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Abstract: An investigation is reported on the importance of integrating sustainability with 

manufacturing and design, along with other objectives such as function, competitiveness, 

profitability and productivity. The need of utilizing appropriate tools like design for 

environment, life cycle assessment and other environmentally sound practices that are 

cognizant of the entire life cycle of a process or product is highlighted. It is likely that 

sustainability and environmental stewardship will be increasingly important considerations 

in manufacturing and design in the future and are likely to influence the main priorities for 

advancing manufacturing operations and technologies. Designers and manufacturing 

decision makers who adopt a sustainability focus and establish a sustainability culture 

within companies are more likely to be successful in enhancing design and manufacturing. 

It is concluded that more extensive research and collaboration is needed to improve 

understanding of sustainability in manufacturing and design, and to enhance technology 

transfer and applications of sustainability.  
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1. Introduction 

Sustainability is an increasingly important requirement for human activity, making sustainable 

development a key objective in human development. At its core, sustainable development is the view 

that social, economic and environmental concerns should be addressed simultaneously and holistically 

in the development process.  
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Sustainability has been applied to many fields, including engineering, manufacturing and design. 

Manufacturers are becoming increasingly concerned about the issue of sustainability. For instance, 

recognition of the relationship between manufacturing operations and the natural environment has 

become an important factor in the decision making among industrial societies. 

Making development sustainable is in general a challenging and complex undertaking, involving 

such factors as technology and engineering, economics, environmental stewardship, health and welfare 

of people and the communities in which they live and work, social desires, and government strategies, 

procedures and policies. More specifically, making manufacturing sustainable requires balancing and 

integrating economic and environmental societal objectives, supportive policies and practices. 

Appropriate trade-offs are often necessary, given the diverse interests of manufacturers and society. 

Furthermore, relevant, meaningful, consistent and robust information on sustainable manufacturing 

must be available and utilized by organizations and their managers if sustainability is to improve in 

manufacturing. 

This article describes sustainable manufacturing and the role of environmental sustainability in 

achieving it. This includes consideration of relevant environmental issues, green manufacturing, life 

cycle factors, and priorities in advancing manufacturing operations and processes. A case study is 

presented in which environmental sustainability is considered holistically in decision making for a 

manufacturing operation. The objective is to improve understanding and to foster advances in 

sustainable manufacturing. This objective is particularly important since increased research, information, 

and technology transfer is needed if sustainable manufacturing is to become adopted quickly and in a 

widespread manner in the future. 

2. Background: Sustainability and Sustainability Indicators 

In describing, understanding and applying sustainable manufacturing, it is important to have 

knowledge of sustainability and indicators for it. These topics are explained in this section.  

Sustainability is a concept that has been defined in many ways and has different meanings to 

different people. Sustainable development was introduced in a widespread way by the Brundtland 

Commission, which defined it as development that “meets the needs of the present without 

compromising the ability of future generations to meet their own needs” [1]. 

At its core, sustainability is simply the ability to endure or survive, which has significant 

ramifications. For instance, sustainability describes the productivity and diversity over time of 

biological systems, from an ecological perspective, and the potential for long-term welfare, from a 

human perspective. The latter depends on the wellbeing of the natural world, including the responsible 

use of natural resources and disposal of wastes. Sustainability involves stabilizing the currently 

disruptive relationship between humanity and our planet [2]. Such an effort is challenging, as the 

human system and the planetary system are both very complex. 

In the context of human development and environmental stewardship, the term sustainability has 

ideological, political, ecological and economic contexts [3] and, in this framework, it is most 

commonly seen as a derivation of the term sustainable development [4]. Sustainability can be viewed 

as having three parts: environmental, economic and social (including political) (see Figure 1).  
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As a consequence, achieving sustainability requires an integrated approach and multi-dimensional 

indicators that link a community’s economy, environment and society. 

Figure 1. Sustainability as the intersection of its three key parts, and examples of features 

at the intersection of any two parts.  

 

 

An important facet of measuring and assessing sustainability and efforts to enhance it are sustainability 

indicators. Indicators help identify the status of something, the progress made towards an objective, and 

the challenges and problems in moving towards an objective as well as the measures that must be adopted 

to address the challenges and problems. Indicators of sustainability are different from traditional indicators 

of economic, social and environmental progress. Indicators for a sustainable community identify where 

the links between economics, environmental stewardship and society are inadequate, and suggest and 

prioritize approaches to address the problems. Traditional indicators, like economic profitability, health 

and water quality, measure changes in one part of a community independent of the other parts, whereas 

sustainability indicators reflect the relations among the three aspects of sustainability and the many 

factors that affect them. Figure 2 illustrates the relations, showing, for example, that: 

 the natural resource base provides the materials for production on which jobs and profits depend; 

 employment affects wealth creation, living standards and poverty rates; 

 poverty relates to crime and social unrest and instability; 

 resource, air and water quality affect health; and 

 resources used for production affect profits. 
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For instance, health problems affect worker productivity and health insurance costs, and poor water 

quality prior to use in a process that requires clean water necessitates the extra expense and reduced 

profits associated with water treatment. Many traditional indicators are not holistic, like gross domestic 

product (GDP), which measures the amount of money being spent in a country. GDP is generally 

regarded as a measure of a country's economic well-being, under the presumption that the more money 

spent, the higher the GDP and the better the economic well-being, although this indicator reflects only 

the amount of economic activity, regardless of how that activity affects the community social and 

environmental welfare. 

Effective indicators for sustainability and other purposes share several common characteristics: 

(1) relevance, in that they reveal necessary information about a system or process; 

(2) understandability, in that they are straightforward and readily understood by experts and  

non-experts; (3) reliability, in that they provide information that is trustworthy; and (4) assessable, in 

that they are based on available and accessible data. 

Figure 2. Relations between social, environmental and economic parts of sustainability, 

and some of the factors that comprise them. 

 

3. Sustainable Manufacturing 

The link between manufacturing and its operations to the natural environment is gradually 

becoming recognized. Progress, profitability, productivity and environmental stewardship are now 

seen as needing consideration by manufacturing organizations [5]. Improving environmental stewardship 

and sustainability, while maintaining profitability and productivity, are increasingly viewed as strategic 

goals of manufacturing companies. 
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3.1. Manufacturing and the Environment 

Traditionally strategies for manufacturing have considered production process comparisons for the 

volume/variety matrix of the products [6]. Today, manufacturing strategies generally account for 

products and processes, as well as other parameters like practices, so as to incorporate organizational 

and philosophical elements of manufacturing strategy. This yields more general viewpoint. A 

technological dimension is included, since manufacturing is heavily technologically driven. 

Manufacturing operations and the natural environment are becoming increasingly linked. To 

incorporate a measure of environmental impact in manufacturing strategies, expressions for assessing 

the environmental impact (EI) on society can be used. One common expression for the environmental 

impact on society is EI = P × A × T, where P, A and T denote population, affluence and technology 

respectively [7–9]. Population is difficult to constrain and affluence is increasingly sought by people. 

Thus, technology, which can be defined as the knowledge of an organization [10], is the factor that can 

be improved to reduce environmental impact. The technology category relating to the environment and 

manufacturing is affected by the following three factors: 

 Product: The manufacturing strategy for environmentally benign products often involves a 

design process which accounts for environmental impacts over the life of the product. 

Consequently it is normally associated with the use of design for environment (DFE) and life 

cycle analysis (LCA) methods. Designing products to be environmentally benign can contribute 

to their successful introduction and maintenance. Product flexibility, for example, allows for 

environmental improvements, like materials substitution, while retaining competitiveness. The 

expected decrease in product life cycles with increased product customization is likely to make 

flexibility increasingly important. 

 Process: Environmental improvements related to manufacturing processes are linked to 

reduction, reuse, recycling and remanufacturing. Zero-emission (i.e., closed-loop) manufacturing 

views the manufacturing system as an industrial ecosystem, and requires the reuse of wastes or 

by-products within the manufacturing system. Thus, zero-emission manufacturing requires 

capabilities for pollution prevention (e.g., substitution) and waste reuse. Flexible manufacturing 

also requires the capability for material flexibility, and manufacturing equipment that can 

accommodate variations in material flows can assist in enhancing sustainability while 

maintaining competitiveness. For instance, more efficient and recyclable packaging designs can 

make packaging more sustainable. 

 Practices: An important environmentally-based influence on organizational manufacturing 

practices is ISO 14000 certification, which can support organizational practices but does not 

make environmental improvements a certainty on its own [5]. Practices can be used strategically 

to improve manufacturing, through such other activities as benchmarking and performance 

measurement, since such schemes assist managers in developing and maintaining new 

environmental programs and technology. 

These three factors overlap in some areas and are interdependent and synergistic. Technological 

advances can emanate within an organization, but most developments, especially strategic 

environmental ones, result from multi-organizational efforts, often with governmental input and 
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support. For example, industry consortia, such as the European Eureka program, the National Center 

for Manufacturing Sciences in the US, and Ecofactory in Japan, each have a significant research focus 

on environmentally conscious manufacturing practices and technology. Consortia are particularly 

important in countries where technology transfer and diffusion throughout industry is weak, such as 

Canada and the U.S. [5]. 

Environmental manufacturing strategies based on the Malcolm Baldrige criteria are recommended 

for organizations by the U.S. Environmental Protection Agency as effective, and include environmental 

leadership, strategic environmental quality planning, environmental quality management systems, 

human resources development, stakeholder emphasis, environmental measurements and environmental 

quality assurance [11]. 

Manufacturing decision makers normally addressed only the economic aspect of sustainability in 

the past, whereas corporations recently have started to address environmental sustainability. Such tools 

are becoming increasingly common and include carbon footprint estimation, life cycle assessment [12–15] 

and life cycle management [16,17], design for the environment, and product stewardship [18,19]. 

Numerous examples of applications of these tools have been reported [20–22]. Engineers in industry 

now consider such measures as resource consumption, and emissions of toxic substances, greenhouse 

gases, atmospheric pollutants and solid and liquid wastes. Besides approaches and tools, environmentally 

sound practices require consideration of the extended producer responsibility principle. 

3.2. Manufacturing and Sustainability 

Sustainable manufacturing evolved from the concept of sustainable development, which was coined 

in the 1980s to address concerns about environmental impact, economic development, globalization, 

inequities and other factors. Sustainable production was introduced at the 1992 UNCED conference  

in Rio de Janeiro as a guide to help companies and governments transition towards sustainable 

development. Research into these areas is ongoing by many [23]. Several definitions exist for 

sustainable manufacturing and production. For instance, sustainable manufacturing is defined by the 

U.S. Department of Commerce defines as “the creation of manufactured products that use processes 

that minimize negative environmental impacts, conserve energy and natural resources, are safe for 

employees, communities, and consumers and are economically sound,” while the Lowell Center for 

Sustainable Production defines sustainable production as “the creation of goods and services using 

processes and systems that are Non-polluting, conserving of energy and natural resources, economically 

viable, safe and healthful for workers, communities, and consumers, socially and creatively rewarding 

for all working people”. 

Sustainability has been interpreted in many ways, considering various requirements for many 

applications and different objectives. For manufacturing applications, the definition of sustainability 

requires refinement. Companies have developed and applied numerous approaches for integrating 

sustainability into industrial operations, including people planet profits, sustainable management, 

ecological sustainability, and the “triple bottom line” method. The latter method is described by 

Elkington [24] as a business case for sustainability, which involves a holistic approach relying on the 

principles of economic prosperity, environmental stewardship and corporate responsibility. 
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Frameworks and practices for sustainable manufacturing have been proposed and investigated.  

For example, a framework was developed by the Organization for Economic Co-operation and 

Development (OECD) [23] to accelerate sustainable industrial production by diffusing knowledge, 

facilitating benchmarking of products and production processes, and promoting eco-innovation, 

development of new technological and systemic solutions to global environmental challenges.There 

are four primary categories of input resources to manufacturing organizations, as shown on the left 

side of Table 1. These lead to corresponding outputs, shown on the right side of Table 1. Business 

generally seeks to reconfigure physical, human, information and financial resources so that the 

financial resources exiting the system are larger than those that enter. Sustainability requires that 

corporations satisfy social and environmental objectives or constraints while undertaking  

this reconfiguration. 

Table 1. Inputs and outputs of a manufacturing entity. 

Inputs  Corresponding outputs 

Economic resources Wealth, profits 
Human resources Education, training, skills 
Natural and artificial resources Products, goods 
Information resources Knowledge, know-how 

Many aspects of sustainability in the context of manufacturing have been investigated, particularly 

in recent years. For instance modeling and optimization challenges to sustainable manufacturing have 

been examined by Jayal et al. [25], considering the product, process and system levels. A framework 

for sustainable production has been proposed by Nasr et al. [26], who also provide a strategic approach 

to remanufacturing, which the authors identify as a key enabler to sustainable production. Approaches 

and methodologies for design sustainable supply chains and an evaluation of their performance have 

been described by Shuaib et al. [27], as have novel approaches to reverse logistics and closed loop 

supply chains [28,29]. 

The evolution of the sustainability of manufacturing anticipated by the authors is described in  

Table 2. Traditional uses for manufacturing were developed without a focus on sustainability [30]. 

Investments in plants and corresponding improvement and optimization efforts have typically been 

driven by increased productivity, reduced operating costs and work effort, and enforced regulatory 

compliance. Business decisions can increase the utilization efficiency of energy, materials, human and 

information resources as well as related technology and equipment. Future manufacturing systems are 

likely to be based on strategies that seek to optimize the capability to meet immediate facility needs in 

a way that enhances the environmental quality of future generations and the business prospects for the 

company in the future. The energy systems for manufacturing facilities have advanced to improve 

operating cost structures, including load curtailment and shedding, and energy monitoring, as well as 

control of generators, HVAC systems, and thermal plants. The anticipated approaches in Table 2 can 

help meet the goals of sustainability. 
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Table 2. Possible future evolution of the sustainability of manufacturing. 

Present Future 

Required environmental compliance Enhanced environmental compliance often exceeding 
minimal requirements 

Economic operational efficiency Increased operational efficiency beyond that necessitated 
based solely on traditional economics 

Communication that supports business 
objectives (reputation, brand recognition, etc.) 

Communication to support expanded business objectives 
(reputation, brand recognition, corporate social 
responsibility, etc.) 

Meet legal regulations for compliance, with 
little voluntary activity 

Shift from simply meeting legal regulations for compliance 
to more voluntary activity, driven partly by market forces 
for sustainability objectives 

A business must understand how it impacts sustainability to act sustainably, and this requires the 

use of sustainability indicators. Metrics are needed to measure progress towards the achievement of 

sustainability, and identifying appropriate sustainability indicators is an important challenge. Efforts 

have been expended to integrate measures of sustainability into the decision-making practices in 

industry. For instance, Parris and Kates [31] reviewed numerous attempts to define sustainability 

indicators and identified up to 255 indicators. These sustainability indicators vary greatly in terms of 

geographic extent (ranging from global to local), ability to be managed by business decision makers, 

and the effort and costs required to apply them. Also, Stokes [32] suggests monetizing sustainability, 

based on incorporating the triple bottom line method into the manufacturing system and its 

environment. Factors such as environmental compliance, communication and operational efficiency 

provide measurable outcomes supported by traditional business objectives, but to measure the results 

they are “monetized” based on outcome priorities and business performance [30]. Such performance 

measures are critical to improving the environmental sustainability of industrial systems, as such 

efforts rely on metrics to be judged [33].  

The successful implementation of sustainability into manufacturing organizations is dependent on 

many factors. Some examples follow: 

 Information: The quantitative and qualitative information required to make assessments is 

needed, e.g., the quantity and type of metal a process uses, the quantity and type of pollutants 

emitted. However, such information is not always readily available and can be sometimes be 

difficult if not impossible to acquire. 

 Management and culture: Sustainability issues, e.g., environmental stewardship efforts, tend to 

be dealt with in specialized departments rather than holistically by management. This can lead to 

inconsistent application and tends to discourage the development of a sustainability-oriented 

culture in the organization. 

 Procedures: Decision makers and staff are often not provided with the methodologies and 

procedures needed to ensure an organization’s sustainability objectives and strategies are applied 

effectively, efficiently, consistently and robustly. One reason for this problem is that the number 

of variables to be taken into account in decision-making is usually very large. Employees need to 
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take sustainability issues into account effectively in decision making and actions if sustainability 

objectives are to be achieved. 

3.3. Models for Manufacturing and Improved Sustainability 

Various models have been developed for implementing sustainability in manufacturing by 

improving the sustainability of manufacturing. Recently, frameworks for sustainable manufacturing, 

production and supply chains have been put forth [26,27], and modeling and optimization tools have 

been developed [25]. Harland et al. [34] propose an environmental health and safety technology 

engagement model (Table 3) that illustrates the potential for implementing sustainability objectives 

during the development of a product or process. This model includes three phases: research, 

development and commercialization. A significant time period, often lasting years, is normally 

involved in designing a new manufacturing product or process, and Table 3 shows the potential for 

implementing sustainability objectives differs with the time and phase of development. Manufacturing 

engineers and designers need to recognize this dependence to integrate sustainability effectively into 

processes or products. 

Rather than considering the environmental factors only at one point in the product or process 

development cycle, a long-term commitment over the entire design process, from early research to 

process development, is usually more effective for integrating sustainability into manufacturing [34]. 

Sustainability can be addressed in each of the three phases of the model: 

 Research: The first significant opportunity to influence the design process for sustainability is 

during the research phase at the pre-competitive level. At this phase, specific sustainability 

requirements and not-yet regulated concerns can be evaluated and examined, e.g., energy and 

resource use, pollution and climate change impacts. Early evaluation helps to ensure appropriate 

attention to sustainability at a time when it can be affected greatly, e.g., research can focus on 

solving manufacturing environmental issues. 

 Development: During the development phase, effort to improve environmental performance is 

focused on system design and equipment selection using appropriate methods tools and methods, 

e.g., design for environment, environmental footprint assessment, and life cycle analysis. 

Collaboration with vendors helps promote environmental improvements. The potential for 

modifications that enhance sustainability characteristics is high during this phase. 

 Commercialization: The efforts introduced during the development phase are extended and 

refined during commercialization activities, and involve cooperation with suppliers, vendors  

and customers. 

Table 3. Model for potential for implementing sustainability in manufacturing *. 

Development phase Potential for 
modification 

Time before commercial 
manufacturing 

Cost benefit of 
proper decision 

Research Low-medium Long Low 
Development Medium-high Medium Medium 
Commercialization Low-medium Short High 

* Based in part on model of Harland et al. [34]. 
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The semiconductor equipment company Intel is an example of a company that strives to build 

sustainability into its products and processes prior to commercialization [34]. Intel operates under a 

two-year model for new product development, alternating between silicon manufacturing technology 

one year and microprocessor architecture the next. This model introduces a new manufacturing  

process technology in the first year, allowing, for instance, reductions in semiconductor size and the 

subsequent manufacture of more semiconductors on a single wafer or placement of more transistors in 

an equivalent space. In the second year, this model introduces a new chip architecture or design with 

the same manufacturing technology. Each step provides the opportunity to establish objectives and 

strategies to reduce environmental impact, and Intel has worked with suppliers of semiconductor 

manufacturing equipment and materials to improve the environmental performance of various 

technologies using this approach. 

3.4. Needs to Enhance Manufacturing Sustainability 

The present examination highlights the importance of integrating sustainability, design for 

environment, life cycle assessment and other tools with manufacturing and relevant decision making 

structures. Several specific needs exist to enhance further manufacturing sustainability: 

 Approach: A more comprehensive, broad and integrated approach is needed for sustainability, 

which encompasses economic, social, environmental and other relevant considerations.  

An approach that goes beyond individual companies can make the manufacturing industry  

more sustainable. 

 Methods and tools: Enhanced methods and tools for manufacturing are needed to foster and 

support sustainability. 

 Data: More detailed, comprehensive and robust data are needed to support environmental impact 

and sustainability assessments, and measures across the overall product life cycle. Such data 

needs to be standardized where feasible. 

 Manufacturing company practices: Manufacturing companies should incorporate sustainability 

into their practices holistically. Practices that would be helpful include: improved measuring  

and monitoring of sustainability indicators by companies, company policies and governance  

that focus on sustainability, improved efforts to control a company’s environmental impact, 

establishing a sustainability-supportive company culture and working conditions, enhancing 

awareness of sustainability among suppliers and customers, responding to their requirements and 

measures, and engaging the community to promote sustainability. 

 Government policies: Governments and relevant agencies need to incorporate into policies, 

programs and operations stronger consideration of sustainability, environmental factors, and 

clean processes. This requires cooperation between internal and external partners. 

 Research: Significant collaborative research is needed in industry and academia in the fields of 

sustainability, manufacturing, design and environmental impact. 
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3.5. Importance of Manufacturing Sustainability 

The importance of adopting sustainable manufacturing measures and strategies by companies are 

numerous and are becoming increasingly recognized. For instance, climate change is increasingly seen 

as caused by anthropomorphic activities and potentially having very serious consequences, while 

resources (e.g., energy, materials, water) are now seen as subject to scarcities and in many cases non-

renewability that can affect operations. Also, the global economic crisis of the last several years has 

raised questions about the viability and ultimately sustainability of existing business practices that aim 

for economic growth, but pay little attention to mitigating the negative impacts beyond the company. 

As a consequence, pressures for sustainable manufacturing have become increasingly put forward  

by many stakeholders, e.g., employees, investors, suppliers, customers, competitors, communities, 

governments, regulatory bodies. 

4. Design and Sustainability 

Sustainability can be incorporated into design, during all phases of the design process, and many tools 

to support such endeavors have been developed and applied. Some of these are described in this section, 

including design for environment, design for resources and energy, and design for sustainability. 

4.1. Design for Environment and Life Cycle Assessment 

Design for environment entails the consideration of environmental impact throughout the design 

process, and forms an integral component of designing for sustainability. To develop a holistic  

and comprehensive understanding of environmental impacts, the full life cycle of a product or  

process normally needs to be considered. These observations led to the development of life cycle  

assessment (LCA). 

LCA is a tool for improving the environmental performance of processes and systems, and is often 

used in sustainability work. In LCA, the environmental impacts of a product or service are analyzed 

through all phases of its life, with the objective of reducing environmental damage, in part by 

enhancing resources conservation and efficiency. A life cycle assessment consists of four steps: goal 

and scope definition, life-cycle inventory analysis, impact assessment and interpretation [35]. 

Consumption of energy and other resources and environmental discharges of material and energy 

wastes are examined in LCA for existing process and design alternatives [36–38]. Strategies for the 

design/selection of products, materials, processes, reuse, recycling, and final disposal can be obtained 

with LCA. LCA is also used in pollution prevention and green design efforts. LCA is incorporated into 

the ISO series 14040 standards [39]. Life cycle assessment is often used in conjunction with evaluation 

of toxicity and risk potential to foster manufacturing sustainability. 

4.2. Resource and Energy Sustainability 

Sustainability has been applied to many fields related to manufacturing, including energy and 

resource use.  
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From the perspective of resource utilization, Smith and Rees [40] describe sustainable development 

as a pattern of resource use that aims to meet human needs while preserving the environment so that 

these needs can be met now and in future generations.  

Rosen and Abu Rukah [41] point out that various definitions of energy sustainability have been 

proposed [35,42–50]. The concept of energy sustainability can be viewed as the application of the 

general definitions of sustainability to energy, but it is in actuality more complex and involved. Energy 

sustainability involves the provision of energy services in a sustainable manner, which in turn 

necessitates that energy services be provided for all people in ways that, now and in the future, are 

sufficient to provide basic necessities by means which are affordable and not detrimental to the 

environment, and acceptable to communities and people. 

4.3. Design for Sustainability 

Design for sustainability involves the incorporation of sustainability objectives in design activities. 

Although in its infancy, interest in design for sustainability is growing. Several approaches aimed at 

design for sustainability have been reported, including the following: 

 A triple bottom line approach to design for sustainability is described by McDonough and 

Braungart [51], in which firms balance traditional economic objectives with social and 

environmental concerns. 

 An EcoDesign approach is described by Karlsson and Luttropp [52] (see Figure 3). 

 Eco-efficient strategies, which focus on maintaining or increasing the value of economic output 

while decreasing the impact on ecological systems, are examined by Braungart et al. [53]. 

 The relationship between quality function deployment, life cycle analysis and contingent 

valuation is investigated by Borea and Wang [54], and these factors are compared with customer 

willingness to pay for environmentally benign products. 

 A product development approach using design for X (DFX) tools, such as life cycle analysis and 

theory of inventive problem solving (TRIZ) is discussed by Grote et al. [55]. This approach 

seeks to assist the design engineer in employing eco-design principles without significant 

economic trade-offs. 

 Integration of quality function deployment, life cycle analysis and TRIZ into a methodology for 

environmentally conscious design is described by Sakao [56]. 

Figure 3. EcoDesign approach for designing for sustainability, showing the key contributors. 
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4.4. Needs for Enhanced Design for Sustainability 

Many feel that methodologies for design for sustainability are not advanced, and that numerous 

improvements are needed. Some examples follow: 

 Morgan and Liker [57] suggest an engineering approach within lean product development 

systems for managing product development, noting that companies like Honda and Toyota use 

such an approach. This approach permits design alternatives to be examined throughout the 

product development process, and allows the costs and benefits of design for sustainability issues 

to be evaluated. These benefits in part stem from the fact that lean product development focuses 

on key customer needs and manufacturing capabilities, and tends to avoids errors and  

improve quality. 

 Johnson and Srivastava [9] indicate that engineering tools for design for sustainability need 

better capabilities to evaluate the complex tradeoffs between process parameters, customer needs, 

as well as environmental and other constraints, and that these tools must be usable in a 

straightforward manner by design teams. 

 Johnson and Srivastava [9] also suggest that a more sophisticated inclusion of environmental and 

sustainability issues in constraints and design parameters is needed to yield a broader range of 

design alternatives, and to permit evaluation of the effect of sustainability on product cost, 

project complexity and process design in a more holistic and data driven manner. Johnson and 

Srivastava [9] feel sustainability is not suitably considered using engineering design tools, or 

modified versions of them, such as design for manufacturing and assembly, design for Six Sigma, 

quality function deployment and design structure matrix. 

5. Sustainability Performance Measures 

Numerous performance measures for reporting sustainability progress have been developed, in  

the form of guidelines or indicator sets, by companies and institutions at regional, national and 

international levels (e.g., [58–61]). Many of these are applicable, in whole or in part, for measuring the 

sustainability of design and manufacturing for processes and products. Some of the most common 

publicly available sets of sustainability indicators are described here. 

Many companies or company-based organizations have established useful sustainability indicator 

sets. The General Motors metrics for sustainable manufacturing [62], developed based on a review of 

state-of-the-art metrics for sustainable manufacturing, recommends sustainable manufacturing metrics 

for implementation by considering about 30 metrics in six main areas (environmental Impact, energy 

consumption, personal health, occupational safety, waste management, and manufacturing costs). The 

Ford product sustainability index [63] includes eight indicators covering environmental, economic and 

societal factors, developed by considering life cycle assessment, life cycle cost analysis, sustainable 

materials, safety, mobility capability, noise and other factors. The Walmart sustainability product 

index questions [64] is a planned global sustainable product index evaluated by asking suppliers  

15 questions, intended to encourage suppliers to meet sustainability requirements and to help 

customers to make purchase decisions. The Dow Jones sustainability index [65] assesses the financial 

and sustainability performance of the top 10% of companies in the Dow Jones Global Total Stock 
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Market Index using 12 criteria covering economic, environmental and social factors, based on 

information provided by the company, stakeholders and the media. 

Several useful sustainability indicator sets have been developed by institutions. The United Nations 

Commission on Sustainable Development indicators [66] consist of a core set of 50 indicators, broken 

down into 14 different theme areas, along with guidance on applying and adapting the indicators  

for the development of national indicator sets. The Organization for Economic Co-operation and 

Development (OECD) has developed a core set of Environmental indicators [67], which include 

approximately 50 indicators covering a wide range of environmental and economic factors and 

responses by governments, industry and households. Correspondingly the OECD has developed a 

toolkit [68], which provides technical support for small and medium companies for evaluating and 

interpreting 18 core indicators of sustainability performance. A set of environmental pressure 

indicators was developed for the European Union [69] that includes 60 indicators of the pressure of 

human activities on the environment broken down into ten policy areas (e.g., climate change, air 

pollution, biodiversity, toxic substance dispersion), thereby describing many of the most significant 

anthropogenic activities that harm the environment. 

6. Case Study 

Many investigations have been carried out for wood furniture manufacturing of the associated 

environmental impacts [70–72], especially those associated with volatile organic compound (VOC) 

emissions [73–80]. In this case study, measures to improve the sustainability of office partition 

manufacturing by reducing VOC emissions are examined, based on two previous investigations by one 

of the authors [81,82]. 

In the first investigation [81], options are examined to improve the sustainability of office partition 

manufacturing by reducing VOC emissions. Base VOC emissions for a typical plant are shown in 

Table 4. Pollution prevention and sustainability measures are assessed using realistic criteria and 

weightings (see Table 5). Sustainability has been considered from an industry perspective, considering 

factors like economics, environmental impact, quality, health and safety. The measures deemed most 

viable include implementing several best management practices, not painting the non-visible parts, 

switching gluing processes, recycling solvent and modifying attachments. 

Table 4. Annual VOC emissions in office partition manufacturing. 

Manufacturing area VOC emissions (tonnes)  

Trims 25.5 
Upholstery 15.5 
Total 41.0 

Next, a feasibility analysis is reported of reduction opportunities for VOC emissions in 

manufacturing office furniture partitions, based on a follow-up study by one of the authors [82], aimed 

at contributing to efforts to improve the sustainability of the manufacturing process. The feasibility 

analysis expands on the preliminary screening reported in the previous paragraph that identifies viable 

pollution prevention options based on technical, environmental and economic considerations. The 

measures deemed feasible include implementing several best management practices, ceasing the 
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painting of non-visible parts, switching to hot melt backwrapping glue, implementing of solvent 

recycling and modifying the mechanical clip attachment. Table 6 summarizes the potential economic 

and environmental benefits of implementing these measures that can be realized for production levels 

for a typical year, while meeting the objectives of typical companies. The first three measures in Table 6 

involve capital investments while the last five measures are non-capital measures, and blank cells 

denote non-determined items. Implementation, measurement and control plans are discussed for the 

measures considered feasible, which can enhance the sustainability of the manufacturing of office 

furniture partitions. Note that although the measure “cease painting non-visible parts” is shown in 

Table 6 to be external to the company in this example, the saving ($175,000) is almost equivalent to 

the total investment cost ($180,000), leading to an overall payback period of slightly over one year, 

which makes it an attractive and convincing measure for implementing changes which can improve the 

sustainability. Reducing VOC emissions using the measures identified can, in conjunction with other 

measures, improve the sustainability of the manufacturing process. This case study is indicative of the 

potential benefits of many other sustainable manufacturing options [83]. 

Table 5. Weightings for the criteria for measures to reduce VOC emissions in office 

partition manufacturing. 

Criteria Weight out of 38 

Economics (e.g., raw material, waste disposal, capital and operating costs) 16 
Resource requirements 3 
Environment (i.e., internal and external VOC emissions) 7 
Product quality 5 
Employee health and safety 5 
Implementation time 2 

Table 6. Potential benefits of implementing selected pollution prevention measures in the 

manufacturing of office partitions. 

Measure 
Annual reductions Payback period 

(months) VOC emissions (tonnes) Costs ($) 

Switch to hot melt backwrapping glue 0.55 31,000 23 
Recycle solvent  External * 19,000 20 
Modify mechanical clip attachment 13.4 130,000 23 
Implement standard operating procedures, 
preventative maintenance, and employee 
training and involvement 

   

Improve scrap reduction 0.21   
Cease painting non-visible parts External * 175,000 0 

* VOC emissions reductions through these measures are specific to the processes of external suppliers and thus not 

quantified here. 

7. Conclusions 

The importance of integrating sustainability with manufacturing and design is highlighted, along 

with the need to utilize appropriate tools, like design for environment and life cycle assessment. 
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Important contributors to sustainable manufacturing, as illustrated in Figure 4, need to be considered. It 

is concluded that environmentally sound practices, approaches and tools developed collaboratively by 

the manufacturing industry, academia and others, and based on relevant data, and the extended 

producer responsibility principle, are beneficial and implementable. Also, manufacturing decision 

makers that adopt a sustainability focus and establish a sustainability culture within companies are 

more likely to be successful in enhancing design and manufacturing sustainability. Along with 

competitiveness, profitability and productivity, environmental stewardship and sustainability are likely 

to prove increasingly important for manufacturing in the future and in setting the main priorities for 

advancing manufacturing operations and technologies. Future prospects for sustainable manufacturing 

are mixed, with improvements anticipated due to environmental pressures, while a focus on economics 

may dominate at the expense of sustainability due to the ongoing global financial crisis. 

Figure 4. Key contributors to sustainable manufacturing. 
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