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Abstract 

This module is intended to be included in a production engineering or similar course at the 

upper-level undergraduate or graduate level.  The focus of the module is on assessing and 

reducing manufacturing stage environmental impacts, while techniques for analyzing a product 

across its entire life cycle will be explored. Students will be introduced to the motivation for and 

concept of sustainability and how engineers can assist in achieving sustainability goals. The 

module consists of lectures (4 hours) and a laboratory activity (2 hours, plus work outside of 

class).  The major deliverable is a team project report. 
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Module Overview 

By learning and applying life cycle assessment techniques, students in mechanical, industrial, 

and manufacturing engineering and related disciplines will gain insight into defining a system 

boundary to perform efficient and effective analysis of the environmental impacts for 

manufactured products, especially in the face of missing or incomplete data; identify and make 

judgments about analysis limitations and assumptions; and to draw meaningful conclusions from 

such analysis.  In addition, students will understand the motivation for sustainable development 

from societal, economic, and environmental perspectives.  Students will be familiar with the 

stages of the product life cycle and the necessity for decisions to be made by considering the 

cumulative impacts across the life cycle of a product, process, or system.  Since the module is 

primarily intended for manufacturing engineering students, focus will be placed on reducing 

environmental impacts of industrial operations and processes. The module consists of lecture 

topics and a laboratory activity as described below. 

 

Topic 1: Introduction to Sustainable Engineering.  As an introduction, sustainability is 

explored from a historical perspective by looking at the increase of energy and material use 

over time, as well as concomitant wastes and emissions.  Global governance initiatives and 

legislation in support of sustainable development are summarized.  Finally, the role of 

engineers in achieving sustainability is discussed. 

Topic 2: The Product Life Cycle.  The concept of the product life cycle is introduced.  Each 

life cycle stage is described.  Finally, the idea of analyzing the environmental and economic 

impacts of products from a life cycle perspective is discussed. 

Topic 3: Design for Environment.  The concept of design for environment is explored.  

Specific topics include the design process and engineering considerations to reduce 

environmental impacts, e.g., for material selection, product packaging, and end of life. 

Students identify potential design changes for a product through an in-class exercise. 

Topic 4: Sustainable Product Manufacturing.  Plant level issues to be considered are 

discussed.  Then, the manufacturing process modeling methodology will be discussed for the 

environmental analysis of unit manufacturing processes using an input/output approach. 



The laboratory activity introduces students to the life cycle assessment (LCA) methodology.  It 

begins with a discussion of what LCA is and how it is used.  The four stages of an LCA (i.e., 

Goal Definition and Scoping, Life Cycle Inventory, Life Cycle Impact Assessment, and 

Interpretation) are described (USEPA, 2006).  The Eco-Indicator 99 methodology is introduced 

as a way to conduct an impact assessment (Eco-indicator, 2000).  Students then disassemble a 

simple product to complete a life cycle analysis based on the product outside of class and 

summarize the results in a report.  They use Eco-Indicator 99 to conduct the impact assessment 

and identify potential opportunities for improvement, which will be included in the final report. 

 

1. Introduction to Sustainable Engineering 
Sustainability is a broad concept with general appeal that has been defined in many ways 

depending upon the perspective and experiences of a person or group.  The module opens with a 

short activity, where the students take a few minutes to think about what sustainability means 

and to jot down their ideas.  Next, they are given the opportunity to share their thoughts with the 

class.  This activity is meant to show the breadth of concepts and ideas that can be covered by the 

word “sustainability.”  The conclusion of this exercise is to show that sustainability consists of 

three major categories that define the concept – economic, social, and environmental aspects. 

Different concepts of sustainability are then shown graphically and discussed, as shown in Fig. 1. 
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Figure 1. Graphical Representation of the Sustainability Concepts a) Three Pillars, b) 

Intersecting Circles, and c) Concentric Circles. 

 

The definition of Mihelcic et al. (2003) is suggested as an appropriate definition of sustainability 

from an engineering perspective, which is the, “…design of human and industrial systems to 

ensure that humankind’s use of natural resources and cycles do not lead to diminished quality of 

life due either to losses in future economic opportunities or to adverse impacts on social 

conditions, human health and the environment.” 

 

The module proceeds by demonstrating a need for sustainable engineering by focusing on how 

energy use has grown, how the sources of energy have changed over time; and what sources of 

energy are used by each sector of the U.S. economy (USEIA, 2009). Other sustainability 

concerns are also discussed, focusing on environmental aspects, including major sources of 

greenhouse gas emissions in the U.S. (USEPA, 2010) and the changes in municipal solid waste 

over time (USEPA, 2009). Thus, drivers of sustainability initiatives in engineering are identified 

as reducing costs, increasing competitiveness, and government policies. 

 



Government policies as drivers of corporate sustainability initiatives are introduced from within 

the United States, the European Union, and the United Nations, focusing on a historical 

perspective and policies that directly impact industry. The Global Reporting Initiative (GRI, 

2010) is introduced as a way for companies to track, report, and improve their sustainability 

profile. The GRI includes six performance indicators – economic, environmental, society, labor 

practices and decent work, human rights, and product responsibility. Given these categories, 

there is a second pause activity, where students take a moment to reflect on how they would 

measure sustainability within an organization.  They then share their ideas.  Finally, examples of 

GRI indicators for each category are provided and compared to student responses.  This section 

of the module concludes by posing a rhetorical question, “So, how does this affect engineers, 

anyway?” The short answer is, “Our solutions can have unintended consequences.”  The students 

are then challenged to think of examples they are familiar with (e.g., the Bhopal Disaster, the 

Challenger Disaster, and the Deepwater Horizon oil spill).  Other relevant examples (e.g., CFCs 

and DDT) can be provided based on Graedel and Allenby’s (2003) textbook or other sources.  

Finally, the “master equation,” or IPAT equation (Huesemann, 2003), is introduced to show why 

engineers must be involved in reducing environmental impacts, as 

 

I =  P x A x T , (1) 

 

where I is impact on the environment, P is population, A is GDP per capita, and T is impact per 

dollar of GDP.  It can be shown that P and A are predicted to increase over the next several 

decades (UN, 2004; Maddison, 2005). Thus, engineering is critically needed to help reduce the 

last term of the equation, or technology (T) impacts. The remaining sections of the module 

introduce engineering students to tools and approaches that will enable them to reduce impacts. 

 

2. The Product Life Cycle 
Efforts over the last two decades have sought to reduce product environmental impacts from a 

life cycle perspective (Fig. 2). This requires comprehensive consideration of material and energy 

inputs at each stage of the life of the product. Product stages include raw material extraction 

(e.g., mining and oil drilling), material processing (e.g., steelmaking), part manufacturing and 

assembly, use of the product, and product end of life. Product end of life can encompass various 

strategies, which may include remanufacturing, recycling, landfilling, or incineration of the 

product, or its subsystems or components. Other views of the product life cycle may be 

discussed, for example, considering how transportation-related impacts might be included.  
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Figure 2. The Product Life Cycle. 



The key point that is brought out by introducing the product life cycle is that considerations 

made during design are critical to establishing the environmental impacts of the product.  From a 

manufacturing engineering perspective, this raises several important points.  The manufacturing 

engineer is somewhat restricted by the product design in being able to influence impacts.  

However, he or she is in a position to communicate product improvements directly to the design 

team in terms of material, process, and/or geometry changes that can be made to improve the 

product’s environmental performance due to manufacturing.  Thus, it is the duty of the design 

team to consider potential environmental impacts over the entire product life, and what can be 

done to mitigate them at the design stage.  This is often referred to as design for environment.  

 

3. Design for Environment 
Design for environment is part of a suite of Design for X (DfX) approaches, which includes such 

considerations as manufacturability, cost, reliability, and serviceability, among others as “X” 

values.  Design is only one activity stage within the product life cycle, yet most critical decisions 

regarding the product are directly made or indirectly influenced by design stage activities.  These 

activities include ideation, concept design, and detail design of the product.  The next logical 

ensuing stage is production design and product manufacturing, which is often closely connected 

with product design in concurrent engineering environments, and may occur simultaneously.  

Design for environment strategies include material minimization, pollution prevention, energy 

efficiency, recycling, remanufacturing, and disassembly, among others.  It should be noted that 

these strategies align with the stages across the product life cycle. 

 

Material minimization during design can focus on two main areas – 1) reduction of overall 

material use through product redesign or 2) reduction of environmentally impactful materials 

through material selection.  Items to consider in material selection include physical and chemical 

characteristics, cost, health and physical hazards, availability, and recyclability.  Other 

environmentally-focused material selection concepts are discussed by Graedel and Allenby 

(2003).  Material minimization tends to focus on changing process inputs and efficient use with 

concern for material inputs, while pollution prevention (P2) does the same for material outputs 

and energy efficiency (E2) concerns energy inputs and outputs.  The latter two may be focused 

on processing of the component or product, or of the manufacturing system.  Thus, depending 

upon the scale considered, engineering actions taken will vary.  For example, P2 activities may 

include modifications to the manufacturing process, a change in manufacturing technology, 

improving housekeeping, substitution of process inputs to reduce the amount of inputs or to 

reduce the associated risks, and instituting onsite and offsite material reuse or recycling. 

 

To conclude this topic, students select a simple product to consider in small groups (to facilitate 

discussion, products could also be assigned).  They first describe their product and then 

sequentially discuss the various stages across the product life cycle, and what hypothetical 

changes could be made to the product and packaging to reduce its environmental impacts within 

their group.  There is a pause for a brief class discussion after consideration of each stage, while 

also offering an opportunity for the instructor to first introduce each stage with examples.  

 

4. Sustainable Product Manufacturing 
To conclude the lecture portion of the module and turn focus on what can be done during the 

manufacturing stage of the product life cycle, a brief history of the progression of product 



manufacturing is given.  Craft production is the traditional mode of part production, where often 

a single individual completed all activities. Thus, there was little to no standardization of parts 

and products. During the late 1800s and early 1900s, mass production began to become the norm 

for the majority of manufactured products.  Activities focused on the separation of tasks, which 

led to the development of the assembly line and improving process efficiencies from a 

production rate perspective.  More recently, in the late 1900s, flexible production rose to the fore 

with the development of computer numerical control.  Automation became integrated into 

manufacturing systems, and reduction of inventories was seen as a critical need, and a real 

possibility, as quality improvements took hold.  At about the same time, and in more recent 

years, efforts have focused on small lot production, or mass customization.  Mass customization 

has lead to the possibility of increased product variety and tailorability for individual customer 

preferences.  With quality and lean manufacturing improvements, repeatability and just in time 

production have facilitated mass customization. 

 

Each of the above phases in the progression of manufacturing approaches can be discussed to the 

level appropriate the particular course in which this module is implemented. Traditional 

manufacturing engineering texts discuss each of these general approaches in detail; however, 

they are not usually described in the context of sustainability. For a recent discussion of these 

concepts and visions for the future, students can be directed to read the following blog post on 

the topic by Professor David Dornfeld: http://green-manufacturing.blogspot.com/2009/07/why-

green-manufacturing-part-of-next.html. There is much other interesting food for thought offered 

on this blog concerning sustainable manufacturing in a less intimidating manner for 

undergraduate students than most textbooks and technical articles. To supplement this reading 

and/or discussion, students can be tasked with identifying and obtaining a recent technical article 

discussing an aspect of sustainable product manufacturing (e.g., new process development, 

analysis methods and tools, or supply chain issues), and writing a summary and critique of the 

article. In particular, they should discuss the main objective of the article, what points they agree 

with, and what points they disagree with.  Depending on the course level, they could also discuss 

any potential flaws in the research methodology or results. 

 

To sum up the discussion on sustainable manufacturing, it should be noted that manufacturing 

companies are currently experiencing challenges due to recent and growing requirements from 

internal and external customers, management, government agencies, and other stakeholders 

requiring them to undertake holistic consideration of economic, environmental, and societal 

aspects during the design and manufacture of the product and production system.  Given the 

build up in the preceding sections of the module and introduction provided in this section, the 

instructor and students can thus engage in a discussion about what sustainable manufacturing 

means for industry and what actions must be taken to enable it, e.g., the development of 

technologies, tools, techniques, and methods in support of sustainable manufacturing.  This 

discussion should be focused in the context of the objectives for the course in which the module 

is implemented.  For example, if the course concerns computer aided design and manufacturing, 

implications for data management and facilitating internal communications regarding 

sustainability-initiated design and manufacturing changes can be discussed; or if the course is 

focused on an introduction to manufacturing materials and methods, the impacts of process and 

material choices and process variable selection on economics and environmental impacts can be 

introduced and discussed. 



5. Overview of Course Project – Reducing Environmental Impacts of a Household Product 
To conclude the module, students work in a laboratory group to identify a simple household 

electrical product to investigate using life cycle analysis.  The laboratory activity and project are 

introduced by looking at life cycle assessment methodology in more detail, focusing on the steps 

that must be taken in the analysis. This method is described by the U.S. EPA (USEPA, 2006).  

The impact assessment introduced is Eco-Indicator 99 (Eco-indicator, 2000).  This document has 

a brief illustrative example for a coffee maker. Students then disassemble the product and 

summarize the results in a report outside of class.  Project details are given in the Appendix. 
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Appendix 

 

Laboratory Activity and Project: Product Life Cycle Analysis 

 

Purpose: Your team is working for a company that designs and manufactures small electrical 

consumer goods.  Marketing has told your Engineering manager that consumers are looking for 

“green” products.  It is a tough market out there, so your manager wants to assure Marketing that 

Engineering can reduce the costs and environmental impacts of products brought to the market. 

Your manager has asked for a brief report on short- and long-term cost and environmental 

improvement opportunities for one of your products. 

 

Task Overview: Your team will conduct a study on an electricity-consuming household product 

of your choice, for example a toaster or power drill.  The product should be as simple as possible 

(few components and preferably no circuit boards).  It should transform electrical energy into 

another form of energy (e.g., heat or mechanical energy). To complete the study, you will 

disassemble the product and record information about its components including: 1) probable 

production processes to manufacture the component, 2) material types and mass, 3) component 

functions, and 4) connections with other components.  Your team will then conduct several 

analyses and identify product and/or process design opportunities.  Your team will estimate the 

costs and environmental impacts of the i) original design and ii) any product/process design 

changes you propose. Finally, you will discuss future improvement opportunities.  You will 

report your results in report format. 

 

Specific Tasks:  
Once you have identified a simple household electricity-consuming product that can be safely 

disassembled, complete the functional, cost, and environmental analysis according to the tasks 

outlined below.  The requirements for the project proposal and final report are also described. 

Your product should be disposed of and/or recycled appropriately upon completion of the 

project – it should not be reused.  

 

Task A. Disassembly and Functional Analysis 

Procure the product you have chosen – preferably used or at end-of-life. Disassemble the product 

and identify the following: 1) probable production processes to manufacture the component, 

2) material types and mass, 3) component functions, and 4) connections with other components. 

Show the interconnections using a diagram. Document the disassembly process in writing and 

with pictures. During disassembly, make notes of any difficulties you encounter, for example, 

are there joining methods used that prevent reassembly?  Are some materials inseparable?  Are 

some components not necessary?  

 

Task B. Cost Analysis 

Based on the materials used, predicted manufacturing processes, and product function and 

energy consumed during use, estimate the life cycle costs of the product. Much like in 

environmental life cycle analysis, you will have to describe the system boundary considered and 

your assumptions 

 



Task C. Environmental Life Cycle Analysis 

 

C.1.  Goal and Scope Definition. 

Define the goals and scope of your study. Define the functional unit and what life cycle stages 

you will be investigating (system boundary). Are there packaging or transportation impacts to be 

considered?  Your study must determine – at a minimum – the environmental impacts of material 

processing, component manufacturing, and energy consumption during use, in addition to other 

“impactful” processes or stages.  You must use your engineering judgment. 

 

C.2.  Life Cycle Inventory. 

Based on the functional unit and system boundary, identify any inventory data needed (for 

example, energy consumed during use, type and amount of packaging, transportation types and 

distances, amount and types of material disposed, recycled, etc.). Record any assumptions you 

make. Use reliable sources for data you cannot measure or not provided in product literature, for 

example, typical appliance energy use is available from the U.S. Department of Energy 

(http://apps1.eere.energy.gov/consumer/your_home/appliances/index.cfm/mytopic=10040). 

 

C.3.  Life Cycle Impacts. 

Based on your system boundary, functional unit, and inventory data determine the life cycle 

impact of your product in terms of Eco-indicator points.  This method is described in the Eco-

indicator 99 Manual for Designers, along with an example for a coffee maker.  The manual is 

available for download online (http://www.pre.nl/download/EI99_Manual.pdf).  More 

information is available at http://www.pre.nl/eco-indicator99/ei99-reports.htm.  Identify the 

sources of highest impact.  You may wish to download a trial version of ECO-it 

(http://www.pre.nl/eco-it), which will perform impact calculations and make graphs.  It also has 

instructions on how to perform an analysis. 

 

C.4. Improvement Analysis. 

Based on the opportunities for improvement that you identified during your product dissection 

and your life cycle impact analysis, recommend product and process design improvements as 

well as other changes within your system boundary that can reduce environmental impacts.  

Using the same functional unit and system boundary, determine the impacts of your redesigned 

product-process system.  Compare the results of the two analyses.  Would you say the change is 

significant?  What other avenues should be explored in a future study to further reduce impacts? 

 

Task D. Project Proposal. 

Your project proposal will briefly (1 page) describe the product you will study, the goals of the 

study, and the roles of the members of your team in completion of the project.  Include 

background information about the industry your item is a product of and information about the 

product and how it is used.  A picture or drawing of the product may also be included. 

 

Task E.  Project Report.  

You will report the findings for Tasks A-C in a brief technical report (10 pages maximum).  The 

report should be well-written and concise (communicate your complete ideas and results in an 

efficient manner).  Use professional grammar, language, formatting, citations, and references.   

 



It is required to follow the report outline below: 

 

 1.  Introduction 

  1.1 Background 

  1.2 Goal of the Study 

 2. Analysis Methodology 

  2.1 Functional Analysis 

  2.2 Cost Analysis 

  2.3 Life Cycle Analysis 

 3.  Analysis Results 

  3.1 Functional Analysis 

  3.2 Cost Analysis 

  3.3 Life Cycle Analysis 

 4. Improvement Opportunities 

  4.1 Cost Reduction Opportunities 

4.2 Environmental Impact Reduction Opportunities 

 5. Summary and Conclusions  

 References 

 Appendixes (optional) 

 

 

 


