahir, 2010) presented an overview of present tools and methodologies for
evaluating sustainability contents at the product, process and system levels. The authors consider dry, near-dry and
cryogenic machining as examples for optimization of sustainable manufacturing processes. This work proposed some
sustainability scoring methods that are beneficial for improvement in product sustainability. The major limitation of
this work is lack of metrics to quantity the extent of environmental and social impacts [8]. (Tang, Mak, & Zhao, 2016)
proposed a framework which can integrate a design stage in LCA for minimizing the product environmental impact
of AM process. The authors choose binder-jetting process as case study for this work. This methodology has been
verified by calculating the environmental impact of fabricated an engine bracket. Also, a comparison between CNC
and binder-jetting process is made [17]. (Yoon, Lee, Kim, Kim, & Kim, 2014) proposed a methodology for calculating
energy consumption for three different manufacturing processes. The authors consider conventional bulk-forming,
subtractive, and additive manufacturing (AM) process for their work and performed case studies for the three
manufacturing processes, to provide practical examples of energy consumption and made a comparison between these
three processes [18]. (Reap, Roman, Duncan, & Bras, 2008) developed a Visual Basic application with the capability
to assess and compare the sustainability impacts of alternative manufacturing process flows [14]. The application was
built upon the UMP characterization method. The application provided solutions without requiring sustainability
information from the user, a design element previously identified as necessary for widespread use of such tools by
(Chiu & Kremer, 2011) recently noted that industry is reticent to adopt new applications without substantial
improvements in the accuracy of the underlying UMP models and manufacturing system models. They proposed an
information modeling framework to assist the composing of UMP models for sustainable assessment. The first step
in developing such calculations was the identification of useable sustainability metrics [2]. The metrics used herein
were first proposed for use in a method by (Eastlick,, Sahakian, & Haapala, 2011) expanded by (Eastwood, Haapala,
& Carter, 2013) and implemented by (Garretson,, Eastwood, & Eastwood, 2014) [4,5]. However, for comparison
purposes, the results are then normalized by some methods. These methods were proposed by a set of methodology
which consist a number of steps for manufacturing assessment. The method of composing UMPs was later expanded
by (Smullin, Garretson, & Haapala, 2016). The method borrows computer science techniques to standardize UMP
composability and information capture and use [16]. The main outcome of this work will be to provide inter-process
sustainability comparison for manufacturing processes and provide solution for decision making at early design stage
[11]. Examples of multicriteria decision making approaches have been reported by (Zhang, Zhu, Li, Yaman, & Roy,
2015) [19].
3. Determination of the constraints and variables
The decision variables are cutting depth, spindle speed, and feed rate since they significantly affect machining and
environmental performances. The constraints are set to (2, 3) mm for cutting depth, (100, 166.5) rad/s for spindle
speed, and (0.23, 0.27) mm/rev for feed rate, respectively. The ranges are assigned from reviewing the allowances
stated in the cutting tool catalogue.
3.1 Generation of the abstractive mathematical model
The abstract models for energy consumption and CO2 emission are shown as follows.
The total energy consumption (Etotal) consists of energy consumption from the four sub processes as
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Etotal = Esetup + Eidle + Eactive + Eteardown

(1)

Each energy consumption for the setup (Esetup) and teardown (Eteardown) is a constant, whereas those of idle (Eidle) and
active ( Eactive) are dependent on the machining operation. The energy consumption for the active mode is calculated
as
Eactive = Pactive × t active
(2)

The power consumption for the active mode (Pactive) is calculated by extracting the relationship between power
consumption and its manufacturing parameters (e.g., feed rate (f), spindle speed (S), and cutting depth (C)) as
Pactive = f1 (𝑓𝑓, 𝑆𝑆, 𝐶𝐶)
(3)

The active time is calculated as

t active =

𝐿𝐿×𝑆𝑆𝑆𝑆𝑛𝑛𝑛𝑛𝑛𝑛

(4)

𝑓𝑓×𝑆𝑆

Where L is the length to be machined and Stnum denotes the number of strokes (one tool path for linear/circular
interpolation), which can be estimated as
𝑆𝑆𝑆𝑆𝑛𝑛𝑛𝑛𝑛𝑛 = �

𝑑𝑑+𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝑐𝑐

�

(5)

Where d is the total cutting depth and toffset denotes the tolerance offset required to reduce the radial runout stroke.
Energy consumption for idle is calculated as

Eidle = Pidle × t idle
(6)
The power consumption for idle (Pidle) can be assumed as a constant value and obtained by the direct measurement.
The idle time (tidle) will be calculated as
t ideal = t attract + t rapid + St num + t retract

(7)

where tattract, trapid, and tretract denote time for attract, rapid movement for a back path, and retract. Those values are
given in the data collection phase.
The CO2 emission is generated during the active mode. The abstractive model for the total CO2 emission is a function
of the CO2 emission rate with three variables (f, S, C) and time for active mode (tactive) as
𝐸𝐸𝐸𝐸𝐶𝐶𝐶𝐶2 = f2 (𝑓𝑓, 𝑆𝑆, 𝐶𝐶)× t active

(8)

Value of emission factor has been taken from the CO2 database for power sector provided by Central Electricity
Authority; emission factor for northern grid is 0.84 tCO2 per MWh of electricity use.
4. Taguchi design experiments in MINITAB
4.1. Design of experiments
MINITAB statistical software has been used for the analysis of the experimental work. MINITAB software studies
the experimental data and then provides the calculated results of signal-to-noise ratio. The average value of S/N ratios
has been calculated to find out the effects of different parameters and as well as their levels. MINITAB provides both
static and dynamic response experiments in a static response experiment the quality characteristic of interest have a
fixed level. The goal of robust experimentation is to find an optimal combination of control factor settings that achieve
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robustness against (insensitivity to) noise factors. MINITAB calculates response tables and generates main effects and
interaction plots for,
• Signal-to-noise ratios (S/N ratios) vs. the control factors.
• Means (static design) vs. the control factors.
A Taguchi design uses orthogonal arrays where the control parameters (factors) are made to change among different
levels in order to study the effect of these changes on the process outcome. In the study, a three-factor three-level
setup is chosen with a total of 27 experiments to be conducted.
4.2. Selection of the factors and their levels
The turning parameters and their levels of the experiments are identified based on trial of experiments. The feed rate
and depth of cut levels had been selected in the view to avoid tool breakage and under the constraints of tool life and
machine capability. The turning process inputs cylindrical work piece 50mm in length and 50mm in diameter. Only
roughing operation is considered and geometrical dimension and tolerance (GD&T) is ignored.

Cutting
Parameters
Spindle
Speed
Depth of
Cut
Feed rate

Trial
Number

Spindle
Speed (A)

Table 4: Experimental Levels of Cutting Parameter
Units
Number of
Value for Each Level
levels
Level 1
Level 2
Level 3
rpm

3

100

133.25

166.50

mm

3

2.0

2.5

3.0

mm/rev

3

0.23

0.25

0.27

Table 5: Design matrix of experiments.
Feed Rate
Depth of
Trial
Spindle
(B)
Cut (C)
Number
Speed (A)

Feed Rate
(B)

Depth of
Cut (C)

1

100.00

0.23

2.0

15

133.25

0.25

3.0

2

100.00

0.23

2.5

16

133.25

0.27

2.0

3

100.00

0.23

3.0

17

133.25

0.27

2.5

4

100.00

0.25

2.0

18

133.25

0.27

3.0

5

100.00

0.25

2.5

19

166.50

0.23

2.0

6

100.00

0.25

3.0

20

166.50

0.23

2.5

7

100.00

0.27

2.0

21

166.50

0.23

3.0

8

100.00

0.27

2.5

22

166.50

0.25

2.0

9

100.00

0.27

3.0

23

166.50

0.25

2.5

10

133.25

0.23

2.0

24

166.50

0.25

3.0

11

133.25

0.23

2.5

25

166.50

0.27

2.0

12

133.25

0.23

3.0

26

166.50

0.27

2.5

13

133.25

0.25

2.0

27

166.50

0.27

3.0

14

133.25

0.25

2.5
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Experiments are performed on the combinations of variables on Aluminium Alloy 6061-T6511. Power is calculated
at every unit process in Turing process. Effects of these combinations on Energy consumption and air emission are
shown in table 6 below.
Table 6. The power consumption for each unit process and air emission rate
Trial
Energy Consumption
Air
number
emission
Total
Setup
Idle
Active
Teardown
Energy
Power Time Power Time Power Time Power Time
consumption
kJ
kJ\s
s
kJ\s
s
kJ\s
s
kJ\s
s
KgCO2
196.79
0.4
30
1.3
30
2.75
48.65
0.4
30
165.30
1
195.92
0.4
30
1.3
30
2.36
56.32
0.4
30
164.57
2
275.53
0.4
30
1.3
30
3.12
68.12
0.4
30
231.45
3
194.25
0.4
30
1.3
27
2.94
45.97
0.4
30
163.17
4
199.80
0.4
30
1.3
29
2.64
52.31
0.4
30
167.83
5
214.58
0.4
30
1.3
33
2.49
59.31
0.4
30
180.25
6
201.34
0.4
30
1.3
30
3.12
44.34
0.4
30
169.13
7
274.37
0.4
30
1.3
32
3.02
69.13
0.4
30
230.47
8
236.54
0.4
30
1.3
28
2.67
65.97
0.4
30
198.69
9
246.93
0.4
30
1.3
30
2.86
64.31
0.4
30
207.42
10
236.91
0.4
30
1.3
30
2.22
78.34
0.4
30
199.01
11
212.04
0.4
30
1.3
30
2.56
58.22
0.4
30
178.12
12
240.32
0.4
30
1.3
30
2.61
67.94
0.4
30
201.87
13
203.21
0.4
30
1.3
30
3.21
43.68
0.4
30
170.70
14
269.68
0.4
30
1.3
30
3.19
64.79
0.4
30
226.53
15
174.19
0.4
30
1.3
33
2.11
50.85
0.4
30
146.32
16
262.17
0.4
30
1.3
27
3.81
53.30
0.4
30
220.23
17
182.91
0.4
30
1.3
33
2.78
41.73
0.4
30
153.64
18
265.97
0.4
30
1.3
27
2.83
73.10
0.4
30
223.42
19
247.00
0.4
30
1.3
33
2.80
64.32
0.4
30
207.48
20
223.63
0.4
30
1.3
27
3.73
44.11
0.4
30
187.85
21
182.83
0.4
30
1.3
33
3.32
34.92
0.4
30
153.58
22
184.36
0.4
30
1.3
27
2.39
52.41
0.4
30
154.86
23
221.78
0.4
30
1.3
30
3.04
52.23
0.4
30
186.29
24
205.77
0.4
30
1.3
30
2.72
52.49
0.4
30
172.85
25
227.29
0.4
30
1.3
30
2.77
59.31
0.4
30
190.92
26
200.93
0.4
30
1.3
32
2.54
53.28
0.4
30
168.78
27
5. Results and Analysis
This section presents experimental results after experimentation on Aluminum Alloy 6061-T6511 with CNC
cutting Tool. Analysis is done on the selected response parameters i.e. Energy consumption and Air emission. The
results are obtained after experimentation based on the variation of machining parameters as per standard L27 mixed
orthogonal array of Taguchi design. The signal-to-noise (S/N) ratio for all levels of a process parameter is computed
based on the S/N analysis. The optimal level of the process parameters is the level with the highest signal-to-noise
(S/N) ratio. Each output parameter is statistically analyzed and the main effects plots of the signal-to-noise (S/N) ratios
for the output measures are obtained using Minitab software.
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5.1. Energy Consumption and Air emissions
The experimental results for response parameters are tabulated in table and the average values of signal-to-noise
S/N ratios for response parameters at different levels are plotted in figure keeping the objective as “Larger-the-better”.
To study the significance of the selected parameters the analysis of variance (ANOVA) is performed. The results
shown in table 7 for response parameters are analysis using Minitab software.
Taguchi method is used to analyze the result of response parameters for larger is better criteria. The analysis of
variance for Means for response parameters (larger is better) is Shown in table 8.
Table 7: Analysis of variance for means of SN ratio for Response parameters (larger is Better)
Source
DF
Seq SS
Contributi
Adj SS
Adj MS
F
P
on
Speed

2

0.000000

0.70 %

0.000000

0.000000

0.08

0.920

Feed Rate

2

0.000001

9.36 %

0.000001

0.000000

1.11

0.349

Depth of cut

2

0.000001

5.67 %

0.000001

0.000000

0.67

0.522

Residual Error

20

0.000008

84.27 %

0.000008

0.000000

Total

26

0.000010

100 %

The ANOVA table for Response parameters clearly indicate that the speed, feed rate and depth of cut are
influencing factors for Energy consumption and air emission.
Table 8: Response Table for Means for Response parameters (Larger is Better)
Level
Speed
Feed Rate
Depth of Cut
1
203.3
214.7
195.1
2
207.3
195.3
207.6
3
200.3
200.9
208.3
Delta
7.0
19.4
13.2
Rank
3
1
2
Table 9: Response for Main effects plot for SN ratios
Level
1
2
3
Delta
Rank

Speed
45.98
46.14
46.87
0.27
3

Feed Rate
46.48
45.65
45.87
0.83
1

Depth of Cut
45.62
46.17
46.21
0.58
2

Minitab software studies provide the predicted equations of energy consumption and environmental impact for a work
piece material.
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Regression Equation
Energy consumption^-1 = -0.004599 - 0.000008 Speed_100.00 + 0.000066 Speed_133.25
- 0.000058 Speed_166.50 + 0.000257 Feed_0.23-0.000179 Feed_0.25
- 0.000078 Feed_0.27 - 0.000205 Depth of Cut_2.0
+ 0.000090 Depth of Cut_2.5 + 0.000114 Depth of Cut_3.0
During the process of CNC machining, the influence of various input machining parameter has considerable effects
on energy consumption and air emission, as shown in main effects plot for SN ratios of Energy consumption.

Figure 2: Effects plots for S/N ratio for Response parameters
It is clear from figure 2 that energy consumption is minimum at the 2nd level of speed, 1st level of feed rate and 3rd
level of depth of cut.

6. Conclusion
Sustainability issues related to environmental aspect in the form of air emission and energy consumption are
studied. The experimentation is performed on CNC for turning of 6061-T6511 Aluminum alloy rod. In order to
analyze the response of the system, experiments were carried out at various levels of spindle speeds, depth of cut and
feed rates. Taguchi analysis is performed to understand the ranking of factors affecting the response. ANOVA results
are obtained to understand the significance of the model developed. The results are optimized from sustainability point
of view providing importance to power consumption and to keep it to minimum. The results obtained by this research
will be fruitful for various industries and researchers working in this field.
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Best parameters found for minimum energy consumption and at the same time minimum surface air emission are at
cutting speed 133.25rpm, feed 0.23mm/rev and Depth of cut 3.0mm. On the basis of present experimental study,
following conclusions can be drawn:
• The energy consumption and air emission rate are effectively predicted by using spindle speed Feed rate
and depth of cut as the input variables.
• Considering the individual parameters, cutting speed and feed rate had been found to be the most
Influencing parameter followed by depth of cut.
• The optimum value of Energy consumption had been obtained as 174.19 kJ and the corresponding
Predicted Carbon emission value is 146.32 kgCO2.
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Chapter 8.

Conclusion and future scope of work
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8.1 Conclusions
The work in this PhD project started with a comprehensive review of the available literature
on sustainability assessment of manufacturing operations at different processing levels. A
number of important sustainability indicators could be identified as effectively serving the
purpose of evaluating process sustainability. Figure 8.1 presents a summary of the various types
of these indicators.

Indicators of Sustainable Production

Social indicators

Environmental indicators

Input
Indicators

Economic indicators

Output
Indicators

Energy use indicators
Product Indicators
Material use indicators
Solid waste indicators
Water use indicators
Liquid waste indicators
Air Emissions indicators

Figure 8.1.Indicators for Sustainable Production
The selection of sustainability indicators for a process is guided by the nature of that process
and the environmental regulations in the relevant geographic region. In the study presented in
the thesis, energy, air emission and solid waste indicators have been taken into consideration.
Upon identifying these key performance indicators (KPIs) for manufacturing sustainability
assessment, proposed unit manufacturing processes and their structure (i.e. sub-processes) have
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been analyzed for their sustainability. For the thesis work the following manufacturing
processes have been considered.
•

Casting
- Gravity Die Casting
- Pressure Die Casting

•

Metal Forming
- Extrusion
- Injection Moulding

•

Machining
-

Turning

-

Milling

The research work featured in the thesis produced a computer-aided system to assess the
sustainability performance of different manufacturing processes along with their sub processes.
The system determines the CO2 emissions, solid waste, and energy consumption based on the
part design, material selection, production method and other process plan information. The
architecture of the system has been presented and its components and workings were discussed
in detail (Chapters 3 and 4). The viability and usefulness of the proposed system has been
demonstrated using case studies taken from industry; and the graphical user interface of the
developed system was described for the benefit of the users (Chapter 5 and 6). Based on the
outcome of the case studies, the overall results for sustainability evaluation of different
manufacturing processes are consistent and comparable. The results obtained from the system
differ only by approximately 4 to 7 % from the actual shop floor information as shown in
Chapter 3. The system is quite useful in comparing different process plans from a sustainability
point of view and is a valuable decision support tool in the hands of the process planner. The
application of these proposed models will help manufacturing companies identify the
shortcomings of the manufacturing systems and improve their performance by implementing
sustainability strategies. As such, industry is invited to implement the system presented here,
which is simple to use and effective in determining the process sustainability.
In this thesis six number of publications are presented from chapter 2 to chapter 7 and work is
published in reputed conferences, book chapter and journals.
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Whilst Chapter 2 presents an over view of the sustainability question as applied to
manufacturing industries by demonstrating and discussing available literature, Chapter 3
emphasizes the role of key performance indicators to facilitate the development of a
measurement science suitable to evaluate the sustainability performance of manufacturing
processes. The indicators, formulas and coefficients proposed in that chapter provides a basic
foundation to consider productivity and sustainability for manufacturing processes. A case
study of extrusion processes has been presented for the determination of various KPIs such as,
energy use, waste and air emissions from the process information. Theoretical results from the
science based relations are verified by comparing the results with the actual data measured on
the shop floor. In conclusion, Chapter 3 has provided a way to assess the sustainability
performance by combining key performance indicators with engineering theoretical
foundation. That chapter presents a practical and efficient science based methodology for
accomplishing sustainable assessment manufacturing for various manufacturing industries.
In Chapter 4, a graphical user interface (GUI) for the determination of sustainability in
manufacturing processes has been presented. This interface links the user to a proposed model
which calculates sustainability by processing theoretical mathematical formulations with
available databases of process parameters of various manufacturing methods. The
sustainability indicators featured in this work are carbon emissions, energy and fuel
consumption and material wastage. The input parameters are entered either manually or by
selecting values for process parameters from existing databases. The system then processes the
input data and produces results in form of sustainability indicators. The outcome of case studies
shows that the proposed system is valid and useful for the intended purpose. Moreover, the
sustainability results determined by the system based on existing databases are close to these
calculated on the basis of actual measurements of process parameters. The system can also be
used to compare two process plans proposed for the manufacturing a part; and can be used to
measure progress of a company in terms of energy and material uses at various stages.
In Chapter 5, a framework for evaluating the sustainability of extrusion processes has been
presented. The system combines mathematical modelling with information available in
industry databases for various parameters of manufacturing processes. The indicators used in
this chapter are air emissions, energy use and solid waste. Moreover, the computer-based
system developed for the thesis was used to process the input data and produce simulated
predictions in form of key performance indicators. The results produced in Chapter 5 using the
proposed the computer-based system are adequately close to the actual measurements of the

Singh, Karmjit

Page-125

shop floor process parameters. In fact, the percentage error between the system predictions and
real data in relation to electrical power consumption, CO2 emission, fuel consumption and solid
waste are 4.9%, 1.2%, 5.85% and 3.9%, respectively.
The work presented in Chapter 6 investigates how some process parameters impact the
sustainability performance of manufacturing undertakings. The process parameters considered
by the computer-based system are,
•

cutter diameter,

•

cutting speed,

•

feed rate,

•

number of teeth (in milling processes),

•

depth and width of cut (in milling),

•

initial and final diameters and length of cut (in turning),

•

rapid transverse speeds,

•

properties of work piece material (such as specific cutting energy and feed rate),

•

coolant properties,

•

axis and spindle powers,

•

loading, unloading and cleaning times,

•

offset and

•

approach distance.

The optimization objectives considered are the job time and the energy consumed at different
phases of the machining process, along with the chip mass which is the material wasted upon
completing the job. Milling and turning processes have been used in this chapter as case studies.
In fact, two milling options were considered, face milling and peripheral milling. The output
of simulations has been presented graphically where an aluminum alloy was set as the material
of choice in case studies. The simulation results suggested that face milling is likely to take
more time in finishing the same process than peripheral milling and consumes more power and
energy. For the aluminum alloy work piece used in the calculations, the total time taken by the
face milling operation is 106.5 sec as compared to 119.7 sec taken by the peripheral milling.
Further simulations considered six different materials for the work pieces instead of aluminum.
These materials are magnesium alloy, titanium, stainless steel alloy, hard steel and soft cast
iron. The simulations confirmed that hard materials takes more time and consumes more power
and energy than soft materials. For example, in the turning process, moderate energy
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consumptions have been predicted for aluminum and magnesium alloys. These are 14.5 kWh
and 13.5 kWh, respectively. Energy consumption is higher for titanium (17.5 kWh), stainless
steel alloy (17.2 kWh), hard steel (17.4 kWh) and soft cast iron (16.7 kWh) work pieces. As
hard steel needs to be cut with very lower cutter speeds and feed rate, it consumes far more
energy as compared to other materials.
In Chapter 7, sustainability issues impacting environmental aspects particularly in relation to
air emission and energy consumption are studied. Simulated experimental work has been
performed on CNC machines for turning of a 6061-T6511 Aluminum alloy rod. In order to
analyze the response of the system, extensive simulations have been carried out at various
levels of spindle speeds, depth of cut and feed rates. Moreover, a Taguchi-based analysis has
been performed to understand the ranking of factors affecting the response, and ANOVA
results have been obtained to understand the significance of the model developed. In this
chapter, optimization work has been performed to minimize power consumption, air emission
and wastage. Based on the results of simulation conducted for this chapter, the following
general conclusions are remarked:
•

The energy consumption and air emission rate are effectively predicted by using spindle
speed, feed rate and depth of cut as the input variables.

•

Considering the individual parameters, cutting speed and feed rate have been found to
be the most influencing parameter followed by depth of cut.

•

An optimum value of energy consumption can be realized and carbon emission can be
accurately predicted.

8.2 Limitations of the Thesis Results and Recommendations for Future Work
In the work presented here, the sustainability analysis did not consider manufacturing
equipment operated by hydraulic or pneumatic power. This may be attributed to the fact that
the processes that were selected for case studies are the ones which are most common in
manufacturing industry, namely, turning, milling, extrusion and casting. Other processes, such
as welding, rolling, wire cutting, laser cutting and shaping, were not included in the case
studies. These processes will be considered in future work, particularly in relation to the impact
of introducing automation and robotics in part handling and finishing.
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Moreover, besides the time taken to produce a product, the case studies here reflected the
production cost in an indirect fashion by including, in the analysis, the material wastage and
the fuel and energy consumed. These values impact both sustainability and cost in a
simultaneous fashion. However, other factors which impact cost such as labour, part
transportation along the production line and heat treatment were not considered. In future
studies, these factors will be incorporated in the computer-based system to allow the creation
of production scenarios which considers the layout of production lines and the cost featured in
running heat treatment equipment.
The case studies in the thesis neglected the effect of tool wear on the machining outcome and
energy consumption; and only considered only the lower and higher ranges of cutting speeds
and feed rates allowed for the common product material. Future work will include the tool age
in the analysis and will incorporate a database with modern material which offer broader ranges
of cutting speeds. Also, future work will consider the effect of stipulating certain values of
surface finish and machining accuracy on manufacturing sustainability.
In modern times, sustainability is enhanced by incorporating recycled engineering products in
the manufacturing process. Such products require certain preparatory procedures to render
them suitable for reuse in new settings. Future work will incorporate, in the sustainability
analysis, whether a product is recyclable and will account for the energy, time and labour
employed in the process of restoring a returned product to a condition ready for reproduction.
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