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ABSTRACT 

The environmental damage taking place in our world is mainly due to economic activity 

in the industrialised countries. Humanity’s activities are contributing to the 

contamination of the environment which have attained global levels (e.g. the detection 

of trace metal and organic pollutants in the furthest parts of the northern hemisphere). 

Global warming, climate change and ozone layer depletion are clear indicators of our 

environment’s degradation. The impact of this is likely to increase in the future having 

devastating consequences for the next generations and eco-systems.  

Considering the time constraint for this project, the manufacturing sector - as one of the 

wealth creation sectors of an economy - was chosen to be investigated. As metal 

products constitute a large proportion of manufactured products and large amounts of 

energy are consumed typically in their manufacture, the sustainable manufacturing of 

metal products is the focal point of this research. Aluminium based products were 

chosen since it is the non-ferrous material which is more common on the earth and is 

used for many applications ranging from building to aerospace industry.  . 

Based on the above, this MSc thesis addresses the following research questions: 

 Which new manufacturing process concepts for aluminium products are likely to 

meet the economic and environmental sustainability of the future? 

 What impacts will these new concepts have on other processes outside 

manufacturing e.g. impact on raw material production?  

The selection of each case study (i.e. comparisons between a baseline and different 

sustainable scenarios) is based on these research questions. These scenarios are:  

 scenario 1 (baseline): traditional manufacturing process, conventional 

equipment and 100% of electricity provided by  the grid,  



 

 

 scenario 2 (implementation of new technology): traditional manufacturing 

process, new equipment (reduction in material usage) and 100% of electricity 

provided by  the grid), 

 scenario 3 (reusing the material waste): partly-closed and/or closed 

manufacturing process, conventional equipment and 100% of electricity 

provided by  the grid,  and 

 scenario 4 (electricity provided by the grid and the renewable): closed 

manufacturing process, conventional equipment and electricity and 95.54 % of 

electricity provided by the grid and 4.46 % by renewable. 

 The company used to carry out this study was a manufacturer of aluminium cans. 

A sustainability assessment framework available to the public domain was used to 

address these questions. This framework is called “Sustainability Framework Model” 

and was created by NACFAM (National Council for Advanced Manufacturing) which 

comprises environment and financial modules.  

Scenario 3 “reuse of material waste” is very promising since the main emissions and 

raw material coming from the mines were reduced. As a result, the profit of the 

company for a period of 10 years has increased. 
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CHAPTER 1 

INTRODUCTION: ECONOMIC GROWTH AND IMPACT ON THE ENVIRONMENT 

 There is strong evidence that our planet is running out of natural resources of raw 

material and energy which is leading to an increase in their price and limitation. The 

energy used to power our societies is mainly based upon fossil fuels. Firstly, global oil 

production is approaching its maximum value; secondly, its residual sources are more 

limited and found in areas which are unstable politically. According to the United 

Nations (UN) estimations (UN, 2007), global population will increase by a factor of 

0.37 approximately for the following 42 years. Therefore, the global energy 

consumption will grow by about one percent per annum in accordance with the 

estimations by the US Energy Information Administration (2007).  

 Furthermore, there is increasing indication that global warming is taking place. In 

2007, the Intergovernmental Panel on Climate Change (IPCC) indicated that climate 

change is undeniable since earth temperature growth, ice and glaciers’ melting, and 

growing sea levels are evident. The global warming and ozone layer depletion are the 

consequences of the activities of many countries. Acid rain, which is contaminating the 

water available on the earth (e.g. rivers and lakes) and destroying forests, often 

originates in one country and is placed in another. As a result, the European Union (EU) 

has developed a large number of environmental regulations (policies). There are more 

stringent regulations to come which will have an impact on the way the economy is run. 

In other words, it will demand that businesses are more responsible for environmental 

damage and be more proactive to mitigate their environmental impact. 
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 Taking into account the above, there will be more pressure on the manufacturing 

industries to generate the required water, foods, services and products to maintain the 

earth’s population (which is increasing) with less environmental impact. Also 

considering the time constraint for this project, the manufacturing sector - as one of the 

wealth creating sectors of an economy and a major consumer of energy and resources - 

was chosen to be investigated. As metal products constitute a large proportion of 

manufactured products and large amounts of energy are consumed typically in their 

manufacture, and the behavior of the metallurgy and metalworking sector reported an 

important growth in the Colombian economy so far in the decade, particularly in sales 

(Aktiva Servicios Financieros, 2013), the sustainable manufacturing of metal products 

(specifically aluminium products) is the focal point of this research. 

1.1 Thesis Overall Objective and Scope 

The main objective of this thesis is to find the answers for the following research 

questions. They are based on a literature review on sustainable manufacturing done so 

far. As the literature review moved forward these research questions were refined or/and 

extended as shown in Figure 1.1. These questions are as follows: 

 Which new manufacturing process concepts for aluminium products are likely to 

meet the economic and environmental sustainability of the future? 

 Which impacts will these new concepts have on other processes outside 

manufacturing e.g. impact on raw material production?  
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Figure 1.1 Flowchart of the project 

The selection of each case study (i.e. comparisons between a baseline and 

different sustainable scenarios) is based on these research questions. 

A sustainability assessment framework available to the public domain was used to 

address these questions. This framework is called “Sustainability Framework Model” 

and was created by NACFAM (National Council for Advanced Manufacturing) which 

comprises environment and financial modules. This computational tool can be used to 

conduct assessments for: 

 Initial and detailed strategy development,  

 Manufacturing product design,  

 Manufacturing process strategy development and  

 Manufacturing implementation  
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Leading to recommendations on what is achievable in terms of emissions reductions 

whilst still retaining the financial benefits to the company.      

This study is focused on sustainable manufacturing processes. Several 

manufacturing process concepts are considered:  

 Traditional process i.e. raw material, water, chemicals and energy which are inputs 

of the process, then employed during the process and leaving it as products, 

emissions and residual waste, and  

 Partly-closed and/or closed process i.e. raw material, water, chemicals and energy 

input to the process or a portion of the process and all of its outputs are recycled 

leading to a limited amount of waste, for minimal environmental and economic 

impact.  

The first step was to identify inputs with more significant impact on outputs by 

means of Taguchi experimental design technique and in a second step by analysing the 

traditional and more advanced manufacturing processes using more relevant inputs 

found in the first step. 

1.2 Thesis Organisation 

The literature review is given in chapter 2. This chapter summarises different 

concepts such as emissions, sustainability, sustainable manufacturing, manufacturing 

system design, existing methodologies to assess sustainability and some proposed 

sustainable manufacturing concepts, among others. The NACFAM Sustainability 

Framework Model and case studies are explained in chapter 3.  The case studies are 

discussed in chapter 4. Finally, conclusions and recommendations are presented in 

chapter 5. 
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CHAPTER 2 

LITERATURE REVIEW:  ECONOMIC GROWTH, ENVIRONMENT AND 

SUSTAINABLE MANUFACTURING  

2.1 Economic Growth and Impact on the Environment 

2.1.1 Introduction 

The environmental damage taking place in our world is mainly due to economic 

activity in the industrialised countries. Humanity’s activities are contributing to the 

contamination of the environment which have attained global levels (e.g. the detection 

of trace metal and organic pollutants in the furthest parts of the northern hemisphere). 

Global warming, climate change and ozone layer depletion are clear indicators of our 

environment’s degradation. The impact of this is likely to increase in the future having 

devastating consequences for the next generations and eco-systems.  

According to ENERGY STAR Portfolio Manager (2011) the energy use (e.g. heat 

and power) related to economic activities in the U.S.A. represents 45% of greenhouse 

gases (GHG) contributing to global climate change. The main GHGs released to the 

environment, which come from commercial, industrial, and electricity production 

sources, are: methane (CH4), nitrous oxide (N2O) and carbon dioxide (CO2), which 

represents more than 99% of the whole GHG emission while CH4 and N2O represent 

less than 1%. Electricity consumption in commercial and industrial buildings stands for 

approximately three-quarters of these GHGs and the rest corresponds to the combustion 

of natural gas and petroleum products. 
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2.1.2  Economic Growth 

Economic growth is an enhancement in national income per capita; in a broader 

sense, this involves a rise of National Income (NI), Gross National Product (GNP) and 

Gross Domestic Product (GDP). Therefore, this growth is the combined effect of these 

structural changes in the economy resulting in an increase in state wealth (Haller, 2012). 

Consequently the economic growth refers to the process of boosting the capability of 

macro-economic indicators and state economies with an emphasis on GDP per capita. 

The increase in size observed, may not always be linear yet, has positive effects on the 

economic-social segment whereas development indicates how growth affects the 

standard of life within the society.  

Economic growth can be positive, zero or negative. If the annual average rhythms 

of the micro-indicators outperform the average rhythms of growth of the populations the 

economic growth is considered to be positive. A zero economic growth is a result of 

annual average rhythms of growth of the macro-economic indicators, especially GDP, 

are identical to those of the population growth. If rhythms of population increase are 

greater than those of the macro-economic indicators, economic growth is considered to 

be negative.  

Furthermore, economic growth is an intricate process that needs to be observed 

over a long period of time and is bounded by constraints such as: the excessive rise of 

population, limited resources, inadequate infrastructure, inefficient utilisation of 

resources, excessive governmental intervention, among others.  

It is possible to acquire economic growth by an appropriate utilisation of 

resources and by the expansion of the magnitude of country’s production output. 
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Income distribution within a dynamic society is an easier task compared to a static one. 

If the rate of economic growth is considerable, the manufacture of goods and services 

increases and results in a diminishing rate of unemployment and higher standard of life 

for the population. In developing countries most of the population is engaged in work 

that is not highly productive due to the outdated economic structures.  However, it is 

possible to transfer knowledge and resources and focus on more productive sectors.  

Economic growth is focused on economic activity and visible changes (Haller, 

2012).  In contrast, economic development is broader and encompasses the quantitative 

variations that occur within the economy and society; it can also be regarded as a further 

development of macro-economic conditions. Typically, growth theories are utilised 

when referring to developed countries; the economic problems that are specific to the 

developing or less developed countries are explained using theories of economic 

development.  

Net Present Value (NPV). It is used because it puts predicted future income and 

expenses for a potential project in terms of current monetary value, facilitating the 

investment decision based on a financial evaluation of a project’s net worth (Baca, 

2002). If the NPV is greater than zero, then the assessed alternative is good in today's 

money and the income is greater than the expenses; if NPV is less than zero the project 

will have less income than expenses which shows that the project is not viable; if it is 

zero, then the income will be equal to expenditures, which means it makes no economic 

difference. The NPV can be used in individual projects or in the alternative investment 

decision, in the first case it is enough to know the sign of the NPV to make the decision. 

It can occur simultaneously that several projects are presented, in this scenario the 
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execution of one project excludes the possibility of execution of any others, and each 

must evaluate separately, whilst using the same planning horizon so that they can be 

compared.  

According to Accounting Tools (2014), the NPV is a tool of analysis, which is 

useful when it is necessary to decide whether or not to invest in a project. An attractive 

investment has a positive NPV which means a surplus of cash to be received over time; 

a negative value indicates that the investment will lose money. The NPV is estimated as 

the variation between the actual value of one or more incoming cash flows and one or 

more outgoing cash flows. The discounted cash flow approach is applied to get present 

value, using a discount rate which is usually based on company capital cost performing 

the evaluation.  

Internal Rate of Return (IRR). According to Baca (2002), the IRR is an index 

that measures the performance of an investment. Financially, the IRR is the rate at 

which the cash flows are discounted so that revenues and expenditures are equal, from 

the mathematical point of view the IRR is the rate at which NPV becomes zero.  

Another definition is given by Accounting Tools (2014) as follows: ‘the IRR is 

the rate at which the value of a sequence of cash flows in the future is the same as the 

present value of the related costs.’ The IRR is normally used in capital budgeting, where 

the expected IRR must be higher than the capital cost. If the IRR is uncommonly high, 

then it is sensible to invest. On the contrary, if lower IRR rates are obtained in 

comparison with the rates to be earned on the securities of investment grade, then it is 

better not to invest.  
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This assessment method gives no direction in terms of which project should be 

chosen when there are several projects with the same rate of return. For this reason, the 

NPV method was selected as an economic indicator for this research.  

2.1.3  Environmental Impact 

Global warming. The Sun is the planet’s primary supply of warmth and daylight; 

roughly 30% of the light received from the sun is reflected back into space either off the 

upper atmosphere or the ocean surface. The remaining light is absorbed by various 

sources and heats up the plant and makes life possible.  The objects that absorb heat 

begin to emit thermal radiation. Typically, thermal radiation travels directly out of the 

atmosphere into space and cools down the earth in the process (Riebeek, 2007).  

However, 100% of the thermal radiation emitted does not leave the earth and 

some gets reabsorbed by water vapour, carbon dioxide and other greenhouse gases. This 

reabsorption process has positive aspects such as keeping the earth warm, without 

which the earth temperature would be at -18 
o
C.  Due to human activity over time large 

amounts of greenhouse gases have been released into the atmosphere.  Greenhouse 

gases take a long period of time to decompose into elementary particles and the rate of 

decomposition is much less than the rate of greenhouse gas production as a result of 

industrial activity.  The resulting increase in absorption of thermal radiation has made it 

difficult for it to leave the earth leading to the earth’s temperature growth (refer to 

Figure 2.1).  
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Figure 2.1  Energy received from the sun and energy emitted by the earth. 

Source: Riebeek (2007). 

In recent years, strict environmental guidelines have been introduced to curb the 

impact the chemical manufacturing; this has put a lot of focus on current manufacturing 

process and the industry has adopted quantitative strategies to reduce the environmental 

impact by minimising waste, adopting new technologies, and changes in processes and 

recycling of materials (Stefanis et al., 1995). 

Douglas (1992), in his categorised technique, has incorporated waste 

minimisation using technological options to reduce pollution during the process. Using 

this approach, the concept related to the mass balance for the selection of processes that 

do not meet environmental standards was proposed by Flower et al. (1993). The 

incorporation of technologies called "end-of-pipe" to reduce residual waste and methods 

related to efficiency of mass became a key player in controlling waste as well as process 

design to achieve minimum waste generation (Stefanis et al., 1995). 

http://www.sciencedirect.com/science/article/pii/0098135495870121
http://www.sciencedirect.com/science/article/pii/0098135495870121
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Using the method of mass pinch, El-Halwagi and Manousiouthakis (1989) 

obtained optimal profitability in networks based on mass exchange with minimal 

pollutants. Furthermore, in 1994 Wang and Smith established a technique to achieve 

planned goals concerning the least waste-water production. Such methods grant access 

to a well ordered approach to assess the best way to reduce the generation of waste in 

the process; yet, these methods do not take into account the waste connected with the 

process inputs such as: resources, energy production, etc. Also, these methods do not 

have a methodical environmental assessment for several residual wastes related to the 

process. 

Life Cycle Assessment (LCA) quantifies a full array of environmental impacts 

associated with a product during its whole life (Fava et al., 1991). The combination 

between the process-related waste assessment and the importance of the life cycle 

environmental impact is the attribute of this technique. Nonetheless, most of the LCA 

studies often involve very modest simplified manufacturing process simulations and are 

established on available data.  

The reuse of residual waste has been examined using a life cycle approach during 

the last 10 to 15 years. There are publications that compare and contrast the impact of 

earth’s warming and utilisation of energy during reuse process with landfill deposit and 

incineration to establish if a correlation or co-existing relationship exists and by 

considering certain critical factors from which valid conclusions can be derived. Four 

influential factors were identified in the classification between recycling, incineration 

and landfill deposit. The use of recycled resources almost always needs a lesser amount 

of energy leading to reduce the earth’s warming than using raw materials coming from 
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the mines. The incurred saving, when utilising non-renewable materials, are 

comparatively much higher. For example, for paper products, nevertheless, recycling 

savings are smaller; the differences between recycling and incineration of paper are 

susceptible to the quality of the paper.  

Environmental interest has guided people to intensify the recycling of materials; 

however there is a pending query, if waste material reuse is the best alternative. This 

question has several scopes such as social, environmental, economic and technical; 

nonetheless if the main goal of waste material reuse is to reduce both resource 

utilization and the environment degradation, then the query must be focused on a life 

cycle viewpoint to reduce the possibility of worst performance. LCA examines features 

related to the environment and its impacts through the life cycle of a product (ISO, 

1997).  

Furthermore, LCA examines services, e.g. waste management (Finnveden, 1999). 

The main attribute of LCA is that the products being compared must offer similar 

functionality, in order that they can be assessed on a fair basis. Varying waste 

management strategies might allow several outputs e.g. energy or recycled materials. 

An impartial evaluation of the diverse approaches needs to be considered in the 

assessment (Ekvall and Finnveden, 2001). The International Standard norms advise that 

environmental advantages of recuperated materials be justified by increasing the borders 

of the system to add the excluded problems of traditional manufacture. Since the start of 

the 90s, LCA has been utilised to compare tactics of waste management and recycling 

of materials with other waste management strategies.  
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2.1.4  Methodology for Estimating Greenhouse Gas Footprint  

The Portfolio Manager Methodology.  This takes into account all CO2, CH4, and 

N2O emissions related to the energy consumption in buildings (ENERGY STAR 

Portfolio Manager, 2011). This methodology involves both GHG emissions generated 

on-site (known as direct emissions) and off-site (known as indirect emissions – at power 

stations) due to the combustion of fossil fuel. A default fuel analysis technique is 

applied to calculate the direct emissions which use factors related to fuel such as: 

heating value, carbon content and carbon oxidation. In the case of indirect emissions 

from district energy usage associated with heating and cooling, a similar method is 

employed. However, indirect emissions owing to electricity usage are estimated by 

means of direct measurement by public utility owners and operators which must send 

continuous emissions monitoring system data to the regulatory bodies (i.e. EPA – 

Environmental Protection Agency in the US) (eGRID, 2007).  

A default fuel analysis technique gives a very simple calculation of direct CO2 

emissions, but when assessing the direct CH4 and N2O production, the process is more 

difficult. The reason for that is the CO2 emissions depend upon fuel type while CH4 and 

N2O emissions depend upon combustion technology (e.g. combustor size, operation, 

maintenance, among others), combustion conditions, application of pollution control 

equipment and atmospheric conditions, in addition to fuel type. Nonetheless, since these 

emissions represent only a small fraction of the total greenhouse gases emitted by a 

building, factors related to fuel are appropriate to calculate the CH4 and N2O 

production.  
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To standardise the total GHG emissions reported, the amount of each gas should 

be multiplied by its Global Warming Potential (GWP) (CH4=21, N2O= 310, and 

CO2=1,), and given in CO2-equivalents (CO2e) (IPCC, 1995). The total GHG emissions 

are related to the fuel consumption at the building level without taking into 

consideration any pre-combustion emissions generated due to fuel extraction, 

processing and delivery to the building.  

2.1.5  Solid Waste Management  

 Waste Prevention. This is, in essence, a strategy to “reduce waste by not 

producing”; sometimes this is referred to as source reduction strategy, and conserves 

resource. Some strategies of waste prevention are: buying lasting goods and searching 

for packaging and products free of noxious matter. End aim of this strategy is to reduce 

the rate of greenhouse gas production and protect the environment.  

 Recycling. It utilises materials transforming them into useful resources that would 

otherwise be waste. It also mitigates the greenhouse gas production due to the reduced 

amount of waste in the landfills.  

 Composting. This is another form of recycling. It works as a natural fertiliser 

decreasing the requirement of chemical substances in agricultural tasks.  

 Combustion. It is the coordinated incineration of waste in a pre-determinate place 

to decrease its volume and in certain instances to produce electricity. The generation of 

very harmful emissions can be restrained by putting in a special device. The solid waste 

incineration decreases the quantity which ends up in dumping grounds and reduces the 

dependency on coal, which is a greenhouse-producing fossil fuel.  
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 Landfilling. Unrestricted depositing of waste contaminates groundwater and soil, 

bringing plagues like rats and insects. The decomposition of waste generates methane 

which is a greenhouse gas. It is necessary to design landfill sites with an earthen or 

synthetic liner with adequate ventilation and methane collection.  The recovered 

methane can be used to generate electricity and reduce the emissions. 

2.1.6  Sustainability  

 The sustainable development concept appeared for the first time in the 1970s due 

to the growing pollution and usage of energy and natural resources. According to 

Redclift (1989), the word ‘sustainability’ refers to the way resources are arranged, such 

as: economic, environmental, social, technological and scientific, to lead to equilibrium 

of the whole system. On the other hand, sustainable development is a development 

which facilitates all the earth’s population to meet the current basic needs and have an 

improved quality of life without putting at risk the ability to meet the needs and quality 

of life for future generations (Brundtland, 1987 and Engineering Council UK, 2009).   

 Sustainable development is based on two concepts: needs and limitations 

(Engineering Council UK, 2009). An example of the former can be the basic needs of 

the poorest around world, as for the latter can be the limitations forced by the 

technology level and social organisation on the capacity of the ecosystem to satisfy the 

needs for the present and the future.  

2.1.6.1  Challenges of Sustainability 

 The key challenges in sustainability are described as follows:  

 Broader approaches to sustainability are needed. 
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 Recycling of extra products applying “reverse supply chain”. 

 From the point of view of sustainable manufacturing simulation, there is a gap in 

terms of sustainability information sources, its metrics and indicators, a reference 

model for comparison and computational models among others. 

 Design of the process. 

 Dynamics classification and the use of the control techniques in supply chains 

causing an improvement in receptiveness. 

 Verification fields, management of irregular situations and operating procedures 

development. 

 Enhancement of predictive control for an effective plant model to be coupled with 

planning and supply chain optimisation tools. 

 Inclusion of planning, scheduling and control at either plant or supply chain level. 

 Supply chains design regardless of industrial reorganisation. 

 Development of efficient methodologies for design of environmentally-friendly 

products and processes in the chemical industry. 

 Environmental assessment of the product design and the processes. 

 Changes in the design process and the manufacturing procedures applicable to the 

next generation products. 

 Introduction of the scientific approaches and employments of the whole life cycle 

of manufactured products. 

2.1.6.2  Sustainability in Colombia 

 According to the Organisation for Economic Co-operation and Development 

(OECD) (2014), Colombia is one of the most bio-diverse countries in the world, since it 
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has a rich natural legacy; but it is under pressure from extractive industries, livestock 

grazing, urbanisation and use of cars.  

 The first analysis of environmental performance made by the OECD in Colombia 

revealed the necessity to do more to guide economic development in an environmentally 

sustainable and socially fair route. According to the Environment director of the OECD, 

Simon Upton, the economic growth in Colombia has accelerated and one of the actions 

needed is to protect one of the richest ecosystems and forests in the world. Also, a key 

solution will be bringing environmental strategies in line with the best international 

practices.  

 The dependence on hydroelectric power has resulted in low CO2 emissions in 

Colombia, but the increase in the use of cars means more emissions and more air 

pollution. On the other hand, the strong economic growth in Colombia is partly due to 

the extraction of oil, metals, minerals and coal for export; the disadvantage of this is that 

these industries pollute the soil and water damaging ecosystems and human health. As a 

result, it is necessary to improve the management of environmental impact of the 

mining industry.  

 The inundations and avalanches associated with the 2010-2011 La Niña 

experience that involved 3 million people and decreased GDP by 2%, emphasised 

Colombia’s exposure to climatic variations and impelled attempts to better incorporate 

environmental issues into economic strategies. Nonetheless, it is possible to do more to 

enhance consistency between economic and environmental regulations. The assessment 

advises that regular environmental considerations are reviewed for major projects.  
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 Colombia is extremely exposed to intense weather incidents and slash-and-burn 

agriculture, non-natural drainage of wetlands, deviations of natural rivers routes and the 

construction of communities and cities in zones at risk of inundations or avalanches will 

intensify the threats. Roughly 55% of Colombia is covered by jungle and deforestation 

is having a big impact on the Amazonian, Caribbean and Andes zones. The 

deforestation level lately dropped, but 30% to 50% of natural ecosystems have been 

modified somehow. Moreover, a third of greenhouse gas emissions produced in 

Colombia is due to agricultural activities, methane is produced by livestock and the 

nitrous oxide emissions from artificial composts i.e. fertilisers. 

2.2 Sustainable Manufacturing 

Manufacturing (one of the key economic activities which has a direct impact on 

the environment) describes a process of transforming raw materials, parts or 

components into products which satisfy the requirements of a client. On the other hand, 

sustainability is understood as the way to achieve alternatives where resources are used 

efficiently in order to reduce the negative impacts on the ecosystem. The combination of 

these two concepts i.e. sustainability and manufacturing, generates the sustainable 

manufacturing (SM) definition expressed as follows: The essence of strategies to 

transform resources without causing negative impacts on the environment.  

In 2009, an interesting description of SM was given by NACFAM (National 

Council for Advanced Manufacturing) which consists of two parts: the manufacturing 

of sustainable products i.e. renewable energy, energy efficiency, green building and so 

on, and the manufacturing based upon a series of sustainable processes applicable to all 

the products.  Moreover, the US Department of Commerce characterises SM as the 
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process of making products while minimising the environmental impact, the 

consumption of natural resources and energy.  

These concepts and definitions allowed several techniques or methods to be 

developed. The methodologies available in the public domain are described in the 

following section. 

In the development and production of new goods, sustainability is an approach 

commonly recognised but little used. The incorporation of environmental needs during 

the course of the lifecycle of the product requires new thinking and new decision tools.  

In the product development process, the introduction of environmental 

specifications throughout its lifetime leads people to a new sustainability concept 

showed in a new mental model, tools and strategies. These environmental needs should 

be considered at the same level of cost and quality (H. Kaebernick et al. 2003).  

2.2.1. Existing Methodologies 

The Sustainable Standard Portal (2010) gives an overview of the product life cycle 

which can be divided into two cycles as depicted in Figure 3: the first one represents the 

acquisition of materials (i.e. extraction and processing) from the planet and then 

disposal of waste again; the second one includes the pre-design, production 

(manufacturing), use, and post-use of the product. 

There are various methodologies which have been applied successfully to 

sustainable manufacturing in the second cycle described above. These can be classified 

into three groups: product-related, process-related and direction or management-related. 
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Figure 2.2  Sustainable manufacturing cycle. Source: Sustainability 

Standards Portal (2010). 

The application of the SM methodologies has been analysed through five steps of 

the product life cycle defined by the Sustainable Manufacturing Portal (2010) (refer to 

Figure 2.2). 

 

Figure 2.3  Life cycle representation. Source: Sustainability Standards Portal 

(2010). 
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 As can be seen in Figure 2.3, the first two (i.e. product design and material 

selection) are product related whilst the remainder i.e. manufacturing/ production, use 

and end of life, are process related. The management-related group encompasses the 

product- and process –related sets, and the product end-of-life becoming the whole life 

cycle. 

2.2.1.1  Product-related Methodologies 

Product Design. It starts with considerations such as: current needs, client 

requirements and benefits brought by product. Then, the environmental impact of the 

designed product needs to be assessed. There are two techniques employed in the 

evaluation of the environmental impact of a product during the design stage, namely: 

LCA (life cycle assessment) and Eco-design. 

LCA is a technique that identifies and quantifies the use of resources (raw 

materials, energy, etc.) as well as waste in the manufacturing process while the Eco-

design technique reduces the environmental effect during the design process of a 

product keeping its purpose constant.  

A vital point in manufacturing is the development of sustainable methods; one of 

the key strategies to achieve this is the practice of design for the environment (known as 

Eco-design) for instance by means of increasing the efficiency and effectiveness in 

remanufacturing which is a process of harmonisation of ‘used products’ to an “almost-

new” functional condition (Winifred L. Ijomah et al., 2007).  



22 

 

Remanufacturing is not well-known in world economies and is inadequately 

understood due to its freshness. But environmental pressures are changing the world and 

the business context leading to the interest in this practice. 

Material Selection. The selection of materials is not an easy task as they need to 

satisfy requirements demanded by the design and market as well as aspects such as 

price, easy processing, and disposal among others. Furthermore, the proper choice of 

material will influence the environment since some chemical substances contained in 

the material can be harmful to it. 

2.2.1.2 Process-related Methodologies 

Manufacturing/Production. The manufacturing processes (with their inputs, 

technology and structure) and their impacts (in terms of pollution, waste, profitability, 

etc.) need to be assessed at product life cycle level i.e. material production, product 

design level – so-called upstream impacts- and distribution and customer use – so-called 

downstream (see Figures 2.4 and 2.5). The reason for that is as follows: there are 

companies that claim that they manufacture environmentally friendly products, however 

the process of their manufacturing may be unfriendly i.e. they may have been produced 

using: energy in a negligent manner, and non-renewable resources, as well as in their 

disposal after being used. 

In the developed nations, the life cycle of new products, higher labour costs and 

expectations of customers, including the upgrade of products with the latest features, 

affect the increase rate of products being discarded (Sev V. Nagalingam et al., 2013). 
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Figure 2.4  Different stages of the product supply chain. Source: de Ron 

(1997). 

In order to mitigate the destructive impact on the environment, it is required from 

manufacturers to design sustainable goods to apply systems of cleaner production for 3 

R, i.e. Reuse/Remanufacture/Recycle, processes (refer to Figure 2.6). 

 

Figure 2.5  Product life cycle. Source: de Ron (1997). 

Nonetheless, metrics are still needed to assess returns of the products with 

recovery adjustments. A methodology based on Six Sigma is proposed by Sev V. 

Nagalingam (2013) to calculate the value related to the use of manufactured 

products with recovery adjustments representing the lead times of production, the 

waste minimisation, the  full recovery cost,  and the quality (see Figure 2.6). 
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Figure 2.6  Value of product utilisation by introducing 6 R methodology. 

Source: V. Nagalingam (2013). 

2.2.2. Sustainability Assessment for Manufacturing Sector 

 There are several research papers about sustainability assessment for manufacture 

available in the public domain. The most relevant research is shown as follows:  

 A methodology for life cycle and sustainability analysis of manufacturing 

processes emphasizing the flexibility and decision-making process using knowledge 

base systems is defined by Culaba and Purvis (1999). This methodology is focused on 

on-site waste minimisation and sustainability features related to environmental impact 

and process enhancement. The derived computational model was employed with certain 

success to an initial assessment of pulp and paper manufacture. 
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 Ad J. Ron (1998) introduced a sustainability assessment in order to examine the 

actual condition of companies regarding sustainable manufacturing and to set their 

objectives. A series of performance indicators have been defined to measure several 

items relating to efficiency, quality and flexibility. In addition, a five-step assessment, 

which is made up of organisation and planning, pre-evaluation and feasibility study and 

implementation and continuation, is given. 

 An overview of new concepts and trends in sustainable systems, processes and 

products is shown in Jayal et al (2010). It points out that in order to attain sustainability, 

as a whole, a holistic assessment is needed bearing in mind the complete supply chain 

along with manufacturing systems and processes, and different product life cycles. 

Additionally, it is focused on the development of enhanced methods for evaluating the 

sustainability of products and processes, computational models and optimisation 

approaches used in sustainable manufacturing processes for dry, near-dry and cryogenic 

machining. 

 An environmental assessment of industrial districts (IDs) was performed by 

Albino and Kühtz (2003) applying an input-output accounting model based on principal 

energy and materials flow inside an industrial district. This model calculates resources 

and energy used as well as wastes generated within the system. This information is very 

relevant in guiding the managers of the companies in the decision-making process in 

terms of sustainable development objectives concerning the local areas. Besides, 

information vis-à-vis strategies for recovery, recycling and re-use can be obtained. Two 

case studies applicable to the industrial districts of Sassuolo and Matera in Italy were 

analysed for tiles and leather upholstery manufacture. The advantage gained, in the ID 

of Matera, via burning wood wastes to generate electric and thermal energy is related to 
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the resulting rise of CO2. These kinds of environmental assessment, performed in a 

simple and effective manner, are appropriate to find out which product or process within 

the system has the highest effect on the environment. The key concern is still the data 

collection, however this approach can be beneficial to the companies and the public 

bodies to determine what is achievable in terms of sustainability. 

 A recent analysis of the eco-efficiency regarding manufacturing industry in the 

States was carried out by Gokhan Egilmez et al. (2013). The methodology used for this 

study was based on an integration of a linear programming-based optimisation tool, 

DEA (Data Envelopment Analysis) and EIO-LCA (Economic Input-Output Life Cycle 

Assessment). First of all, the EIO-LCA model computes water and energy usage, 

greenhouse gas (GHG) emissions, hazardous waste and toxics generation for every 

manufacturing sector. Then, a DEA model was developed, followed by the definition of 

marks and levels for eco-efficiency, rates of goals and operation enhancement. Lastly, 

the sensitivity analysis was carried out.  The conclusion of this study was that five 

manufacturing sectors i.e. food, coal and petroleum products, printing, accessories, and 

cars, were 100% environmentally-efficient. Conversely, roughly 90% of these sectors in 

the USA were found to be inefficient. As a result, their life cycle performance needs to 

be improved. The energy usage had the biggest impact on the eco-efficiency of these 

sectors, hence the following recommendations were given: enhance energy efficiency in 

manufacturing processes and increase the use of renewable energy. 

 In the metal production field, the evaluation of the environmental impacts of its 

processes is often hard to achieve owing to numerous inputs and outputs implicated. 

Norgate et al. (2007) applied Life Cycle Assessment as a strategy to pinpoint the key 

activities during the metal production life cycle which contribute to environmental 
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degradation. The analysis was made for aluminium, nickel, copper, lead, zinc, titanium, 

steel and stainless steel using pyro-metallurgical and hydro-metallurgical methods. The 

environmental performance analysed of the metal production processes involves 

greenhouse gases, acid rain and solid waste. Advanced technologies which are expected 

to decrease the environmental impact are also discussed in this study.  

 There is a broad variety of methods to improve the manufacturing efficiency for 

example Just in Time (JIT) or a series of lean manufacturing approaches.  The choice of 

the right methodology to enhance manufacturing is a big problem for various 

enterprises, as well as its relevance, integration and adoption within operations (Herron 

et al, 2006). 

 An approach has been developed by (Herron et al, 2006), which is made up of 3 

steps: first, analysis of the needs for productivity (PNA) providing a general idea of the 

state of manufacture situation of the enterprise, second recognition of key metrics for 

productivity at the facility level, and third set-up of the ground for an in-depth analysis 

of manufacturing efficiency.  

 Processes and difficulties in the plant are established and linked with the proper 

approaches and indicators in the Manufacturing Needs Analysis (MNA) creating a 

yearly preliminary improvement plan for a specific production unit. Some of these 

difficulties found in the companies were: small capacity, programming and innovation 

in products and processes; such difficulties are not directly influenced by lean 

manufacturing methods. But they involve a group of losses: planning/WIP (work in 

process)/inventory levels, rework/ defects / performance and downtime / set-up/ lost 

efficiency which are related to each other. 
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 A usual procedure in emerging nations is to introduce used manufacturing 

structures and use them again for more production cycles. A multi criteria decision 

methodology was developed by Ziout et al., (2012) to evaluate the advantage of re-

using manufacturing structures employed in an emerging nation, taking into account the 

three main aspects  of sustainability: economic, social and environmental.  

 Cheap labour and energy in emerging nations lead to the reuse of existing 

manufacturing methods in a more workable manner regarding sustainability. A study 

carried out with this respect displays that economic sustainability is the principal 

motivation of decision makers in these areas whilst environment has the smallest 

impact. These results put on alert both legislators and policy makers to take action in 

terms of more care and severe policies to stimulate environmental sustainability (Ziout 

et al., 2012).  

 To achieve the premise "satisfy the requirements of present generations without 

putting at risk the ability of future generations to satisfy their own requirements" only 

can be accomplished by using resources sustainably. Manufacturing has a vital 

responsibility in sustainable development since actually the manufacturing system is 

considered the cornerstone of sustainable growth. The amount and nature of resources 

used in manufacturing systems (structures) are associated with manufacturing 

utilisation, emissions and waste. 

 The recycling of a manufacturing structure after its first cycle is a critical issue that 

must be evaluated carefully. The economic, environmental and society´s sustainability 

of this structure must be analysed before starting another cycle of use. 

 It was possible to determinate that the importance of each element of sustainability 

is not identical; it depends on the development urgency of the country implementing the 
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employed manufacturing structure.  In the case of developing countries, economic 

sustainability was the most important aspect followed by social and environmental 

sustainability.  

 There are significant challenges to recognising and understanding the social effects 

related to manufacturing processes.  Social impacts are presented at different levels e.g. 

system and company, in manufacturing. These impacts affect the final customers, 

regions and even politics (Hutchins et al., 2013). 

 To analyse the social impacts of the manufacturing effectively it is crucial to do the 

following (Hutchins et al., 2013):    

 Establish the scope of the company in which the processes happen, through the 

phases of the product life cycle and the processes involved. 

 Define if it is the product or process that matters. 

 Use a specified group of factors to identify social impacts and hazards related to 

manufacturing. 

 Evaluate the root of the problems identified and thus establishing the ground for 

addressing them focused on their impacts. 

 Recognise decision makers with the aptitude to cause positive transformation or 

create groups with the capacity to develop holistic solutions. 

2.2.2.1 Sustainability Indicators 

Composite index and Sustainability indicators have been accepted as a convenient 

instrument for people, who make policies and public communication in transmission of 

information to the nations and corporate operation in areas such as society, 

environment, and economy (Singh et al., 2008) Sustainability values measure, 

http://www.researchgate.net/researcher/79591797_Margot_J_Hutchins
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abbreviate, examine and transfer complicated data. There are many people working on 

ideas and structures for sustainable development. 

It has been treated to collect data regarding how the indicator was expressed by 

the use of three stages, normalisation, weighting, aggregation. It is possible to say that 

normalisation and weighting of indicators are related to particular findings, expose a 

high level of uncertainty and not critical supposition. While for aggregation it is 

possible to use scientific assumptions that assure the uniformity of the composite 

indices, the main advantage of composite indexes is the multidimensionality. The 

indexing of composite materials is complex, and there is very little interest for 

considering environmental, social and economic aspects in the measurement of 

sustainability. 

Composite indicators can lead to erroneous messages if they are poorly 

constructed or misinterpreted. Different stakeholders should agree which indicators 

associated with sustainable development need to be considered. 

Nowadays, complex and simple indicators are accepted as powerful instrument 

for policies formulation and data transfer about a nation’s operation on areas like 

environment, economy, society, or technological development.  

According to Meadows (1998) indicators come from quantities – it is assessed 

what people are interested in - and those indicators generate quantities – people are 

looking after what it is assessed. Godfrey and Todd (2001) define the key characteristic 

of indicators as their capability to abbreviate and group the huge complex dynamic 

environment in a controllable volume of useful information. Warhurst (2002) explains 

that indicators abridge measure, assess and show complex information by means of 

phenomena representation and their tendency.  
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There is a big demand for people, associations and institutes to establish patterns, 

metrics and instruments to express the magnitude and tactics in which the present 

actions are unsanctionable. This requirement results from supra-national, national, and 

sub-national stages (Ramachandran, 2000). There are seven important questions to 

explain sustainability science but two of them have a special connection with 

sustainability that matters (Kates et al., 2001): 

 ‘‘How can today’s operational systems for monitoring and reporting on 

environmental and social conditions be integrated or extended to provide more 

useful guidance for efforts to navigate a transition toward sustainability?” 

 “How can today’s relatively independent activities of research planning, 

monitoring, assessment, and decision support be better integrated into systems for 

adaptive management and societal learning?’’ 

The objective of sustainability evaluation is to offer decision-makers an 

estimation of a worldwide view of particular natural and societal systems over short and 

extended periods with the purpose of better defining the facts that can or cannot be 

considered in an attempt to create a sustainable culture (Kates et al., 2001). 

In Warhurst (2002) sustainable development is proposed to be evaluated in a two-

level method. First of all, the improvement made in an amount of some selected, single 

zone is calculated by sustainable development indicators (SDIs) and then the general 

improvement made regarding sustainable development is evaluated by a mixture of 

those single zones regarding their interconnections. In 2000, Lancker and Nijkamp 

express that a known indicator means nothing regarding sustainability, unless a baseline 

or threshold quantity is assumed. The SD indicators might be applied as follows 

(Lundin, 2003 and Berke and Manta, 1999): 
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 To predict and evaluate circumstances and tendencies. 

 To afford initial data to avoid economic, social and environmental breakdown. 

 To create tactics and share concepts. 

 To help decision-making. 

Lundin (2003) states that once a structure is created and the SDIs are chosen, two 

different methodologies can be appreciated: 

 The ‘top-down’ method indicating that specialists and scientists describe the 

structure and the group of the SDIs. 

 The ‘bottom-up’ method, which takes into account the contribution of several 

participants in the proposal of the structure and the SDI selection procedure. 

To address the difficulty of deficient physical interactions related to people and 

environment, the idea of an indicator called “socio-ecological (SEI)” was presented by 

Holmberg and Karlsson in 1992. 

A structure called “Pressure State Response (PSR)” founded on this causality 

model: people’s actions produce effects (the “pressures”) on the environment altering 

the quantity and quality of raw materials (the “state”). People’s reactions to these effects 

are by generation of policies for economy, environment and sectors. These reactions are 

called the “societal response”). Figure 2.7 shows this PSR- structure of OECD 

(Organisation for Economic Co-operation and Development). 
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Figure 2.7  The pressure-state-response structure. Source: OECD (1998). 

The Driving Force Pressure State Impact Response (DPSIR) structure is an 

enlargement of the pressure-state-response structure and was accepted in 1997 by the 

European Statistical Office and the European Environmental Agency (EEA). Figure 2.8 

depicts the five features and their relations. 

 

Figure 2.8  The structure of the DPSIR. Source: Smeets and Weterings 

(1999). 

For the purpose of assessing concurrently the environmental and social elements 

of sustainable development, the sustainability test was created (Prescott-Allen, 1995). It 

is made up of two factors, so-called “ecosystem well-being” and “human well-being”, 

which need to be enhanced to attain development in a sustainable way. The 



34 

 

environmental mark assesses the entire land zone needed to meet requirements of 

individual, product or town regarding water, food, energy and dumping of waste 

(Wackernagel and Rees, 1996). 

The eco-efficiency structure of the World Business Council for Sustainable 

Development (WBCSD) tries to evaluate improvement regarding economic and 

environmental sustainability by the utilisation of indicators which are significant and 

vital for business (WBCSD, 1999). 

The LCSP (Lowell Centre for Sustainable Production) structure emphasises the 

environmental, health and safety features of sustainable manufacturing (Singh et al., 

2012). It proposes five stages in the development process going to high-level indicators 

of sustainable manufacturing as shown in Figure 2.9. 

 

 

Figure 2.9  Lowell centre for sustainable production indicator framework. 

Source: Singh et al. (2012). 

To guarantee improved and applicable stages in favour of sustainability, the 

development and faults must be checked and calculated. Metrics for sustainable 

development are a field where numerous research and handy efforts have been carried 
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out. The indicators must not be confused with the methods and models, since these 

indicators do not give straight support in carrying out sustainable development, 

nevertheless they describe the structure and function as metrics and give a feedback 

mechanism for the whole procedure. 

The Coalition for Environmentally Responsible Economics (CERES) and the 

United Nations Environment Programme (UNEP), in 1997, introduced so-called GRI 

(global reporting initiative) with the aim of improving sustainability information. This 

report is a very important source of the recommendations and employs a ranked 

structure in three main topics: economy, society and environment as presented in Figure 

2.10. 

 

 

Figure 2.10  The organisation of the GRI structure. Source: GRI 

(2002a). 

The structure proposed by the United Nations Commission on Sustainable 

Development (UNCSD), is based on a sustainability indicator for the assessment of 

governmental evolution in terms of sustainable development achievements. A 
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categorised structure gathers indicators in 15 important topics and 38 sub-topics, 

separated into four parts of sustainable development as shown in Figure 2.11. 

 

Figure 2.11  The structure for United Nations sustainable indicators. 

Source: Singh et al., (2012). 

It is possible to find two kinds of strategies to measure sustainability: the 

‘monetary aggregation’ method used by economists and the ‘physical indicators’ 

selected by researchers and scientists. The former incorporates greening the gross 

domestic product, modelling for sustainable growth, resource calculation centred on 

their role, and expressing fragile and solid sustainability states. The economists adopt 

sustainable growth as a section related to the economy`s sustainable development. 

Following the neoclassical model which suggests that the economic well-being is 

evaluated focused on the consumption level models – which assess sustainable growth - 
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try to find a non-decreasing per capita utilisation approach based upon an ideal 

employment of technology and resources.  

The requisite for sustainable revenue, so-called Hicks/Lindahl, is non-decreasing 

worth of the total stock issued by companies throughout time. A fragile sustainability 

situation adopts the ideal replaceability among natural and manufactured resources, and 

a solid sustainability situation adopts no replaceability.  

With respect to the Solow-Hartwick structure, the route for sustainable increase is 

not the same as the route for the best increase implying that sustainability might be 

attained at the expense of efficiency.  

The topic of ecological economics structures is the result of socio-economic and 

ecological co-evolution. According to Pezzey (1992), neoRicardian approaches for 

sustainability search for constant conservation and mutual restoration of environmental 

and economic structures. 

When referring to natural resources, few economists apply traditional capital 

assumption which recognises the probability of natural resources undergoing 

transformation. Principal economists choose monetary valuation as it characterises the 

lack of valuable resources.  

A holistic structure built by Ness et al. (2007), which evaluates sustainability, is 

made up of three parts: indices and indicators; product related assessment tools; and 

integrated assessment (compilation of tools based on project execution or policy 

amendment) (refer to Figure 2.12). 
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Figure 2.12 Sustainability assessment approaches. Source: Barry Ness et al. 

(2007). 

The manufacturing sector is looking for an accessible, complete and impartial 

group of indicators to assess the sustainability of manufactured goods and 

manufacturing processes. There are a huge amount of indicators but these indicators 

have encountered difficulties in terms of recognising interconnected language, and 

choosing particular indicators for several features of sustainability. 

It was proposed to group indicators and to develop an indicator classification for 

sustainability assessment. The aim of the classification is to proceed as a structural and 

instructive tool for the manufacturing sector. The exposed construction of classification 

is an indicator found to have more than 200 indicators contained by five sustainability 

aspects.  In addition to that, this classification is adaptable and customisable.  
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In the classification, a wide analysis of actual, offered indicator groups and 

indices were executed.  Incorporation and classification of these indicators into an 

organised plot and store were made by initial assessments of the comparative 

significance of the indicators for a manufacturing initiative per organisational and/or 

product sustainability assessment. 

The big global issues which are tackled today require consideration of the 

complex situation of economy, society, environmental and technology (ESET). 

Recently the demand for sustainable development (SD) and its application has risen.  

With this conviction, added value, lean-based, competitive sustainable manufacturing 

(CSM) has been broadly contemplated as a principal facilitator. 

The Reference Model for Proactive Action (RMfPA) method has been suggested 

to improve and apply CSM, at state and worldwide level. Additionally, there are 

approaches to practise CSM at the macro-meso-field stage.  

The analysis of the European Union (EU), Japan the United States (US) and China 

using the RMfPA indicates that the Strategic intelligence (SI) production process is 

somehow recognised as well as the practical position of E&RTD&I (education and 

research, technological development and innovation) frameworks. In addition, at meso 

stage, current actions are producing paradigms and enabling technologies (ETs) for 

CSM. 

At a worldwide level such procedures can take place, but the growth and 

development level of nations have to be taken into account. Coordination/integration of 

these may run to “clouds of countries moving at different speeds towards CSM.” 
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2.2.3. Manufacturing System Design 

According to Harrel and Tumay (1995), a manufacturing system consists of 

entities (i.e. inputs and outputs), resources (e.g. raw material, energy and human 

beings), activities (tasks), controls and processes (see Figure 2.13).   

 

 

Figure 2.13 A manufacturing system. Source: Heilala et al. (2008). 

Manufacturing system design includes different topics such as: system dimension, 

material handling, tooling strategy, process flow configuration, flexibility (in case of 

future capacity and engineering changes), and area strategy among others. In addition, it 

deals with details such as: how, where and when a process is to be carried out as well as 

it chooses the appropriate equipment and resources to complete the process flow. 

Manufacturing process design is a key part of the manufacturing system as any 

decisions made during this phase will influence its future behaviour and any 

modifications, once the system is operating, could be very expensive. Material handling 

is another subject that requires a special attention since it makes possible the 

manufacturing process flow. 
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Sustainable manufacturing system design considers both environmental and 

economic performance. Environmental management and sustainable models are 

increasing business priorities. So far, there are several methods for assessing the 

environmental impact of a company or the whole supply chain. Greenhouse gases, 

mainly carbon dioxide (CO2), are released to the atmosphere directly when electricity is 

produced in situ and indirectly when it is provided from a grid due to the fossil fuel 

combustion. Also, the growing price of energy is another factor that needs to be taken 

into account during the manufacturing design phase. Equipment with a higher level of 

technology, i.e. more energy efficient, can produce less direct operating costs (Heilala et 

al., 2008). 

2.2.4. Sustainable Manufacturing Process Concepts 

A manufacturing process is deemed as a group of activities that converts inputs 

(raw materials, energy, etc.) into outputs (emissions, wastes and goods). In the 

traditional manufacturing processes, raw material, water, chemicals and energy - which 

input the process - are employed one time and leave the process as waste and products 

as shown in Figure 2.14. 

 

Figure 2.14 Traditional manufacturing process. 
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Some more advanced processes, such as: partly-closed and closed, can be found in 

the public domain (Beamon, 2008). In the partly-closed manufacturing process, raw 

material, water, chemicals and energy input the process and a portion of the process 

outputs are reused as inputs leading to a limited amount of waste (see Figure 2.15). 

 

Figure 2.15 Partly-closed manufacturing process. 

In the case of the closed manufacturing process, all the outputs generated are used 

as inputs for the same manufacturing process or another one causing no waste 

production (see Figure 2.16). An example of this type of manufacturing process is given 

by Inman (2006): All of Subaru of Indiana (SIA)’s waste are recycled, reused or burned 

to create energy. These two last manufacturing processes are becoming increasingly 

common in future manufacturing industries.   

 

Figure 2.16 Closed manufacturing process. 
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2.2.5. Simulation Frameworks  

Decisions in engineering and management need to take into account various 

variables and factors which are related to each other. In addition, the structure of the 

systems is so complex that it is difficult for human reasoning to deal with as a whole. 

Therefore, simulation modelling needs to be applied. 

Manufacturing simulation and CAD/CAE tools have been used by the 

manufacturing industry. Nonetheless, in the case of sustainable manufacturing system 

design, different variables need to be optimised at the same time. The stakeholders 

involved in conceiving the manufacturing system require decision support to avoid a 

loss of performance. 

There are many approaches and simulation tools which can be used during the 

manufacturing design phase. A simulation of a company, discrete event and material 

flow is employed to assess concepts and optimise them in order to find zones of concern 

and quantify and optimise manufacturing system operation (Heilala et al., 2008).  

Today production atmospheres need standard efficient frameworks to simulate 

manufacturing processes. In a generalised reference model it is essential to emphasise 

the discrepancies and similarities between manufacturing systems resources, thus 

checking the opportunities of those concepts and their roles. The Optimizing Production 

Using Simulation (OPUS) project is a new computational language applicable to 

manufacturing systems with the help of an optimisation capability. A Business Process 

Modelling Notation (BPMN) approach has been used to create a framework associated 

with processes developed in business and the generalisation of the execution of the 

simulation tool (Battista et al., 2011). 
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Manufacturing systems are complicated and expensive. Simulation techniques 

have been adopted as an examination and assessment technique in the model and 

process of the systems. Popularity and widespread usage of computational models in the 

industry has led to a growth in the amount of simulation packages available (Hlupic and 

Paul, 1999).  

Simulation simplifies the conception and production of manufacturing systems. 

The growth in competition in the industry has created a strong need for the 

computerised automated manufacturing systems. The use of these systems allows 

manufactures to achieve higher quality, with a lower cost; furthermore, flexibility in the 

design process allow for rapid improvements where necessary.  

Due to the complicated, dynamic and stochastic performance of the system like 

this, simulation seems to be the correct method for modelling and examining innovative 

manufacturing systems. Moreover, it is possible to visualise the facility in an interactive 

way to get a good understanding and has resulted in a big utilisation of simulation in 

managing manufacturing issues.  

The wider acceptance and realisation of the potential benefits of simulation 

technology by manufacturing industry has led to the release of a large quantity of 

simulators and computational languages for commercialisation (Hlupic and Paul, 1999). 

The features of the simulation software depend on the function of its work. The choice 

of the package by industry has two parts: one directing software range for quick 

modelling and second for specified modelling.  

It is possible to classify simulation packages by simulation languages or as 

simulators (Law and Kelton, 1991). If a computational language is utilised, the model is 

created by means of writing routines with a modelling of a language. This method is 
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flexible but expensive and takes time. A few of those programs are as follows: SIMAN 

(Pedgen et al., 1990), SLAM II (Pritsker, 1986), SIMSCRIPT II.5 (Russell, 1983), 

GPSS/H (Schriber, 1990), PCModel (White, 1988) and ECSL (Clementson, 1991). 

Moreover, a simulator permits to model a particular system with no programming 

experience. Applying this method the computational effort is particularly diminished, 

and it is in this case that the system to analyse matches the domain of the simulator. For 

example: WITNESS (Anon, 1991), SIMFACTORY II.5 (Anon, 1992), XCELL+ 

(Conway et al., 1988), ProModelPC (Anon, 1991) and AutoMod II (Thompson, 1989). 

The assessment and choice of the correct simulation software is the core of much 

research. Pidd (1989) gave a broad guidance regarding the selection of software based 

on discrete models, highlighting that the possible clients need to pay attention to sellers 

saying that the software can be used by both qualified statisticians and people who look 

at the world as being deterministic.  

According to Bovone et al. (1989), who suggested a technique to assess the 

simulation software, they recommend some principles to be utilised for package 

assessment taking into account the following criteria: simplicity, flexibility, depurate, 

transportability, reliability and modelling and execution speed.  

The selection of the software for the industry depends on the reason for modelling, 

and can be classified into two main categories. The first depends on the hierarchy of 

criteria for the selection with rapid modelling and the second hierarchy on criteria for 

detailed modelling with difficult real life manufacturing situations.  

Rapid Modelling. In this case, the users are supposed to have dealt with 

computational modelling before and the procedural matters are known. Therefore, the 
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manufacturing situation can be simulated quickly providing an overall picture and 

general data about the system.  

The criteria to be considered would be as follows: support to build models, 

reduction in model development time, and typical components and execution 

measurements concerning manufacturing systems. 

Detailed/Complex Modelling. In order to develop a detailed model of complex 

manufacturing systems, the most important criteria to consider when a simulation study 

is carried out are those symbolising the robustness package, less computational time and 

flexibility. The users are expected to have the experience and knowledge in 

computational models.  

A sustainability framework was developed in Excel Microsoft by the US 

organisation called National Council for Advanced Manufacturing (NACFAM), which 

is an industry-led, policy research organisation located in the United States of America, 

to help manufacturing industry assess both economic and environmental factors of 

manufacturing processes using a few inputs (NAFCAM, 2010a). This platform is 

available for free in the public domain so that all manufacturers and the academia may 

have access to it and use it. 

2.3 Energy Sources 

During the last two centuries, the energy used comes from the earth. During the 

1700´s most of the energy was obtained by means of firewood, water, wind and the 

effort of human/animal muscles. The main source of these types of energies was the Sun 

as it brought rain and wind, fed the trees and crops leading to the survival of living 

creatures.  Due to the natural behaviour of these energies, they were renewable (Anon., 
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2014). Renewables utilise energy supplies which are restored naturally: sun, wind, 

water, heat emitted by the planet and vegetation. Technologies related to renewables 

change these energies into electric power, chemicals, heat and mechanical drive (Anon., 

2001).  

Roughly in 1800, some of the energy obtained came from coal. Then, by 1900 the 

energy generated had come from natural gas and oil sources. Before 1950, these 

resources mostly substituted the other kind of energy excluding the power of water. 

These fuels originate from decomposing residues of early animals and plants, therefore 

their energy source is the Sun as well. Nevertheless, this energy, stored during a long 

period of time in just some years, is being consumed. 

Following 1950, the era of the atomic energy commenced using uranium. This 

element is not considered a fossil fuel and its energy source is not the sun. However, it 

is an exhaustible resource as is the case of fossil fuels.  

In the last 25 years, the use of renewable energy has become more common since 

people have recognised that fossil and nuclear fuels are reaching their limit and are 

contaminating the environment. This energy, whose source is the sun in either way, 

offers prospects for an unrestrained energy source friendly with the environment.  

As aforementioned, all types of renewable energy arises from the sun. It is 

possible to use direct sunlight e.g. solar heating systems, or indirect e.g. wind and 

hydroelectric power, and biomass. Renewable energy sources can be depleted if it is 

used faster than they can be reproduced. For instance, in England most of the forests 

were chopped for use as an energy source prior to coal appearance. If the resources are 

used prudently renewable energy can remain endless.  

file:///C:/Users/Maria%20Eugenia/Desktop/Sandra%60%20thesis/Anon
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Currently, humanity’s energy requirements are met using fossil fuels which are 

being depleted. Nuclear capacity in the USA will be finished by 2020 while the energy 

requirements will grow by 33%. A solution could be renewable energy (Anon., 2014). 

Even if the amounts of conventional fuels were infinite the use of renewables 

brings benefits to the ecosystem. Frequently, the renewables are called green 

technologies since they emit little or no-greenhouse gas. The burning of fossil fuels 

releases gases into the air, which in turn retain the heat coming from the sun and 

promote climate change. Due to this situation, the temperature of the earth has 

increased; if this trend continues it will cause a rise in the level of the oceans, floods, 

heat waves, droughts and other severe conditions. Furthermore, by means of burning 

fossil fuels many pollutants are released into the air, water and soil. Air pollution leads 

to respiratory diseases, acid rain from nitrogen oxides and sulphur dioxide are harmful 

to fish and vegetation. 

There are more options to the traditional energy sources as for example so-called 

alternative energy. They manage the energy in a more efficient manner helping energy 

sources to be more durable and to allow humanity extra time before fossil and nuclear 

fuels are exhausted. Using this type of energy leads to more sustainable systems for 

future generations. 

2.3.1. Categories of Alternative and Renewable Energy 

Nowadays, some sources of renewable are being used. A short description is 

given as follows (Anon., 2014):  

 Hydroelectric power is one of the oldest and larger supplies of energy. It represents 

around 10% of the electricity used in the USA. The current hydropower capacity is 
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80,000 MW. Running water energy is transformed into electricity in the 

hydropower plants; basically the rivers are dammed to form reservoirs and then the 

water is released through hydraulic turbines generating electricity. This is a non-

pollutant source of energy but the method of damming a river produces a big 

environmental impact on quality of water, fish and natural habitat.  

 Biomass is the second largest source of renewable energy after hydropower. It has a 

capacity of 7,000 MW. Basically matter derived from wood, bark, and agricultural 

and industrial waste. This matter might be incinerated in power stations, 

specifically built for this purpose, and also can substitute even 15% of coal used as 

fuel in normal conditions. The burning of biomass produces less emissions of 

sulphur dioxide (SO2) in comparison to the coal burning. Furthermore, methane gas 

can be obtained from biomass by means of gasification process. The energy 

produced by methane combustion in a boiler generates steam which turns steam 

turbines or in a combustion chamber in a gas turbine or reciprocating engine.  

 Geothermal: in the USA geothermal energy capacity is more than 3,000 MW. 

These power stations employ underground high temperatures to generate steam; 

and then drive steam turbines to generate electricity. These stations can pump hot 

water using compressors from underground deposits or can warm water by means 

of forcing it to hot rock. It is possible to access the high underground temperatures 

by deep drilling. To some extent, this sort of energy is not renewable because at 

some point the core of the earth will be cool; but as this will happen in a long time, 

then it is considered as renewable. 

 Solar Energy: this type of energy is applied to generate electricity, heat and for 

light. This energy is only a small part of the market in the USA. Solar energy can 
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be obtained in electrical power stations by means of solar heat or photovoltaic 

technology (more suitable for home use), which transform sunlight into electricity 

via solar cells. Sun heated systems are in two forms: active or passive. The active 

systems operate as follows: liquid or air flows throughout a series of solar 

collectors so that the heat can be carried where it is needed. On the other hand, 

passive systems refer to buildings with surfaces and windows placed in such a way 

that they maximise the absorption of the heat during winter. The latter are the most 

used. 

 Wind Energy: according to (Anon., 2014) the installed capacity of this energy is 

4,700 MW in the USA. This kind of energy is generated by the wind which rotates 

a group of blades fitted to a centre. This centre is attached to a shaft which drives an 

electric generator. 

 Fuel Cells are an alternative but not necessarily a renewable energy device; they 

can be called renewable if the fuel employed in this device is renewable. This 

electrochemical device transforms the energy of a chemical reaction into heat and 

electrical power. On contrary to a battery, a fuel cell has the ability of producing 

power until the fuel provided to them is exhausted. Nowadays, fuel cells are 

manufactured using hydrogen and oxygen. 

 Hydrogen is high in energy producing water as the only emission. Today’s industry 

generates hydrogen in amount of more than four trillion cubic feet per year. The 

hydrogen fuel cells present a big capability to generate electrical power for both 

vehicles and distributed systems. Researchers are trying to generate hydrogen 

directly from water by means of biomass, wind and solar energy (Anon., 2014).  
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 The ocean produces two types of energy: thermal from the sun heat and mechanical 

from waves and tides. Thermal energy from the ocean can be used for generation of 

electricity; systems of electric power conversion using surface sea water to spin a 

turbine that activates a generator; this involves mechanical devices (Anon., 2014). 

2.4 Colombian Aluminium Sector 

 Aluminium is a metallic chemical element; pure aluminium has little strength and 

ductile characteristics; however it can form alloys with various elements to improve its 

strength as well as to acquire several useful properties. Aluminium alloys are 

lightweight, strong, and easy for making many metalworking processes; they are easy to 

assemble, machine or cast, and they are suitable for several finishes due to its 

properties; aluminium is the most non-ferrous metal employed in different sectors.  

 Aluminium is air-stable and not affected by corrosion from sea water, liquid 

solutions and many several chemicals due to an impenetrable oxide layer which keeps it 

out of corrosion. With purity of 99.95%, aluminium is resistant to most acids, but is 

dissolved in water. Its oxide layer is dissolved in alkaline solution and the corrosion is 

rapid.  

 Aluminium provides an excellent mixture of properties, low weight, high strength, 

excellent formability, excellent electrical and thermal conductivity, smart surface finish, 

high corrosion resistance; these properties allow their use in almost all kinds of designs 

and product applications as well as low recycling cost and a long useful life.  

 Its application in construction represents the largest market for aluminium 

industry. Thousands of homes have used aluminium doors, locks, windows, screens, 
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nozzles and drainage channels. Aluminium is also one of the most important products in 

the industrial construction. The transport market is in the second position. Several 

military and commercial aircraft are made almost entirely of aluminium. With respect to 

the car industry, aluminium appears as rims, inner and outer edges, air conditioners, 

grills, engine cooling and automatic gearboxes, car body panels and cylinder blocks. It 

is also used in bodies, rail wagons, structures of high-velocity cars, formed wheels for 

trucks, cars, cargo containers and road signs, lanes and lighting division.  

 In the aerospace industry, aluminium is also found in aircraft engines, structures 

and landing gears, covers and interiors; often close to 80% of the weight of the aircraft 

is aluminium. Further, the companies dedicated to food packaging are rapidly growing. 

Wires and aluminium cables are the main goods in electrical appliances. It is possible to 

find it at home in the form of kitchen utensils, foil, tools, portable appliances, air 

conditioners, freezers, refrigerators, and sports kits for example tennis rackets and skis. 

There are many chemical applications suitable for aluminium and its substances. 

Aluminium powder is employed in explosives and fuel for rockets, paints and also as a 

reducing agent.  

 The Alumina Group SA is a leader in the Aluminium industry in Colombia and is 

known internationally as an active company, which sells aluminium extruded items. The 

Empresa MetalMecánica de Aluminio S.A. (EMMA) Metalworking Company, located 

in the town of Itagüi in Antioquia (Colombia), is dedicated to the process of extrusion, 

anodised and paint of aluminium as described below.  

 Recyclable Material. Aluminium recycling is a process where aluminium waste 

can be converted into other products after its primary utility. This process involves 
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simply metal recast, which is much cheaper and consumes much less energy than 

producing aluminium from the electrolysis of alumina (Al2O3). Recycling aluminium 

needs just 5% of the energy consumed to process aluminium of the mine.  

 Recyclable aluminium collected at the EMMA plant is provided by different 

sources such as used pots, kitchen cutlery, beverage cans, industrial tools, rods, auto 

parts, bicycles, computers, off-cuts or discarded profiles, among others (see the figure 

below).  

                 

Figure 2.17 Recyclable aluminium collected at the EMMA plant. 

 This material is organised and pressed which is called Secondary Aluminium so 

that it can be sent to the company “Alumina” located in the city of Cali where it is 

melted and the ingots - which are used for the extrusion - are made. Pressing process is 

performed in the city of Cali due to reduced costs not only generated by the transport 

but the cheaper gas price in that city. 

 Ingots. The aluminium alloy intended for extrusion is formed into large 

cylindrical ingots called billets which are produced by casting; they have a length of 6 

meters, a diameter of about 300 mm and a mass of approximately 500 kg each (see 
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Figure 2.18). These billets are cut to a certain size in order to optimise the extrusion that 

is carried out at all times; then they are organised and loaded to be homogenised.  

 

Figure 2.18 Aluminium billets. 

 Homogenisation. The initial heat treatment applied to the ingots before secondary 

operation such as hot rolling is the homogenisation. Homogenisation has one or more 

purposes depending on the alloy and the product. One of the main purposes is to reduce 

the harmful effects of micro-structural features existing on structures or casting 

solidification (refer to Figure 2.19). 

 Injection – Extrusion. After aluminium is homogenised, ingots are loaded into 

the Oven of the Injection Machine to be transformed into useful products for industry, 

where by pressure the matrix (located at the top of the oven) is filled to get the 

aluminium shapes required; in this stage of the process, injection time and cooling time 

are verified through a visual inspection of the semi-elaborate piece, which is organised 

in a conveyor belt. 

 Extrusion is the process that transforms aluminium into useful products for 

industry, by allowing the adaptation of aluminium to practically all industries, products 
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and environments. Extrusion consists of moving the preheated aluminium at high 

pressure through a matrix whose opening corresponds to the cross section of the 

extrusion profile; thus the basic elements of the extrusion are the aluminium matrix, the 

press and its auxiliaries, and extrusion parameters. The matrices are made of high 

temperature resistant steel, and its opening is performed by computer-controlled 

EDM (Electrical Discharge Machining).  

 

Figure 2.19 Aluminium homogenisation.  

 It is important to point out that there are dimensional limits in the extrusion of 

profiles. These limits vary depending on the hardness of the alloy used and affect the 

thickness, radii and minimum angles that are possible to extrude. Such controls and 

adjustments are made periodically during the lifetime of the matrix. The most common 

applications are aluminium profiles for windows and doors, lighting, railings and 

furniture. This material is highly suitable for anodising - both decorative and protection 

purposes. Extrusion presses are hydraulic machines that consist of a container where the 

billet is placed, a matrix holder and a plunger to apply pressure (see Figure 2.20). 
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Figure 2.20 Aluminium injection and extrusion. 

 The already cooled profiles placed at the end of the work table and storage of the 

press whose length usually vary between 48 and 55 meters, are then subjected to a small 

stretch to eliminate any stress in the material and straighten the slight curvatures that 

could be in the extruded bars (see Figure 2.21). The bars are cut, by a saw placed at the 

end of the table, into commercial lengths, between 4 and 7 meters, and are subsequently 

deposited in containers and finally introduced into an aging furnace at 175 °C for a 

period of about 4 hours.  
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Figure 2.21 Aluminium extrusion and profile location. 

 Painting: Electrostatic Painting. The paint process consists of a type of layer 

which is put on as a dry powder fluid that usually is employed to make a hard finish. 

The process is carried out in facilities equipped with a curing oven, booths for the 

application with electrostatic guns and a chain where the parts are hung. Excellent 

results are expected in terms of finish and airtight sealing, with colours it is possible to 

obtain all the nuances; also, it is easier to apply and from the ecological point of view, 

does not create any problems for operators and the environment (see Figure 2.22).  
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Figure 2.22 Painting process. 

 Anodising. Anodised aluminium is a kind of aluminium that, after a certain 

electrolytic treatment, is coated with a layer that provides greater protection from 

environmental threats. The term anodised for this type of protection treatment, comes 

from the word anode. An anode is a positive pole of an electrolyte. This procedure is 
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particularly done, because aluminium is oxidised very quickly with contact with 

oxygen. This oxide layer is not strong enough to withstand high amounts of moisture or 

exposure to other factors such as industrial smoke and sea salt (see Figure 2.23).  

 The anodising process essentially consists of immersing the aluminium in an 

acidic solution, generally, made of sulphuric acid. Later, thanks to the application of a 

current, a release of oxygen - whose thickness depends on the time that has been 

exposed to the solution – is produced. To complete the process, aluminium is 

submerged in hot water to close the pores of the surface. From the above process, the 

oxide layer covering the aluminium comes from itself, allowing it to be an integrated 

piece. Once all these stages are finished this may be called "aluminium", anodised 

aluminium. As mentioned before, the purpose of this electrolytic process is to cover the 

piece of aluminium with a protective layer which - due to oxygen - consists of 

aluminium oxide. This layer is transparent, hard and resistant to different factors present 

in the corrosive environment.  

 Among the advantages of anodising, high resistance to abrasion and contact with 

abrasive cleaners are found, allowing the treated parts to be much more resistant. 

Moreover, thanks to the oxide layer that is integrated into the aluminium, it does not 

suffer scratches or peeling, also is not affected by exposure to sunlight.  

    



60 

 

          

          

          

Figure 2.23 Anodising process. 

2.5 Summary 

 There is strong evidence that our planet is running out of natural resources of raw 

material and energy which is leading to an increase in their price and limitation. The 

energy used to power our societies is mainly based upon fossil fuels. Firstly, the global 
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oil production is approaching its maximum value; secondly, its residual sources are 

more limited and found in areas which are unstable politically.  

 Furthermore, there is increasing indication that climate change is happening. The 

global warming and ozone layer depletion are the consequences of the activities of 

many countries. Acid rain, which is contaminating the water available on the earth (e.g. 

rivers and lakes) and destroying forests, often originates in one country and is placed in 

another. Consequently, there are more stringent regulations to come which will have an 

impact on the way the economy is run. In other words, it will demand that businesses 

are more responsible for environmental damage and be more proactive to mitigate their 

environmental impact. 

 Taking into account the above, there will be more pressure on the manufacturing 

industries to generate the required water, foods, services and products to maintain the 

earth’s population with less environmental impact. Metal products constitute a large 

proportion of manufactured products and large amounts of energy are consumed 

typically in their manufacture, and the behaviour of the metallurgy and metalworking 

sector reported an important growth in the world. Besides, aluminium is a priority in the 

metal sector since it is the non-ferrous material more common on the earth and is used 

for many applications ranging from building to aerospace industry.   

 Several sustainable manufacturing process concepts are found in the literature as 

follows:  

 Traditional process i.e. raw material, water, chemicals and energy which are inputs 

of the process, then employed during the process and leaving it as products, 

emissions and residual waste, and  
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 partly-closed and/or closed process i.e. raw material, water, chemicals and energy 

input to the process or a portion of the process and all of its outputs are recycled 

leading to a limited amount of waste, for minimal environmental and economic 

impact.  

Additionally, the renewable energy usage during the manufacturing process can 

reduce the environmental impact making the process more sustainable. 
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CHAPTER 3 

MULTIDISCIPLINARY SIMULATION FRAMEWORK  

3.1 Overview 

In order to answer the research questions a multidisciplinary simulation 

framework or tool needs to be used. This tool will have to be made up of various 

modules which can assess the environmental and economic performance for different 

manufacturing processes (see Figure 3.1) which is the case for NACFAM Sustainability 

Framework Model available to the public. The metal i.e. aluminium, products are 

chosen since they dominate the engineering manufacturing sector. In addition, the 

processes will be assumed to have one specific product with the same quantity. The 

validation of the model will use available data in the public domain and the scenarios to 

be assessed will use the aluminium-product industry.  

 

Figure 3.1 Multidisciplinary simulation framework. 
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3.1.1 NACFAM Sustainability Framework Model 

This model was created to assist companies in looking at sustainability from a 

more holistic standpoint (NAFCAM, 2010a). This contains an economic module to 

calculate the financial performance of a project or a group of projects and an 

environmental module for emissions and waste performance. In summary, this model 

can be used for analysing the environmental and economic impacts for both a single 

project and various projects at the same time and in combination. It was developed in 

Microsoft Excel because all manufacturers have access to it and already use it (see 

Figure 3.2).  

 

Figure 3.2 Inputs and outputs for NACFAM Sustainability Framework 

Model. Source: NAFCAM (2010a). 

People in any level of the company can use this model in the following stages:  

 Manufacturing Product Design 

  -  Products must be designed taking into account their entire life cycle. 
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- When a product is designed it is necessary to consider its production, raw 

material, effect of materials utilised, product end life and its life cycle performance. 

 Strategy Development for a Manufacturing Process  

 - The effectiveness of a company depends on sustainable manufacturing 

processes. 

 - This framework makes the manufacturing process more sustainable and 

lucrative. 

 - It is necessary to use estimated data to rank possible sustainable manufacturing 

assignments. 

 Manufacturing Implementation 

 - This framework offers data at each step of sustainable manufacturing 

implementation to guarantee sustainability. 

 - This framework can be used when the company has good information on 

selected tasks to have more specific estimations for economic and environmental 

performance to facilitate project assessment and use these data for next tasks. 

 Strategy Development 

 - To really inform people about the company strategy and the interaction between 

finances and environment in a holistic way. 

 - To develop the environmental strategy of the company. 

NACFAM sustainability framework can be used when:  

- evaluating the environmental and economic impacts in a project, 

- evaluating the environmental and economic effects for many projects at the same 

time and in groups and 
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- considering many projects the framework can be turned on and off for every 

single project to evaluate the collective effect of several arrangements of projects.  

This simulation framework can be employed either as a preliminary tactical tool to 

create the company strategy for sustainability or as an advanced tool for several project 

options in further detail. It is essential to start running this framework with educated 

guesses or limited data at the beginning to assist the company in establishing its 

sustainability strategy and priorities. Frequently guesses are sufficient to see where 

opportunities are placed.  

Regarding the inputs required to run the model three levels are found: the first 

level consists of general inputs and assumptions such as category of factors related to 

emissions of greenhouse gases, discount and tax rates. The next level is the inputs for 

manufacturing processes i.e. the usage and the price for raw materials, chemicals, 

energy, waste and water regarding the baseline for a specific facility or a company. The 

third level is associated with a specific project: a process, new against old machinery or 

other change expected to be assessed. 

The simulation framework calculates both environmental and economic indicators. 

Its aim is to give an illustration of how several project alternatives, strategies and 

machinery reduce costs against their environmental impact. The framework uses 

economic factors - like discounted cash flows (DCFs) – to figure out how variations 

during manufacturing processes can affect the cash flow on a discounted basis, and 

environmental factors to calculate the emissions produced by these variations.  

It is possible to determine the year where the project starts to pay back by just 

checking the discounted cash flow and see in which year that flow becomes positive 

(i.e. Payback Period). The internal rate of return (IRR) can be calculated for economic 
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analysis. Another financial figure found in this simulation framework is the net present 

value (NPV).  

Some of the environmental metrics given by the framework are: greenhouse gas 

emissions (CO2eq, carbon dioxide equivalent), sulphur oxides emissions (SO2eq, 

sulphur dioxide equivalents), nitrogen oxides emissions, solid, hazardous and non-

hazardous chemical wastes, among others. 

3.2 Validation and Verification (v/v) 

After a detailed search in the open literature three papers were selected which 

seem to have representative data (i.e. inputs and outputs) to validate/verify the baseline 

computational model. 

 One of the reports under the title of "Life Cycle Impact Assessment of 

Aluminium Beverage Cans", prepared for Aluminum Association, Inc. Washington, 

D.C. by PE Americas is applicable to Life Cycle Assessment (LCA) for aluminium 

cans, has the necessary data suitable for the model v/v. However, these data are 

incomplete due to the confidentiality of the project which makes it very hard to run the 

v/v process. Another report developed by European Aluminium Association, named 

”Environmental Profile Report for the European Aluminium Industry”, contains data 

relevant only to aluminium raw material production. Therefore, the data provided in this 

report is unsuitable for the model validation/verification (v/v). Finally, a case study (i.e. 

an example) provided by the National Council for Advanced Manufacturing 

(NACFAM) is found suitable to verify the computational model as most of the data are 

given (NACFAM, 2010b). As a result, a discrepancy of 0% for both economic and 

environmental performance was obtained; this is shown in the table below. I would like 
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to highlight that this case study is very similar to the baseline scenario of this research. 

The reliability of these data cannot be guaranteed. 

Table 3.1 Validation and verification results. 

 

Simulation Public 

Data 

Deviation 

(%) 

Carbon Dioxide (CO2) [tonnes] p.a. 

Sulphur Oxide (SOx) [tonnes] p.a. 

Nitrous Oxide (NOx) [tonnes] p.a. 

Net Present Value (NPV) [US$] for 10 

years 

2,291.01 

15.58 

3.26 

 

0.00 

2,291.01 

15.58 

3.26 

 

0.00 

0.00 

0.00 

0.00 

 

0.00 

 

3.3 Design of Experiments (DOE) 

The DOE are a gathering of statistical approaches giving a systematic and useful 

manner to explore a design space (Montgomery, 1996). These techniques are very 

efficient when dealing with unknown design spaces leading to important data about 

them – design space decrease. Furthermore, the DOE can be used to assess the impact 

of several input variables on one or more output responses. This is known as key 

drivers’ identification. 

There are different DOE methods available in the public domain. A broad 

explanation of them and their application to solve engineering design problems is 

presented by Simpson et al (1997). For this study three techniques were considered as 

follows: full factorial, parametric study and Taguchi (orthogonal arrays). The full-

factorial technique analyses the responses of the outputs at all possible combination of 
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input variables once the levels (values) for every factor (variable) have been established. 

In the case of parametric study, one factor has to be changed at a time while the 

remaining is left unchanged. Finally, Taguchi’s technique (Taguchi and Konishi, 1987) 

is applied to achieve the characteristics of a design space established on a small quantity 

of data points.  

Both parametric study and full-factorial methods are very expensive in 

computational time. In other words, many experiments need to be run to obtain an 

analysis. As a consequence, the Taguchi’s orthogonal arrays were used due to less 

computational time involved in this technique. The experiments were run using a 

computational program available commercially called Minitab 16 (user’s manual, 

2010). The input variables chosen for this DOE are as follows: 1) average annual 

electricity use, 2) electricity price, 3) average annual gas use, 4) natural gas price, 5) 

average annual water use, 6) price of water, 7) price of material, 8) chemical usage, 9) 

price of chemicals, 10) solid waste, 11) hazardous waste, 12) non-hazardous waste 

whilst the responses for environmental performance are: 1) SOx, 2) CO2 and 3) NOx, 

and for economic performance is  1) net present value (NPV). The outcome of this 

study is explained as follows: 

 As depicted in Figure 3.3, the input variable with a key impact on SOx production 

during the design process of aluminium cans is the electricity use. This is because 

100% of electricity is provided by a grid in the state of Pennsylvania – according to 

the simulation - where the majority of the electricity is generated using coal which 

is one of the contributors to SOx emissions. 
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Figure 3.3 DOE for SOx impact using Taguchi’s orthogonal arrays. 

 In Figure 3.4 the responses of CO2 from input variables are shown.  Both electricity 

and natural gas usage have a significant impact on CO2 emissions. Coal is one of 

the biggest anthropogenic of carbon dioxide discharges on the planet. Furthermore, 

the combustion of natural gas generates CO2 emissions although to a lesser extent 

than for coal burning. 

 

Figure 3.4 DOE for CO2 impact using Taguchi’s orthogonal arrays. 
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 Figure 3.5 portrays the effect of several input variables on the production of NOx. 

The explanation is given above in the case of CO2 releases. 

 

Figure 3.5 DOE for NOx impact using Taguchi’s orthogonal arrays. 

 Figure 3.6 indicates that the price of material has an important impact on the NPV 

since it is embedded in the direct operating cost. The NPV is made up of both 

incoming and outgoing cash flows for a period of time, i.e. 10 years. 

 

Figure 3.6 DOE for NPV impact using Taguchi’s orthogonal arrays. 
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3.4 Summary 

A sustainability assessment framework available to the public domain was used to 

address the research questions of this thesis. This framework is called “Sustainability 

Framework Model” and was created by National Council for Advanced Manufacturing 

(NACFAM) which is made up of: environment and financial modules.  

In order to identity the relevant inputs, the Taguchi’s orthogonal arrays were used 

in a computational package called “Minitab 16”. The reason for this is that it involves 

less computational time. As a result, the input variables identified by the Design of 

Experiments run are the following: average annual electricity use, average annual gas 

use and material price. These variables have influences on environmental performance 

(SOx, CO2 and NOx) as well as on economic performance (Net Present Value). 

If the reader would like to replicate the above-mentioned methodology, then the 

following steps need to be performed: firstly, identify the needs in the manufacturing 

sector under study. Secondly, determine the requirements and the architecture of the 

simulation framework to assess the economic and the environmental sustainability of 

the traditional or non-traditional manufacturing processes. After that, identify the 

existing computational models in order to simulate the different disciplines involved in 

a particular study. And then, define the scenarios (i.e. manufacturing processes) to be 

assessed. Carry out the validation-verification process for the scenarios under 

investigation. Afterwards, identify the key drivers of the manufacturing processes by 

means of design of experiments (DOE). Finally, assess the economic cost and 

environmental impact of the scenarios defined previously. Based on assessments, make 

the decisions supported by the requirements. 
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CHAPTER 4 

RESULTS AND DISCUSSION:  CASE STUDIES 

4.1 Problem Formulation 

The baseline and sustainable scenarios are defined taking into account the 

following assumptions: 

 The final metallic product (aluminium cans) will be constant (i.e. the same in 

dimensions and quantity) in order to have a fair comparison. 

 Regarding the Life Cycle Assessment (LCA), the environmental performance 

during metal production process (upstream) will be assessed. No downstream will 

be analysed due to the time limitation of this project. This could become future 

work for other studies. 

 All the case studies will be evaluated at conceptual design level, i.e. no detailed 

design level will be considered due to the timeframe of this project. 

 Scenario 1: Baseline  

Table 4.1 Inputs for baseline scenario.  

Inputs Values 

Annual aluminium used [lbs] 

Aluminium price [$/lb] 

Electricity used by equipment monthly [kWh] 

80,000 

20 

10,000 

* These values are taken from NACFAM (2010b) 

* 

* 

* 
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In Tables 4.1, 4.2, 4.3 and 4.4 the definition of baseline and sustainable 

manufacturing processes are shown as well as the schematic of each process (see 

Figures 4.1, 4.2, 4.3 and 4.4).  

 

Figure 4.1 Baseline schematic. 

 Scenario 2: Implementation of new technology 

By using new technology i.e. new equipment, it is possible to decrease the 

material usage. However, the economic performance of the project will be affected due 

to the investment required to obtain such equipment. Inputs for scenario 

“implementation of new equipment.”  

 

Inputs Values 

Annual aluminium used [lbs] 

Aluminium price [$/lb] 

Electricity used by equipment monthly [kWh] 

New equipment cost [US$] 

15,996 

30 

15,000 

600,000 

* 

* 

* 

* 

* These values are taken from NACFAM (2010b) 
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Figure 4.2 Schematic for implementation of new equipment. 

 Scenario 3: Reuse of  material waste 

During the process of manufacturing aluminium cans many different sort of waste 

can be obtained. Due to environmental concern, it is necessary to find the way to reuse 

such waste. In this case, less amount of raw material needs to be obtained owing to the 

percentage of material that can be reused. As a result, the environmental performance 

upstream would be less due to less energy required to produce the raw material. 

The aluminium waste is also called secondary aluminium ingot, which is obtained 

from post-consumer scrap; such waste can be retrieved from the recycling plants or 

individuals whose main way to get income is recycling.  

Table 4.2 Inputs for scenario "reuse of material waste." 

Inputs Values 

Annual aluminium used [lbs] 

Aluminium price [$/lb] 

Electricity used by equipment monthly [kWh] 

 Reuse waste [lbs] 

60,000 

20  

10,000 

20,000 

* These values are taken from NACFAM (2010b) 

** These values are taken from PE AMERICAS (2010) 
 

** 

* 

* 

** 
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Figure 4.3 Schematic for reuse of material waste. 

 Scenario 4: Electricity provided by the grid and the renewables 

The baseline scenario uses energy only from the grid. In this case scenario, 95.54 

% of the electricity is provided by the grid while 4.46 % by renewables (PE 

AMERICAS, 2010).  

Table 4.3 Inputs for scenario “electricity provided by the grid and 

renewable.”  

Inputs Values 

Annual aluminium used [lbs] 

Aluminium price [$/lb] 

Electricity used by equipment monthly [kWh] 

 Electricity used from the grid [%] 

Electricity used from renewables [%] 

80,000 

20  

10,000 

95.54 

4.46 

* These values are taken from NACFAM (2010b) 

** These values are taken from PE AMERICAS (2010) 
 

* 

* 

* 

** 

** 
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Figure 4.4 Schematic for use of renewable energy. 

4.2 Case Studies 

The four scenarios were described in the previous section and the simulations 

were performed using the sustainability analysis computational tool provided by the 

National Council for Advanced Manufacturing (NACFAM) obtaining the following 

outcomes: 

 Scenario 1: Baseline 

The outputs for baseline scenario are given below.  

Table 4.4 Outputs for baseline scenario. 

Outputs Values 

CO2 emissions p.a. [tonnes]  

SOx emissions p.a. [tonnes] 

NOx emissions p.a. [tonnes] 

Net Present Value for 10 years [US$] 

2,291.01 

15.58 

3.26 

0.00 
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Using 80,000 pounds of Aluminium which cost $20/lbs and an equipment which 

uses 10,000 Kwh of electricity monthly leads to an amount of 2,291.01 tonnes of CO2 

per annum, 15.58 tonnes of SOx per annum and 3.26 tonnes of NOx per annum. 

 Scenario 2: Implementation of new technology 

Implementing new equipment and using data from the Table 4.2 (from the 

previous section) the following results were obtained: 

Table 4.5 Outputs for scenario “implementation of a new equipment.”  

Outputs Values 

CO2 emissions p.a. [tonnes]  

SOx emissions p.a. [tonnes] 

NOx emissions p.a. [tonnes] 

Net Present Value for 10 years [US$] 

2,325.28 

15.82 

3.31 

1,048,921.00 

 

The new equipment processes 15,996 lbs of aluminium every year (it is very 

effective with respect to material usage); the aluminium price increases with respect to 

the baseline price due to commercial agreements (if the quantity purchased is less, then 

the sale price is going to be higher); and the new equipment consumes 15,000 Kwh with 

a price of $600,000 invested in the first year of the project. 

The results obtained were as follows: 2,325.28 tonnes of CO2 p.a., 15.82 tonnes of 

SOx p.a. and 3.31 tonnes of NOx p.a. In the case of the Net Present Value (NPV), an 

amount of US$1,048,921 was achieved for a total period of ten years corresponding to 

the time of project evaluation. The higher environmental impact in comparison to the 

baseline scenario is due to more electricity being required by the new equipment i.e. 

15,000 kWh instead of 10,000 kWh for the baseline equipment. As shown in Table 4.7, 
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the project is profitable due to the less raw material use but at the expense of the 

manufacturing environmental impact.  

Table 4.6 Comparison between scenarios 1 and 2. 

Outputs Baseline Scenario 2 Deviation (%) 

Carbon Dioxide (CO2) [tonnes] p.a. 

Sulphur Oxide (SOx) [tonnes] p.a. 

Nitrous Oxide (NOx) [tonnes] p.a. 

Net Present Value (NPV) [US$] for 10 years 

2,291.01 

15.58 

3.26 

0.00 

2,325.28 

15.82 

3.31 

1,048,921.00 

1.50 

1.54 

1.49 

N/A 

 

In terms of manufacturing process the environmental impact of scenario 2 is 

higher than that of baseline one (please refer to Table 4.7). This is because the new 

equipment is assumed to consume more energy than the baseline one i.e. 15,000 kWh 

rather than 10,000 kWh. Nevertheless, this new equipment is efficient when dealing 

with the raw material which results in less production cost leading to a better NPV. 

On the other hand, the environmental impact upstream (i.e. material production) is 

less in comparison to the baseline. The emissions difference between both scenarios for 

a ten year period is as follows: - 7,168 tonnes for CO2 and - 41.92 tonnes for SOx. This 

can be explained through the fewer raw materials needed and the energy required to 

process it. In addition to that, a difference of NOx for manufacturing process up to 10 

years is 0.49 while the solid waste produced in obtaining the raw material gives a gap of 

- 1,440. Overall environmental impact i.e. putting together the emissions released 

during the material production and product manufacturing, of the scenario 2 is 

appealing (see difference value @ LC level given in Table 4.8). Its economic impact - 



80 

 

NPV - for the manufacturing process is attractive since it gives a 10 years profit of 

US$1,048,921. 

Table 4.7 Comparison between scenarios 1 and 2 for a period of 10 years.  

 

Scenario 2 vs Baseline 

Environmental 

Impact for 

Manufacturing 

Process (Can 

Manufacturing) 

Environmental 

Impact 

Upstream 

(Material 

Production) 

 

 

Difference 

Value @LC 

Difference Value for 10 years 

Carbon Dioxide (CO2) [tonnes]  

Sulphur Oxide (SOx) [tonnes]  

Nitrous Oxide (NOx) [tonnes]  

Solid Waste Burden [tonnes] 

Net Present Value (NPV) [US$]  

343.65 

2.34 

0.49 

N/A 

1,048,921.00 

-7,168.00 

-41.92 

N/A 

-1,440.00 

N/A 

-6,824.35 

-39.58 

0.49 

-1,440.00 

1,048,921.00 

 

 Scenario 3: Reusing the material waste 

Reusing the material waste generated during the manufacturing process of 

aluminium cans and the data from Table 4.3 given in the previous section, the next 

results were obtained: 

As observed from the results in Table 4.10, there is no emissions difference 

between the scenarios 3 and baseline as the equipment uses the same amount of energy 

as the baseline scenario. However, a profit of US$5,375,131 is possible for a period of 

10 years due to the reuse of the material waste leading to a decrease of the raw material 

usage.  
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Table 4.8 Outputs for scenario “reuse of material waste.” 

Outputs Values 

CO2 emissions p.a. [tonnes]  

SOx emissions p.a. [tonnes] 

NOx emissions p.a. [tonnes] 

Net Present Value for 10 years [US$] 

2,291.01 

15.58 

3.26 

5,375,131.00 

 

Table 4.9 Comparison between scenarios 1 and 3. 

Outputs Baseline Scenario 3 Deviation (%) 

Carbon Dioxide (CO2) [tonnes] p.a. 

Sulphur Oxide (SOx) [tonnes] p.a. 

Nitrous Oxide (NOx) [tonnes] p.a. 

Net Present Value (NPV) [US$] for 10 

years 

2,291.01 

15.58 

3.26 

0.00 

2,291.01 

15.58 

3.26 

5,375,131.00 

0.00 

0.00 

0.00 

N/A 

 

The environmental impact upstream, i.e. material production, is less due to the 

reduction of energy consumption for raw material production. This case reuses the solid 

waste generated during the product manufacturing process leading to less raw material 

acquisition. The difference in values between scenarios 3 and baseline for ten years 

timeframe is: -2,240 tonnes for CO2 and -13.10 tonnes for SOx (see Table 4.11). 
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Table 4.10 Comparison between scenarios 1 and 3 for a period of 10 years. 

 

Scenario 3 vs Baseline 

Environmental 

Impact for 

Manufacturing 

Process (Can 

Manufacturing) 

Environmental 

Impact 

Upstream 

(Material 

Production) 

 

 

Difference 

Value @LC 

 Difference Value for 10 years 

Carbon Dioxide (CO2) [tonnes]  

Sulphur Oxide (SOx) [tonnes]  

Nitrous Oxide (NOx) [tonnes]  

Solid Waste Burden [tonnes] 

Net Present Value (NPV) [US$]  

0.00 

0.00 

0.00 

N/A 

5,375,131.00 

-2,240.00 

-13.10 

N/A 

-450.00 

N/A 

-2,240.00 

-13.10 

0.00 

-450.00 

5,375,131.00 

 

 Scenario 4: Electricity provided by the grid and the renewables 

With the possibility of use of electricity from renewable sources, scenario 4 was 

evaluated using the data from Table 4.4 in the previous section.  

Using only 4.46% energy from renewable sources it was possible to see a 

difference regarding the emissions leading to a difference of 4.36% between the 

baseline scenario and scenario 3 in CO2, 4.43% in SOx and 4.34% in NOx (refer to 

Table 4.13). The reason for this is that less electricity is taken from the grid which uses 

either coal-fired power plants or thermoelectric power plants - in turn they use fossil 

fuel to produce electrical power. The economic aspect is not attractive due to the 

implications in using in-situ renewables.  
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Table 4.11 Outputs for scenario “electricity provided by the grid and the 

renewable.” 

Outputs Values 

CO2 emissions p.a. [tonnes]  

SOx emissions p.a. [tonnes] 

NOx emissions p.a. [tonnes] 

Net Present Value for 10 years [US$] 

2,188.83 

14.89 

3.12 

0.00 

 

Table 4.12 Comparison between scenarios 1 and 4. 

Outputs Baseline Scenario 4 Deviation (%) 

Carbon Dioxide (CO2) [tonnes] p.a. 

Sulphur Oxide (SOx) [tonnes] p.a. 

Nitrous Oxide (NOx) [tonnes] p.a. 

Net Present Value (NPV) [US$] for 10 

years 

2,291.01 

15.58 

3.26 

0.00 

2,188.83 

14.89 

3.12 

0.00 

-4.46 

-4.43 

-4.34 

N/A 

 

Using renewable energy the amount of emissions is less during the product 

manufacturing process because the electricity is provided by both the grid and the 

renewables leading to a decrease of CO2, SOx and NOx emissions. The upstream 

environmental impact remains the same because the raw material production is constant 

(refers to Table 4.14). The NPV – an economic indicator of the product manufacturing 

process –remains the same as the baseline one due to the maintenance costs involved in 

renewables.  
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Table 4.13 Comparison between scenarios 1 and 4 for a period of 10 years. 

 

Scenario 4 vs Baseline 

Environmental 

Impact for 

Manufacturing 

Process (Can 

Manufacturing) 

Environmental 

Impact 

Upstream 

(Material 

Production) 

 

 

Difference 

Value @LC 

 Difference Value for 10 years 

Carbon Dioxide (CO2) [tonnes]  

Sulphur Oxide (SOx) [tonnes]  

Nitrous Oxide (NOx) [tonnes]  

Solid Waste Burden [tonnes] 

Net Present Value (NPV) [US$]  

-1021.80 

-6.90 

-1.40 

N/A 

0.00 

0.00 

0.00 

N/A 

0.00 

N/A 

-1021.80 

-6.90 

-1.40 

0.00 

0.00 

 

As shown in Figure 4.5, there are few differences between scenarios. Scenarios 1 

and 3 have the same amount of CO2, SOx and NOx emissions, while scenarios 2 and 4 

release higher and lower amount of emissions respectively during the manufacturing 

process. The reason for that is explained above. 
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Figure 4.5 Amount of emissions produced in each scenario. 

Regarding the NPV (see Figure 4.6), the Scenario 1 i.e. baseline, and Scenario 4 

both have a NPV of US$0; scenario 2 has a substantial NPV of US$1,048,921; scenario 

3 has a considerable value of US$5,375,131.  

 

Figure 4.6 NPV in each scenario. 
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4.3 Summary 

The selection of each case study is based on the research questions of this thesis. 

These scenarios are:  

 scenario 1 (baseline): traditional manufacturing process, conventional equipment 

and 100% of electricity provided by  the grid,  

 scenario 2 (implementation of new technology): traditional manufacturing process, 

new equipment (reduction in material usage) and 100% of electricity provided by  

the grid), 

 scenario 3 (reusing the material waste): partly-closed and/or closed manufacturing 

process, conventional equipment and 100% of electricity provided by  the grid,  and 

 scenario 4 (electricity provided by the grid and the renewable): closed 

manufacturing process, conventional equipment and electricity and 95.54 % of 

electricity provided by the grid and 4.46 % by renewable. 

The company used to carry out this study was a manufacturer of aluminium cans. 

Scenario 3 “reuse of material waste” is very promising since the main emissions 

and raw material coming from the mines were reduced. As a result, the profit of the 

company for a period of 10 years has increased. 
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CHAPTER 5 

CONCLUSIONS   

5.1  Conclusions 

People (customers) are becoming more and more aware of environmental issues. 

This situation in the future will lead companies to implement sustainable manufacturing 

taking into account the whole product life cycle i.e. from cradle to grave.  

It has been discussed that sustainable manufacturing is related to the process to 

create products to satisfy the population’s needs whilst keeping the negative impact on 

the environment as minimal as possible for future generations. Some sustainable 

manufacturing concepts for aluminium products available in the public domain have 

been analysed. In addition, different sustainability’s metrics have been defined to 

quantify the environmental and economic performance such as: CO2, SOx and NOx 

emissions, and NPV respectively. 

Using the computational tool provided by NACFAM to assess the manufacturing 

process of aluminium cans in terms of the environmental impact and the economic 

implications for the company, it was possible to set three alternative approaches to do 

the same work described in the base line scenario, where the impact of implementing a 

new technology, the reuse of waste material and the use of renewable energy during the 

process were evaluated. 

For example, assessing the baseline where 80,000 pounds of aluminium were 

used, the following was obtained:  2,291.01 tonnes of CO2, 15.58 tonnes of SOx and 

3.26 tonnes of NOx per annum. In the case of implementing a new technology (scenario 
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2), a higher environmental impact appears in terms of manufacturing process in 

comparison to the baseline scenario. The reason for this is that the new equipment is 

assumed to consume more energy (15,000 KWh rather than 10,000 KWh for the 

baseline scenario). But, the new equipment is more efficient through raw material usage 

which means lower cost of production leading to a more attractive NPV. 

Now, if the waste material is reused (scenario 3), there is no difference between 

the baseline scenario and scenario 3, due to the equipment using the same amount of 

energy. Nonetheless, reusing the material waste leading to a reduction in the usage of 

raw material, it is possible to get a profit of US$5,375,131 for a period of ten years.  

Finally, in the scenario 4 where electricity provided by the grid and renewable was 

used (having only 4.46% energy from renewable sources) it was possible to reduce the 

emissions. The reason for this is that less energy has been used from the grid which uses 

fossil fuels to produce electrical energy. In economic terms, it remains the same as the 

baseline due to of some renewable might be expensive. 

Having to choose a scenario to implement, it would be scenario 3 as it was 

possible to decrease the amount of emission and raw material coming from the mines, 

whilst at the same time the profit of the company for a period of 10 years has risen. 

We can observe that there are many ways to obtain the desired results keeping in 

balance both environmental and economic performance. 

5.2    Recommendations for Future Work 

The present work was performed at a concept level. Future students can take this 

research and assess any manufacturing process at a more detailed level using 

sophisticated software packages such as: Flexsim, Promodel, among others.  Also, this 
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work can be extended by means of implementation of the Life Cycle Assessment and 

Multidisciplinary Design Optimisation (MDO) to assess and optimise both 

environmental and economic impacts in the whole supply chain of an aluminium 

product.  
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OTHER PRELIMINARY LISTINGS 

 ABBREVIATIONS AND ACRONYMS 

 

Al2O3 

BPMN 

CAD 

 

Alumina 

Business Process Modelling Notation 

Computer-Aided Design 

CAE 

CERES 

CH4 

Computer-Aided Engineering 

Coalition For Environmentally Responsible Economics 

Methane 

CO2 

CO2e 

CSM 

D.C. 

DCFs 

Carbon dioxide 

Carbon dioxide-equivalents  

Competitive Sustainable Manufacturing 

District of Columbia 

Discounted Cash Flows 

DEA 

DOE 

DPSIR 

EDM 

EEA 

Data Envelopment Analysis 

Design of Experiments 

Driving Force Pressure State Impact Response 

Electrical Discharge Machining 

European Environmental Agency 

EIO-LCA Economic Input-Output Life Cycle Assessment 

eGRID 

EMMA 

Emissions & Generation Resource Integrated Database 

Empresa Metal Mecánica de Aluminio 

EPA 

E&RTD&I 

 

ESET 

ETs 

EU 

Environmental Protection Agency 

Education and Research Technological Development and 

Innovation 

Economy, Society, Environmental and Technology 

Enabling Technologies 

European Union 
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GDP Gross Domestic Product 

GHG 

GNP 

GRI 

Greenhouse Gases 

Gross National Product 

Global Reporting Initiative 

GWP Global Warming Potential 

IDs Industrial Districts 

IPCC 

IRR 

ISO 

JIT 

Kg 

KWh 

lbs 

Intergovernmental Panel on Climate Change 

Internal Rate of Return 

International Organisation for Standardisation 

Just In Time 

Kilogram 

Kilowatt hour 

Pound (mass) 

LCA 

LCSP 

MDO 

mm 

MNA 

MW 

Life Cycle Assessment 

Lowell Centre For Sustainable Production 

Multidisciplinary Design Optimisation 

Millimetre 

Manufacturing Needs Analysis 

Mega Watt 

NACFAM 

NI 

National Council for Advanced Manufacturing 

National Income 

N2O 

NOx 

NPV 

OECD 

OPUS 

p.a. 

PNA 

Nitrous Oxide 

Nitrogen Oxide 

Net Present Value 

Organisation for Economic Co-operation and Development 

Optimizing Production Using Simulation 

Per Annum 

Analysis Of The Needs For Productivity 
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PSR 

RMfPA 

S.A. 

SD 

SDIs 

SEIs 

SI 

Pressure State Response 

Reference Model for Proactive Action 

Sociedad Anónima 

Sustainable Development 

Sustainable Development Indicators 

Socio Ecological Values 

Strategic Intelligence 

SIA Subaru of Indiana 

SM 

SO2e 

SO2 

SOx 

Sustainable Manufacturing 

Sulphur Dioxide Equivalents 

Sulphur Dioxide 

Sulphur Oxide 

UK United Kingdom 

UN 

UNCSD 

UNEP 

United Nations 

United Nation Commission for Sustainable Development 

United Nations Environment Program 

US 

U.S.A. 

USDOE 

United States 

United States of America 

United States Department of Energy 

US$ 

v/v 

WBCSD 

WIP 

°C 

3R 

6R 

American Dollar 

Validation and Verification 

World Business Council For Sustainable Development 

Work In Process 

Degree Celsius 

Reuse-Remanufacture-Recycle 

Reduce-Recover-Redesign-Reuse-Recycle-Remanufacture 
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APPENDICES 

 

APPENDIX A: Data used for simulations  

Table A.1 Inputs values. 

 

 
 

 

Table A.2 Array showing all inputs and its values.  
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APPENDIX B: A generic process describing how the proposed method can be applied 

to any manufacturing industry. 

Firstly, it is necessary to start with the General Input and Assumptions tab. 

 Federal Tax Rate needs to be inserted in cell C6, in case this value is not 

available 35% needs to be assumed. 

 Purchase year of the equipment needs to be introduced into cell C9. 

 eGRID emission factor or State –Specific emission factor must be chosen 

from drop-off menu given in cell C13.  

 Electricity grid provider can be selected from cell C14. 

 A cost of funds number must be given in cell C34. In case there is no 

information available regarding how the company estimates this, a 3% can 

be assumed. 

 Discount rate applicable to company projects needs to be included in cell 

C46. 

 Discount rate given in cell C46 needs to be introduced in cell C47 

(warning: for the simulations to work, a non-zero value needs to be in cell 

C47). 
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Figure B.1 General Input and Assumptions tab. Source: NAFCAM (2010a). 

 

Manufacturing Process Input tab 

 

 

 Annual Energy Use for the facility needs to be inserted in cell C14. 

 A percentage of annual electricity usage that the company gets from the 

grid must be introduced in cell C15; if it is less than 100%, then the  

percentage corresponding to renewables needs to be given in cell C17 and 

the one for  on-site non-renewable in cell C19. 

 Electricity price is provided in cell C16. 

 If the percentage of the electricity is less than 100%, then the price of the 

renewable energy must be entered in cell C18 and the on-site non-

renewable energy price in cell C20. 

 Annual growth factor for electricity price must be introduced in cell D16. 

A good estimate can be 3%. 
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 From drop-down menu given in cell C21, the combustor type for natural 

gas can be selected. The combustor type can be obtained from the natural 

gas provider. 

 If the natural gas combustor is controlled or uncontrolled can be defined in 

cell C22. 

 The average annual amount of natural gas used by the facility, process, or 

manufacturing of the product under study is provided in cell C23. 

 The natural gas price is typed in cell C27. 

 Annual growth factor for natural gas price must be introduced in cell D27. 

A good estimate can be 3%. 

 Average annual water usage in hundred cubic feet (HCF) is entered in cell 

C28. 

 The price of water is given in cell C29. 

 Annual growth factor for water price must be introduced in cell D29. 

 In order to avoid errors during the calculations, number 1 is given to cells 

C61, C71, C88, C91, C94 and C103. 

 From drop-down menu given in cell A41, a metal of interest must be 

picked. 

 Used average amount of metal in lbs per annum needs to be entered in cell 

C41. 

 The price of metal per lb. is entered in cell C42. 

 Annual growth factor for electricity price must be introduced in cell D42. 

A good guess can be 2%. 
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Figure B.2 Manufacturing Process Input tab. Source: NAFCAM (2010a). 

 

Outputs - Results 

 

 Finally, the results can be seen in Project Output Dashboard tab. 

 

 Environmental performance indicators for a period of 10 years: upstream 

impacts (GHG emissions in cell D8, SOx emissions in cell D9 and Solid 

Waste Burden in cell D10) and manufacturing impacts (GHG emissions in 

cell I5, SOx emissions in cell I6 and NOx emissions in cell I7). 

 Economic performance indicators for a period of 10 years: Total 

Cumulative Net Present Value (NPV) in cell O7 and Internal Rate of 

Return (IRR) in cell O8 for the baseline scenario and NPV in cell O13 and 

IRR in cell O14 for comparison scenario. 
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Figure B.3 Project Output Dashboard tab. Source: NAFCAM (2010a). 

 


