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Preface

The interest and enthusiasm around the topic of green manufacturing, as a first step

towards sustainable manufacturing, has encouraged a lot of research and investiga-

tion into this complex subject This book tries to give perspective to the term green

manufacturing—how it is defined, where is “fits in” relative to sustainable produc-

tion, what are the basic guidelines and tools of the trade for analyzing and practicing

green manufacturing, and some examples of applications. The content reflects the

research activities of the Laboratory for Manufacturing and Sustainability at the

University of California, Berkeley, and is presented in the voice of the number of

student researchers in the lab over the last few years. This work was motivated by

the relatively little material on this topic in publication but the increasing interest

from the public and our industrial and institutional partners. We are also motivated

by the importance of this aspect of manufacturing, our curiosity, and the need for

educational material in graduate course offerings in Mechanical Engineering at

Berkeley and elsewhere.

As this is being written, research in our lab and many other labs around the world

continues on subjects related to green manufacturing. There is undoubtedly much

more that could be included here but that will not be due to the continuously

evolving nature of the subject and the constant advance of research and understand-

ing. Like painting the Golden Gate Bridge across San Francisco Bay, when one

finishes at one end it is time to start again from the beginning!

The perspective presented in this book is from the level of the manufacturing

process, machine, and system, as well as the supply chain and packaging, since for

many companies the bulk of the impact comes from items or processes outside of

their immediate control. There is a lot of excellent strategic discussion about the

importance of green and sustainable manufacturing. But, at the execution level,

there is little engineering information—the material practicing engineers need to

fulfill the higher aspirations of their organizations as they move towards

sustainability. The authors hope that this view into green manufacturing from our

perspective will help the reader to understand a bit more some of the practical

aspects of the topic and encourage them to look more closely at the processes and

systems around them in their work or research to observe the opportunities for

improvement, replacement, reuse, and, overall, reduction of impact. It should also

allow them to quantify the effects of these improvements and impact reductions
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and, hence, support the overall goal of greening manufacturing as part of the move

towards sustainable manufacturing.

This book is intended to be used as a basic reference text for industrial

practitioners to get up to speed on green manufacturing as well as a basic textbook

for an advanced course complimented by readers from some of the books we refer

to in this compilation. We will be using it in the graduate course in Mechanical

Engineering on Sustainable Manufacturing at UC Berkeley. Your feedback and

comments on the book will be appreciated.

A lot of the interest in the topic of green manufacturing at Berkeley has been

generated by readers of the green manufacturing blog—green-manufacturing.

blogspot.com. If you have seen this blog you will see a similar tone of discussion.

We intend to keep the discussion going on the blog to extend the impact of this book

and allow the incorporation of new material as it appears.

Finally, most of the credit for the content of this book goes to the graduate

student researchers and visiting researchers to the Laboratory for Manufacturing

and Sustainability. Those who have specifically contributed to this work are listed

at the beginning of each chapter. Others who contributed based on their past work

are cited. Current research information and student and visiting researcher projects

can be found on our lab Web site lmas.berkeley.edu. We also appreciate the very

capable assistance of Ms. Lexie Cousens who provided editorial assistance in the

production of this book.

Berkeley, CA, USA David Dornfeld
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Introduction to Green Manufacturing 1
David Dornfeld, Chris Yuan, Nancy Diaz, Teresa Zhang,
and Athulan Vijayaraghavan

If you are not part of the solution, you are part of
the problem.

Eldridge Cleaver

Abstract

This chapter has as its objective a basic introduction to the topic to set the stage

for the rest of the book. It introduces first the importance of this topic now and

then the motivation, basics, and definitions associated with green manufacturing

and sustainability. It describes some of the drivers that are causing governments

and industry to take steps to green their processes, machines, systems, and
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enterprises. A discussion about the distinction between green and sustainable is

introduced with respect to incremental improvements, greening and achieving

overall sustainability. Strategies for achieving green manufacturing are

presented. Barriers and obstacles to greening manufacturing are presented

along with examples from industrial practice.

1.1 Why Green Manufacturing?

1.1.1 Background

It is important to define, as best as one is able to, why it is important to focus on

green manufacturing. Green manufacturing is an important part of business. And

business must be analyzed “holistically”—that is, do not fiddle with just little parts.

Do it right for the whole system. Here’s what Paul Hawken and the Lovins said in

Natural Capital [1]:

Without a fundamental rethinking of the structure and the reward system of commerce,

narrowly focused eco-efficiency could be a disaster for the environment by overwhelming

resource savings with even larger growth in production of the wrong materials, in the wrong

place, at the wrong scale, and delivered using the wrong business models.

They go on to say that the best solutions are not simply some kind of tradeoff

between the objectives of economic, environmental, and social capital (the three

pillars of sustainability) but an integrated approach at all levels from “technical

devices to production systems to companies to economic sectors to entire cities and

societies.”

Sounds like manufacturing is a big part of that. There are strong business

pressures to embrace green manufacturing as will be discussed below. But, there

is more.

All the data on energy consumption, global temperatures, CO2 levels in the

atmosphere, other impacts of industrialization, and population growth head up and

to the right in the graphs—meaning things are moving toward more challenging,

and less sustainable, conditions. One may or may not fully agree with the

predictions, but from the perspective of cost of energy, availability of energy,

cost of treatment/disposal of waste products, materials, etc., things will get more

expensive. And, legislation marches on. The recent deliberations in the United

States Congress have a goal to reduce CO2 by 83% by 2050 and envision some form

of cap and trade program [2]. Governments in other parts of the world have even

more aggressive plans for reduction. If one relies on a global market for one’s

products, as increasing numbers of organizations do, one will be faced with the

demands of green manufacturing sooner or later.

Regardless of an individual’s feelings towards the severity of the situation, there

are forces moving to make it more and more expensive and difficult to continue

“business as usual” with respect to environmental impacts of manufacturing around

2 D. Dornfeld et al.



the world. Individuals and organizations should be prepared and use this to their

advantage.

Consider where something, say an auto, is manufactured. One can make a simple

analysis of energy needed to make an automobile. This is called “embodied energy”

and expressed in units of kWh and is an estimation of the total energy needed to

make the car, not to operate it—the so-called manufacturing phase not use phase.

Then, through the magic of conversions, an estimate the greenhouse gases (GHG)

attributable to that embodied energy can be determined by converting from kWh to

GHG using factors that are based on the source of the electricity; that is, from coal

or other carbon-based energy sources, or hydro, solar or wind and other renewable

sources, or nuclear. Carbon-based energy has a higher GHG impact than renewable.

Although there are other measures of impact, green house gas offers a convenient

and widely used proxy. This allows a clear view of the impact of where we

manufacture something. Interestingly, making the same vehicle in different places

(depending on the energy mix) will result in dramatically different GHG output.

The data on which this is based is found on the US DOE Web site [3] or on the Get

Energy Active Web site [4].

Let’s look at some examples. If one builds a “typical auto” in France, which has

most of its electrical energy generated in nuclear plants, the GHG impact of

manufacturing that auto will be about one-seventh that of building it in the USA, or

less than one-tenth that of building it in China. Zooming in on theUSA, there are great

differences between states also. Building a car in California with its mix of renewable

energy vs. Kentucky with its dependence on coal fired plants means a factor of 4

difference inGHG impact between the samemanufacturing processes—only based on

location. This is for manufacturing the same car, same features, same performance—

only accounting for the location at which the energy is consumed in manufacturing.

Granted, there are some simplifications in the above example. Few, if any,

automobiles are produced entirely at one location since they rely on a complex

supply chain. But, the effect of location is impressive.

So why does this matter? Regulations already exist that apply penalties for exces-

siveGHGemission in products during the use phase. For example, if a consumerwants

to buy an auto in France they will see listed, along with fuel consumption in liters/km,

the GHG generated in units of grams of CO2/km traveled. Similar information is

available for Ford in the UK. The CO2 emission is listed in g/km and the performance

can be compared over a range of engines [5]. And, if a vehicle is purchasedwith a large

engine that emitsGHGabove a certain level—the consumerpaysmore. If the customer

purchases onewith emission below a certain level, the cost is less. Samemanufacturer,

same quality vehicle, same operation, samemanufacturing process—but costs more if

it emits moreGHG in operation. This will happen in due time formanufacturing based

onembeddedenergy in theproduct due tomanufacture (that is, embeddedenergy in the

materials, water, energy, consumables, etc.).

If a company’s product is a machine tool their customer will worry about the

energy and resources used to build the machine tool (because it may affect the cost).

And then, when it is installed in the factory, the customer will be worried about how

much energy and other resources the machine consumes in its “use phase.” And
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then there is the transportation cost from the manufacturing site to the distribution

site and customer. All those impacts should be included as well.

And so it goes! The smart manufacturer will optimize where to build the product

in terms of energy mix and transportation costs to the consumer. One should

probably add availability of water and the energy cost of providing that as well.

These kinds of considerations will, in our opinion, greatly influence the location of

manufacturing (and, hopefully, offset some of the fascination with low labor costs

as the sole determiner of location).

Paraphrasing Lord Kelvin, “If you can’t measure what you make, you don’t

know if you’ve made it or not.” We need to be able to understand and measure the

resources used on our products and their use. Then we can make informed decisions

about their design, distribution, and utilization. This really encourages one to think

about the life cycle costs of energy and consumables in the manufacture of a

product—an important driver for green manufacturing.

1.1.2 How Do We Define Green?

“Green” is an adjective that, in the context of this book, is defined as “concerned

with or supporting environmentalism and tending to preserve environmental quality

(as by being recyclable, biodegradable, or nonpolluting)” [6]. This definition alone

is broad, but when applied to manufacturing the general idea of green

manufacturing is a process or system which has a minimal, nonexistent, or negative

impact on the environment. A definition adapted from one proposed by the U.S.

Department of Commerce has sustainable manufacturing as “the creation of

manufacturing products that use materials and processes that minimize negative

environmental impacts, conserve energy and natural resources, are safe for

employees, communities, and consumers and are economically sound” [7].

The term “green” can also be used as a verb which would then refer to the

process of reducing the environmental impact of a manufacturing process or system

when compared to a previous state. Examples of greening a manufacturing system

therefore include reducing the volume of hazardous waste produced, cutting down

on the coolant consumed while machining, even changing the energy mix to include

more renewable energy sources.

An important distinction to be made is that between green manufacturing and

lean manufacturing which some use interchangeably, even though the two systems

have different end goals. Lean is centered around creating more value for the
customer with less work. Toyota was a key player in the development of lean

manufacturing and in the process of doing so Toyota targeted the reduction of seven

wastes as part of the Toyota Production System, or TPS, as [8]:

• Overproduction (including early production)

• Transportation (and handling including delays, handling several times, unneces-

sary moving or handling)

• Inventory (including work in process, buffers, and finished stock)

• Motion (unnecessary non value added actions of people or machines)

4 D. Dornfeld et al.



• Defects (including making excess scrap and need for rework/repair)

• Over-processing (unnecessary production steps of procedures that add no value

to the product)

• Waiting (any idle time or unnecessary non-value added time)

Now, several of these wastes can be related to the desire to minimize the

environmental impact of a process. For example, if waiting time were decreased,

one may argue that resources such as factory lighting and air conditioning would be

used more efficiently. Many production machines use a lot of energy even when

they are not producing any product or processing. So, idle time designed to allow

smooth flow of product at other machines wastes energy. Another example relating

a lean system to a green system would be in the reduction of transportation

distances of a product within the factory walls which potentially decreases the

time required to transport the product, while reducing the energy consumed in

the transportation process. Related to making transportation more efficient though

is the introduction of alternatives like a conveyor belt to replace the transportation

of a product that would have otherwise been done by physical labor. Although

transporting a product by means of a conveyor belt would mean that the product

may arrive more rapidly at the next station and would therefore decrease wait time,

the carbon emissions per meter traveled associated with transporting by conveyor

belt are much greater than that compared to physical labor.

Lean manufacturing usually refers to practice that attempts to identify and

evaluate the use of resources for anything other than adding value for the end

customer. It then defines these uses as wasteful and tries to eliminate them. Further

to this, it is understood that there are a number of approaches to “lean.” The first

approach is nominally the elimination of waste and the tools that assist in

uncovering waste in the process and system and getting rid of it. A second

approach, more aligned with the Toyota Production System, focuses on the

“smoothness” of production and constructing a process with the capability to

produce the required results by designing out process inconsistency (or “muri”).

This is to be done while trying to maintain as much flexibility as possible since

excessive constraints or rigidity often induce waste (as in excessive set up/change

over time, high minimum run lot sizes requiring extra inventory or inducing poor

response to customer needs, i.e., poor response to “pull”). So, lean manufacturing

concepts include many useful aspects for making a manufacturing process green

but may not consider all elements. Certainly, it is a helpful start.

In contrast to lean manufacturing, environmentally benign (or conscious)

manufacturing is much closer to green manufacturing in that it “addresses the

dilemma of maintaining a progressive worldwide economy without continuing to

damage our environment.” The focus is therefore shifted from concentrating on the

customer values to the effect on the environment [9].

1.1.3 Is Green Sustainable?

How does one distinguish between green manufacturing and sustainable

manufacturing? There are a number of definitions of sustainable and sustainability.

1 Introduction to Green Manufacturing 5



Sustainable development has been defined by the World Commission on Environ-

ment and Development as “development that meets the needs of the present without

compromising the ability of future generations to meet their own needs.” [10]. This

definition includes within it two key concepts:

1. “The concept of ‘needs,’ in particular the essential needs of the world’s poor, to

which overriding priority should be given.

2. The idea of limitations imposed by the state of technology and social organization

on the environment’s ability to meet present and future needs.”

Reflecting this definition to include social assessments along with economic and

environmental assessment, sustainability has also been associated with the triple-

bottom line approach to thinking where environmental, economic, and social

factors have to be met. This can be related to manufacturing as in Fig. 1.1.

Sustainable manufacturing refers to a manufacturing system or process that meets

these three critical factors—that is addresses impacts on the environment, on the

economy, and on society. Recall the U.S. Department of Commerce’s definition

above of sustainable manufacturing including “minimize negative environmental

impacts, conserve energy and natural resources, are safe for employees,

communities, and consumers and are economically sound”—the triple bottom

line! A company could not survive if it was, at the minimum, not breaking even

with respect to its finances (that is, not financially sustainable).

The social factor also plays an important role in manufacturing as is evident with

the introduction of fair trade regulations and the move away from child labor

practices, to name a few examples. Thus this pillar is also critical to the success

of manufacturing firms but us often the most difficult to define in tangible terms that

relate to business practice or manufacturing. Other measures of social impact can

include worker training levels, pay levels, employee retention, job-related accidents

or injuries, and so on. Lastly, with growing economies and therefore growing

Economic

Environmental

Social

Green Mfg

Environmentally
Benign Mfg

Lean Mfg Sustainable
Mfg

Mass
Mfg

Socially 
Conscious Mfg

Mass Mfg

Lean Mfg

Green Mfg

Fig. 1.1 Manufacturing in

relation to the three pillars

of sustainability
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demand for production, greenhouse gas emissions and resource use has become an

inherent problem that leads to the last factor, the environment. It is typical for

companies to achieve two out of the three factors. Achieving success in all three

factors, though, is extremely difficult, but ideal. The extent to which companies are

achieving the “triple bottom line” is often reflected in their corporate sustainability

reports (CSR) published on their Web sites.

The premise in this book is that green (and greening manufacturing) is a step

towards sustainable manufacturing. Sustainability is a specific term with a specific

meaning. According to Graedel and Howard-Grenville [11] “a crucial important

property of sustainability is that the concept is an absolute, as are pregnant and

unique, to use two common examples. A sustainable world is not one that is slightly

more environmentally responsible than it was yesterday.” One way to visualize the

situation is too look at the history of consumption or impact and the direction it is

taking in the future, Fig. 1.2.

A sustainable rate of consumption of a resource, or impact due to some process

or operation can be defined following the definitions above. For example, in

California the sustainable rate of consuming water is determined by rainfall

received during the winter months which accumulate in ground water and Sierra

snowpack which melts during the warmer months. It is clear when more than a

replenishable amount of water is being consumed. Similarly, the environment can

accommodate certain levels of impact, greenhouse gases, for example, due to the

natural processes of the earth’s ecosystem. Scientists, politicians, and others are

now discussing how much greenhouse gas can be exhausted to the atmosphere to

avoid long term effects. Most agree that there is already more carbon dioxide being

input into the atmosphere than can be naturally accommodated—so the rate of

consumption (and the impact to the atmosphere) is not sustainable. Small

improvements that help to reduce consumption or impact will have some effect

but, unless bundled with a lot of others, will never achieve sustainability.

Fig. 1.2 Illustration of consumption and impact over time

1 Introduction to Green Manufacturing 7



The focus in this book is on these “small improvements” and how to measure

their potential impacts as green steps that move manufacturing toward a sustainable

world. One might call them technology wedges that, individually, offer some

improvement and, if enough are employed, can make manufacturing more sustain-

able. It turns out there are a lot of things that can be done but they must be evaluated

in terms of the “cost” vs. “benefit” to manufacturing and the environment and that is

a major part of this book.

1.2 Motivations and Barriers to Green Manufacturing

A manufacturing system involves a wide range of stakeholders including material

and other suppliers, manufacturers, retailers, consumers, and policy-makers. As the

stakeholders are becoming more aware of the values of green manufacturing in

practice, the manufacturing industry is motivated to implement green

manufacturing strategies to reduce the environmental impact and moreover, to

improve the economic performance of its manufacturing operations, as indicated

by a number of research results [12–15].

1.2.1 Motivations for Green Manufacturing

There are a number of drivers in effect motivating themanufacturing industry towards

green manufacturing practices. The motivation factors are summarized as mainly in

the three categories of regulatory pressure, economic incentives, and competitive

advantages. Specific examples of these motivations include the following:

• Pressure from Government—Regulations, Penalties, and Tax benefits

• Interest in Efficiency/Reduced Cost of Ownership (CoO)

• Scarcity of Resources/Risk

• Continuous Improvement

• Pressure from Society/Consumers/Customers and other Competitors

• Desire to Maintain Market Leadership

• Insure Control of Supply Chain Effects (what’s happening outside of your

facility)

Several of these categories will be looked at in more detail.

1.2.1.1 Regulatory Pressure
Left alone, populations, groups, organizations, corporations often fall into behavior

patterns that threaten some aspect of the health or well-being of the group over time.

This tendency has been aptly described by a scenario referred to as “tragedy of the

commons” first sketched out by [16]. This scenario describes a community sharing

a common green area in the center of the village (the commons.) It is used by all to

pasture their animals and, if everyone respects the right of the others to equal access

8 D. Dornfeld et al.



of grass for their animals everyone’s animal gets fed and all benefit. Over time,

some add additional animals of their own since they are aware that if they feed more

animals they can personally benefit by selling the extra product. The upper limit on

this is, of course, the ability of the commons to feed a fixed number of animals.

More than the maximum and the commons deteriorates due to over feeding

and every one suffers as the grass dies, or cannot be replenished, due to over

feeding. A similar phenomenon occurs with over fishing certain bodies of water.

In such situations, the towns folks can either “self-regulate” (which requires

cooperation among all) or make rules governing all event though only one or two

abused the system, hence, the motivation for regulations.

Aware of the significant environmental problems of industrial wastes and

emissions, governmental agencies initiated the efforts for environmental impact

control and restoration by making a series of policies, regulations, and laws, which

has achieved significant progress in advancing the environmental performance of

industrial production activities. U.S. environmental regulations have undergone

three stages since 1970 [17, 18]. The first stage focused on the end-of-the-pipe

control of environmental wastes. Representative regulations include the Clean Air

Act, the Clean Water Act, and the Resource Conservation and Recovery Act

(RCRA). The second stage focused on reducing the environmental pollution of

industrial activities, with the Pollution Prevention Act enacted in 1990. The third

stage focuses on clean production by encouraging implementation of comprehen-

sive environmental programs to reduce the overall impact of industrial production.

Besides the above comprehensive regulations and laws, national programs on

management of specific types of emissions are also established to facilitate the

effective control of environmental wastes and emissions from industrial production

activities. For example, the Toxic Release Inventory (TRI) program established by

the US EPA requires manufacturing and seven related industries to report their

toxic chemical releases annually so as to encourage and monitor the industrial

efforts in reducing the amount of toxic materials being released into the environ-

ment. Regarding the intensive carbon emissions of industrial activities, the U.S.

Department of Energy has established a voluntary greenhouse gas registry program

for industrial manufacturers [19]. In response, large manufacturing companies such

as Ford, GM, HP, and Honda. have put dedicated efforts into greenhouse gas

reporting and reduction through this program.

Besides these national regulations and laws, the federal government and inter-

national organizations also put effort in organizing green manufacturing themed

conferences and workshops to motivate the industry in implementing sustainability

strategies in industrial production. For example, the U.S. Department of Commerce

has organized a “green manufacturing day” annually since 2007 to “enhance public

and private interactions in the field of green manufacturing” [7]. The Organization

for Economic Co-operation and Development (OECD) organizes international

conferences and workshops on green manufacturing every year to help its member

countries advance their green manufacturing initiatives [20, 21].
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1.2.1.2 Economic Incentives
Under the regulatory pressure and governmental efforts, the manufacturing industry

is driven towards green manufacturing by the economic benefits which could result

from the implementation of sustainability programs. Green manufacturing, in

general, includes such practices as pollution prevention, product stewardship, and

emission control [22, 23]. The economic cost involved in emission control is

tremendous for the manufacturing industry. It has been reported that the U.S.

manufacturers spend approximately $170 billion per year in waste treatment and

disposal costs [24]. Appropriate green manufacturing programs such as pollution

prevention for minimizing waste generation in manufacturing could effectively cut

the costs on both waste management andmaterial consumption, and accordingly can

improve the profit margin of the manufacturing industry. A recent survey on the U.S.

commercial carpet manufacturers indicates that 84.6% of the manufacturers that

adopt emission control strategies such as recycling water and diverting solid waste

from landfills, and 100% of the manufacturers that adopt pollution prevention

strategies like reducing raw materials usage and energy consumptions have success-

fully decreased their manufacturing cost [23]. More recent examples of savings due

to decreasedmaterial, energy or other resource consumption are reported in the press

daily. These are often documented in corporate sustainability reports or other

industry documents.

1.2.1.3 Competitive Advantages
The third driver for green manufacturing is the competitive advantages a company

could obtain in the market through the implementation of green manufacturing

strategies. This is driven by the consumer him or herself, other commercial

consumers (other industries) trying to green their processes and a desire to

maintain market leadership. Society is becoming more aware of the environmen-

tal issues of manufacturing, and the customers as well as many other stakeholders

typically give their preferences to those manufacturers with a better environmen-

tal image in the market. Due to the public’s awareness and concerns,

implementing green manufacturing can enhance a company’s and an industry’s

image, and also can generate more revenues and increase market share [25].

A survey of 1,000 U.S. manufacturers found that 90% have environmental

strategies and 80% have an environmental-friendly operations mechanism [26].

A recent analysis of over 4,000 manufacturing facilities in seven OECD countries

found that there is a positive correlation between environmental performance and

commercial success [27]. With such economic incentives, green manufacturing

has been emerging as a new competitive requirement and a means to achieve

differentiation in the market [28, 29].

In addition to the drivers detailed above the concern about reducing risk in the

supply chain of any of the materials and consumables needed in manufacturing is a

constant issue. Water, which in many parts of the world can have more variability in

supply than energy, is now an important consideration in locating companies and

production control. As this book is being written there are concerns about the
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availability of some rare metals due to political disputes totally unrelated to

economic cycles or market forces. Green manufacturing analyses and solutions

must increasingly address these challenges.

1.2.2 Barriers to Green Manufacturing

Although green manufacturing is driven by a number of positive factors, the

manufacturing industry still faces some barriers and challenges that hinder

the application of green manufacturing strategies in practice. Some early

investigations have stated that environmental initiatives may induce a negative

impact on company performance [30, 31]. In general, the barriers for green

manufacturing could be summarized into the following three categories: economic

barrier, technological barrier, and managerial barrier.

Early green manufacturing practices focused a lot on the emission control and

waste management [24]. In the emission control and waste management process, the

capital cost requirements were high and may take a long time to be paid back. In some

circumstances, the capital input of emission control may exceed the total amount of

direct economic gains. This has greatly hindered the practical applications of green

manufacturing strategies in industry. But as green manufacturing practices are

switching from end-of-the-pipe emission control to pollution prevention and the

costs for waste disposal and environmental emissions are increasing, the economic

barrier of green manufacturing is gradually diminishing for the manufacturing

industry.

Another major barrier for green manufacturing is that the manufacturing indus-

try has to rely on certain processes, technologies, or materials to make its products,

which may cause undesirable effects but which cannot be avoided in the current

stage due to the lack of appropriate technologies or processes. Take automotive

manufacturing as an example, the painting operations generate a significant amount

of volatile organic compound (VOC) emissions which cause air pollution by

creating ozone and carcinogens. It has been reported that approximately 80% of

Ford’s toxic pollutants that were released into the environment were from the

painting operations [32]. Even with such an enormous impact identified, complete

elimination of the painting emissions is not practical in this stage as the industry

lacks appropriate technologies to replace the process. Efforts to minimize the

impacts are underway in most major industries. For example, in automotive paint-

ing attempts are being made to reduce the need for undercoat or primer coats and to

use other paint formulations and vapor recovery.

The other major barrier for green manufacturing is that the manufacturing

industry lacks capable scientifically-based decision support tools for effective

implementation of greenmanufacturing strategies. To achieve greenmanufacturing,

the industry needs appropriate analytical tools to characterize and benchmark the

environmental impact of emissions and wastes from a specific manufacturing

process/system to support decision-making. While manufacturing is such a compli-

cated system that numerous types of processes, materials, and system patterns are

employed, generic decision tools are difficult to use for the whole manufacturing
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industry as eachmanufacturing process/system has its own specificities. Besides, the

manufacturing system is closely linked to many other industrial activities

and the products from manufacturing impact almost everyone in society. As a

result,the environmental impact of manufacturing must be assessed both compre-

hensively and specifically for robust decision support in the industrial applications.

This needs further research efforts on environmental impact assessment methods

and manufacturing process modeling and characterizations. For example, life cycle

impact assessment, as a comprehensive system tool for environmental impact

analysis, needs to be standardized, streamlined, and further improved before wider

application in industrial practice is seen [33]. And, design and process selection tools

are needed that include environmental and other sustainability impact analyses so

the designer and process engineer can address issues arising from design and

processing at an early stage.

1.3 Environmental Impact of Manufacturing

Manufacturing is both material- and energy-intensive. It usually consumers water

also. Environmental impacts of manufacturing result mainly from the materials,

water, and energy consumed in the manufacturing systems. Manufacturing is

dominant in its environmental impacts in such categories as toxic chemicals,

waste generation, energy consumption, and carbon emissions [34]. In the following

sections, the significance of the environmental impact of manufacturing is

elaborated in more detail from the perspective of toxic chemical release, waste

generation, energy consumption, and carbon emissions.

1.3.1 Toxic Chemical Releases

Toxic materials are widely and heavily used in many manufacturing industries for

both product development and process operations. There are concerns due to their

toxic effects and significant impact on the environment and human health. There is

a wide variety of toxic chemicals involved in various manufacturing operations for

etching, forming, catalyzing, cleaning, etc., and such chemicals inevitably lead to

waste/emissions generation from the process operations. Aware of the significant

impact of toxic chemicals released from the manufacturing industry, the US EPA

established the Toxic Release Inventory (TRI) program in 1987 to collect the

facility level of toxic chemical release information, initially from manufacturing.

In 1998, this was expanded to seven other related industrial sectors including metal

mining, coal mining, electric utilities, petroleum bulk terminals, chemicals

wholesalers, RCRA commercial hazardous waste treatment, and solvent recovery.

According to the TRI statistics, a huge amount of toxic chemicals is released into

the environment annually from both manufacturing and the seven other industrial

sectors, which causes a significant impact on the public health and the eco-systems.

Figure 1.3 shows the amount of toxic chemical releases from manufacturing and

seven industrial sectors in the United States in the year 2001 alone (here the releases
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from RCRA commercial hazardous waste treatment and solvent recovery are

combined together) [35].

These toxic chemicals, based on their release patterns, are generally categorized

into four groups: air emissions, surface water discharges, land releases, and under-

ground injections. From the data reported in the TRI, in 2001 the U.S.

manufacturing industry released a total of 1.99 billion pounds of toxic chemicals

into the environment, and the 2.3 billion pounds of toxic releases from metal mining

can also be considered as an upstream release of the manufacturing industry, which

generates significant impact on the environment and human health after being

released into nature. Based on weight, the air emissions roughly account for 30%

of the total toxic release; the total land releases take roughly 62% share; surface

water discharges and underground injections are both around 4%. It should be noted

here that the total TRI amount is an underestimate of toxic chemical releases in the

United States since many small scale manufacturing entities are not required to

report their toxic chemical emissions. As a result, the actual environmental and

human health impacts resulting from toxic chemical release of the manufacturing

industry are much more significant than what has been reflected in the TRI

database.

Besides the United States, such inventory programs for collecting toxic chemical

information from industrial emissions have also been established in many other

countries including European Union nations, Australia, Canada, Japan, and Korea

[36, 37], for monitoring and controlling the toxic chemicals released into the

environment.

Fig. 1.3 The U.S. toxic release inventory in 2001
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1.3.2 Waste Generation

In addition to the toxic chemical releases, the manufacturing industry also generates

a huge amount of waste, mainly in the form of solid waste and waste water, which

also causes significant environmental concerns and impacts. As reported, waste

generated in the United States is more than that generated by any other single

country in the world, in both absolute scale and per capita [34, 38].

Figure 1.4 shows the amount of waste generated by manufacturing and seven

common industries [39]. As demonstrated in Fig. 1.4, the manufacturing industry

generates much more waste than any other of these seven industrial sectors. The

amount of waste generated from manufacturing is even larger than the sum of all

other seven industries combined. Wastes generated from manufacturing cause

significant environmental problems. Reducing the waste generation from the

manufacturing industry to reduce its environmental impact is one of the major

objectives of green manufacturing research and practice.

1.3.3 Energy Consumption

The environmental impact of manufacturing also comes from the enormous amount

of energy consumed in the manufacturing processes and systems. The

manufacturing industry is very energy-intensive. As an indication of the scale, in

2003, the manufacturing industry as a total consumed approximately 23% of total

energy in the United States [40]. Figure 1.5 shows the percentage of energy

consumption of U.S. economic sectors, in which the industrial sectors are broken

down to manufacturing and nonmanufacturing sectors [40]. The energy consump-

tion of manufacturing, as shown by the statistical data, is only second to that of

transportation but larger than that of both residential and commercial sectors. And,

in many cases transportation is a major element in manufacturing due to the

complex supply chains employed.

Fig. 1.4 Amount of waste generated in the United States
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Energy consumption causes environmental impact due to the fact that current

energy is mainly supplied from fossil fuels. Since fossil fuels contain various

polluting elements such as carbon, sulfur, and nitrogen, the electricity generated

from fossil fuels produces significant amount of pollutants including carbon diox-

ide, sulfur dioxide, and nitrogen oxides, which cause significant environmental

problems such as global warming, acidification, and smog.

In Fig. 1.6, U.S. electricity generation is shown by energy source by type of

producer in the year 2006 [41]. For the total amount of 4,065 TWH electricity

generated in 2006 in the United States, 71.4% is generated from fossil fuels. Clean

Fig. 1.5 U.S. energy consumption by economic sectors

Fig. 1.6 U.S. electricity mix
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energy sources like solar, wind, biomass, and geothermal combined together only

account for 2.11% of total electric power supplies.

Reducing the environmental impact of manufacturing from energy consumption

can be made by improving energy efficiencies of the products and systems to reduce

the amount of energy consumption. In the United States, the Energy Star program,

jointly established by US EPA and DOE (Department of Energy) is dedicated to

developing energy efficient products and practices. The Energy Star program has

achieved remarkable results in terms of energy-saving and greenhouse gas

eliminations [42]. In the year 2008, the Energy Star program helped Americans

save a total of $19 billion on their utility bills and avoid greenhouse gas emissions

equivalent to those from 29 million cars [42].

Besides the energy saving, clean energies such as solar, wind, and fuel cells can

also be used to supply the energy needs of manufacturing to reduce the energy

impact of manufacturing since clean energies have much less environmental impact

than the electricity generated from fossil fuels.

1.3.4 Carbon Emissions

Greenhouse gas emissions are another byproduct of manufacturing and are a serious

concern of the global society. Industrial production is a heavy consumer of

fossil fuels through direct on-site combustion and indirect utilization of fossil-

fuel-generated electricity—all of which contributes to the generation of significant

amounts of greenhouse gases globally. Greenhouse gases mainly induce global

warming problems and may cause dangerous anthropogenic interference with the

climate system [43]. According to the Intergovernmental Panel on Climate Change

(IPCC), based on current emission trends the average global temperature is

expected to rise by 1.4–5.8�C between 1990 and 2100 [44].

In order to stabilize the concentrations of greenhouse gases in the atmosphere to

prevent climate change, the Kyoto protocol, an international agreement, was

reached in 1997 for establishing legally binding targets for reduction of four

greenhouse gases including carbon dioxide, methane, nitrous oxide, sulfur

hexafluoride, and two groups of greenhouse gases including hydrofluorocarbons

and perfluorocarbons [44]. By the end of 2008, the Kyoto protocol had been signed

and ratified by a total of 183 countries and regions [45]. Based on the protocol,

industrialized countries will cut down their greenhouse gas emissions by a target

percentage value on the base year of 1990. The initial targets were set at 8%

reductions for European Union nations, 7% for the United State, and 6% each for

Canada, Japan, Poland, and Hungary [46].

As different greenhouse gas emissions have different global warming effects

when released into the atmosphere, the Kyoto protocol adopts the Global Warming

Potential (GWP) as a standard metric for the global warming effect characteriza-

tion. GWP is a standard metric developed by IPCC for the trade-off between

emissions of different greenhouse gases. The GWP index is defined as the ratio of
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the time-integrated global mean Radiative Forcing (RF) of a pulse emission of 1 kg

of a gas (i) relative to that of 1 kg of a reference gas, as expressed in the following

formula (1.1) [47].

GWPi ¼

ÐTH

0

RFiðtÞdt
ÐTH

0

RFrðtÞdt
¼

ÐTH

0

ai � ½CiðtÞ�dt
ÐTH

0

ar � ½CrðtÞ�dt
(1.1)

where

TH: time horizon;

RFi: the global mean radiative forcing of gas i;
ai: the RF per unit mass increase in atmospheric abundance of gas i (radiative

efficiency);

(Ci(t)): the time-dependent abundance of gas i.

In the GWP metric, typical time horizons used for calculations are 20, 100 and

500 years, while the 100 year time horizon is the most commonly used in various

analyses and statements. For example, the Kyoto protocol uses the GWP results

calculated from a 100 year time horizon. In GWP calculations, the reference gas is

commonly selected as CO2 on which the GWP is set as 1. In (1.1), the numerator

and denominator are called the absolute global warming potential (AGWP) of gas

i and r, respectively.
As the GWP sets a cut-off time horizon for the global warming effects which are

different from the life time of the greenhouse gas i, the adequacy and applicability

of the GWP metric has been widely debated since its introduction [48, 49]. The

100 year time horizon is used in the Kyoto Protocol, and it has been noted that

the effect of current emissions reductions that contain a significant fraction of short-

lived gases (for example, CH4) will give less temperature reductions towards the

end of the time horizon, when compared to the effects of reductions in CO2

emissions only [50]. In such a manner, the Global Warming Potentials can really

be expected only to produce identical changes in one measure of climate change—

integrated temperature change following emissions impulses and only under a

particular set of assumptions [49, 50].

Based on (1.1), the global warming effects of various greenhouse gases can be

quantified on the same scale and benchmarked for emission control and environ-

mental management. Table 1.1 lists the GWP values of the three most common

greenhouse gases [50, 51].

Through the global warming potential values, different greenhouse gas

emissions can be benchmarked both on an individual basis and on a combined

basis. For example, taking the 100 year time horizon, methane has a global warming

effect 25 times that of carbon dioxide, following the GWP results in Table 1.1.

Accordingly, for a group emission of 1 kg CH4 and 1 kg CO2, the combined global

warming effect would be equivalent to 26 kg CO2, which is the typical way the
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greenhouse gas emissions are evaluated and expressed for their total global

warming effect in a sustainability assessment.

The industrial emissions of greenhouse gases are very significant in terms of the

GWP characterized CO2 equivalent amount. Figure 1.7 shows the greenhouse gas

emissions of U.S. economic sectors between 1998 and 2004 [52]. Based on the

results, the industrial sector has the largest carbon emissions among all economic

sectors, while manufacturing industry typically accounts for 80% of industrial CO2

emissions [53]. As can be seen in Fig. 1.7, the total carbon emissions from the

manufacturing industry were even larger than that from transportation before 1998.

But the gap is decreasing as the vehicles used for transportation undergo a continu-

ous growth while the U.S. industry is putting great efforts to reduce its carbon

emissions through either energy efficient programs or outsourcing to other regions.

The carbon emissions from the manufacturing industry result mainly from the

fossil fuel energies which are consumed both directly and indirectly in

manufacturing. Following the earlier discussion about automobile manufacturing

and its impacts, it is helpful to consider another aspect of automotive

manufacturing. Manufacturing a “typical” car requires about 120 GJ of energy

input, which would generate about 23 metric tons of CO2 and many other pollutants

during the manufacturing and upstream material production processes from such an

energy input [54].

Manufacturing consumes a lot of energy and materials during the processes of

making products and the carbon emissions and various environmental pollutants are

Fig. 1.7 U.S. carbon

emissions of economic

sectors with electricity-

related emissions distributed

Table 1.1 Global warming potential of typical greenhouse gases

Greenhouse

gas

Lifetime

(years)

Radiative

efficiency

(W/m2/ppb)

Global warming potential

for given time horizon

20 years 100 years 500 years

CO2 120 1.4 � 10�5 1 1 1

CH4 12 3.7 � 10�4 72 25 7.6

N2O 114 3.03 � 10�3 289 298 153
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all embedded into the final products of manufacturing. One may not see them but

they are there! Figure 1.8 shows the carbon emissions of eight typical

manufacturing industries in the amount of metric tons per 10,000 dollar value

produced [34]. The results show that the petroleum industry has the largest CO2

emissions per $10,000 value generated, followed by primary metals and chemicals,

while the manufacturing of consumer products such as electronics, transportation,

and machinery have much lower carbon emissions, when compared with petro-

leum, primary metals, and chemicals such material manufacturing industries.

1.4 Strategies for Green Manufacturing

There will be more detailed discussions about strategies for greening manufacturing

in the rest of this book. These discussions will go well beyond considering only

environmental impacts. First a broader view of some strategies will be taken.

For industrial practice, the fundamental strategy for environmental impact

reduction is environmental emission control and impact remediation.

Manufacturing emissions are generated from a wide range of manufacturing

activities and could be generally categorized into three groups: air emissions,

water discharges, and solid wastes. Controlling such emissions requires different

strategies and techniques. Generally, there are three opportunities for environmen-

tal control of emissions and wastes: pollution prevention, end-of-pipe control, and

environmental restoration, as shown in Fig. 1.9 [55].

1. Pollution prevention: apply the emission control strategies before and during the

emission generating process through such preventive measures as using less

materials and energy and employing environmentally benign materials. This is

an effective “retrofitting” technique when existing equipment or processes need

to be improved. It is more effective than (2) below since it reduces the need for

treatment or process waste.

0 1 2 3 4 5

Chemicals

Petroleum

Plastics and Rubber

Primary metals

Fabricated metals

Machinery

Electronics

Transportation

Fig. 1.8 Carbon emission of manufacturing (ton CO2 eq./$10,000)
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2. End-of-pipe control: apply the control strategies after the emissions and waste all

generated but before they are released into the environment through such

techniques as recycling, collection, and treatment. This is also a prime

“retrofitting” technique for existing equipment or processes.

3. Environmental restoration: this is the environmental strategy typically employed

to remediate environmental damage after the emissions/waste have been

generated and released into the environment. Current environmental restoration

strategies are mainly applied on land releases for hazardous waste management

and site restoration, some on water treatment and just a few on airborne emission

management. Environmental restoration is costly when compared with the other

two strategies. This is the “oops” strategy and is usually due to a process or

system out of control.

As illustrated in Fig. 1.9, the environmental impact control costs increase but the

control effectiveness decreases as the strategic approach moves from pollution

prevention to environmental restoration. From the perspectives of both controlling

costs and controlling effectiveness, pollution prevention is the best strategy among

these three environmental control opportunities for reducing the environmental

impact of manufacturing [55, 56].

With a focus on the process stages prior to manufacturing, the pollution prevention

strategy could enable the manufacturing system to be designed and optimized with a

minimum amount of waste and emissions output. In fact, this strategy will allow

the determination, and reduction or elimination of substantial process or product

related impacts and resource consumption before manufacturing. This is the

preferred approach, and most cost effective and will be described in more detail

in following chapters.
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2.1 Introduction

Manufacturing, like farming, is one of the very few means of creating wealth. It is

also a crucial component of a sustainable society. Numerous items, ranging from

energy collectors to medical devices, will be required to realize a world where

intergenerational and intra-generational equity is promoted and everyone has

access to the items necessary to foster their well-being. In recent decades, there

has been a societal shift towards sustainability, or “development that meets the

needs of the present without compromising the ability of future generations to meet

their own needs” [1]. Not everyone agrees on what these goals for a better future

are—nor how to obtain them—but contemporary evidence suggests change is

imperative. The Earth’s climate is changing; the world is losing its biodiversity;

and the existence of contemporary society is threatened.

2.1.1 Understanding the Need for Change: The Desire
for a Better World1

In contrast to the ideal systems posited by sustainability advocates and manufacturing

futurists, conventional manufacturing has negative environmental and social

externalities. Manufactured products and capital for production (including infrastruc-

ture, machines, tools, and factories) tend to be created though traditional structures

which are inefficient and cause negative impacts. Waste, pollution (to air, land, and

sea), and large ecological footprints are all signs of this inefficiency [2].

Manufacturing practices also create significant greenhouse gas emissions.2 Yet,

adapting these practices to be more efficient is difficult because the vast majority of

manufacturing operations are tied to a supply chain over which individual

manufacturers have little control. Many companies have been criticized for social

issues associated with their supply chain, including a lack of health and safety

standards, poverty prevention strategies, and measures to support any human rights

abuses that occur in the communities in which they operate. Continued impacts of

poverty and climate change have been pressures for manufacturers to change their

practices.

1 This subtitle was inspired by the book, Alternatives to Economic Globalization: A better world is
possible [3].
2 AWorld Resources Report estimates that in the year 2000 global manufacturing and construction

industry emissions accounted for 21% of world’s greenhouse gases [4]. Additionally, the Inter-

governmental Panel on Climate Change (IPCC) 2007 report states that industry made up 19.4% of

the total anthropogenic GHG emissions in 2004 in CO2 equivalents ([5], Fig. 2.1). In the US,

industrial emissions accounted for 2,510 Million Metric Tons CO2 equivalents in 2008, a quantity

larger than that year’s transportation, residential, or commercial emissions [6].
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Due to these numerous harmful impacts, manufacturers face significant pressure

to undertake quick and comprehensive change. Such transformations require move-

ment beyond a mere awareness of green concepts to a fast and wide-ranging

implementation of better practices. Despite daunting challenges of issues to

address, forerunners have illustrated that appropriately transitioning to green busi-

ness practices can be very lucrative; environmentally friendly and socially respon-

sible policies can improve a firm’s public image and mitigate risks resulting

from inaction.

2.1.2 Values and Practices Are Changing

Because a number of societal actors have recognized these issues, and have

subsequently taken action, modern manufacturers have been caught in the midst

of a number of societal, corporate, and policy transitions. Because manufacturers

affect numerous social and environmental issues, stakeholders are demanding more

than business-as-usual practices and policy-makers are targeting manufacturers for

change, relying on the specialized knowledge and ingenuity of the manufacturer to

solve their concerns. Manufacturers are being pressured to help create a “better”

world, where better is interpreted differently by the various stakeholders. As a result

of this pressure, corporations are being forced to change to more socially aware and

environmentally conscious operations and to effectively communicate this to their

stakeholders and the public.

The distinct potential for manufacturers to take a leadership position and push

society towards more sustainable practices is recognized at a number of governance

scales. Past experience has shown that manufacturing can revolutionize systems if

placed in the right environment and with the right incentives, as it did during the

industrial revolution. Hargroves and Smith [7] created a diagram noting six “Waves

of innovation of the first and the next industrial revolution” illustrating that

innovations facilitated by manufacturers throughout the past couple of centuries,

have supported major societal transitions from “steam power” to “information

technology” and that the newest wave of innovation involves ideas like “renewable

energy”, “green chemistry” and “radical resource productivity.”

2.1.3 Concept of Sustainability

People that are concerned about the sustainability of our current lifestyles are a very

vocal and influential contingent searching for a “better” world. The concept of

“sustainability” has been used to convey a number of meanings; however, at its

most basic, sustainability implies that we as humans want our existence and or our

way of life to be “maintained.” Although the concept of sustainability is ambiguous

and abstract, many people are striving for this goal precisely because of its pliable

definition. Although the concepts of sustainability, the plethora of its associated
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mechanisms, and the means of achieving it are heavily debated, it continues to be

touted as a new ideal [8]. Sustainability theorists that adhere to this definition are

arguing for the creation of fundamentally different societal systems based on new

values. Their arguments have attracted stakeholders with various concerns to

coordinate their efforts for change under the banner of “sustainable development,”

although these actions may be more specifically categorized under other domains

such as “corporate social responsibility,” “ecological design” or “industrial ecol-

ogy.” Because of the increasing use of the term “sustainability,” a number of

different conceptual frameworks have been used to focus the concept’s meaning.

A Venn diagram of three overlapping aspects consisting of “people, prosperity, and

planet,” or “equity, economy, and ecosystem” (along with a plethora of other

figures) have been used to illustrate the overarching notions associated with this

concept [9]. This was shown in Fig. 1.1 relative to manufacturing.

The goals and actions associated with this idea have a large conceptual range

and often conflict. For example, some business people are revaluating the purpose

of business, and its ability to help those in need. Instead of producing more

nonessential products, some business people are targeting the needs of the larger,

less-affluent proportion of the world population because they have seen the

potential to grow their customer base and help people obtain with essential

goods. Others critique these actions when they take money out of the country

by not supporting local manufacturing operations and skills. Still other actors

tackle different systemic issues with contemporary practices. For example, some

people have identified issues with the current economic model and are working to

change the focus of its metrics of success in order to restructure the rules under

which all businesses must operate; alternative metrics to Gross Domestic Product

(GDP) have been suggested; the idea of growth has been challenged; and

alternatives like a steady state economy have been proposed [2, 7, 10, 11].

Overall this transition to sustainability supports a more holistic view and dialog

about what society values and wants to foster, support, or persevere. Thus, in

many cases, those advocating for sustainability are advocating for a fundamental

restructuring of the values of our modern societal systems where a greater focus

on natural limits can yield opportunities to create a “better” world. Chapter 5 will

explore what goals these domains may include at the entity scale. Although,

differing in their tone, motivation, and strategy of approach, many sustainability

theorists are arguing that society has to restructure itself to fit within the bounds

of Earth’s natural systems. Different theorists and practitioners have approached

this transition towards sustainability with varying foci [9]. For example,

McDonough and Braungart [12], focus their goals on the transition of industrial

systems, while Elkington [13] concentrates on alternative business principles.

Others emphasize the role of mechanisms and tools to incite change or facilitate

the transition to a system more in line with principles which govern the natural

world [11].

This chapter, and the remainder of the book, will explore the role of contempo-

rary manufacturing in the transition towards sustainability and discuss the current

social, business, and political environments in which green manufacturers are
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operating. The remainder of the chapter is dedicated to a survey of the social,

business, and political milieu surrounding green manufacturing, and the difficulties,

hurdles, and benefits associated with these environments when attempting to

transition to a green operations.

2.2 The Social Environment—Present Atmosphere
and Challenges for Green Manufacturing

Interdependence is and ought to be as much the ideal of man as self-sufficiency. Man is

a social being.

Mohandas Gandhi

This chapter will illustrate that manufacturers are operating in a modern social

environment determined by numerous stakeholders, both internal and external to

their company, each of whom has concerns about how the company functions.

However, the ideal role of a manufacture in a world that is marked with

entrenched disparities and is threatened by significant climate risks remains

undefined. Conventions for addressing social concerns are developing, although

when attempting to address these types of issues manufacturers have to deal with

the ambiguous nature of sustainability and the wide range of its metrics. Choosing

what considerations to address is not a straightforward exercise. With this in

mind, this chapter segment examines some of the implementation issues involved

in addressing social issues. Chapter 3 will discuss current implementation of

social metrics.

2.2.1 Applying Principles of Sustainability

How to successfully proceed and reap the benefits of utilizing sustainable principles

and addressing stakeholders concerns is no easy task. Once convinced to take the

step towards a sustainable enterprise, businesses have to decide on their new goal,

strategy, approach, rate of change, and speed of exposure. These and a host of other

factors will influence their ability to succeed and to ensure their transition to a more

environmental and socially responsible company is advantageous. There are a

number of scales a company can choose to address and a number of concerns to

tackle. McElhaney [14] defines the magnitude of the various interpretations of

corporate responsibility, by differentiating the role of a business as a company, as

part of the community, as part of the industry and as part of the world. Each of these

roles, McElhaney [14] implies, provides different opportunities for businesses to

contribute to their areas of influence. He suggests scaled recommendations ranging

from “Give something back” to “Transform an industry.”

A variety of internal and external frameworks exist to help facilitate the transi-

tion of individual companies and their stakeholders, as well as compare those

companies to others.

2 The Social, Business, and Policy Environment for Green Manufacturing 29



2.2.2 Stakeholders

The modern environment in which manufacturers operate suggests that an

implementation of both internal and external provisions will be needed to support

social well-being. Social concerns at the internal level are commonly addressed by

companies in terms of job security, benefits, and safety. Although, external

measures that extend beyond employees working within the company’s bounds

have become more common. These measures address the needs of a variety of

stakeholders, each with unique concerns. These stakeholders include the larger

manufacturing industry as well as civil society agents (consumers, families of

employees, and the community at large, which is represented by nongovernmental

organizations (NGOs) and media) and governments.

2.2.2.1 Internal
A company can influence the satisfaction of internal stakeholders, through rewards,

pay, and job safety and health. For this discussion, the interests of shareholders are

not of great interest, as it is a company’s legal obligation purpose to make profits.

Meanwhile what is the appropriate level of provisions for equality, safety, and

support for employees remains opaque and has different interpretations amongst

various companies and their stakeholders [15]. Also up for debate is how far back in

the value chain a company is responsible for working conditions. This may be more

of a legal definition than an engineering one.

The treatment of employees is one of the most discussed issues regarding social

sustainability. Concerns about working conditions have grown out of some highly

visible problematic cases. Yet, beyond gross abuses, the precise definition of what

constitutes decent working conditions is highly debatable. In general, the baseline

for working standards includes the prohibition of human rights violations, such as

forced labor, sweatshops, child labor, and high fatality rates. There are multiple

diverging views of what entities are ultimately responsible for the well-being of

individuals with which a company interacts. Some researchers are of the opinion

that governments should be held accountable for ensuring the quality of life for

their citizenry. Others believe it is the obligation of employers to provide a

minimum standard of living for their employees. Still others view it as the

individual’s responsibility to create their own standards of living.

Yet manufacturers are at risk of intense criticism if any aspect of their supply

chain is executed under inhumane working conditions. As with direct employment,

issues of what working standards should be throughout the supply chain, and who is

ultimately responsible for them arise. While manufacturers only have so much

control over the working conditions of their suppliers, they do have a choice in

where they source their components from, and can leverage this power to influence

the behavior of their suppliers. Yet, it is unclear how deep into the supply chain a

specific set of working conditions should be upheld or verified. Manufacturers

generally have working relationships with their direct suppliers, which can make

it easier for them to negotiate adherence to particular specifications. However, the

same does not necessarily hold true beyond first tier suppliers.
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All of these factors leave the most appropriate social standards for the treatment

of employees ambiguous. Baseline standards exist to ensure that manufacturers are

at least be cognizant of the human rights standards they should maintain. Such

standards can be taken from Social Accountability International’s SA 8000

standard, and the UN’s International Labour Organization (ILO) conventions,

Universal Declaration of Human Rights, and Convention on the Rights of the Child.

However many manufacturers do not recognize that employee standards offer an

opportunity to gain strategic advantage. These standards hold some importance to

consumers, as evidenced by their willingness to pay for products that are created

under good working conditions [16, 17], such as fair trade products. Consumers

have become increasingly critical of the working conditions under which products

are created. While the public may not be aware of the exact conditions under which

employees work, past incidents of poor working conditions have brought bad

publicity to some of the world’s largest producers.

Hawken et al. [2] offer an alternative interpretation of a company’s workforce as

human capital, for which any investments into generally yield a return. From this

viewpoint, expenditures on the welfare or development of employees results in

increased productivity or efficiency. However, determining the best social

improvements that will have the greatest returns can be difficult. For instance,

Azapagic and Perdan [18] note that high rates of employment improve social

welfare, but at an organizational level may indicate process inefficiencies.

Whatever standards are chosen, verification of compliance for working

conditions is especially problematic. For example basic commodities extracted

under intolerable working conditions are indistinguishable from the same material

sourced elsewhere. Wehrfritz et al. [19] note that this is the case in Malaysia,

where there have been instances of rubber and palm oil being harvested under

forced labor.

2.2.2.2 External
Stakeholders outside of the company are also part of the social framework of

sustainability. Logan et al. [20] define corporate citizenship as the activities that

make an organization accountable to its stakeholders, including employees,

shareholders, consumers, suppliers, and the communities in which they are located.

Similarly, some define social accountability as the total contribution that a company

makes to society. For instance, Azapagic [21] states that social accountability is

“related to wider responsibilities that business has to communities in which it

operates and to society in general, including both present and future generations.”

Meanwhile the environmental interest group, Business for Social Responsibility

[22], considers corporate social responsibility as a way of conducting business that

meets or exceeds societies’ ethical, legal, commercial, and public expectations.

With these differing views of the social scope of manufacturing impacts, the

following section provides an overview of the external actors that play a role in a

manufacturer’s social sustainability. These actors include the larger industry,

consumers, NGOs, media and the community.
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Consumer interests in issues of sustainability, such as human health, depletion of

resources, pollution, waste creation, and climate change, have grown over the years.

In the context of this chapter, the primary interest is in consumer’s purchasing

behavior, which can be a driver of more sustainable production. Meulenberg [23]

defines sustainable consumption as a process by which social responsibility and

impacts on future generations are incorporated with the needs and desires of

consumers. Similarly, the ethical consumer sees a direct connection between their

purchases and social issues, and expresses it through their product choices [24].

Cohen [25] points out that these consumers, a demographic known as LOHAS

(Lifestyles of Health and Sustainability), spends upwards of $300 billion each year

in the USA. Thus, finding ways to clearly communicate aspects of sustainability

with this segment can have substantial financial incentives for producers.

The most direct social impact manufacturers have on consumers is the health and

safety aspects of a product. In terms of sustainability, the question that arises is

whether producers should take the initiative to improve the health impacts of their

products. Some producers, such as Unilever, have done so through their dedication

to improving the nutritional value of their food items. Also manufacturers would be

well served by keeping mindful of the potential of contaminates in sourcing, as they

are seen as responsible for any product impacts, no matter where in the supply chain

contamination occurred.

One of the major goals of sustainability assessments is to trace the effects of

business onto the world in which they operate. In particular, various research efforts

have been dedicated to calculating the sustainability impacts that entities have on

communities. These typically relate to: the equity of relationships between businesses

and communities, the standards of living in communities where businesses exist, and

the investments businesses make to improve such standards (e.g., philanthropic

giving and development of infrastructure). Each of these issues is difficult to even

assess because there is rarely a direct causational relationship between any one

company’s actions and the living standards of the surrounding communities.

Furthermore, any improvements of these issues can only be achieved through the

efforts of multiple entities such as businesses, government, and the population.

Companies often include information about their philanthropic efforts in their

annual report. In addition some methodologies exist at the product level to identify

goods for the impacts they have on workers and communities. For instance, fair-

trade products are certified to ensure that agricultural workers are provided certain

working conditions, and that international farmers receive equitable trade

premiums. Meanwhile, the methodology for assessing community impacts at the

process level remains unclear. Very little research has been developed on possible

approaches to assess the social implications of different manufacturing processes at

the time of this writing.

In general, community-based social impacts are the most subjective and hardest

to determine of all social impacts. Beyond the complexities of measuring how any

particular organization contributes to social conditions, assessing what these

conditions are is complex. Many efforts to measure social conditions have been

at the geographic level (e.g., national and city). For instance at the national level the
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following sustainability assessments factor in social aspects: the Genuine Progress

Indicator/Sustainable Economic Welfare [26], Human Well-Being Assessment

(Well-Being Index) [27], The Human Development Index [28], and Indicators of

Sustainable Development [29]. Many of these assessments attempt to adjust to

replace the measure of GDP to include some social measures on issues like the

population’s health and education. At the urban level, Shane and Graedel [30] and

the UN Centre for Human Settlements [31] have proposed methodologies to assess

the sustainability of cities.

The way that one company treats its various stakeholders can influence others

within the industry. Manufacturers often participate in industry level coalitions or

voluntary agreements in order to build support to either drive an industry forward or

to maintain the status quo. Through these associations, members can more easily

influence acceptable standards for others within the industry. Some industries are

notoriously associated with specific social problems, or munificently thought of and

creating social benefits. By becoming more sustainable, industries have the poten-

tial to improve or maintain their impacts long term. Several methodologies have

been proposed to assess the sustainability of an industry [21, 32]. These assessments

not only calculate the economic, social, and environmental impacts of a given

industry, but also help decision makers guide national development in a more

sustainable way, through policies and subsidies.

Later in this chapter the role that government plays in affecting change from

manufacturers through their policy is discussed. In addition, nongovernmental

organizations push producers to improve their sustainability by working with

them or fighting against them. Labor groups, such as unions, USAS, UN ILO,

and Social Accountability International are well established organizations that have

been challenging businesses to improve working conditions for a long time. Social

rights advocacy groups such as the UN, MADRE, CorpWatch, and Global

Exchange also work towards improving the impacts that manufacturers have on

their internal and external stakeholders. More recently, environmental groups have

been advocating for changes in production to address a multitude of issues. Media is

also an important contributor to the proliferation of sustainability, as it is a means to

expose consumers and the public at large to relevant issues. It can also be a gauge of

the importance of any issue, because to be successful it must resonate with the

public. These entities can expose abuses to employees or the environment, and the

problematic nature of a product or certain types of products. However, with a

growing number of alternative media sources, it is more difficult than ever for

manufacturers to control their image.

2.2.3 Moving Forward

The social environment in which manufacturers operate is ambiguous, shifting, and

volatile. Yet, the concerns of indecisive stakeholders can impact the image and

operations of a manufacturer. Thus, an understanding of stakeholder concerns, as
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well as influential concepts such as sustainability, and their associated metrics are

all crucial elements for helping to insulate a company from future risk. Integrating

that understanding into company operations can be done at a variety of levels;

perhaps most important is demonstrating an understanding of the issues and what is

at stake, the intent to do something about it, and a willingness to accept suggestions.

This can be done in a variety of methods: by dedicating company resources to

communicating about public concerns, by accepting the help of an independent

NGO consultant, or by becoming involved in progressive policy creation.

Regardless of the stakes, at this nascent state of change, it is difficult to fault those that seek

advice, and either implement it with less than optimal results or reject it based on valid

counterarguments. A new business operating ethic is emerging, where many manufacturers

and consumers have begun to recognize that in order to make a sustainable society

everyone will have to look inward, and consider if they have truly attempted to minimize

their hypocrisy. Under this new raison d’être, an individual’s adherence to these intentions

can be tested with the “red face test,” that is, can they be confronted with questions and

scrutiny without turning red from naivety or lack of effort.3

2.3 The Business Environment: Present Atmosphere
and Challenges

Industry is a key partner for sustainable development. We rely on industry, not only for

reducing the environmental impacts of the products and services it provides us with, we

also increasingly depend upon industry for the innovative and entrepreneurial skills that are

needed to help meet sustainability challenges.

Former UNEP Executive Director Klaus Toepfer [5]

Understanding the varied desires of their stakeholders and the new focus on

sustainability, a number of businesses have begun to reexamine their goals and

practices to adapt them to better meet contemporary and future needs. Some have

focused on expanding their markets to include the populations of developing

countries by creating desirable and durable goods for the “bottom billion,”

while others have focused their redesign actions on internal operations and pro-

cesses [34, 35]. An international coalition of 180 companies [36] states:

We believe that the leading global companies of 2020 will be those that provide goods and

services and reach new customers in ways that address the world’s major challenges—

including poverty, climate change, resource depletion, globalization, and demographic

shifts (p. 4).

While certain types of these efforts are sometimes critiqued by anti-globalization

activists and thosewhowould prefer initiatives focusedmore on local self-sufficiency,

a wide variety of social entrepreneurship activities have been touted under the ever-

3 This comment was prompted by a conversation with Tony Kingsbury, SPS, Haas School of

Business at Berkeley, where he discussed the usefulness of “a red face test.”
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expanding scope of corporate social responsibility [37]. These issues extend beyond

social causes to environmental concerns, and addressing these matters has caused

companies to reexamine their priorities and opportunities for profit.

2.3.1 Components of the Next Transition

In attempting to address these issues manufacturers have made use of sustainability

principles. Increased awareness of social and environmental concerns has incited

action in business, societal, and legal domains and the influence of sustainability

principles can be seen in manufacturers’ attempts to address these concerns. This

can best be seen by three major manufacturing trends: the design of circular product

systems to replace linear product systems; the provision of services to improve the

design of product systems; and the construction of information rich management

systems to supplement existing information pathways.

2.3.1.1 Environmental Pressures Suggest a Transition from Linear
to Circular Systems of Production

Recent decades have been marked by stresses on ecosystems, an increase in

resource scarcity, growth in waste, and a change of the Earth’s climate. Because

manufacturing systems contribute to these issues, theorists who care about

manufacturing’s impact on the environment have explicated the need to convert

the linear systems of manufacturing to circular systems; researchers have suggested

the need for more demonstration projects to further these theories; and governments

have implemented zero waste policies, attempting to scale action.

Illustrative practitioners who call for a need of a more circular system are the

authors McDonough and Braungart [12]. Their concept of “cradle to cradle”

extends the responsibilities of manufacturers to all phases of a product’s life

cycle. To design a system of industry drastically different from that encased in

our most recent industrial revolution, McDonough and Braungart [12] and Hawken

et al. [2] suggest that the wasteful ineffectiveness of the current industrial system

could be optimized if it was redesigned to have few harmful inputs or outputs and

used resources judiciously. Natural systems have been used as inspiration for these

redesigns. Benyus [38] advocates integrating nature as a “model and mentor.”

In an ideal “cradle to cradle” cycle products and industrial byproducts are

harmlessly reintegrated into the natural ecosystem or act as food for the next

industrial process. McDonough and Braungart [12] have termed these systems as

ones where “waste ¼ food.” Accomplishing this feat would require production

facilities to be appropriately aligned with other participants within industrial

parks or cooperative industrial networks [2, 12]. Hawken et al. [2] and those

interested in a larger concept of waste also suggest that our industrial systems

could be redesigned to concentrate on better allocating our human resources, in

other words, not wasting lives. Hawken et al. [2] suggest that increased jobs can

also be brought about by a closed loop system, because 75% of labor is associated

with the production phase.
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Regardless of ecological inspiration, companies have shown that what they previ-

ously considered trash can have value. The minimization of waste from processes, or

reduction of the raw materials needed for manufacturing—through recycling, design

for the environment, disassembly, or provision of increased maintenance—are

strategies that can all have positive impacts on a company’s bottom line. These

actions are associated with a general shift towards including traditional externalities

into decision making at all levels of production. Momentum for continued, more

systemic action has been building: the UN has established initiatives on sustainable

consumption and production; conventional corporations likeWalmart have adopted a

zero waste policy; and “green” pledges or actions, have become vogue.

Despite this inspiring vision and the (albeit sparse) examples of successful

synergies, there are many barriers to the design of, transition to, and maintenance

of a successful circular system. Change requires effort, knowledge of alternatives,

and difficult decisions. The lack of control manufacturers have over their supply

chain continues to impede these possibilities; at present it is difficult to coordinate,

much less reimagine, the network of these upstream and downstream entities.

2.3.1.2 The Need for Greater Influence or Control Over the Company’s
Resources Suggests a Transition from Product Production
to Service Provision

A different approach to managing one’s product is needed due to the supply chain

limitations manufacturer’s face. Either a symbiotic network of different companies

has to be engineered so that the value of the product and its waste are increased, or

individual companies can transition to a service-oriented business model, rather

than simply a product-based one. Ayers [39] enumerates three existing models for

inter-firm cooperation, but it seems likely that more will be needed to make

substantial changes.

Certain companies have illustrated that providing a continuous service, rather

than solely a product, allows them to have better control over the lifecycle of their

products because they must consider the value in taking back and reusing materials.

Interface, Inc. is a company that has successfully refocused its vision on the service

it provides, rather than the product. After Interface’s founder and Chairman Ray

Anderson provided a top-down mandate that inspired and incited bottom-up action,

Interface began to rapidly implement changes. While the company still provided

products, modular carpeting, they are designed with a service perspective [40]. For

example, rather than requiring the customer to replace an entire carpet if they ruin a

small portion of it, Interface’s modular carpeting design created a system where

small portions can easily be replaced. This strategy has worked to both improve

sales and decrease costs.

Reexamining traditional product-oriented business practices requires a different

perspective amongst all of the various stakeholders on the value proposition that

companies provide for customers. For example, the ideals of industrialized societies

stress the importance of ownership of “things.” Companies, like Interface, that have

successfully challenged this concept and have discovered that consumers can be

satisfied in other ways while still meeting their needs. Gertsakis, Morelli, and Ryan
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[41] cite a few examples of companies who add value to their products by

implementing services that support a more circular industrial system. Xerox,

Herman Miller Inc., and Appliance Recycling Centers of America Inc. (ARCA)

focus on fostering the “value of utilization” via company initiated take-back

programs, support of secondary industries, and models of product creation and

maintenance that focus on the service that the product provides [41].

The refocusing of one’s operation on the service value of a product is gaining

more attention as people concentrate on ways to simultaneously improve the

economic, ecological, and social requirements of sustainable development. The

numerous benefits of green jobs, or “blue-collar employment that has been

upgraded to better respect the environment and family-supporting, career-track,

vocational, or trade-level employment in environmentally friendly field” [42] have

been touted as a potential component of this transition. In addition to helping the

environment, people suggest that these green careers also improve domestic

employment rates because they are difficult to outsource; the installation and

maintenance of solar panels, insulation, or other infrastructural retrofits, are all

jobs which rely on manufactured goods and must be done on location [41].

The appropriate management of the physical flows of materials is important for

enabling a transition to a more sustainable state. Closed loop systems of industrial

symbiosis, eco-industrial parks, and industrial networks are some of the solutions

that have been proposed to help our society reach this goal. However, enabling these

physical systems at a number of scales will require novel management strategies.

2.3.1.3 The Need for Greater Transparency and Control Over
Operations Suggests a Transition to a Highly Integrated,
Information-Rich Communication System

Entities attempting to reimagine their practices are faced with intricate supply

chains and complex internal and external governance requirements. Information

rich management environments offer the opportunity to better achieve the manage-

ment of sophisticated coordination feats and a new level of basic transparency to

improve a company’s accountability. Gersakis et al. [41] suggest that managing

information about production processes and controlling the distribution of informa-

tion to others along the supply chain are key requirements for existing models of

closed loop systems to be successful. Additionally, they note that that the creation

of symbiotic networks will require two forms of integration: “vertical,” between

companies in different, but related, supply chain sectors, and “horizontal,” between

similar companies that cooperate to gain a spatial or scale advantage [41]. Trans-

parent operations help improve accountability and better illuminate the actions of

the company to those who can react accordingly. Such information sharing could

also facilitate cooperation and innovation among industries. Regardless of the

strategy used, numerous theorists have lauded the implications of communication

between internal and external company stakeholders. For example, Allenby [43]

and other industrial ecologists encourage cooperation between manufacturers and

their supply chain, even though he notes that a number of new legal challenges will

arise out of the massive changes taking place. For example, certain types of
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such attempts could put actors at risk of violating laws regarding the formation of

trusts [43]. Yet, information intensive strategies could be used to support these

logistical feats.

However, there is a lack of implemented tools that extend beyond company

bounds to coordinate with other stakeholders striving for sustainable development.

Implementing information intensive operations will require dealing with siloed

processes, production, and information that have never before been made transpar-

ent. Although Strebel and Posch [44] note that there are lessons to be learned about

sustainable resource management from existing recycling networks, existing tools,

such as Environmental Management Systems (EMSs), may not be sufficient to

facilitate this transition to an information rich environment. Additionally, scaling

any changes will be challenging. Given the uniqueness of each industrial ecosys-

tem, resulting from its specific actors, inherent values, chosen criteria, and interac-

tion with other systems, the support devices that have been found to be successful

for one industrial ecosystem cannot necessarily be easily replicated, nor appropri-

ately adapted. Standardization of tools, processing languages, or the use of open

standards may help to encourage innovative monitoring.

2.3.2 Moving Forward

Certain companies are discovering their ability to benefit from practices that

address appropriate social, environmental, and economic concerns. People have

realized that manufacturers, specifically, have the potential to be true leaders and

innovative problem solvers, responsibly building products that meet world needs.

Indeed, the past industrial revolution shows us that manufacturing can revolutionize

systems if placed in the right environment with appropriate incentives. The benefits

of implementing socially responsible practices and environmental standards have

been extensively noted for both internal and external stakeholders. For example, a

progressive and responsible company stance may improve the company’s internal

and external reputation, helping to retain employees and please consumers, trans-

lating into industry advantages and greater profits. Decreasing wasteful practices

can also provide opportunities to save money, while improving a company’s

environmental performance. Additionally, actions to preempt legislation have

allowed green businesses to mitigate risk and reduce insurance costs. In sum,

business which have begun to think of the meeting of environmental, social, and

economic objectives as opportunities, rather than constraints, have reaped rewards

[2, 45, 46]. Yet, despite these potential benefits, not all industries are transitioning.

The United Nations has formed broad and negative conclusions about industry

progression towards sustainable development. Their conclusions note insufficient

progress, hindered by a lack of partnerships, dialog, commitments and aid and the

need for changes and action at all scales [33, 47].

Thus, there is a lot for manufacturers to do and a lot for them to gain. Whether

attacking our systems of “stuff,” “shelter,” “cities,” “community,” “business,”

“politics” or “planet,” there is a lot to be done and a lot of ideas [48]. Indeed, the
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list of required changes is so extensive that it seems prudent to remain skeptical.

Not everyone is going to be on board in what Elkington [13] calls the future

“Chrysalis Economy.” Although many companies have begun to transition their

operations, Elkington [13] posits that the future of the corporate world will be

formed by four very different types of companies, each requiring very different

policy mechanisms to support or deter their tendencies. He predicts industry

associations, government bodies, and public entities will all have a role to play in

influencing their future paths and that the use of policy to facilitate the actions of

forerunners and push latecomers will be necessary [13].

2.4 The Policy Environment—Present Atmosphere
and Challenges for Green Manufacturing

We now live in interesting times. . . . Clearly government, the private sector, and civil

society all have power and responsibility here. In this tripartite world, they all therefore

have a part to play in solving the challenges of sustainable development.

Hunter Lovins [7]

Because of its global reach, extensive product variety and large number of

stakeholders, the manufacturing industry is seemingly caught in a mire of regulatory

actions. These actions, or even the threat of such actions influence the way

manufacturers do business, and while most are meant to facilitate a transition to a

better state (whether promoting transparency mechanisms or attempting to level the

competitive playing field socially, economically, or environmentally) their targeted

actions can often have unintended consequences. It is no surprise, therefore, that

stakeholders often see the role of policy as a carrot (reward) or a stick (punishment)

[49]. Some argue that the need for regulationmeant their business argument for green

has failed [50]; others argue that, when properly implemented, it is tool to encourage

change and make sure the social and environmental externalities are included in

society’s actions. Because of these varied ideas, a number of policy analysts, organize

the wide realm of policy in a variety of ways. For example, Beder [51] condenses

these influences on environmental and social policy into to six principles: “the

sustainability principle,” “the polluter pays principle,” “the precautionary principle,”

“the equity principle,” “human rights principles,” and “the participation principle,”

but other academics parse up the domain differently. Yet, regardless of one’s view, a

better knowledge of the policy realm may help companies mitigate risk.

2.4.1 Changing Policy Trends

As the problems being tackled by stakeholders become more complex, the policies

used to address these issues has become more reliant on the ingenuity of the

businesses targeted. Some companies, understanding their need to mitigate risk,

also seem to be more aware and open to mitigative or precompliance action.
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This practice represents a change from past strategies. Traditionally, environ-

mental legislation has mandated specific targets involving infrastructure,

chemicals, or emissions [52, 53]. However, it is often the case that modern

problems faced by manufacturers can no longer simply be fixed with specific and

uniform solutions, but instead requires creative and customized redesigns. For

example, instead of utilizing a straightforward technological solution to one spe-

cific issue, companies are now looking at redesigning their overall processes to

avoid those negative impacts. A redesign of operations could result in byproducts

that would not be harmful to the environment or could be used in different

production cycles. Thus, as entities have begun to tackle the more holistic redesign

issues associated with sustainability, environmental policy affecting stakeholders

has also shifted, emphasizing the need to solve these issues through cooperation

between businesses and those concerned about the businesses’ impacts

(stakeholders, regulators, etc.). There now exist multiple actors which rely on

cooperation to set realistic industry goals. Of course, command and control

strategies and regulation are still required, but in recent years the forces of some

environmental policies have also relied on the use of regulations focused on specific

goals and market mechanisms to incentivize companies to take action prior to

formal legal mandates [43, 52, 54–56]. More specifically, since early 1990s,

policies have begun to focus more on products because of their increasing presence

in the waste stream and the impact of certain products’ use stages [53, 57–59].

2.4.2 Fostering Cooperation

As the number of stakeholder concerns has multiplied, and the issues involved

require more holistic design solutions, certain actors have begun to understand the

need to work together to create solutions to existing problems. This idea of different

actor roles and the idea of governance, rather than a focus on government as a lone

actor responsible for environmental policy, has become more recognized as more

stakeholders flex their influence [43, 59]. Indeed, many have recognized the need

for government, NGOs, academia, the public, and corporations to cooperate in

order to effectively “race” towards sustainable development [60].

Each of these actors can take a number of actions to support environmental

action. Government can make and enforce legal agreements, support a market

environment favorable to green innovation, and fund investments necessary to

facilitate large-scale industrial changes (e.g., education, infrastructure, and

research). NGOs and academics can help to inform the direction of the transition

and provide other actors with guidelines and standards for consumption and action.

The public can be responsible and educated consumers and buy items and services

that match their values; their uses of dollars are votes for or against toxicity, human

rights, and habitat preservation. Companies can also take a proactive stance to make

sure they help to define the industrial transitions others desire to take place; indeed,

they have the great power to both clean up their operations and create items that

matter and influence their overall industry [7, 57].
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This is not to say that everyone will cooperate and strive for these goals

willingly—it is likely that certain existing power dynamics will require significant

pressure and the maintenance of a contemporary regulatory system to change;

however, a totally confrontational stance by all parties may not always be neces-

sary. All of these actors have roles to play in defining and making the transition to a

green economy [7, 55, 57]. Additionally, communication between internal and

external company stakeholders will be crucial to aiding this transition. For this to

occur, access to the quality information, at appropriate times, and in effective

formats will be crucial for the success of entities exchanging information at

multiple scales and new levels of complexity [61].

2.4.3 Moving Forward

Because of the large number of stakeholders, the policy environment in which the

manufacturing industry operates is both challenging to understand and maneuver

through. This suggests that it is important for manufacturers to understand the

potential desires of their consumers and the broader frameworks emerging in

certain critiques. For example, many criticisms of action are associated with the

idea of sustainability and its common interpretations (e.g., social, environmental,

and economic pillars). These understandings can be integrated into a company’s

operations through priorities and action in order to both mitigate risk and make a

difference to those goals.

Taking action can involve a number of strategies. At the most basic level,

education on priority issues and a public acknowledgment of what a company can

improve is a crucial step to mitigate risk and to fostering an intelligent relationship

with one’s buyers. These types of open and well-meaning practices, if appropriately

planned, can help to both ease tensions with potential opponents and illuminate a

company’s priorities for a larger audience. It can also help a company find innova-

tive solutions to their most challenging problems. Promoting a culture of sincerity,

honesty, and transparency is crucial to foster cooperation rather than scathing

critiques from a potential adversary.

Because of their specialized expertise, it makes sense that manufacturers will

want a say in creating policies to facilitate changes in their industries. A number of

ways exist for manufacturers to influence policies. They can utilize tools to facili-

tate dialog on policies, or they can implement voluntary action to stave off formal

policy. There are often opportunities for interested stakeholders to participate in

calls for industry participation. Indeed, certain organizations are required to solicit

industry or general stakeholder opinions [43, 57, 62]. Although informational tools

are helpful for keeping up to date on the most pertinent issues and ensuring one’s

company conforms to the status quo of upcoming regulatory action, as a company

and as a person, it seems more likely that one would be approached by policy

makers and other stakeholders, if it is apparent that one is interested in these issues

and is willing to work with others who may have different views. A variety of
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resources exist to guide interested companies in the general direction towards a

sustainable entity, but reaching the majority of benchmarks will require a signifi-

cant amount of education and dedication.

Despite the critiques made of manufacturers, some believe that society simply

cannot move at the rate of change required without the ingenuity, specialized

knowledge, and resources of business. One can wear as many tee shirts or bumper

stickers stating, “‘You must be the change you wish to see in the world’—Mahatma

Gandhi or ‘Never doubt that a small, group of thoughtful, committed citizens can

change the world. Indeed, it is the only thing that ever has.’—Margaret Mead,” but it

is the manufacturers of those tee shirts, bumper stickers, laundry machines, cleaning

products, and cars that have the greater ability to make such change happen.

2.5 Conclusion

They must often change, who would be constant in happiness or wisdom.

Confucius

Perhaps the question is notwhowants to be a greenmanufacturer, but ratherwho does

not. If being part of the next industrial revolution implies greater profits and positive

impacts, while remaining static endangers one’s business and our society’s greater

survival, it seems prudent to strive for goals of a healthy ecosystem, economy, and

society [2]. Yet, the state of our world is far from this aim.Manufacturing is caught in

a transition where social measures are vague and difficult to prioritize, and where the

dominant business model is having its validity challenged. Not only do the

frameworks to guide business forward vary in depth, breadth, and proof of applica-

tion, but our system of governance is complex and difficult to navigate, much less

create or uphold an appropriate level of coordination and order. Despite these

inherent difficulties, perhaps the most important trait of this predicament is that it

does include everyone. All of society is bound to suffer from a lack of change

[63–66]. Indeed, many people already are. This means society has a greater reason

than ever before to not only hope that change of the neededmagnitude at the required

speed is possible, but to take the needed action to make it happen. Manufacturers,

more than most, are uniquely positioned to contribute to this transition and reap its

potential rewards. This is recognized by business people and the public alike. Indeed,

when Shellenberger and Nordhaus [67] placed the Chinese ideogram for “crisis” on

the cover of their essay, TheDeath of Environmentalism, they noted on the next page
that this was made up of two characters, “danger” and “opportunity.”

As part of this transition, a number of people are advocating that society needs to

transition from a largely detrimental system of production to one that is environ-

mentally benign. This system also must promote a healthy workplace and economy.

However, at times, these goals are in conflict with our contemporary practices and

dominant systems of production. Hawken et al. [2] note: “For all their power and

vitality, markets are only tools. They make a good servant but a bad master and a

worse religion.” (p. 261). Although businesses are situated in a changing
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environment, filled with critiques regarding the best course of action; there are still

profitable and ethical paths down which to proceed. Indeed, what Willard [46] calls

a “perfect storm” of drivers for the next sustainability wave is present here and now.

Impacts of climate change and globalization are made relevant to contemporary

business dealings with the pressure from internal and external company

stakeholders, who, although motivated by different criteria, are all concerned

with the risks associated with these pressures. Because of the wide spectrum of

issues to be addressed, and the speed at which change is required, the next wave of

action will have to be more inclusive. We all will have a role to play.

The large number stakeholders involved in manufacturing are demanding

change and require a new level of transparency, analysis, and action. Manufacturers

have to be aware of the concerns of their stakeholders in order to mitigate their

future risks and help build an acceptable future for all. Yet, stakeholders have to

help facilitate such action.

With the ever-increasing plethora of products entering our waste stream, some

might argue that we have progressed from craft to crap production; yet, this view is

unjust, especially from the viewpoint of producers. Manufacturers excel at creating

products to meet demand within the constraints of a larger economic system, and

modern society’s demands have been diverse, short-term oriented, and plentiful.

Stakeholders have a role to play in helping manufacturers meet their demands,

either by voting with their dollars or advocating that the government help green

solutions compete.

In the future, a number of new trends will shape the role of the manufacturers.

They may have to help address the needs of those suffering from lack of income and

material disparities or those requiring tools to transform their society into an eco-

efficient entity. People need practical means to reach their aspirations (although

what those aspirations are may be an issue) and manufacturing may be able to help

provide a type of this aid. These types of requests will require increased information

management requirements, and increased cooperation between corporations, the

public, and the governance agencies.

An examination of the policy environment in which manufacturers operate has

also illustrated that government alone is no longer in charge of governance. The

modern policy environment is complex and difficult to keep up to date on, much

less be involved in. Yet, working towards understanding the goals of one’s

stakeholders and making strives to not only conform but push the boundaries of

new actions towards being a sustainable company can help turn potential critics into

innovation partners. Indeed it seems as though the new environment could be

characterized by cooperation among forerunners, after all, we all have something

at stake.

To make our transition towards a better system, we also need input from a

variety of academic disciplines as well as business leaders and governance agencies

who can implement the suggested changes. We are beyond a point where one

solution could fix all our problems; instead, we require action on the part of all

affected participants [7, 57]. Whether they include top-down guidance or freedom

to incite bottom-up action, new multichannel communication will be crucial to

2 The Social, Business, and Policy Environment for Green Manufacturing 43



this forward progression. This will require horizontal and vertical means to

communicate as well as cooperation between disciplines to quickly adapt good

ideas to unique circumstances [41].

Antoine de Saint-Exupéry posited the following strategy:

If you want to build a ship, don’t herd people together to collect wood and don’t assign

them tasks and work, but rather teach them to long for the endless immensity of the sea.

Yet, longing for sustainable processes and a world where each person’s dreamed

version of social justice, a flourishing ecosystem and a healthy economy exists will

not simply emerge from imagining this dynamic view. To reach this utopia, society

needs a certain amount of utilitarianism. Despite this necessary motivation,

manufacturers need actual steps on which to take action.

This chapter has attempted to introduce readers to the pressure for change, the

themes of the transitions taking place, and the steps suggested for moving forward

in the social, economic, and policy environment in which green manufacturing

resides. Neither nuanced analysis of issues nor critical documentation of solutions

can be accomplished in a sole book chapter, and, certainly, these authors do not

have sufficient answers. Yet, there is something to be said for taking action,

however slight, at a time when we all face significant pressure for deep and

widespread change.

Sustainability is not solely what the societies of the world are looking for; when

thinking about the future, most people are looking for something better. As

Braungart [68] notes, a happy couple would not define their relationship as merely

“sustainable” and in this same vein, those looking to improve the world at this time

of crisis, are looking to capture the tenacity and creatively of people in need and

truly reinvent the world. Unlike many actors, manufacturers have done this before.

The industrial revolution dramatically changed society; our lifestyles, our environ-

ment and our economy and our embedded values. The next industrial paradigm

shift will likely have to do no less [2].
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metrics attempt to capture. The chapter then survey metrics that tie in multiple

considerations, pulling together ecological, social, and economic metrics. To

inform metrics development, methods for inventory and impact assessment

are also reviewed. Finally, the chapter presents several approaches for metric

development, which systematically build up the metric based on considerations

of goal, scope, system boundary, planning horizon, and system drivers.

3.1 Introduction

Innovative strategies are needed to achieve green and sustainable process

technologies and industrial systems. “Green” technologies are often understood

as those capable of meeting product design requirements while minimizing envi-

ronmental impact. Minimizing impacts, however, is a necessary but not a sufficient

condition for a sustainability strategy; recall Fig. 1.2 in Chap. 1.

For the purposes of this book, “sustainability”’ is understood as the ability of an

entity to “sustain” itself into the future without impacting the capacity of other entities

in the system to sustain themselves. This definition involves consideration of three

main drivers: economics, society, and the environment. The first of these, economics,

has traditionally been the focus of the manufacturing research community. Societal

concerns have been addressed by researchers as they relate to increased profit;

however additional social metrics to be considered include poverty, gender equality,

nutrition, child mortality, sanitation, health, education, housing, crime, and employ-

ment [1] as discussed in Chap. 2. Aggregated indices that provide a broad value for

“well-being” or “environmental sustainability” have also been developed [2]. While

these social and aggregate metrics are valuable to make broad decisions, theymay not

allow for granular insight and decision making within the manufacturing enterprise.

A challenge in selecting metrics for sustainable manufacturing is that it is not

an inherently intuitive process. Unlike economic metrics, such as unit cost or part

quality, sustainability metrics are not necessarily related to the function of the

part being manufactured. Additionally, a complete picture of environmental

impact and sustainability requires numerous metrics. However, time and cost

considerations limit the number of possible metrics that can be practically con-

sidered in a manufacturing analysis. Choosing an appropriate set of metrics is

critical as this choice will impact the conclusion of the analysis. For example,

Schweimer and Levin [3] conducted an environmental life cycle assessment

(LCA) of automobile manufacturing and found that 81% of CO2 emissions

occur during the vehicle use phase, 88% of non-methane volatile organic carbon

(VOC) emissions occur in the fuel production phase, and 83% of dust emissions

occur during the vehicle manufacturing phase. Hence, the least sustainable phase

of the automobile manufacturing process can be identified only based on the

goal of the assessment (that is, if the goal was to minimize VOC emissions,

CO2 emissions, or dust emissions). For efficiently selecting metrics it is very

important to have the utmost clarity on the goal of the environmental assessment

and the aspects that are important for a specific industry or world region.
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Our work is motivated by the need to provide manufacturing engineers and

scientists a set of tools with which they can better design and characterize sustainable

manufacturing systems. A robust set of metrics will enable the vision outlined by

researchers in the field, and will help integrate the specific advances in manufacturing

technology into the broader framework of sustainable production systems.

This chapter systematically discusses existing metrics within each of the three

pillars of sustainability, with the goal of providing insight into current practices and

a framework to begin measuring sustainability. While all three pillars are discussed,

the focus here is on “environmental” sustainability as it pertains specifically to

green manufacturing. As has been discussed in Chap. 1, green manufacturing is the

goal of reducing environmental impacts over time. This goal is in-line with, but

distinct from, the goal of sustainability. Improvements in environmental behaviors

are considered green; however, the activities may not have reached a “sustainable”

level, in that they could be continued indefinitely.

3.2 Overview of Currently Used Metrics

The following sections are intended to provide a baseline for understanding existing

economic, social, and environmental metrics. It is not possible here to cover all

possible metrics under each category; however the aim is to provide a summary and

references to additional documentation in each area. Economic metrics are

discussed first as they can be extrapolated to useful environmental and social

measurements and indicators.

3.2.1 Financial Metrics

Economic metrics are focused on investment decisions and increasing profitability

over time. More detailed information can be found in Brealey and Myers standard

book for corporate finance [4]. Further metrics for the economic valuation of

products or companies are given by, e.g., the global reporting initiative [5]. Addi-

tional economic metrics exist at the macro level, for the planning and evaluation of

industries and governments. However, these are beyond the scope of this book, and

will not be further addressed here. Details regarding some of the economic metrics

for manufacturers are outlined below.

Net Present Value (NPV): Determining whether an investment in future cost

savings is worthwhile requires adjusting future cash flow into a current time

frame. This is called the NPV, which discounts all future cash flows of an invest-

ment with a risk-adjusted discount rate (3.1):
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NPV ¼ �I0 þ
XT

t¼1

Xt

ð1þ iÞt; (3.1)

where Xt if the Cash Flow in Period t, I is the interest rate, and I0 is the investment in

period 0. This approach is fundamentally similar to, and will provide the same

conclusions as, a uniform annual cost calculation.

If the net present value of an investment project is above zero, it is profitable.

The risk-adjusted rate can either be estimated with Capital Asset Pricing Model

(CAPM) or is based on the Weighted Average Cost of Capital (WACC) to handle

the effects of the systematic risk in an appropriate way.

Additional methodologies are the payback period and the internal rate of return

(IRR). With the payback period, the time period until an investment is paid back with

its returns is calculated. The internal rate of return, also termed the rate of return

(ROR), gives the annualized effective compounded return rate of an investment.

An alternative to using the expected mean of future cash flows for evaluation of

the best and worst cases is the best and worst expected cash flow. The Value at Risk

(VaR) or Value at Chance (VaC) gives the negative resp. positive distance to the

mean within a defined time horizon and confidence level [6]. Additionally, Monte

Carlo simulation can be used for sensitivity analysis; it considers random sampling

of probability distribution functions in order to model hundreds or thousands of

possible outcomes of selected variables. As a result the simulation provides

probabilities of different outcomes.

Life Cycle Costing (LCC): A complete cost analysis needs to be performed frequently

in green manufacturing for decision making since green manufacturing-related

adjustments either lead to a cost-saving or may require extra cost for operations.

Decisions have to be made based on the cost and payback of the activities prior to the

implementation of sustainability programs.

Current standards and guidelines define LCC as the consideration of all costs,

which a system causes over its lifetime. The cost can be divided into the phases of

“before use,” “during use,” and “after use” [7]. Seen as superior to simple acquisi-

tion cost comparison, LCC has been part of military instructional framework in the

United States since the 1960s.

Woodward [8] notes that “LCC seeks to optimize the cost of acquiring, owning and

operating physical assets over their useful lives by attempting to identify and quantify

all the significant costs involved in that life, using the present value technique.” The

German norm VDI 2884 provides a general procedure for purchasing, operating, and

maintaining production equipment using LCC. Based on a decision for LCC the

maintenance strategy and the application conditions are defined for alternative pro-

duction equipment. For relevant LCC factors, costs and yields are registered and

evaluated. The choice can then be decided upon based on a qualitative or a quantitative

method, applying dynamic investment decision tools. An eight-step formulation for

the mathematical calculation is given by Kaufmann [9].

The European SETACworking group considers LCC not only as a cost calculation

method but rather also as a controlling method for the estimation of all costs
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associated with an artifact. They distinguish between internal and external costs.

Internal costs are all of the cash flows of the actors involved within the economic

system. External costs are compensations for the product’s impact on the social and

ecological environment. They propose to mainly work with internal or already

internalized costs by taxes or subsidies [10].

Cost of Ownership: Fundamentally similar to LCC, Cost of Ownership (CoO) is a

commonly used term in manufacturing in general and has applications in green

manufacturing as well.

A complete economic analysis metric is employed for cost assessment and

comparisons among various alternative options in green manufacturing [17, 18].

The cost components typically considered in the CoO analysis include the equip-

ment costs, setup costs, and annual costs for operation of facilities. The equipment

costs are the purchasing costs of the equipment and associated components; setup

costs include those for installation, transportation, and engineer training and also

the labor cost for installing the facility on the site; annual operational costs include

those for electricity, space consumed on the factory floor, maintenance, and

consumables. As the equipment costs and setup costs are one-time capital costs

occurring at the beginning of the project, the annual operational costs reach into the

future depending on the designed lifetime of the equipment for operation. In order

to compare the cost of alternatives on the same benchmark, usually people have the

annual operational cost projected to the present value, based on the economic

discounting method. The complete CoO model is shown below:

CoO ¼
C1 þ C2 þ C3

ð1þiÞt
� �

� N

B� VE

; (3.5)

where

Equipment cost:

C1 : equipment cost; $ in first year

Setup cost:

C2 ¼ I þ T þ
X

P� F; $ in first year (3.6)

I: installation fee including labor cost, $; T: transportation fee, $; P: number of

people to be trained; and F: training fee for each person, $.

Annual operational cost:

C3 ¼ S� Rs þ U � RE þ
X

Oþ H � RM $=year (3.7)

S: footprint for the equipment, feet2; RS: footprint cost rate, $/feet2/year;

U: electricity consumed, KWH/year; RE: electricity rate, $/KWH; O: cost of various
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consumables, $; H: downtime, hours; RM: maintenance cost, $/hour; N: number of

pieces of equipment needed for the system; i: discounting rate; t: t years into the future;
B: total amount of output from the system; and VE: economic value of unit output.

3.2.2 Metrics for Ecology

The first approaches for the assessment of environmental aspects go back to the

Technology Assessment (TA) in the 1960s. As a tool for short- and long-term

political decision making, TA evaluates the impact of new technologies based on

system analysis, simulation models, and technical prognosis methods [19].

Metrics for ecology can be generally differentiated based upon their evaluation

approach and their aggregation method [19]. A synopsis of the various evaluation

approaches and aggregation methods are outlined below.

Evaluation approaches:

• Utility analysis: The combination of qualitative and quantitative criteria to a

quantitative result, weightings of each criteria are subjective to user.

• Harm and utility analysis: Close to cost–utility analysis, each criteria is

evaluated on a scale, the sum of all evaluations is the final output.

• Approach of critical quantities: For each criteria a threshold is defined; the value
between current criteria value and threshold is measured and compared.

• Hierarchical approach: Criteria are structured according to a hierarchy.

• Verbal-argumentative approach: Goals/aims are defined qualitatively. Verbal-

argumentative is used if quantification of criteria is not possible.

Aggregation methods:

• Low level

• Vertical aggregation: One element is aggregated over the vertical (life cycle

of a product), e.g., CO2 emissions.

• Aggregation to one criterion: Aggregation of several elements is converted

to one criteria, e.g., greenhouse gases and global warming potential.

• High level

• Aggregation to one value: The available information is aggregated to classi-

cal media, e.g., soil, water, and air.

• Aggregation to multiple values: Aggregation of all elements to one criterion.

3.2.3 Metrics for Society

Social metrics have already been discussed in terms of how they pertain to policy in

Chap. 2. However, many companies have also implemented social metrics as the

first step towards sustainability goals. Social improvements, while difficult to

measure, tend to be more straightforward to implement, and realize a big bang
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for the buck in public perception. The difficulty then is determining how to quantify

and develop metrics around social sustainability.

Research into the social effects of productive practices—leading to the develop-

ment of the so-called social metrics of sustainability—has been limited [20]. The

reasons for this are various. Some researchers find these metrics to be too complex

[21] or determine them to be inadequate for evaluations on a scale smaller than the

organizational or the facility level [22]. Others contend that the sustainability

metrics that simultaneously address environmental, social, and economic aspects

are ideal [23]. For example, nonrenewable energy use also encompasses social and

economic concerns like pollutants and GHG emissions. One drawback of this

metrics selection method is that it is inherently partial to environmentally based

metrics. Specifically, any environmental issue can be rationalized as also being

social, since only the environmental matters that create social problems tend to be

recognized, but the reverse is not necessarily true (i.e., social issues do not always

have an environmental component as well).

However, environmental metrics alone cannot comprehensively cover all aspects

of sustainability. If this were the case, the distinction of separate categories for social

and economic aspects in the three-dimensional definition of sustainability would be

superfluous. Also, it is clear that the intention of including social aspects in the

intergenerational and equality-based conceptions of sustainability [24, 25] was not

merely to filter out environmental issues that have no social relevance. Many social

concerns cannot be addressed through the proxy of an environmental metric. For

instance, the injury and fatality rate of a production process does not have surrogate

environmental metrics associated with it. And, unlike environmental issues, social

goals (i.e., acceptable living standards for all of the world’s populations) tend to be

subjective, making it nearly impossible to reach consensus on these issues. There is

more discussion on the policy implications of social sustainability in this chapter.

So, given these difficulties how can social metrics best be determined? The

general methodology for developing these metrics is the same as will be outlined

for metrics in general. However, to overcome the problematic nature of social

metrics development, two main aspects should be emphasized. First, the overarch-

ing objectives (i.e., the general issues) which the social metrics aim to represent

must clearly be articulated. For instance, Azapagic and Perdan [26] grouped social

metrics into three broad categories based on the responsibilities that businesses

have to communities and society. These are (1) human development and welfare

which includes topics such as education and training, health and safety, and

management competence; (2) equity which consists of wages and benefits, equal

opportunity, and nondiscrimination; and (3) ethical considerations which cover

human rights, cultural values, and intergenerational justice. Because social metrics

are so contentious, it needs to be clear what their ultimate intention is.

A feasability study titled “Integration of social aspects into LCA” by the Task

Force of the UNEP-SETAC Life Cycle Initiative on the integration of social aspects

into LCA concluded that it is generally possible to transfer the LCAmethodology to

social aspects [27]. However they identified considerable hurdles in defining,

modeling, categorizing, and characterizing social indicators. They also noted the
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difficulties that arise from the lack of availability of reliable data, and the subjec-

tivity of social indicators (i.e., from different nations and cultures). Their past

experience in sustainability assessments shows that social aspects that are related

to products consist of three types: (1) effects at the level of resource extraction and

upstream chains, (2) impacts upon consumers, and (3) indirect effects of product

use upon society.

In addition to clearly identifying the objectives of social metrics, the scope of

these metrics must also be explicitly established. Azapagic [28] distinguishes social

metrics into two categories of micro-perspective metrics which relate to employees

and macro-perspective metrics which relate to society at large. Indicator lists for

social metrics have been developed by the Organization for Economic Co-operation

and Development [29], the Commission for Sustainable Development [1], and the

annual global environmental report “World Resources” [30] on a global/national

level and by the Product Sustainability Assessment (Sect. 3.2.4) and Global

Reporting Initiative [5] on a company/product level. The Lowell Center for Sus-

tainable Production outlines a five-level framework for developing sustainability

metrics, which increasingly grows in scope over time [31]. This framework can be

particularly helpful in developing social metrics.

First, metrics related to regulation compliance and industry-standards confor-

mance must be considered for facilities. In the context of social metrics these

represent the risks of actions or fines against businesses for their treatment of

workers and community members. Examples of these types of metrics pertain to

OSHA standards and recordable injury and illness rates. At the next level are

metrics related to facility performance and material use. These metrics benchmark

the efforts put forth by producers. Some illustrations of these metrics include the

number of community outreach programs; amount of employee training; and

probability of workstation hazards. Next, metrics that measure the actual effects

of facilities are identified. For social metrics these evaluate the impacts of produc-

tion on workers and communities. Metrics that are representative of this type

consist of concentration of specific contaminants in ground/surface water; percent

of days with poor air quality as a result of a facility production; worker hearing loss;

and employee retention rates. The subsequent stage of metrics relate to the supply

chain and product life cycle. These metrics measure the impacts beyond the scope

of production including those by suppliers and consumers. Typical metrics of this

type relate to the location of sourced materials (e.g., locally, or from developing

countries) and the working conditions at supplier facilities. Finally, metrics for

overall sustainable systems are chosen. These metrics contain some sort of infor-

mation about the larger context in which operations take place. Metrics that are

characteristic of this type are income disparity within company and compared to

local community and industry, and community quality of life.

However, these proposed social metrics methodologies still do not address the

problem of scope posed by Reich-Weiser et al. [22]. Most social metrics measure

impacts at the facility or the organization level. Developing techniques to proportion

these measures to the process or the product level can be difficult. For products,

impacts can be scaled by dividing the total facility impacts by the production rate to
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obtain a per product impact. However, this measure can be complicated when a

facility creates more than one product. At the machine or the process level, there are

already several metrics which relate directly to these impacts, like the amount of

noise or injuries associated with aworkstation. However, the question of how to allot

the impacts outside the immediate scope of the process still remains. For instance,

should quality of life metrics such as poverty and access to health care be attributed

to a machine, and if there are multiple processes how are these determined? These

issues clearly must be resolved to adequately address social metrics at these levels.

3.2.4 Multiple Metrics

Since most authors who propose metrics for sustainability are attempting to create a

universal set, they tend not to be explicit in outlining a methodology to constructing

such sets. Neely et al. [32] note that very little guidance is provided on how

appropriate metrics can be identified. Much of the work which provides a frame-

work for selecting sustainability metrics focuses on the various aspects of goal

definition and metrics components. Both of these aspects are necessary to arrive at a

comprehensive sustainability metrics set. Reich-Weiser et al. [22] use a methodol-

ogy for metrics selection for manufacturing which follows the first steps of the ISO

14040 standards on LCA [33]. The steps of their methodology include (1) defining

the goals of the assessment (sustainability concern); (2) choosing a metric type; (3)

determining the manufacturing scope; and (4) determining the geometric scope.

Ragas et al. [34] outline a six-step process for the development of a sustainability

indicator. First environmental problems are classified into themes and subthemes. An

example of a theme is climate change, for which possible subthemes are greenhouse

effect and depletion of the ozone layer. Next determinations of the “environmental

space,” or the thresholds for consumption and emissions given current stocks and

capacity, are calculated for each subtheme. From these figures the environmental

space for the relevant geographical scope is extracted. In addition the real environ-

mental impacts are calculated using LCA methods. Then they are compared to the

environmental space of the production scale to obtain a value known as the section

indicator. This is done in a ratio where real impacts are used in the numerator so that

any quotient larger than one gives an immediate indication of unsustainable practices.

Next an overall indicator is calculated by multiplying each section indicator by a

weighting factor, and then averaging the sum of all of them.

Veleva and Ellenbecker [31] propose an eight-step continuous-loop model for

defining and measuring the sustainability performance of companies. The first

three steps of their methodology relate to metrics selection, which consists of

defining sustainable production goals and objectives, consistent with Lowell

Center for Sustainable Production principles; identifying potential core and sup-

plemental indicators; and selecting indicators for implementation. To achieve

these goals, they also provide a five-level hierarchy for metrics development.

The top tier of their hierarchy uses the three aspects of sustainability, which are

further refined into six dimensions of sustainable production: energy and material
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use (resources); natural environment (sinks); social justice and community devel-

opment; economic performance; workers; and products. For each of these aims, it

is recommended that goals or targets particular to the organization be set. Goals are

classified into five categories that correspond to evolutionary steps towards more

sustainable production. The purpose of these categories is to represent the idea that

organizations should begin with straightforward, easy-to-implement measures of

compliance and resource efficiency and progress towards more advanced indi-

cators, addressing environmental effects, social effects, and supply chain and life-

cycle impacts. Metrics (which Veleva and Ellenbecker term indicators) can be

generated to reflect goals and the current stage a company is at in this evolutionary

process. However, they must be selected in accordance with the nine guiding

principles for sustainable production presented by the Lowell Center for Sustain-

able Production. These principles are the following: (1) Products and packaging are

designed to be safe and ecologically sound throughout their life cycles; services are

designed to be safe and ecologically sound; (2) wastes and ecologically incompati-

ble by-products are continuously reduced, eliminated, or recycled; (3) energy and

materials are conserved, and the forms of energy and materials used are most

appropriate for the desired ends; (4) chemical substances, physical agents,

technologies, and work practices that present hazards to human health or the

environment are continuously reduced or eliminated; (5) workplaces are designed

tominimize or eliminate physical, chemical, biological, and ergonomic hazards; (6)

management is committed to an open, participatory process of continuous evalua-

tion and improvement, focused on the long-term economic performance of the firm;

(7) work is organized to conserve and enhance the efficiency and creativity of

employees; (8) the security and well-being of all employees is a priority, as is the

continuous development of their talents and capacities; and (9) the communities

around workplaces are respected and enhanced economically, socially, culturally,

and physically; equity and fairness are promoted [35]. Lastly, the unit of measure-

ment, type of measurement (absolute or unitized), period of measurement, and

boundaries (i.e., the scope) of each metric must be decided upon [31].

Developed by the German Öko-Institut, the “Product Sustainability Assessment

(PROSA)” is a method for strategic analysis and the evaluation of products and

services. It is a methodology which is process driven and iterative and mainly based

on well-established individual tools, e.g., LCA or LCC. Figure 3.1 shows the

structure and sequence of work involved with the method [36]. The ecologic

analysis is based on the ISO 14044 norm and the economic analysis is based on

the work of SETAC. The social analysis is based on the work within the UNEP-

SETAC Taskforce “Integration of Social Aspects into LCA” [27]. PROSA proposes

a reduced list of 40 social indicators out of over 3,000 identified. In addition to the

three dimensions the benefit of the product or the service can be measured based on

proposed indicators for practical utility, symbolic utility, and societal benefit. Each

of these four analyses can be aggregated to a single value which can be represented

as a bar chart or a spider diagram.

The aim of the BASF tool SEEbalance is the quantitative evaluation of products

and production processes regarding the ecological, economical, and social dimension

58 C. Reich-Weiser et al.



of sustainability [37]. The ecological assessment is based on ISO 14044 with an

aggregation to the five categories of resource consumption; energy consumption;

emissions to air, water, and soil; ecotoxicity potential; and land use [33]. The final

ecological assessment is calculated based onweightings for these five categories. The

economic assessment is based on an overall cost analysis including material and

energyflows and all relevant secondary processes. The social impacts are based on the

five stakeholder groups: employees, international community, future generation,

consumer, and local and national community. The results of the analysis are

represented in the three-dimensional diagram SEEcube; see Fig. 3.2. Users can

evaluate various alternatives on the basis of the three axes: environmental burden,

costs, and social influences.Moving to the right and upper corner of the cube indicates

higher socio-eco efficiency. Lower to the left indicates lower socio-eco efficiency.

Ford of Europe’s Product Sustainability Index (PSI) is a sustainability manage-

ment tool which was developed to be directly used for engineering, i.e., not by

sustainability or life cycle experts. PSI is based on eight indicators reflecting envi-

ronmental (Life Cycle Global Warming Potential, Life Cycle Air Quality Potential,

Sustainable Materials, Restricted Substances, Drive-by-Exterior-Noise), social

(Mobility Capability, Safety), and economic (Life Cycle Cost of Ownership) vehicle

attributes. PSI does not reduce the evaluation to a single value. PSI is integrated in

Ford Product Development System and included in the companies’ “Multi Panel

Chart” where all product attributes are tracked during the development process [38].

Fig. 3.1 Basic structure of PROSA [x] Copyright 2007 Rainer Grießhammer1 reprinted with

permission
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3.3 Overview of LCA Methodologies

3.3.1 Overview of Three Types of LCA

Environmental LCA is necessary to determine the environmental impacts

associated with a process, product, or service. LCA is generally described as a

systematic analysis of the material flows associated with every stage of a product’s

existence throughout material extraction, manufacturing, distribution, use, and end

of life; however, in practice any number of these stages might be left out of the

analysis. The ISO 14040 series of standards define LCA guidelines and establish

four stages to an LCA: (1) goal and scope definition; (2) inventory assessment; (3)

impact assessment; and (4) interpretation of results [33].

The first step is to determine the goal and analysis boundary. A boundary is

defined as the set of activities within the total product’s life cycle that will

be considered. The boundary can be set to include all manufacturing operations, a

factory, a machine tool, or a geographic region. For certain environmental metrics it

is necessary to determine the total impact associated with a product or a service

globally. This is the case for GHG emissions as they contribute to global climate

change regardless of emission location and insight can be gained from a global

perspective. However, a global assessment is not necessarily appropriate for a

metric such as water, because the total water use associated with a product’s

manufacture across multiple locations provides no indication of regional environ-

mental damage from overuse. For the case of water, a “gate-to-gate,” or region-

specific, analysis might be most appropriate.

Fig. 3.2 Visualization with the three-axis diagram, after SEEcube

60 C. Reich-Weiser et al.



The second step to an LCA, inventory assessment, is arguably the most

time-consuming, where detailed data collection is required across a range of

processes to obtain a complete picture of environmental impact [33]. Life-cycle

inventories can be obtained using one of the three general methodologies: process

LCA, input–output LCA, or a hybrid combination of process and input–output.

Process LCA is the most common method for inventory assessment. Process

LCA consists of methodically analyzing material flows at every stage of the life

cycle to understand precise consumption and emission values. In many cases, the

work of previous researchers on certain materials or processes is included to

complete the analysis. For situations where the desired analysis boundary is finite,

as it will be for water consumption, a process approach must be utilized. However,

when a comprehensive supply-chain analysis is desired, process LCA has an

inherent boundary definition problem. This is because a supply-chain is inherently

infinite, as everyone is using something from someone else to accomplish his or her

piece of the chain, and every component of a system simply cannot be accounted for

by the LCA practitioner given time and cost constraints.

The boundary problem is solved by using an EIOLCA approach. EIOLCA

utilizes EIO tables and industry environmental data to construct a database of

environmental impact per dollar of production in a given industry [39]. There is a

large setup cost in creating the EIOLCA database; however it is relatively straight-

forward to use once in place as financial data can be mapped to EIOLCA data

directly. This method solves the boundary problem of process LCA because the

EIO tables capture the interrelations of all economic sectors; however, Input–output

LCA has the problem of providing only aggregate industry-level data.

While process LCA can provide a detailed analysis of specific process flows, IO

LCA is able to quickly capture the interrelations between all sectors of the economy

[40–42]. The scope of process LCA is limited by time and data, whereas the

specificity of IO LCA is limited by the granularity of the IO table. Hybrid LCA

can be thought of in one of the two ways: either process data is augmented with IO

data to provide a comprehensive analysis or IO data is modified by process data to

provide specificity.

Suh and Huppes [43] define three types of hybrid analysis: tiered hybrid, I–O

hybrid, and integrated hybrid. A tiered hybrid methodology uses process data for

upstream use-phase and end-of-life calculations, and supplements the downstream

calculations with I–O data. In a tiered hybrid methodology it is unnecessary to

combine the process and IO data in a single matrix, although it is possible. The IO

hybrid methodology essentially disaggregates an existing category in the IO matrix

into multiple more specific categories—the resulting table is then used as it would

be in the tiered hybrid approach. Integrated hybrid LCA establishes a matrix

representation of all system flows and utilizes the IO portion of the matrix to

complete process LCA cutoffs.

3.3.1.1 Impact Assessment
Ultimately, the goal of environmental metrics is to quantify the impact of various

activities on the environment.
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Life cycle impact assessment, as a process for evaluating the environmental

effect of emissions in the life cycle inventory, is developed as an analytical tool to

support decision making in the environmental control and management practices.

Current impact analysis methods are all developed by following the following three

steps: (1) define impact categories and link the inventory data to the impact

categories, (2) normalize the characterized impact category values to eliminate

the embedded dimension differences among various impact categories to prepare

for weighting which is the only way to combine the impact assessment results into

one indicator to support decision making, and (3) use weighting and grouping

methods to combine the impact analysis results into a single value for comprehen-

sive benchmarking.

The life cycle impact result is calculated through the following formula:

impact ¼
X

k

Vk �
P

s
CFs � Es

Rk

0

@

1

A; (3.8)

where CFs is the characterization factor for emission material s, Es is the amount of

emission material s, Rk is the normalization value of impact category k, and Vk is the

weighting factor of impact category k.
There are dozens of impact assessment methods being developed worldwide

such as Eco-Indicator 99, the impact assessment method developed by PRe

consultants in the Netherland [46] and TRACI, the impact assessment method

developed by the US EPA.

Some impact categories are agreed upon and commonly appear in LCA, such as

acidification, global warming, eutrophication, ozone depletion, etc. But, there are

also some categories that don’t appear across all methods, such as land use and

summer smog. It has been noted that the flexibility of impact categories undermines

the validity and consistency of environmental impact assessment. As there is no

standard impact assessment method currently acceptable for use in the CLA com-

munity, lack of impact assessment methods has become one of the major barriers

prohibiting wide use of LCA.

3.3.1.2 Risk Assessment
Impact assessments are informed by risk models developed for particular emissions

to air, land, and water. Substances used in product design and manufacturing have

significant impact on the environment and human health. The potential impact of

chemicals on human health is typically assessed by using a risk assessment method

[51]. The risk assessment paradigm was established by the National Research

Council [52] report, initially for regulatory decision making, and later extended

by many researches to a wide range of applications including environmental and

human health impact assessment as described in [53–57].

Currently risk assessment is carried out through a standard four-step process: hazard

identification, exposure assessment, dose–response assessment, and risk

62 C. Reich-Weiser et al.



characterization [51]. Toxic chemicals, as released into an environmental media (air,

water, land) form a concentration initially around the source and then are transported to

a wide range of areas through natural transport processes such as advection, dispersion,

diffusion, etc. During the process of transport, these chemicals may undergo a series of

transformation processes, for example, by reacting with existing substances in the

environmental media, or being subject to the photolysis of sunlight, or phase changes

between different environmentmedia. Finally these released chemicals would be either

absorbed into nature or decomposed after a period of time through such transformation

processes. The time period starting from the initial release until the final removal out of

the environment is defined as the persistence residence time of a pollutant in the

environment, which varies from a few seconds to hundreds of thousands of years,

depending on the material properties of the released chemical and the environmental

conditions the chemical is released into. The environmental transport and transforma-

tion process of a chemical release are shown in Fig. 3.3.

During its persistence (or residence) time, a released chemical could cause

potential impact on human health through a number of exposure pathways (air,

water, soil, food, etc.) and various exposure routes (inhalation, ingestion, dermal

uptake, etc.) on an exposed population. The human health impact process of a toxic

chemical through environmental media is shown as follows in Fig. 3.4.

Emissions to water

to air

to soil

Residence time

Form an initial
concentration

around the source

Transport &
Transformation

Natural
removal

Decompose

Absorbed
into nature

The concentration gradually decreases with time

Fig. 3.3 Fate and transport of a pollutant in the environment

Fig. 3.4 Human health impact process of toxic chemicals
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Exposure assessment encompasses evaluation of the sources, timing, and

magnitude of human exposure to chemicals in the environment [50, 51]. In real

practice, exposure assessment is typically made through quantitative process models.

The basic principle employed in quantifying the exposure of a human to a chemical in

an environmental media is shown as follows:

Di ¼ Ki �
ðT

0

CiðtÞdt; (3.9)

where Di is the dose of a human exposure to chemical i, Ki is the human’s

consumption rate of environmental media (for example, m3/day for air inhalation),

T is the time period for exposure, and Ci(t) is the environmental concentration of

chemical i at time t.
In a quantitative assessment, multimedia exposure analysis models are typically

used for tracking the transport, transformation, and final exposure of a chemical

release to the population in the model environment. Multimedia exposure analysis

models rely on regional geographic and environmental conditions for the fate and

transport analysis, and accordingly, can only be applied to the specific region for

which the model is developed. For example, CalTOX is a multimedia exposure

assessment model developed for the US region [58]; USES is a model developed for

European applications [59].

The risk characterized after the exposure assessment provides an estimate of the

adverse health effect on the exposed population from a toxic chemical release. Risk

of a human exposure is typically assessed through the ratio between the final dose

(as calculated by 3.14) and a reference dose value which is a quantitative indicator

obtained through dose–response assessment:

Ri ¼ Di

Vi
; (3.10)

where Ri is the risk of chemical i, Di is the final dose of chemical i, and Vi is the

reference dose value for chemical i.

3.3.2 Material Flow Analysis

Material FlowAnalysis (MFA) is amethodology developed for quantitative analysis

of material flows into and out of a subject system. MFA is a material accounting

procedure widely employed in the study of industrial ecology topics [44]. MFA

generally employs a material balance approach for the analysis of material flows

within a target system. The MFA target could be a selected substance (a chemically

defined element or a compound such as carbon dioxide), a material (natural or

technically transformed matter that is used for commercial or noncommercial

purposes such as platinum), a product (such as a computer), an industrial sector
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(such as semiconductor manufacturing industry), or an economy (such as the US

economic system) [45]. MFA can be conducted in various scales at international,

national, or regional target systems.

The quantitative analysis models developed based on MFA can aid decision-

makers to gain deep insights into the target system to systematically understand the

material flows, sinks, and interactions within the system. MFA is particularly

effective for identifying hidden material flows and waste generation mechanisms

in the target system, and to meet the needs of sustainable development for

minimizing material consumption and waste generations from industrial production

activities.

MFA, when applied to a manufacturing system, can be used as a system analysis

tool to provide comprehensive decision support for green manufacturing through

such efforts as quantifying the inputmaterials and output waste, quantifyingmaterial

utilization efficiency, identifying improvement opportunities, etc. The detailed

application of MFA in a manufacturing system is described in the following.

A manufacturing system typically comprises a series of manufacturing pro-

cesses. Each process has its material requirements and consumes a certain amount

of materials for making products during the production process, with some amount

of waste generated from the material used in the manufacturing process.

A simple demonstration of the MFA principles on a single material flow within a

manufacturing system is shown in Fig. 3.5. The manufacturing system comprises n
manufacturing processes with a total amount of material inputM. For each process,

an amount of Mi is consumed to make products (flows into the products) and an

amount of Wi waste is generated from the manufacturing process i.
According to the material balance principle, the total amount of input into the

manufacturing system equals to the total amount being used for product-making

and the total amount of waste generated from various manufacturing process, as

shown in the following expression:

M ¼
Xn

i¼1

Mi þ
Xn

i¼1

Wi: (3.11)

Through MFA, the material utilization efficiency of any given material within a

manufacturing system can be identified. Material utilization efficiency is defined as

the ratio of the amount used for product-making and the total amount of input into

Material
input

M

M1

W1 W2 WnW…

M2 MnM…

Manufacturing
process 1

Manufacturing
process 2

Manufacturing
process n

Fig. 3.5 A single material flow analysis in a manufacturing system
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the manufacturing system, as demonstrated by the following expression (3.10).

Material utilization efficiency can be used as both an economic indicator and

an environmental indicator, and, accordingly, is popularly used in green manu-

facturing practice as a comprehensive indicator for improving both the economic

and environmental performance of manufacturing:

� ¼
Pn

i¼1

Mi

M
: (3.12)

In the above analysis, only a single material input and its flow within a

manufacturing system are considered. However, a manufacturing system usually

requires multiple material inputs as both working materials for making products and

supplemental materials to aid in manufacturing operations. For a comprehensive

analysis of material flows within a manufacturing system, the following matrix is

derived for expressing the consumption of multiple materials within a manufacturing

system. Here we define a total of m kinds of materials as inputs to a manufacturing

system which has n manufacturing processes:

M1

M2

..

.

Mm

2

6
6
6
4

3

7
7
7
5
¼

M11 M12 . . . M1n
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..

. ..
. ..

. ..
.

Mm1 Mm2 . . . Mmn
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6
6
6
4

3

7
7
7
5

1

1

..

.

1

2

6
6
4

3

7
7
5þ
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W21 W22 . . . W2n

..

. ..
. ..

. ..
.

Wm1 Wm2 . . . Wmn

2

6
6
6
4

3

7
7
7
5

1

1

..

.

1

2

6
6
4

3

7
7
5: (3.13)

In summary, MFA is a system tool which offers a comprehensive view of

complex material flows within a manufacturing system and can be used to support

decision making about the green manufacturing efforts on improving material

utilization efficiency and waste minimization.

3.3.3 Energy Flow Analysis

Energy flow analysis (EFA) is a methodology developed for tracking and under-

standing the energy flows within a complex system, often for decision support in

minimizing the energy consumption of the target system to reduce its environmental

impact from fossil fuel energy use. EFA is very similar to the MFA as described in

previous section in terms of modeling structure and data acquisition.

In a manufacturing system, energy is universally needed to drive machines and

operate manufacturing processes. The energy flows within a manufacturing system

could be modeled by using an equipment-centric approach like EnV-S as described

in [17]. In this way, the total amount of energy consumed in a manufacturing system

equals the sum of energy consumed by each manufacturing facility, as shown by the

following expression:
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Q¼
XN

i¼1

Pi� ti; (3.14)

where Q is the total amount of energy consumed in a manufacturing system, Pi is

the power demand of device i, ti is the operating time of device i, and N is the total

number of devices in the manufacturing system.

Energy flows are of much concern in a manufacturing systemmainly because of the

costs and environmental emissions associated with current energy supply systems [49].

For assessing the environmental impact of energy use, the total amount of energy

consumed is typically used as an indicator by the manufacturing industry. Quite

frequently, the energy-induced emissions are also used for establishing an emissions

inventory of manufacturing, especially in LCA. The emissions from energy use

could be calculated through emission factors based on a unit process model [49]. The

calculated emission factors per unit energy consumption, based on a kilo-watt-hour,

vary slightly from state to state in the United States due to different electricity supply

patterns and energy sources [49]. Table 3.1 below shows the average of air emissions

per kWh of electricity generated from the 50 states in the United States [49].

For a total amount of energy consumption, Q, the manufacturing emissions

inventory could be established by using the following matrix for multi-emission

calculations. Here we assume that there are a total of k types of emissions generated

from the energy consumed for electricity productions. Ei is the emission material;

Fii is the emission factor:

E1

E2

..

.

Ek

2

6
6
6
4

3

7
7
7
5
¼ Q

F11 0 . . . 0

0 F22 . . . 0

..

. ..
. ..

. ..
.

0 0 . . . Fkk

2

6
6
6
4

3

7
7
7
5

1

1

..

.

1

2

6
6
4

3

7
7
5: (3.15)

Table 3.1 Average air emission factors for electricity

generation in the United States

Emission Amount (g/kwh)

CO2 642

CH4 2.42

NOx 1.56

N2O 0.0048

Pb 0.000115

PM 0.879

SOx 2.46

CO 0.115

HCl 0.148

HF 0.0157

Hg 0.0000213
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3.4 Metrics Development Methodologies

3.4.1 Ecological/Cost Metric Choice Model

A 4-part methodology has been proposed to determine appropriate environmental

metrics as part of a sustainable manufacturing strategy [74]. Metrics are identified

based on the particular concerns being addressed in the sustainability study. Collo-

quially, we are looking for “the right tool for the right job”’ as it is difficult to

conceive an absolute “best”’ metric for sustainable manufacturing. Additionally,

this methodology is intended to be flexible and modular over time, which is

important given that the effectiveness of the metric is determined only by its

usefulness in a specific context. Determination of appropriate metrics is inherently

influenced by current “social value, knowledge horizons, and individual

perspectives” [60].

It should be noted that this methodology follows the ISO 14040 standards on

LCA [33]. The four main steps of LCA are goal and scope definition, inventory

analysis, impact assessment, and interpretation of results. With this methodology we

are essentially performing the first step of ISO14040 as it is relevant to metric

selection. Steps 1 and 2 define themetric’s goal, while steps 3 and 4 determine scope.

Step 1: Goal Definition—Determine the goal of the assessment. This first step

requires an understanding of the sustainability concerns driving the effort. This

means that the metric selection needs to be driven by the objective of the sustain-

able manufacturing strategy. Additionally, at this stage the functional unit for the

assessment should be determined.

Furthermore, if a technology is new, or requires the processing of new materials

that are poorly understood, then a comprehensive sustainability assessment

employing a suite of metrics may be necessary. However, if we are studying specific

impacts or the consumption of particular resources, then it is adequate to only

highlight these concerns. Care should be taken not to overly simplify the assessment

goals; however with enough information, simplification and scope reduction at this

stage can be useful in reducing the time and costs needed for the sustainability

assessment.

Step 2: Goal Definition—Choose a metric type. Generally, metrics for

manufacturing decision making can be classified as either “cost” or “sustainability”

indicators. “Cost” metrics can also be characterized as “green” rather than

“sustainability” metrics. Here, these categories are further broken down into four

distinct metric types.

The first two metric types are analogous to familiar cost metrics. First are the

intensity metrics, which indicate the cost per functional unit. Second are return on
investment metrics that indicate the percent savings of a particular investment

relative to the input required for the investment.

The third and fourth metric types are based on sustainability concerns relative to

resource availability. Use of resources that are considered “renewable” can be

characterized by an availability factor, which indicates consumption relative to
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replenishment rates. The availability is the “amount of resource use” relative to the

“total resource availability.” This is comparable to machine tool availability

metrics used in measuring the efficiency of manufacturing systems.

Decision metrics for nonrenewable resources is an area requiring further

research; however one way to quickly understand the risk associated with using

nonrenewable resources is by calculating the time remaining of the resource given

current consumption patterns and available reserves. Because this value does not

enable decision making at all levels of production, it highlights the need for metrics

to understand nonrenewable resource consumption.

Step 3: Scope Definition—Determine the manufacturing scope of the assessment.
While it is always important in the development of green technologies to consider

the life cycle of the technology—which includes material extraction and conver-

sion, industrial facilities usage, process consumables usage, manufacturing process

impacts, supply chain and transportation impacts, product use, and end of life—

decision making often must occur on a smaller scope within the larger. Decision

making in a manufacturing enterprise can take place at many different levels;

therefore the scope of application should be understood when using the metric

formulations given above. For example, when investigating the manufacture of a

product, the eventual use and end of life of that product need not be considered,

unless decisions during the manufacturing stage have an impact on the use phase, or

the end of life.

The following levels of analysis scope are identified:

Machine Tool Scale: At this scale, decisions specific to one machine tool or a small

family of tools are taken. The decisions are usually made regarding the fundamental

process technology. Control of lubrication systems and MQL is an example of

decisions for sustainable manufacturing at this level. Metrics at this scale reflect the

functionality of the machine tool (e.g.: emissions per minute or energy consumption

per part). The “ripple” effects of decisions taken at this scale must be considered by

analyzing subsequent manufacturing operations (for example: using MQL could

necessitate additional cleaning operations).

Line Scale: This scale includes the set of machine tools and support equipment that

are logically organized into a manufacturing line or cell. Final and intermediate

products are created at this scale and metrics need to be relevant to the entire scope

of this scale including support equipment and machinery.

Factory Scale: Here the entire factory is incorporated and metrics at this scale need

to capture the impact of the facility itself on the environment. For example, the total

water and energy consumptions of a semiconductor facility must take into account

HVAC and clean-room systems [61].

Supply Chain Scale: This level looks at the manufacturing enterprise including its

entire supply chain. At this scale, metrics need to be selected to capture the

interrelationships between discrete geographical entities in the system. The effect

of the complex transportation and communication networks prevalent in manu-

facturing systems also needs to be accounted for [62]. The metrics at the factory
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and supply chain scales also need to comply with local, national, and international

standards because an economic cost can be associated with these. For example, in

the United States emissions not known to be an environmental hazard at the time can

be later subject to large fines through the Superfund program [63].

Life Cycle Scale: The final level goes beyond the supply chain to include product

use and end-of-life decisions. This will incorporate supply chains associated with

consumables throughout the use phase, operational and maintenance impacts, as

well as end-of-life reverse logistics, recycling, reuse, and disposal.

Note that each scale incorporates the effects of lower scales [64]. For example,

the supply chain scale includes all the factories throughout the system, plus

transportation and logistics. The factory scale includes all of the product lines as

well as extraneous factory requirements such as HVAC and overhead. The line

scale includes all machines in the line plus transport between machinery. Given the

complexity of decision making across these scales, it is critical to clearly identify at

which scale (or scales) the sustainability metrics are going to be applied. It may not

be possible to select a metric that is relevant or applicable across all the scales. For

example a metric of local water availability cannot be readily applied across a

global supply chain.

Metrics at the lowest scale tend to be customized for specific process technology

(such as consumable consumption rates) and local environmental conditions for

sustainability. Metrics at the higher scales can be broad-based enough to be applied

at the lower scales (such as carbon emissions or energy consumption), but not

necessarily vice versa.

Step 4: Scope Definition—Determine the geographic scope of the assessment.
While in some cases the manufacturing scope defines the geographic scope of the

assessment, this is not always necessarily true. For example, a sustainability metric

based on energy use can be related to either global energy resources or local energy

infrastructure capacity. Depending on the goal of the assessment, the appropriate

geographic scope can be determined.

Choosing a metric requires understanding the geographic range of the environ-

mental concern. Environmental impacts may be highly localized or globalized. For

example, greenhouse gas emissions can affect global climate change regardless of

where they are released. However, if electricity supply is scarce in one location,

excessive use of electricity elsewhere is neither harmful nor helpful to the local

scarcity.

3.4.2 Decision Tree Model for Equipment Investments

In this section, a concept for the integration of ecological and social criteria in the

economic investment evaluation process is described. In order to include as well the

changeability of the equipment the basis for the evaluation is a decision tree model

(Fig. 3.6). The method consists of five phases, which can be applied in an iterative

manner in order to detail the result [65].
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The first phase of the method is dedicated to the development of the decision tree

for the designated product. Applying the scenario method by Gausemeier et al. [66]

key influence factors will be identified and future developments will be estimated.

In adaptation of [67] a primary influence factor, e.g. demand, will be selected and a

decision tree will be modeled based in the future developments of this factor. The

figure shows a binominal not recombining tree which allows an up and down

movement of each note from one period to another.

Depending on the identified key influence factors, relevant technical possibilities

for the equipment to adapt to the changing environment will be determined in the

second phase.

During the third phase the calculation of the decision tree based on the real

options approach is conducted. Within this calculation process the economic, eco-

logical, and social criteria are treated separately. The ecological criteria are classi-

fied and characterized according to internationally accepted impact categories,

Fig. 3.6 Methodology for the multi-attributive evaluation of assembly equipment, from [65]
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e.g., global warming potential or eutrophication. The economic criteria are reduced

to the NPV. As social criteria ergonomics or noise can be considered.

The ranking of the evaluated alternatives based on a multi-attribute decision

making method, e.g., PROMETHEE, and a sensitivity analysis based on a Monte-

Carlo Simulation are the aim of the fourth and last phase. The result is verified by

the calculation of insensitivity intervals, which describe the required change of an

attributes weighting to influence the overall ranking (Fig. 3.7).

3.4.3 Metrics development for component selection

In this section, we propose a six-step algorithm to develop a set of sustainability

metrics for component selection. Metrics are chosen based on the most pressing

sustainability issues specific to the application being addressed. While the concerns

of sustainability do not generally change over time, some matters become more

urgent, while others are alleviated through proactive measures. In addition, since

metrics serve as proxies for issues, other measurements, which are more represen-

tative, may be discovered over time. For instance, ozone depletion continues to

remain a key issue of global warming. However, with global efforts to phase out

CFCs, as a result of an increased awareness of their role in ozone depletion, other

issues of global warming have come to the forefront.

The methodology proposed below relies on the insights of decision makers (with

the input of stakeholders) to select the most appropriate metrics for sustainability.

One danger in the selection process is the inherent subjectivity of individuals.

However, given the nature of sustainability assessments, we do not believe that

this should be cause for concern. We begin by assuming that the intention of

creating a sustainability metrics set is to obtain an accurate representation of

sustainability. In addition, we further assume that there are two general motivations

for conducting a sustainability evaluation: (1) to help an organization identify

opportunities to improve their operations (i.e., for internal benchmarking) or

Fig. 3.7 Insensitivity Intervals, from [65]
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(2) to communicate the sustainability performance of an organization to outside

parties such as consumers, regulatory entities, or other businesses. Given this

assumption, if a practitioner were to attempt to manipulate the metrics selection

process with the aim of obtaining an artificially high sustainability score, this would

be inherently self-defeating. In the long run, such inadequate sustainability

assessments will result in criticisms from the public as well as a loss of competitive

advantage.

There aremany benefits that an organization can gain from an accurate assessment

of their sustainability. Azapagic [68] provides an extensive list of the opportunities

that are afforded by sustainable practices, as well as the threats that result from a

continued lack of concern for sustainability. These advantages relate to improve-

ments in knowledge, efficiency, costs, and reputation. Assessments give an organi-

zation data on their own environmental performance, resulting in the knowledge of

where improvements can be made and how best to refute criticisms. One possible

area for improvements is in efficiencies, specifically in material and energy use,

processes, or technologies. Another area for possible advances is in compliance with

existing and forthcoming legislation. In becoming more sustainable, an organization

may even be able to progress to a leadership position, allowing them the potential to

help influence the legislative process. All of these potentialities can result in

reductions of operational costs. Additional savings can be gained through reduced

fines, lower insurance premiums, and even decreased “green” taxes (such as carbon

taxes). A less tangible benefit that can be gained is an improvement in reputation.

This trust that a company receives from consumers and communities can result in

increased sales, the ability to penetrate new markets, and the possibility to attract

talent to their organization.

As previously mentioned, the algorithm proposed here follows the implicit

process taken by numerous authors in constructing sustainable metrics sets. There-

fore the technique is not necessarily novel, but rather provides a clear definition of

the procedure already used to aggregate relevant metrics; select those that are most

pertinent to the application; and ensure that they are properly measured. This

approach is general and can be used to generate sustainability metrics for any

application. An overview of the metrics selection process is outlined below.

Step 1: Assume that the overall goal of the assessment is sustainability, which
comprises a three-dimensional (social, environmental, and economic) set of
considerations. This step constructs the uppermost level of the sustainable metrics

hierarchy. It will also help guide the selection of subsequent steps ensuring that all

aspects of sustainability have been comprehensively covered. It should be noted

that at any point in time the individual elements of the hierarchy may not

conceptually fall into any one distinct category of the level that preceded it.

For instance, categories from the next step of the hierarchy may not exclusively

fall into only one of the categories of social, environmental, or economic

considerations. Despite this, all elements should be assigned to their most relevant

grouping to ensure that each level is assembled as completely as possible, and

guarantee that no aspects are overlooked. Thus, each dimension and subsequent

clustering will be homogeneous and well separated.
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Step 2: Determine the general issues that are relevant to sustainability. General
issues are overarching concerns, which can comprise one or many components.

Examples of general issues are global warming, resource scarcity, and pollution.

The aim here is to get at the reasons why impacts are problematic and what prevents

activities from being sustained indefinitely (i.e., the information that metrics data is

supposed to represent). Authors often identify issues that in and of themselves are not

cause for concern. While these categories may be the best proxy for the actual issues

they represent, without clear recognition of their larger objectives, it is difficult to

interpret the impact of improvements. To maintain objectivity and comprehensive-

ness in identifying general issues, it has been suggested that issue identification be

carried out with a group of stakeholders who have diverse interests [69].

Step 3: Determine the specific sub-issues that are relevant to sustainability. Sub-
issues differ from general issues in that they are issues whose impacts must in some

way be measurable. Sometimes, general issues on their own have measurable

impacts, and cannot be separated into sub-issues. In this case, the general issue

and the sub-issue will be identical. The objective of aggregating sub-issues is to

insure that the major contributors to any issue are identified. Examples of sub-issues

are greenhouse gas emissions, raw material use, and emissions to water.

Step 4: Identify the specific issues that metrics will be related to. At this stage we are
identifying what will possibly be measured, without the specific details of how

these evaluations will be carried out. Examples of specific issues are recycled

material content, renewable energy use, and amount of ground-level ozone created.

This step will comprehensively aggregate all of the possible issues that metrics will

directly be generated from.

Step 5: Determine the criteria to be used in metrics selection and apply them to
select the specific issues that are most representative for the assessment. Criteria
serve as bounds which metrics must fall into to qualify for use in assessments. They

help to ensure that metrics are reasonable and meet the physical constraints of the

evaluation. Criteria that are commonly used in developing sustainability metrics

sets are the following [31, 70–73]:

– The number of metrics should be small and manageable.

– Metrics should be simple, and easy to understand and communicate.

– Measurements should be cost effective.

– Metrics that are relevant to sustainability should be chosen.

– Metrics should be general and scalable to diverse applications.

– The set should be useful for decision making.

– Metrics should be chosen to best ensure accuracy, reliability, and consistency.

This set is sufficient to generate a metrics set, although additional criteria might

be useful if necessary. Once criteria have been identified, specific issues are chosen

in accordance with these criteria and in a manner that comprehensively represent

the general issues of the assessment. This set of specific issues will correspond to

the core metrics that will be used for the assessment. The next step outlines how

exact metrics are constructed.
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Step 6: Detail the precise metric to be used, using the five metric dimensions of unit,
type, period, system boundaries, and geographic scope. Metrics are created by

turning the specific issues that have been selected into measurements. One objective

in the creation of metrics is that they should be comparable amongst different

applications. To achieve this, metrics must contain information across multiple

dimensions. These dimensions are drawn from those that were provided by Veleva

and Ellenbecker [31]: unit of measurement, type of measurement, period of

measurement, and boundaries. The boundaries dimension is further subdivided

into two categories, in accordance with the methodology suggested by Reich-

Weiser et al. [74] and discussed in section 3.4.1, into the groupings of

manufacturing and geographical scope. Examples of measurement units are num-

bers, weights, currency denominations, times, or percentages. Types of

measurements are either absolute or unitized measures (i.e., a value per unit,

product, or service). The period of measurement is the timescale being considered.

The manufacturing scope is the portion of a production being considered (i.e., the

machine tool, facility, line, supply chain, or life cycle). The geographical scope can

be global, regional, or local. All metrics should entail each of these dimensions.

Several abstractions of this process can be made to further assist with its

conceptualization. First, the steps of this process are shown below in Fig. 3.8,

along with its associated dendrogram. Also, this process can be described through

set notation, beginning with the following relevant nomenclature in Table 3.2.

Let M ¼ {M1, M2, . . ., Mn} be a set of n entities, where Mi is equivalent to the

specific issue represented by metrics i, and i ¼ 1, 2, . . ., n. Note that the cardinality
ofM is less than or equal to the cardinality of C, that is, n � f. Also, if we let E be a

subset ofM, then there exists a partition, Ps ¼ {E1, E2, . . ., Es} ofM into s clusters,
with a one-to-one correspondence between the elements of P and the elements of B.
Also, the following holds.

3.5 Outlook and Research Needs

One of the vital requirements in assessing the sustainability of manufacturing

processes or systems is defining suitable metrics. As we have seen in this chapter,

there is a wide variety of metrics and methods to select from in sustainability

assessment. This is a reflection of both the diversity of available frameworks in

defining “sustainability” and the multiple interpretations and use-cases that are

possible within a specific framework. Metric selection is considerably unambigu-

ous when the scope of analysis is narrowly confined to a specific process or system.

But as the complexity of engineered systems increases, metric selection becomes

increasingly ambiguous as multiple metrics can potentially be applied in the

analysis. Given that the competence of the analysis rests largely on the suitability

of the metrics, the challenge in metric selection raises several concerns, including

the following:

• How can the metrics capture the correct balance between immediate concerns of

sustainability, versus concerns that will happen at a future point of time?
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Fig. 3.8 Schematic of process steps for metric selection

Table 3.2 Notation for metrics hierarchy

Symbol Meaning

G Set of all general issues

B Set of all sub-issues

C Set of all specific issues

M Set of all metrics

r Number of general issues, │G│
s Number of sub-issues, │B│
f Number of specific issues, │C│
n Number of metrics, │M│
t Number of characteristics for each metric
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• Can a single metric support multiple functional units of analysis?

• How do we compare two different metrics being applied to the same phenome-

non? Can we define equivalencies between metrics?

• How do metrics that apply across over the entire life cycle of a process or a

system relate to those that apply across a specific window of their life cycle?

• Can metrics that apply over specific windows of the life cycle of a process or a

system be coalesced into metrics that apply over their entire life cycle?

In this chapter we saw a first attempt to address some of these questions. This

chapter began by looking atmetrics focused on the cost economics of decisionmaking.

These metrics are extensively applied in decision making, as they fully capture the

complexity of purely economic considerations. Clearly, several of the environmental

and ecologically focused metrics have taken inspiration from the economic metrics,

because of familiarity, and because of the need to tie sustainability considerations

strongly to economic considerations (which, looking into the future, will remain the

chief consideration for most enterprises and governments).

Social metrics were then surveyed, and the challenge in quantitatively evaluating

social concerns was illustrated by highlighting the multiple considerations that

social metrics attempt to capture.We can clearly see here the limitations in selecting

metrics for sustainability assessment from a social vantage; given the broad defini-

tion of “society,” and the multiple, sometimes conflicting considerations that are

deemed “valuable” to society, metrics can be useful only if the social framework

is precisely defined, and those entities of value to the society are accurately

characterized. Given the intangible nature of some social considerations, careful

metric selection is even more important, as intangible qualitative metrics cannot be

directly incorporated into conventional decision making frameworks (which pre-

dominantly tend to be very quantitatively focused).

The chapter then surveyed metrics that tie in multiple considerations, pulling

together in ecological, social, and economic metrics. These meta-metrics can be

more accurately understood as frameworks for decision making that balance poten-

tially conflicting drivers. The metrics that were surveyed were all developed for

specific application domains/industries, and are most valuable when they incorpo-

rate all the considerations and drivers that are important to the specific domain.

The chapter then discussed LCA methods to obtain the underlying inventory and

impacts results required by green manufacturing and sustainability metrics. Pro-

cess, EIO, and Hybrid LCA were discussed, and it was clear that choosing between

these methods depends on how much information is available, and how precisely

the process/system have to be modeled.

Finally, the chapter presented several approaches for metric development, which

systematically build up the metric based on considerations of goal, scope, system

boundaries, planning horizon, and system drivers. A common thread between these

approaches is that they all define the metrics only based on their point of applica-

tion—which brings us back to our initial point that metric selection goes a long way

in determining the sustainability of a system. We can clearly see that it is very

difficult to divorce the act of selecting metrics from the act of applying them.
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Keeping these as independent as possible is important in ensuring that the metrics

are unbiased and do not favor a particular solution or approach to system design.

Looking ahead, a key driver in developing sustainable manufacturing metrics

has to be bias, or rather, the lack thereof. The proliferation of sustainability metrics

makes it easy to “game” the analysis in favor of one solution (especially when

the fuzzier metrics are applied). While this immediately defeats the purpose of the

analysis, it does greater damage in the larger picture by weakening the intellectual

rigor of sustainability engineering as a practice. In order to have robust tools to

design and develop sustainable manufacturing systems, we require independent,

unbiased, and flexible metrics. While we have made a lot of progress towards this

goal, a lot more work is needed, and future research goals include the following:

• Develop tools that can compare metrics from different frameworks, and that can

be used to build equivalencies between the frameworks.

• Develop a robust high-level framework for metrics that can be flexibly applied

across multiple domains, and that take into account the different types of

sustainability drivers.

• Develop metrics-of-metrics that can be applied in detecting the hidden (and not-

so-hidden) biases present in existing sustainability metrics.
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Green Supply Chain 4
Yifen Chen, Rachel Simon, Corinne Reich-Weiser,
and Justin Woo

When one tugs at a single thing in nature, he finds it
attached to the rest of the world.

John Muir

Abstract

This chapter discusses the background, characteristics, and requirements/

constraints of supply chains. A major focus is how they have been developing

towards more green performance. Several case studies are given documenting

the activities of companies that have taken leadership in green supply chain,

material reuse, and recycling. Problems associated with implementing green

supply chains are discussed.

4.1 Motivation and Introduction

As environmental awareness increases, concerns about green supply chains become

more pronounced in the business world. Traditionally, companies only focus on

their internal environmental measures of waste-reduction, pollution control, and

hazardous material control to comply with existing regulations and address their

social responsibilities. These days, companies have started to realize they have do

something more than these internal controls. One reason for the change is that

customers and other stakeholders do not distinguish between a company and its

suppliers [1]. Moreover, environmental “surprises” can cause financial harm

through disruptions in the supply chain or product liability [2]. Similar to product

recall, even if resulting from a manufacturing problem upstream in the supply
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chain, the public usually blames the brand owner for the defective product instead

of the supplier who provides the defective component or inappropriate material

content. These events often hurt the brand owner’s reputation more than the small

upstream supplier. Finally, as described in earlier, risks to business associated with

supply chain externalities, such as government interference, drought, transport

interruptions, and so on, can be minimized or avoided. Hence, greening the supply

chain helps companies to avoid potential environmental problems that might

threaten their overall environmental performance, reputation, and business success.

In the past decade, the trend toward green supply chains has not been clearly

visible either in practice or in academic studies. In practice, with increasing energy

and commodity costs, more and more companies started to extend their green house

gas emission evaluation from direct emission (Scope 11) and indirect emission from

purchased electricity (Scope 2) to the indirect emissions upstream and downstream

of the supply chain (Scope 3). To help companies evaluate the environmental impact

of their supply chains, one of the largest enterprise resource planning (ERP) software

providers, SAP, announced the availability of a new solution, called SAP Environ-

ment, Health and Safety Management, in May, 2009 [4]. ERP software, which was

introduced in the 1990s, integrates the information flow in a business and has helped

many companies improve their supply chain efficiency. As it has an important role in

supply chain management, the extension of this software to include sustainability

shows the significance of insuring a green supply chain.

In academia, research on green supply chains has been increasing during the past

decade (see, for example, Sarkis, [1]). The early researchers in this field focus on

the reverse logistics of a closed-loop supply chain, such as recycling routing

decisions, remanufacturing, disassembly, and testing. Now, researchers increas-

ingly take a broader perspective to include considering the overall system effect.

For example, Guide and Van Wassenhove [5] considered the remarketing of a

reuse/remanufactured product and propose a framework to value the potential

economic. Moreover, they shift the focus from cost minimization to value creation.

Researchers in green supply chains also have been forced to be more interdisciplin-

ary and the researchers in different fields, including economics, political science,

and engineering, need to be coordinated. Currently, some researchers use economic

models to analyze the effectiveness and efficiency of some legislation to have an

impact on the “greenness” of a supply chain [6, 7] Fig. 4.1.

The remainder of this chapter is organized as follows. Section 4.2 provides a

definition of a green supply chain. Section 4.3 discusses the issues and difficulties of

implementing green supply chain strategies. Section 4.4 provides a brief overview

of themethodologies and techniques applied to this area. Finally, Sect. 4.5 concludes

the chapter and points out future directions of green supply chains.

1 The GHG Protocol Corporate Standard defines three scopes of GHG emission and require

companies to report their Scope 1 and Scope 2 GHG emission, While the Scope 3 emission is

optional [3].
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4.2 Definition

While the aims of green supply chains are noble, and each element considered by

researchers critically important for inclusion in a green supply chain, they are

certainly not all-encompassing or holistic goals for a green supply chain designer

to consider. As we will see throughout this book, studies that focus too narrowly on

a single aspect or environmental consideration often fail to notice an unintended

consequence of the suboptimization. It is no different for green supply chain

research. A green-supply chain must, from design through execution, production

through end of life, embody the goals of any sustainable manufacturing strategy: (1)

appropriate goals, (2) comprehensive and repeatable metrics, (3) decision-making

strategies. And then be followed by execution at the enterprise, system, machine, or

process level using capable business or engineering tools.

Therefore, how do we define a “green supply chain?” First, what does it mean to

be green? In this book, green is presented as different from the concept of

sustainability. Where sustainability is a goal to leave adequate resources for future

generations in terms of the environment, society, and the economy, the goal of

being “green” is simply to reduce environmental impacts over time (without

acknowledging when or if the level of impact is sustainable). A definition of a

supply chain can be proposed as: the global network of players involved in

Fig. 4.1 Number of articles which are identified by a search of “green supply chain” OR

“sustainability AND supply chain” in topic (search is performed on Web of Science on January

7, 2011)
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executing the production and distribution of a predefined good from raw materials

through to delivery to satisfy a consumer demand.

So then, what is a green supply chain? With the above discussion in mind, a

reasonable definition is: a global network of players involved in executing the

production and distribution of a predefined good from raw materials through to

delivery while simultaneously considering environmental impacts and working

to reduce those impacts over time. A green supply chain, then, is a new supply

chain that is designed to be less impactful than competitive supply chains or an

existing supply chain that has been modified to reduce its impact from a prior state.

4.3 Issues in Green Supply Chains (GSC)

4.3.1 Levels of Approach

There aremultiple lenses throughwhich to view greenmanufacturing. In its broadest

sense, green manufacturing can be focused anywhere from the most detailed aspects

of tooling within a machine tool, to logistical decisions across the supply chain.

At each of these levels there are new challenges and opportunities for impact

reduction. And at each of these levels there is a spectrum of control over impacts

that decreases temporally. Specifically, for the supply chain, there is the loss of

control that occurs once the supply chain layout is established, followed by choices

of packaging and transportation mode, which can be modified only in small pieces

rather than completely overhauled as might be necessary for significant reductions.

Greening the supply chain exists as a goal that is often considered separate

from product design; however, there is a critical linkage between the two as seen in

Fig. 4.2. From product design through to packaging there is a clear flow of

information. However, this information flow is not always linear, and in many

cases decisions at the very end of this chain can be considered in the initial product

design. For example, the product may be designed for maximum shipping effi-

ciency. Decisions about when to subassemble and complete final assemblies may be

based on shipping efficiencies and minimized packaging. Transportation modes

may similarly be a factor in product design and the consideration of packaging.

Then, supplier locations may be dependent on the preferred transportation mode.

Product Design ! Parts Specifications ! Materials Specifications ! Supplier

Location ! Supply Chain Layout ! Transportation Modes ! Packaging

Given the complexity and sophistication in the organization of manufacturing

systems and processes, accurate environmental analysis requires a keen understand-

ing of this organization. Manufacturing can be broken into “levels of study” across

two orthogonal frameworks (Fig. 4.2). From the perspective of the organization of

the system, we can consider manufacturing processes as being composed of four

levels, from the level of the individual devices where unit processes take place,

through to that of the enterprise, incorporating all the activities in the manufacturing

system, including supply chain externalities. These four levels are as follows:
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1. Device—Individual device in the manufacturing system, which is performing a

unit process. Support equipment for the unit process are included here such as

gage systems and device-level oil-circulating systems.

2. Line/Cell—Logical organization of devices in the system that is acting in series

or parallel to execute a specific activity (such as a part assembly). Support

equipment for the collection of devices are included here, such as chip conveyers

and tool cribs.

3. Facility—Distinct physical entity housing multiple devices, which may or may

not be logically organized into lines, cells, etc. Support equipment required at

the facility level are also included here, such as power generators, water

purifiers, and HVAC systems.

4. Enterprise—The entire manufacturing enterprise, consisting of all the individual

facilities, the infrastructure required to support the facilities, as well as the

transportation and supply chain externalities.

An equally compelling—and orthogonal—view of manufacturing can be made

through the design tomanufacturing life cycle of the process being considered. Here,

we start with the design of the product, and we work our way through the design of

the manufacturing process, through to process optimization, and finally post-process

control and abatement. These levels are temporal in nature, and indicate the degree

of control over the environmental impact of the manufacturing process. Level 1 is

the highest level and the earliest in design and manufacturing. At this stage all future

Fig. 4.2 Four temporal levels of manufacturing design—an integrated view of manufacturing

design levels and the decisions they contain. Arrows represent flow of information from one

decision to another [8]
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decisions to be made in levels 2–4 can be influenced. At Level 1 process design is

integrated with part design and there is the most control over considerations of part

precision, environmental impact, and manufacturing scale. Here there is scope to

design the product as well as its manufacturing process to satisfy specific require-

ments in all the criteria. At Level 2 fundamental process design and planning is

performed for a fixed part design, and this drives the part precision, environmental

impact, and manufacturing scale. Here there is extensive control over the perfor-

mance of the process in all the criteria as allowed by the process design and planning.

At Level 3, process parameter selection and optimization is used to control the part-

precision and the process environmental impact; control over the process scale at

this level is limited by the flexibility possible with process planning and optimiza-

tion. At Level 4 post-process finishing and abatement processes are used in

controlling the part-precision and the environmental impact; at this level there is

no control over the process as it has already been designed. Example of analysis at

these levels is shown in Fig. 3.2.

From these hierarchies—which span temporal and organizational spans—we get

a sense of the complexity involved in information capture, and transfer in

manufacturing systems, especially to support effective environmental analysis.

We need to clearly identify the quality and quantity of information that need to

pass through the interfaces between the levels. As information crosses the interfaces,

the potential for noise dramatically increases.

Stonyfield Farm Example

Stonyfield was originally established in 1983 as a nonprofit organic farming

school for teaching sustainable agriculture practices [9]. Today, Stonyfield is

the world’s leading organic yogurt maker, selling over 200 million pounds of

yogurt products in 2008 alone. Its products, which include yogurts, smooth-

ies, soy-yogurts, and milk, are sold in leading supermarkets and natural food

stores across the United States.

According to its mission statement, Stonyfield is committed to promoting

the overall health of the planet through food, people, and business [4].

Specifically, Stonyfield has managed its supply chain through sustainable

optimization of its transportation system. Stonyfield divides analysis of its

truck transportation system into two parts: shipment of ingredients and

shipment of finished products. By analyzing and optimizing its transportation

operations, Stonyfield pinpointed areas for improvement in distribution

issues, resulting in reduction of absolute carbon dioxide emissions by over

40% from 2006 to 2008 [9].

To optimize the incoming material transportation operations, Stonyfield

purchases full truckloads when possible. In addition, Stonyfield backhauls,

utilizing product delivery trucks by using them to also pick up ingredients in

the same trip. For example, trucks delivering products to Boston,

Massachusetts are also utilized to pick up organic fruit puree from suppliers

based in Massachusetts.

(continued)
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In analysis of transportation of its outgoing yogurt products, Stonyfield

implemented an electronic system to gather transportation data. Utilizing the

data, Stonyfield redesigned its outgoing shipment operations, effectively

eliminating 95% of its less-than-truckload (LTL) shipments. Previously,

LTL truckloads were shipped to central delivery terminals by region; each

intermediate terminal had additional trucks to deliver product orders to

customers. By removing its intermediate terminals and instead loading full

truckloads, Stonyfield simultaneously enabled direct delivery to its customers

and reduced the number of required trucks. Ultimately, this resulted in a

greater efficiency of truck route utilization, reducing the number of miles

traveled and harmful environmental output. Cost savings due to reduced fuel

use from 2007 to 2008 are estimated to be US $2.5 million [9].

In 2009, Stonyfield began to utilize railway trains for cross-country ship-

ment of a portion its products due to an EPA estimate that transportation via

railway requires 11 times less energy than by truck [9]. Currently, Stonyfield

is further pursuing efforts to decrease its transportation emissions via use of

refrigerated train cars.

Interface Example

Interface, founded in 1973, is the world’s largest modular carpet manufac-

turer, with sales in 110 countries and manufacturing facilities on four

continents [10]. In 1994, Interface established its first ideas of approaches

to environmental sustainability. Today, the company follows a “Mission

Zero” goal of eliminating its negative environmental impact by 2020.

One technique by which Interface is striving to reach its “Mission Zero”

goal is through its ReEntry Carpet Reclamation Program, which has prevented

an estimated 81 million pounds of carpet waste being deposited into landfills

since 1994 [11]. Each year, five billion pounds of waste and scrap carpet are

dumped in landfills. The ReEntry 2.0 Program, which was revised and

reestablished in 2007, recycles end-of-life carpet by separating carpet fibers

from its backing. This process of clean separation, which was pioneered by

Interface, enables recycling of Nylon 6,6 fiber, a carbon intensive carpet

component [12].

Through this process of clean separation, end-of-life carpets are separated

into nylon fibers and vinyl backings, both of which undergo further recycling

treatment for reuse. Post-consumer Nylon 6 and Nylon 6,6 fiber is returned to

the supplier, reprocessed, and recycled for use [13]. After combination with

additional original materials, the recycled nylon fiber is used in new carpet

fiber. The separated vinyl backing material is recycled via Interface’s Cool

Blue backing technology, which utilizes renewable resources for production

of new carpet product. Together, the recycle nylon fiber and vinyl backing

(continued)
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content is used to produce Interface’s Convert carpet, which has an overall

reduced embodied energy [11].

Xerox Example

Xerox manufactures and sells printers, digital production printing machines,

and related supplies. Xerox has a Waste-Free goal “to create products that

minimize waste during manufacturing, use by the customer, and at the end of

products’ life cycles” [14]. Xerox’s goal in preventing and managing waste is

“to design products, packaging, and supplies that make efficient use of

resources, minimize waste, reuse material where feasible and recycle what

can’t be reused.” [15]. It does this through various programs and means, one of

which is its take-back and recycling program. Xerox first began

remanufacturing and recycling techniques in 1991. In 2003 alone, 161 million

pounds of waste was prevented from being placed in landfills as a result of

equipment remanufacture, reuse, and recycle [14]. Financially, remanu-

facturing equipment results in a several hundred million dollar savings per

year for Xerox [14]. Today, Xerox continues the practice and has since

prevented over two billion pounds of waste from being dumped in landfills

[15]. In 1991, Xerox first pioneered the practice and concept of remanu-

facturing parts from its office equipment. Xerox’s machines “are designed for

easy disassembly and durability, contain fewer parts, and are controlled for

chemical content,” [15], all of which enable an efficient and beneficial

remanufacturing process.

Xerox provides its customers with various options to recycle and dispose

of equipment through Xerox-run collection sites or pick-up services. Xerox’s

Green World Alliance Program is one implementation designed to further

enhance their Waste-Free strategy; through the Green World Alliance, printer

cartridges, toner casings, and left-over toner can all be recycled through a

closed-loop recycling system within Xerox [14]. Incentive and motivation for

recycling is provided through a service that provides prepaid postage and

packaging for customers to ship end-of-life equipment or materials for

recycling; new supplies, such as toner cartridges, already include return labels

in the product boxes (Xerox [14]). Leased products are picked up from

customer sites for recycling by Xerox upon renewal terms, while sold

products are picked up upon equipment replacement. For customers not

continuing such leasing services, Xerox provides a free recycling service;

customers pay shipping costs, but Xerox covers the cost of recycling [16].

Xerox collects its end-of-life equipment through these programs and reuses

70–90% (by weight) of each machine’s components. This does not sacrifice

standards, however, as performance specification requirements are still met

and machines using remanufactured parts function as new machines. Only

(continued)
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parts that meet all reliability and functional standards for the life of the

product are reused. Xerox ensures that all products, regardless of the amount

of reprocessed material or content, meet the same quality and reliability

performance standards [14].

By taking into account remanufacturing, recycling, and reuse into the

design process, Xerox further enhances the success of the program.

Reprocessing parts is an actual design issue that is taken into account in the

design process, before the equipment is actually made. Thus, Xerox is able to

increase end-of-life potential for its products. Today, 100% of its newly-

designed equipment takes remanufacturing into consideration during the

design phase [14]. In designing products, Xerox utilizes a modular product

architecture that uses a core set of components that makes the remanu-

facturing and reuse process more efficient. With options for reuse more

versatile due to the same core design setup, Xerox can use similar parts

from one machine type in a different machine type, or even for future

generations of the same model. This results in models having up to 60% of

parts by weight in common with previous equipment [17]. Ultimately, this

results in overall reduction of energy consumption, raw material use, equip-

ment cost, and environmental impacts.

4.3.2 General Problem Faced in GSC

In those issues of green supply chain mentioned above, each of them has different

difficulty to achieve. Still, there are some general problems in the practice of green

supply chain.

First of all, to implement green strategies, a company has to decide whether it

should change to another greener supplier or stick to the original suppliers and work

with them toward sustainability. Simpson and Power [18] provided a major review

of the green supplier partnership and concluded that transaction costs and efficacy

of approach for the buyer are the critical issues in improving or influence a

supplier’s environmental performance. In supply chain management, it is well

known that maintaining good partnership with suppliers is one of the key success

factors. With a long-term partnership, the company could negotiate the price and

quality and adjust the delivery time easier in an emergency. However, working with

current suppliers to achieve sustainability may take more time and cost than

switching to another supplier if current suppliers don’t have the capability or

equipment toward sustainability. On the other hand, switching to a new supplier

will incur some intangible switching cost, such as time to select a greener supplier

and effort to reconfigure.

The best strategy depends on the current environment of the company and the

industry. However, there are some general rules for making a good decision. First of
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all, a company has to scrutinize whether the components from the suppliers in

question are essential in the core competitiveness of the company or not. If the

component or service is essential and complex, it might be better for them to stick

on the original suppliers. However, if this component or service is only a supported

function and the cost of changing suppliers is relative low, this company might

choose a new supplier. For example, when HSBC try to decrease the carbon

footprint of its corporation travel, they choose their suppliers by picking those

that have the same methodologies and principles as they do. Other companies

require candidate suppliers meet some predefined criteria and continuously work

with them toward sustainability once the contract is signed. For example, Levi

Strauss selects the suppliers based on their Terms of Engagement and continuously

works with their supplier by monitoring and assessing their suppliers and

identifying areas of improvement.

On the other hand, Levi Strauss chooses to work with existing suppliers toward

sustainability.

Levi Strauss Example

Levi Strauss was founded in 1873 and today is one of the world’s largest

brand-name apparel companies, selling jeans and casual pants in over 110

countries [19]. Its supply chain is expansive, including over 600 external

suppliers over a network of over 50 countries and 350 facilities [20]. In 1991,

Levi Strauss made history when it became the first major multinational

company to establish Global Sourcing and Operating Guidelines, which

held contractors along its supply chain accountable to certain sustainability

standards [21].

Today, the Global Sourcing and Operating Guidelines is core to Levi

Strauss’ business partnerships along its supply chain. Each business is

evaluated according to explicit Terms of Engagement listed in the Global

Sourcing and Operating Guidelines; some points of evaluation include envi-

ronmental requirements, employment standards, community involvement,

and employment standards [22].

\Prior to establishing a partnership relationship with a prospective factory

or supplier, Levi Strauss reviews the Terms of Engagement (TOE) guidelines,

which include factory and supplier-specific expectations for the business.

All suppliers are required to sign a document indicating intention of

compliance with Levi Strauss’ TOE expectations and corrective action plans

[23]. All new and existing supplier partnerships are inspected annually by 20

full-time factory assessor Levi Strauss employees. Annually, the factory

assessors audit each supplier to review its performance with regards to Levi

Strauss’ Terms of Engagement guidelines. Factory assessors investigate and

evaluate supplier practices by four methods: (1) interviews with facility man-

agement, (2) review of working and wage hour records, (3) physical

inspections of factory health and safety conditions, and (4) discussions with

factory workers [23]. Using these four methods of inspection, assessors are able

(continued)
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to evaluate social, labor, and environmental sustainability for a given supplier.

Improvement areas and corrective actions are recommended to the suppliers

based upon a three-category system of zero-tolerance, immediate-action, and

continuous-improvement items; these are subsequently reported by the

assessors to the Vice President for Global Code of Conduct [23].

In combination with the Terms of Engagement, Levi Strauss developed an

assessment tool to identify areas of improvement for supplier factories. Levi

Strauss’ Supplier Ownership Guidebook details a management system approach

and its application to the Global Sourcing andOperating Guidelines; in addition,

Levi Strauss holds a two-day code of conduct training program for factory

executives [23]. The purpose of such initiatives and programs is to promote

supplier ownership over the Global Sourcing and Operating Guidelines, ulti-

mately expanding sustainability and the knowledge of its importance.

In addition, Levi Strauss has established Global Effluent Guidelines for all

suppliers, expanding its Global Sourcing and Operating Guidelines for spe-

cific application to environmental sustainability. According to life cycle

assessments, 49% of Levi Strauss’ water consumption occurs during its

cotton production phase for clothing products [20]. Accordingly, Levi

Strauss’ Global Effluent Guidelines mandates strict wastewater contaminant

levels for its suppliers worldwide [20]. In 2008, Levi Strauss partnered with

13 other companies to form the Sustainable Water Group; together, this group

extended Levi Strauss’ Global Effluent Guidelines to all second-tier suppliers

of bulk fabrics and sundry items [20]. Through promotion of these guidelines,

Levi Strauss promotes effective environmental sustainability at multiple

levels of its supply chain through water management processes.

In addition, determining the most sustainable option may not always be a

straightforward task. Assessments of sustainability depend upon which metrics are

being considered and on what scale. Munda [24] has demonstrated that the rankings

of sustainability assessments can change based on which metrics are chosen.

Also assessments can vary dramatically depending on which aspects of a product’s

lifecycle and supply chain are considered. Bearing this in mind, the manufacturing

and geographical scope of assessments must clearly be identified [25].

Even when metrics have been generally agreed upon, sustainability decisions can

be difficult to make. In many instances, any improvements in the supply chain are

obtained at a tradeoff with another sustainability or business impact. For instance,

Reich-Weiser and Dornfeld [26] show that greenhouse gas emissions inventories may

be altered when the supplier’s location is changed. In this case, the three location-

based factors that contribute to emissions are: transportation distance; mode of

transportation; and the type of technologies used for electricity generation. Tradeoffs

between these different sources of emissions can be achieved by changing production

facilities.
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Moreover, generally recognized green conventions and best practices do not

necessarily provide improvements in sustainability impacts. At present there exist

several prescribed methods for greening one’s product or operations. However,

when implementing such practices, great care must be taken to ensure all factors

across the supply chain have been taken into consideration. For instance, many

packaging suppliers have adopted the practice of lightweighting, or making

components that weigh less. This is done by using less material, or a material

that has a lower density. Lighter products can often lead to reductions in resource

use, waste creation, and environmental impacts related to transport and raw

material extraction. However, there are some instances in which lightweighting

may not be sustainably beneficial. For instance, if a reduction in materials results

in an increase in the rate of damage during shipment, then the benefits of a lighter

product could be negated. In this case, the net effects on environmental impacts

could be worse than it was prior to the implementation of lightweighting.

On the other hand, some consider it to be more sustainable to design products that

are more durable. This can reduce the frequency with which a product must be

replaced. As a result the overall long-term resources used and waste created can

be lessened. Increased durability is often achieved by using more materials or

increasing the complexity of manufacturing involved. A simple example of this is a

cloth or durable plastic tote, which is used in place of paper or plastic bags provided

by retailers at the point of purchase. Much like in lightweighting, making products

more durable can have sustainability effects that are the opposite of what was

intended. This can happen if consumers replace or dispose of the product before

the end of its useful life, resulting in an impact that is worse than the original

alternative.

Additionally, other factors outside of the manufacturer’s control can affect a

producer’s sustainability impacts. For example, policy and industry practices play

a part in the amount of infrastructure that is available for post consumption

recovery. Furthermore the scale upon which a practice has been adopted by industry

affects the availability and cost of a particular choice.

Patagonia Example

One company that has been challenged by this situation is Patagonia. They

faced this predicament in 1996, with their decision to use cotton that is only

organically sourced. This decision grew out of a determination to investigate

the company’s environmental impacts. During this process employees met an

organic farmer and activist, who showed them of the impacts of conventional

cotton farming. While on farm tours, they were taken aback by the noticeable

difference between organic and conventional agricultural practices. This is

because conventional farming has many side effects that impact the quality of

the land, many of which are readily apparent. For instance, over time

conventional cotton production depletes soil of its fertility. As a result,

farmers must use increasing amounts of synthetic fertilizers just to maintain

yields. In addition, pesticides are often required—applied in an aerial

(continued)

94 Y. Chen et al.



fashion—to keep insects away. In aggregate these supplementary additives

can severely pollute waterways, and permanently affect the productivity of a

farm and its surrounding land. Patagonia representatives were deeply affected

by the stark visual contrast between conventional and organic farming

practices.

Patagonia faced many obstacles in transitioning to organic cotton. They

had difficulty getting their suppliers to comply with their request. The entirety

of their textiles supply chain was inexperienced with organic materials.

Fabric vendors had difficulty finding organic finished fabrics. Dying mills

did not know producers of raw organic fabrics. Knitters and weavers did not

know where to get organic yarn. Yarn spinners did not have organic sources.

Further, the quantities that Patagonia wanted were small, making it more

difficult for these vendors to accommodate such a request. Eventually

Patagonia was able to find organic suppliers. Though, this was only possible

through a great effort on their part to create linkages across the supply chain.

In addition, they were only able to find suppliers in the United States, far from

their existing spinning mills. Even at present day, their options for sourcing

locations remain limited. To illustrate, in 2007, organic cotton production

was concentrated to the countries of: India with 51% of global production;

Syria with 19% of global production; and Turkey with 17% of global

production [27]. In addition China, Tanzania, and the US were also options

for organic cotton supplies, as they contributed 5%, 2%, and 2%,

respectively, to the world’s global stocks in 2007.

All in all, the results of Patagonia’s efforts were mixed. Given the

company’s commitment to adopting organic cotton, they were successful in

achieving this immediate goal. However, they had also hoped that their efforts

would influence others in the apparel industry. They were less successful in this

objective. As of 2006, 10 years after Patagonia’s switch, organic cotton only

accounted for 0.1% of the global retail apparel industry.2

Additionally, many researchers measure environmental impacts based

solely on green house gas emissions. In this respect it is questionable whether

Patagonia’s switch to organic had a positive impact. It should be noted that

for organic versus nonorganic cotton production, this type of assessment is

difficult to estimate, due to the differences in climates and farming practices

around the world. Despite the complexities involved, Budden [30] notes that

from various estimates the range of emissions from conventional cotton

grown in the US can be as much as three times as high as the emissions

(continued)

2 Cygnus Business Consulting and Research [28] estimates the 2006 global apparel retail industry

to be valued at $852.8 billion. According to SBI [29] organic cotton retail sales in 2006 were $1.1

billion. Of this amount, they estimate 85% to account for apparel, with the remaining 15%

accounting for home textiles. Using these figures, organic cotton apparel retail sales for 2006

are valued at $1.275 billion, or 0.1% of all retail apparel.
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from organic cotton (6 kg of CO2 equivalent per kg of fiber for conventional

versus 2 kg/ kg for organic). Using these figures, raw cotton for a T-shirt from

Patagonia’s fall 2009 line would result in 1.2 kg of CO2 equivalent emissions

for conventional cotton fiber and 0.4 kg for organic cotton fiber.3 Meanwhile,

Patagonia [31] estimates that the shipping and facility energy use emissions

are 1.6 kg, which is greater than the impacts of either cotton production

choice. Similarly, for a polo shirt from their fall 2009 line, conventional

cotton production emissions are approximately 1.57 kg, and organic cotton

production emissions would be 0.52 kg.4 Shipping and facilities energy use

emissions are given as 12 kg of CO2 equivalent [31]. In both of these cases the

impacts of cotton sourcing are less than the emissions from transportation and

facility energy use. Beyond this, many LCAs have shown that for garments,

the energy use or global warming impacts from the use phase (i.e., the

impacts of laundering) are far greater than the impacts from any other part

of the life cycle [32–35]. For instance, Levis Strauss estimates that laundering

a garment 24 times (once every 2 weeks for a year) results in 16.9 kg of CO2

equivalent emission [36].

Despite the complexities involved in sustainable decision making, producers’

efforts to improve impacts along their supply chains are generally beneficial. At the

very least, such attempts increase people’s awareness of the issues involved.

They also set a precedent for others within their industry. Supply chains are

complex, and attempts by companies to improve their impacts results in increased

transparency across the product life cycle. Even an imprudent decision can advance

sustainability efforts, as it incites discussions about the impacts of different

alternatives. Any such efforts also contribute to the body of sustainability

assessment work, as researchers support or refute a company’s claims of improved

sustainability. Despite any missteps, improvements are generally brought to fruition

through a producer’s strong commitment to melioration. Initial improvements are

made by taking advantage of inefficiencies in operations. As companies exhaust

these opportunities, subsequent goals require increasing effort to achieve.

3 Patagonia [31] estimates the CO2 emissions (from production and transport) associated with their

T-shirt to be 1.6 kg. They also estimate the weight of the shirt to be one-eighth the weight of this

figure, which can be calculated as 0.2 kg. Using Budden’s [30] estimates for the impacts of cotton

production, conventional cotton fiber production would be six times the weight, or 1.2 kg, and

organic cotton production would be two times the weight, or 0.4 kg.
4 Patagonia [31] estimates the CO2 emissions (from production and transport) associated with their

polo shirt to be 12 kg. They also estimate that these emissions are 46 times the weight of the shirt.

The weight of the shirt can then be calculated as approximately 0.26 kg. Using Budden’s [30]

estimates for the impacts of cotton production, conventional cotton fiber production would be six

times the weight, or 1.57 kg, and organic cotton production would be two times the weight, or

0.52 kg.
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The potential for a company to make a positive impact is especially great when

the company holds a leadership position within their industry. Many manufacturers

use third party suppliers for various aspects of their operations, especially for

segments that are not a part of their core business. Meanwhile, suppliers often

provide parts and materials for multiple parties within an industry. In many

instances, it is not in the interest of a supplier to create products that are

substantially different from those demanded by their primary business partner. So

if a supplier’s largest client changes their requirements, it may alter what the

supplier is able to provide to their other customers (i.e., to the competitors of

their largest client). Even when suppliers are solely dedicated to one company,

product modifications from their clients can affect others within the industry. As the

scale of demand for particular components or raw materials changes, prices can be

affected. In some industries, these changes may cause an overall shift in practices

that follows in the footsteps of the manufacturer with the largest market shares.

One such instance of this is when McDonalds decided to end their use of

polystyrene packaging. In 1989 McDonalds was at the center of criticism for their

use of polystyrene clamshell packaging. Polystyrene had been specifically identified

by the public as representative of society’s waste issues. As the largest global fast

food chain, McDonalds had been identified as a major contributor to the problem.

Despite the fact that McDonalds very minimally used polystyrene and actively made

efforts to recycle it [37], their influence and visibility made them the target of anti-

polystyrene campaigns. The efforts against McDonalds involved demonstrations,

letter writing, and consumer mailings of clamshells back to the company. At the

same time, many cities within the US were considering polystyrene bans. All

paper and plastic foodservice packaging for the company was handled by one

privately owned company, Perseco. Perseco worked with numerous companies

helping them meet their packaging needs. They also procured goods from over

one hundred different suppliers, several of which provided polystyrene [37].

So, when McDonalds finally made the decision in 1990 to stop using the material,

they affected numerous producers of polystyrene products. McDonalds affected the

industry by changing the overall demand for polystyrene andmaking the debate over

the environmental impacts of the plastic highly visible. The resulting uneasiness felt

by the polystyrene industry was evidenced by one supplier, Amoco Chemical,

running a full-page advertisement in Business Week claiming that bans and

substitutions of polystyrene would not help “solve the problem.”

Nau Example

Nau is an American outdoor clothing start-up company created from scratch

with environmental and social sustainability goals and standards as part of its

core founding mission. Unlike most other existing companies working

towards sustainability through incentive programs or focus redesign, Nau

approached sustainability from the ground up. In the workplace, sustain-

ability was an organizational design constraint; all of its outdoor clothing

(continued)
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products had to be sustainable or else its mission statement would not be

upheld.

As a core part of its company mission, Nau established its “Rules for

Corporate Responsibility,” establishing hard guidelines by which the company

would operate both internally and externally along its supply chain. One of the

details from the Rules for Corporate Responsibility included donating 5% of the

purchase price to community partners working towards sustainable change.

Secondly, Nau limited its colors for clothing to earth tones and black due to

the need of harmful substances required to make brighter colors; this is a direct of

example of sustainable policy on design. Following the strict environmental rules

established in its Rules for Corporate Responsibility, Nau engineered 27 new

fabric types for use in its clothing lines; in total, 27 out of the 30 fabric types used

by Nau in its clothing were new [38].

The strong environmental mission of Nau was clearly stated in its Rules for

Corporate Responsibility. However, these very rules made it difficult to gain

sufficient funding from investors; in one case, investors even agreed to provide

$5 million to Nau during its start-up stages under the condition that the Rules

for Corporate Responsibility were removed. Balancing such environmental and

business policy choices, as well as its subsequent effect on investors proved

difficult. In his article “What Nau?” writer Luke O’Brien writes, “The irony, of

course, is that a company so committed to sustainability was ultimately

unsustainable. This was not because of its principles, but rather the mundane

problems that plague most start-ups—lack of money and poor execution—had

undermined Nau” [38].

Founded in 2005, Nau had raised $34 million of capital by 2007 [39];

however, its 2007 sales were less than $6 million [39]. Thus, due to insufficient

funds, in May 2008, Nau was forced to cease operations. A year later, Nau was

bought by Horny Toad Activewear, a California-based clothing company [38].

Under new ownership, Nau underwent operational changes, such as a reduction

in the donation amount from 5 to 2% and reduced employee workforce; its core

mission is still commitment to environmental sustainability. Under new

management, Nau has undergone a more streamlined process, with 75% of

sales coming from online purchases [40].

4.4 Techniques/Methods of Green Supply Chain

In order to achieve the sustainability in a supply chain, many techniques and

methodologies are using to measure, evaluate and compare the green performance

of a supply chain. Srivastava [41] surveyed a complete literature review of green

supply chain and categorized the issues in green supply chain management into

green design and green operation. In this section, we give a brief review of those
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useful techniques and methodology in green supply chain, including life cycle

assessment, optimization programming, statistical analysis and game theory.

Life cycle assessment (LCA) is a technique tool that can identify the

environmental impact associated with a product/process/activity and evaluated

opportunities to reduce these impacts. The Society of Environmental Toxicology

and Chemistry defines LCA as looking holistically at the environmental con-

sequences associated with the cradle-to-grave life cycle of a process or product.

LCA is a critical technique in greening supply chain since it evaluates the whole

life cycle impact of a product across a supply chain. However, other techniques

have to be combined with LCA to better evaluate the overall supply chain.

Bevilacqua et al. [42] combined LCA and quality function deployment (QFD)

to define design specifications for all the stakeholders involved in a supply chain:

clients, manufacturers, suppliers, suppliers of the suppliers, etc. Hagelaar and

Vorst [43] argued that different LCA techniques should be use when dealing with

different supply chain structure. Chapter 3 covered life cycle analysis techniques

in some detail.

Optimization programming is one of the well-known methodologies which is

widely used in supply chain analysis and management research, which is also a

good tool to evaluate the trade-off between different aspects such as environmental

impact, production cost, and product quality. There are plenty of research papers

that use optimization modeling while addressing varied issues in green supply

chains, such as waste management, reverse logistics, and production planning

under remanufacturing. For example, Richter and Dobos [44] applied integer

nonlinear programming on economic order quantity (EOQ) repair and waste

disposal model and find the optimal strategy which minimize the cost of a company.

Dynamic programming is also commonly used when dealing with stochastic

random variable, such as demand and inventory in different period. For example,

Inderfurth et al. [45] use a period review model to find the optimal allocation policy

for returned products under uncertain demand and return quantity.

Another prevailing methodology is statistical models, which are often used when

empirical data is available to investigate the relationship between several factors.

The result from statistical analysis allows development of a model for approaching

issues of related fields. Chinander [46] interviewed the top and senior managers in a

steel manufacturer and use ANOVA and other statistical test to assess the internal

driver of environmental awareness in a firm. Haas and Murphy [47] used regression

to compensate for nonhomogeneity of data envelopment analysis and compared

models using actual data of municipal reverse logistic channel.

Game theory is another technique on supply chain which became popular in the

past decade. It is usually applied to researches which study the interaction between

several stakeholders in a supply chain or the efficiency of the mechanisms of

government policies. Majumder and Groenevelt [48] analyzed a two-period

competition game between one original equipment manufacturer (OEM) and one

local remanufacturer. Atasu et al. [7] discussed the economic and environmental
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impacts of extended producer responsibility type of legislation and identified

efficiency condition.

Besides the above mathematical technique, computer programming and

commercial software are often applied to researches for practical purpose. Some

researches offer approximated solutions that could be easier to compute so that

these methodologies could be adopted in practice. Some research provides

numerical analysis or case study to support the theoretical results in their

researches. Kiesmüller and Scherer [49] demonstrated how to compute the optimal

policy for a stochastic one product recovery system. They coded a simulation

program to do the numerical analysis and suggested a high-quality approximation

which can be computed quickly. McLeod and Cherrett [50] use an off-the-shelf

vehicle routing software to aid the calculation of distance and then evaluate the

environmental impacts for different routing option for small parcel transactions.

With these techniques and methodologies, the researchers have developed

fundamental theories of the operation level of green supply chain. However,

most theoretical research focuses on a single dimension of improvement.

To investigate the holistic environmental impact of products and processes,

the interdisciplinary nature of this field requires researchers to incorporate

methodologies in different fields. Corbett and Klassen [2] suggested that

the researches in green supply chain needs to expend the boundaries and integrate

the concerns of more stakeholders, including governments, local communities,

public interest groups, and future generations.

4.5 Future of Green Supply Chain

Despite all the efforts being made in greening the supply chain in the past few years,

there are still several challenges that need to overcome. One of the fundamental

problems is how do we define and measure environmental performance of a supply

chain. Since the environmental problems of one supply chain may affect another

one, the issue becomes complicated and may depend on the industry sector in which

the company belongs. There are some measurements developed, such as balanced

scorecard and cost-and-benefit analysis. However, there is no widely accepted

standard existing in most industries and identifying, monitoring and acting on

specific measures remains a challenge. For detailed discussion of metrics, readers

are referred to Chap. 3 of this book.

Another big challenge is that collecting data fromupstream suppliers or downstream

retailers is not easy especially in some industries that have long supply chains.

Current practices show that most big companies can only collect data from their first-

tier suppliers to evaluate the environmental impact of a certain product.Even the largest

retailer in the world—Wal-Mart—may have challenges obtaining data from their

suppliers on their environmental impact. However, because of the size of Wal-Mart,

the sustainability program initiated by them will have a significant influence.
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Walmart Example

Walmart is an American-founded corporation that runs a chain of discount

department stores; in 2010, it was the world’s largest public corporation by

revenue [51]. Thus, Walmart’s supply chain policy decisions have a large

influence upon suppliers along every tier of its supply chain. According to its

own estimations, 92%Walmart’s emissions come from its supply chain, with

only the remaining 8% coming from their own operations [52].

To enhance transparency with suppliers, Walmart utilizes a Packaging

Scorecard to measure the environmental sustainability of each supplier’s

packaging. This metric is an example of greater use of transparency, as it

encourages suppliers not only to measure their emissions, but also to reduce

them.

In 2009, Walmart introduced implementation of a Sustainable Product

Index, a method by which to evaluate the sustainability of its supplier’s

products. Walmart promoted the development of a Sustainable Product

Index to provide its customers with a more transparent supply chain; with

more information about how a product’s lifecycle and how it was made,

customers will be able to make informed decisions when purchasing

products. The new Index was rolled out in three phases and was in addition

to the Packaging Scorecard metric. In the first phase of development of its

Sustainable Product Index, Walmart provided its suppliers with a guide

detailing both the purpose of the Index and the importance of being

sustainable. The first phase also included a survey of 15 questions covering

four major topics of sustainability including: (1) energy and climate, (2)

material efficiency, (3) nature and resources, and (4) people and community.

Walmart scored the suppliers’ responses to each of the four major question

topics separately, providing specific definitions and examples of its three

possible score categories: “Below Target,” “On Target,” and “Above Target.”

Each supplier question response was first assigned a percentage value, which

was in turn classified into one of the three category scores (Below, On, or

Above Target). As with the Packaging Scorecard, suppliers were not required

to complete the 15-question survey of the first phase; however, they were

highly encouraged to do so [53].

The second phase included development of a lifecycle analysis database to

compile information on products’ lifecycles [5]. Walmart provided initial

funding for a Sustainability Index Consortium, which is currently

administered by Arizona State University and the University of Arkansas.

The consortium, which consists of universities, suppliers, retailers, and gov-

ernmental organizations, is intended to collaboratively develop a database of

information with products’ lifecycle information [53].

Lastly, the third phase, which is still under development, is to provide

customers with product the Sustainability Product Index information;

the optimal way of presenting easily accessible information has yet to be

determined [53].

(continued)
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As a large international company, Walmart also has defined several

goals and standards for its suppliers in China. By 2012, Walmart’s top

200 suppliers in China must become 20% more energy-efficient; this

includes any and all areas of energy use and emissions, such as coal

consumption, water use, energy use, and manufacturing processes.

As motivation for Chinese suppliers, Walmart has stated that by 2012,

they will cease orders from suppliers who do not meet the sustainability

demands defined [54, 55]. The ultimate goal is to produce a win–win

situation, with Walmart improving the environment, decreasing waste

costs, and subsequently providing better service to its customership [54].

In addition, globalization makes it more difficult to cooperate with all the

members in a supply chain. Most suppliers and manufacturers in developing

countries have difficulty to improve the process or materials they use to

become greener. One of the examples is IKEA’s wood supplier. IKEA started

its sustainability program in 1999. They stopped using plastic bags and

invested $77 million in clean technology start-ups like solar. IKEA’s supply

chain efforts have helped thousands of cotton producers slash water and

pesticide use. However the furnishings giant is struggling to source

sustainable timber [56].

According to ENDS Report 2009, in 2006, IKEA promised 30% of the seven

million cubic meters of solid wood used in its products annually would come from

forests certified as responsibly managed by 2009. Its 2008 sustainability report,

published in July 2009, admits this target will not be reached and shows only 7% of

timber was certified in 2007/2008. IKEA said third-party verified timber is still

in short supply in countries where its suppliers are based. Less than 10% of the

world’s forests are covered by a certification scheme and most of these are in

the West [56]. This is mainly because in developing countries, most timber

suppliers are unable or unwilling to manage forests in a sustainable way and pay

the cost of certifications. Therefore, although the global supply chain provides the

cost-saving benefit for a company so that they can find low-cost materials and

components, the different cultures and economies of the countries where their

suppliers are based increases the challenges of sustainable improvement over the

supply chain.
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Those are my principles, and if you don’t like them . . .
well, I have others.

Groucho Marx

Abstract

The purpose of this chapter is to illuminate some of the basic principles of green

manufacturing. That is, establish a framework of principles against which

relevant examples can then be mapped to determine how green a system or

solution is and find areas for potential improvements. This forms the structure of

the discussion in following chapters where specific manufacturing processes or

systems are investigated in more detail. We propose the following five

principles: (1) a comprehensive systems approach must be used to evaluate

and improve manufacturing processes from a green perspective, (2) the system

should be wholly viewed across both the vertical and horizontal directions, (3)

harmful inputs and outputs of the system to the environment and humans should

be reduced or removed, (4) net resource use should be lowered, and (5) temporal

effects on the system should always be considered. These are discussed in detail.
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5.1 Introduction, Background, and Technology Wedges

This chapter adds structure to the discussion of specific manufacturing process or

system analysis for reduced impact. Chap. 1 provided a basic introduction to green

manufacturing and discussed its importance in the context of the motivation, basics,

and definitions associated with green manufacturing and sustainability. Much of the

discussion presented in Chap. 1 on differentiating green manufacturing from

sustainable manufacturing in terms of impact or effects was based on the concept

of “technology wedges.” The paper entitled “Stabilization Wedgesdquo: Solving

the Climate Problem for the Next 50 Years with Current Technologies” published

in Science in 2004 describes the concept of “stabilization wedges” with respect to

technology that could solve the climate problem (with respect to fossil fuels) for the

next 50 years using current technology [1]. This idea is based on the concept of

“closing the gap” as discussed in Fig. 1.2 in Chap. 1. The “gap” discussed in the

stabilization wedges paper is the difference between the current trends in fossil fuel

emissions (so-called business as usual, BAU) and the atmosphere’s capability to

accommodate emissions. This is a similar gap to the one defined earlier in Fig. 1.2

relative to sustainable design and manufacturing (normal consumption vs. sustain-

able consumption). Pacala and Socolow [1] propose a set of “wedges” wherein each

individual wedge represents the ability of some existing current technology to

reduce on its own some portion of fossil fuel emission. Then, summed together,

these wedges provide the necessary reduction in emissions to achieve an overall

“sustainable” situation.

This strategy can be employed in manufacturing to accomplish environmentally

benign manufacturing processes as discussed in Chap. 1. There is, as noted earlier, an

increasing interest in developing process enhancements that contribute to reducing

an environmental impact. As yet, there is no strategy to coordinate a set of enhance-

ments and new capabilities that will, combined, render a process “sustainable” as in the

case of the fossil fuel emission example discussed earlier in Chap. 1.

There are some interesting possibilities with the development of new

manufacturing technologies for microscale and nanoscale manufacturing and

various alternate energy sources being pursued (from fuel cells to photovoltaics).

Attention will need to be paid to ensure that new processes will have a positive

effect in an environmental sense. That is, wedges must be designed to be “net-

positive.” An improvement in one element of a process or system of manufacturing

cannot be at the expense of another segment of the cycle. This is especially

complicated with the complex supply chains employed today.

Continuous improvement is as valid here as in other areas of manufacturing.

Industry strives to remove “wasted time and effort.” So, why not also try to do this

for energy/consumables/waste? As a background to the discussion of principles of

green manufacturing, the concept of “technology wedges” as introduced in

Chap. 1—analogous to “stabilization wedges”—offers an approach and potential

metric for addressing these energy challenges. The specifics of that metric need a

lot of development based on discussion in the community.
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There are a number of fundamental rules that govern how wedge technology

can be employed in manufacturing. These were explained in a paper entitled

“TechnologyWedges for ImplementingGreenManufacturing” [2] and are as follows:

Rule 1. The cost of materials and manufacturing (in terms of energy consumption

and Green House Gas (GHG) emissions, etc.) associated with the wedge

cannot exceed the savings generated by the implementation of the wedge

(or wedges) over the life of the process or system in which it is employed.

Rule 2. The technology must be able to be applied at the lowest level in the process

chain.

Rule 3. The cost and impact of the technology must be calculable in terms of the

basic metrics of the manufacturing system and the environment. That is,

cost and impact must be expressible in units of dollars (or euros, yen, yuan,

etc.), carbon equivalent, global warming gas creation or reduction, joules,

cycle time and production rate, quality measures, lead time, working

capital, and so on relative to present levels of consumption, use, time, etc.

Rule 4. The technology must take into consideration societal concerns along with

business and economy, see [3] for example, and

Rule 5. There must an accompanying analytical means or design tool so that it can

be evaluated at the design stage of the process or system. It must be an

integrated approach.

These rules, when applied, will insure a balanced and honest appraisal of the

impact of technology from an environmental perspective and also insure the rules

are feasible from a business perspective. It also avoids creating anomalies in the

supply chain caused by a local gain, which yields a global net loss. Many examples

of a net loss currently exist in society, such as with so-called high tech/low cost

products, some of which operate efficiently, but which have short useful lives.

The consumer “learns” to expect this and, thus, expects to replace the product in

a short time. This trend destroys a tremendous amount of product value and

resources and, worse, it encourages increased environmental damage. The life

cycle of such “throw-away” products is often not considered in the design,

fabrication, or use of said products

In order to effectively apply technology wedges and other approaches to

greening manufacturing, a set of principles should be followed to insure positive

benefit. These are laid out in the next section.

5.2 Principles

To apply the stated definition for green manufacturing and effectively use strategies

such as technology wedges to real systems and solutions, a framework of principles

must be established. All relevant examples can then be mapped against the defined

framework to determine how green the system or solution may be as well as
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find any areas for potential improvements. Generally speaking, this framework

takes the form of the following five principles:

1. A comprehensive systems approach must be used to evaluate and improve

manufacturing processes from a green perspective.

2. The system should be wholly viewed across both the vertical and horizontal

directions.

3. Harmful inputs and outputs of the system to the environment and humans should

be reduced or removed.

4. Net resource use should be lowered.

5. Temporal effects on the system should always be considered.

5.2.1 First Principle: A Comprehensive Systems Approach must
Be Used to Evaluate and Improve Manufacturing Processes
from a Green Perspective

A comprehensive systems approach is required to consider the environmental

impacts of manufacturing as these impacts could be due to any aspect of

the process itself. For example, we can consider machining. As Fig. 5.1 shows,

the impact of machining exceeds the electrical energy required to power the

process and the cutting fluid used to cool and lubricate the workpiece. Other

important aspects that are not typically considered but also do contribute to

environmental impact include lubricating oil use and disposal, water use and

disposal, compressed air use, and even the machines and tools themselves, which

both have some amount of embedded impact due to their manufacture.

A comprehensive systems approach is also vital in the sense that most

manufacturing processes are inherently complex. Continuing the machining

example, while much of the work in the literature has provided a substantial

base of knowledge from the process-level perspective, very little research has

studied the environmental ramifications of the entire manufacturing process [4].

But, these ramifications can be significant considering the interplay at work in

many manufacturing processes. For example, the trend towards MQL and dry

machining provides environmental benefit by reducing the amount of cutting fluid

consumed and subsequently disposed. MQL and dry machining, though, may also

result in greater compressed air use or increased electricity consumption due to

the increased cutting forces generated by the increased frictional interaction at the

tool-chip interface or cleaning requirements to remove chips and contamination.

Furthermore, other environmental aspects may be highlighted such as the

increased human health toxicity due to vaporized cutting fluid in the air. Given

that any one of these new factors may themselves cause substantial environmental

impact, it is important for us to not only consider the effect of any one process-

level improvement on the environment, but also to consider the effect of this

change on other parameters that can also affect the environment.
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5.2.2 Second Principle: The System Should Be Wholly Viewed
Across Both the Vertical and Horizontal Directions

The first aspect of the comprehensive systems approach advocated by Principle #1

is to view the system in both the vertical and horizontal directions where “vertical”

refers to considering the system at varying levels of detail from the enterprise down

to the process and “horizontal” refers to considering the system at any one level of

detail. This type of approach is vital as environmental impacts can occur or be

magnified depending on the level of detail one considers for analysis. An example

that considers the vertical direction of a system is the energy consumption of

machine tools at the factory level. While the energy consumption of a single

machine tool may seem negligibly small, at the factory level this consumption

may be quite large due to the number of machines in the facility. Another example

that considers the horizontal direction of a system is compressed air use in a facility.

Air is typically compressed using one or a small number of compressors shared by

all machines and process. So, the entire machine-level of detail should be

considered when analyzing compressed air usage.

Fig. 5.1 Comprehensive systems view of a standard machining process
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Viewing systems in both the vertical and horizontal directions can also lead to

effective solutions that reduce environmental impact and promote efficiency. One

example that will be explored later in Chap. 6 is power demand balancing of a

manufacturing facility. Increasing power demand necessitates more and larger

electricity generation facilities, each of which increases the burden on the environ-

ment. So, decreasing power demand can reduce environmental impact, but it can be

very difficult to find ways to decrease the power demanded by any one process or

tool. However, if we expand our analysis to the factory level, then we can begin to

consider staggering process cycles so that overall power demand is decreased.

5.2.3 Third Principle: Harmful Inputs and Outputs of the System
to the Environment and Humans Should Be Reduced
or Removed

While Principle #2 takes a more internal perspective when analyzing a system

for environmental impact reduction, these impacts generally occur because of

external influences. So, if one now considers these external influences, then one

must work to reduce or eliminate the harmful inputs or outputs of the system.

This approach can greatly reduce the environmental impact of every manu-

facturing process since all inevitably require electrical power, which can create

a large amount of harmful material even if the original manufacturing process did

not use or emit any toxic substances.

The reductions required for Principle #3 can be affected by a variety of means.

If we first focus on inputs to the system, then one solution is to replace harmful

inputs with other inputs that have lower impact. An alternative would be to find

ways to implement recycle, reuse, or remanufacture techniques to reduce the

harmful inputs required. Machining actually provides us with an excellent

recycling example: cutting fluid is cleaned within the machine and then reused

in order to significantly reduce the amount of cutting fluid required for the

process. Similar means can be considered for harmful outputs to the system.

Recycle, reuse, and remanufacturing techniques, such as the given machining

example, can also serve to reduce harmful outputs from the system. Optimizing

and/or redesigning the manufacturing process can also reduce harmful outputs.

One good example of this approach is the use of NF3 to clean chemical vapor

deposition chambers—because NF3 is 99% consumed, less of it is released from

the system than the other perfluorinated compounds previously used. Generally

speaking, though, the approach used by industry to reduce harmful outputs from

a system involves the use of abatement techniques to clean any emissions as well

as take-back programs to prevent any harmful outputs from unintentionally

reaching any part of the environment.
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5.2.4 Fourth Principle: Net Resource Use Should Be Lowered

Principle #3 can also be expanded to include all resources, even those that are not

necessarily harmful but whose use can have a significant effect on the environment.

For example, paper is not a harmful input to a system, but its use represents a tree that

was cut down and processed releasing carbon into the environment. Our goal should

be to lower net resource use. This goal should apply equally to all resources. All

resources are limited and overuse of any one resource can have detrimental and

potentially irreversible effects on the environment.

Ideally, net resource use should be zero so that resources may be used at a rate

equal to the rate of replenishment in the environment. This statement should not be

interpreted to mean that resources should be freely used since, aside from being

practically impossible, it would represent inefficiency in the system that would not

minimize environmental impact. There are several methods that can be employed to

attempt to reduce net resource use including all of the methods given for Principle

#3. One interesting example that will be discussed in Chap. 10 is the lightweighting

of plastic packaging, which reduces net resource use by requiring less plastic

material, less manufacturing consumables, and less electrical energy to process.

5.2.5 Fifth Principle: Temporal Effects on the System
Should Always Be Considered

The previous principles were all spatially oriented—that is, they considered physical

factors independent of time. However, the environmental impact of any system

can vary with time. So, we must also consider temporal effects on the system.

By “temporal,” we are referring to any effect that is time based. These effects are

inherent to the life cycle of every product or process since emissions and

environmental impacts can occur at any stage of the life of a product or process.

Furthermore, these emissions are typically not constant throughout the life either.

A combustion engine for instancemay likely havegreater emissions as it ages. Even at

the end of life, an itemmay continue to leech pollutants as it decomposes in a landfill.

The emissions themselves may also have temporal effects on the environment. For

example, the global warming potential of greenhouse gases is dependent on both the

potency and the persistence of the greenhouse gas. Recent work in the literature, such

as by Yuan and Dornfeld [5] and Zhai and Yuan [6], has tried to account for the

temporal effects of many pollutants through means such as temporal discounting.

Ultimately, no matter the approach taken, these lifetime effects should be accounted

for and reduced when considering the impact of any manufacturing process.

Temporal effects may also refer to taking action against environmental impact

during the design process. It is estimated that roughly 70% of the life cycle costs

of a product or process is determined during the initial design stages. As the

design progresses and decisions become set, the ability to influence eventual

impacts decreases substantially. Therefore, environmental impacts should be

considered as early as possible in the design stages so as to allow the greatest

ability to consider alternatives that may reduce any future effects.

5 Principles of Green Manufacturing 113

http://dx.doi.org/10.1007/978-1-4419-6016-0_10


5.3 Mapping Five Principles to Other Methods and Solutions

Now that a detailed framework that defines the principles of green manufacturing

has been established, one is in a better position to evaluate and improve methods

and solutions presented in the literature. As an example, consider the five options

for sustainability presented by Allwood [7]. Using the framework we have

established, one can improve on Allwood’s formulation as follows:

1. Use less material and energy

2. Substitute input materials (nontoxic for toxic, renewable for nonrenewable)

3. Reduce unwanted outputs (cleaner production, industrial symbiosis)

4. Convert outputs to inputs (recycling and all variants)

5. Change structures of ownership and production (product service systems, supply

chain structure)

6. Apply options 1 through 5 to across all levels of the defined system

7. Apply options 1 through 5 across the entire life cycle of the system

In this example, Principle #1 is inherent in all six options that are offered since

each option is based on a comprehensive systems approach. Principle #2 is mostly

addressed by option 6, which dictates that solutions should be found within any

level of detail of the system. While not reflecting all aspects of Principle #2, option

5 is based on the approach advocated by Principle #2 since it requires viewing the

system in a different perspective. Principle #3 can be found in options 2 and 3,

which both require the elimination of any harmful or toxic input or output. Principle

#4 is reflected in options 1, 2, and 4 as all deal with net resource usage. Finally,

Principle #5 is mainly addressed by option 7, but option 2 can also be viewed as a

potential temporal issue since renewable sources are defined as such because they

are not depleted in time indicating that relatively no environmental impact occurs in

the future. Based on this analysis, we should be able to state that the modified

Allwood formulation given would satisfactorily offer a green manufacturing system

as we have defined.

5.4 Concluding Remarks

A framework that can be used to apply green manufacturing principles to existing or

developing methods and solutions has been presented. It highlights the need for a

comprehensive systems approach that takes into account both spatial and temporal

factors in order to reduce the overall environmental impact of manufacturing across

the entire life cycle of the process, equipment, and products. This framework was

mapped to several existing solutions presented in the literature, and initial

applications were developed that can be directly applied to achieve real, sustainable

improvements.

The following chapters present several case studies that highlight these

principles being applied to machining and production equipment and processes,

semiconductor manufacturing, and nano-manufacturing. These case studies are
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followed by a discussion of enabling technologies for green manufacturing

including clean energy technologies for power generation, packaging, and process

monitoring and interoperability. Through these various case studies, it is hoped that

the reader can better understand how to implement the principles and discussions

have developed thus far to real world applications.
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Eco-industries consume raw materials, but they try to recycle
everything else and dispose as little as possible. Everything is a
closed loop.

Erik Monge

Abstract

This chapter discusses the closed-loop aspects of production systems in the

context of green and sustainable manufacturing. Specifically, we consider the

life cycle of production systems from design and construction through use,

decommissioning, and recycling or repurposing. We discuss resource and

economic efficiency and present a series of examples of life cycle analysis of

manufacturing systems. We also describe how to design systems for reduced
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life cycle impact. Examples include comparisons of different machine tool

systems, process parameter optimization, consumable utilization, plant

services, and plant design.

6.1 Life Cycle of Production Systems

6.1.1 Background

You may wonder: who is Erik Monge? Mr. Monge is a manager of a company in

Superior, Wisconsin called Elkhorn Industies that has led the development of

sustainable production and products based on the forest products industry in

Northern Wisconsin. It is the small companies like Mr. Monge’s that are in the

vanguard.

A life cycle describes the life time of an asset and is divided into several phases

dependent on the perspective taken. From a market perspective, the phases are

introduction, growth, maturity, and decline. A customer distinguishes purchase,

operation, support, maintenance, and disposal. A manufacturer of a consumer

product thinks of product conception, design, product and process development,

production, and logistics [1]. For production equipment, typical life cycle phases are

design, production, system configuration, operation, and disposal [2]. The life

expectancy of production equipment can be determined by the following factors

[3, 4]:

• Functional life: period over which the need for the equipment is anticipated

• Physical life: period over which the equipment physically exists

• Technological life: period over which technical innovation makes the equipment

obsolete

• Economic life: period over which the equipment can be operated profitably

• Social and legal: period until social necessity or legal requirement dictates

replacement

Facing climate change, population growth, and limited nonrenewable resources,

the global economy has to adapt to a closed‐loop economy [5–7]. To increase eco-

efficiency, the life cycle of production systems has to be extended until the end of

their physical life, and components and materials have to be remanufactured and

recycled.

The increasing number of product variants, smaller lot sizes, accelerated time to

market, and shorter life cycles of products have increased requirements on produc-

tion equipment. Production equipment must synchronize its life cycle with the

product life cycle, especially for high-volume, long production run products

(Fig. 6.1). Concepts that allow a high degree of flexibility with respect to variants,
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low-cost adaptability of products, and quick amortization within sustainable equip-

ment use are required [8].

The current state of technological solutions and organizational practices fulfills

many of the underlying requirements for the successful transfer of equipment into

further use phases. Work has shown that the technical realizations of reconfigurable

and transformable factories are already implemented in production facilities [9, 10].

Takata et al. [11] emphasized the potential of maintenance oriented production

strategies. Methods and technologies will now be proposed that exploit the potential

of production equipment.

Fig. 6.1 Synchronized life cycles of products and production equipment
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6.2 Economic and Ecological Benefits of Closed‐Loop Systems

6.2.1 Reduction of Investment Costs

A cost analysis of two industrial reuse cases shows a high cost reduction potential

between 30% and 80% due to the reuse of production components or systems

(Fig. 6.2) [12, 13]. However, the analysis also showed that the effective effort for

remanufacturing or retooling depends strongly on the condition of the system or

component. Currently, predicting the actual effort and real cost of equipment reuse

is based on a limited set of experiences, which implies high risk when planning

reuse projects.

Further cost reductions for reuse are possible through standardized and modular-

ized production equipment. This requires collaboration between the manufacturers,

system integrators and commercial parts suppliers. Additionally, managing the reuse

process is critical to achieve high cost reduction potentials. Planning methods that are

applicable to equipment already in use and to equipment designed according to

appropriate design rules have to be developed to improve remanufacturing and

adaptation efforts.

The flexibility of a typical welding station for automotive production was

evaluated using a real options approach to compare different calculation

methods [12]. A flexible system was analyzed with simplified life cycle costs

including added value per car, labor, and energy costs over a period of

four years with up to four different car types in different production amounts.

The flexible system here, a geo framing station, allows the joining of the

different subassemblies of an automobile to a single body shell. Therefore, a

Fig. 6.2 Selected cost reductions achieved due to the reuse of assembly equipment in two

industrial case studies[13]
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complex frame specific to a car model with several grippers has to fix the

different parts during the welding process. In contrast to a dedicated system, the

flexible system can easily exchange these frames and thus allow the joining of

different car models in the same stations. So, part of the investment cost for the

flexible system will also apply towards new frames when new car models are

introduced in the future.

6.2.2 Increase of Resource Efficiency

We may estimate the ecological reuse potentials of an articulated industrial robot as

a highly flexible system and an assembly automation system as a specified produc-

tive system [14]. The evaluation was conducted using the material input per service

(MIPS) unit approach developed by the Wuppertal Institute in Germany [15] and

the life cycle assessment method defined in ISO 14040 and ISO 14044. Table 6.1

shows the result of the MIPS calculations.

The estimation of ecological reuse potentials is based on a standard articu-

lated industrial robot with a possible pay load of 200 kg (e.g., the COMAU

NH3). The embedded materials and their contribution to the overall weight of

1.5 tons can be seen in the first two columns of Table 6.1. The remaining

columns show the material intensities per kg of the respective material regard-

ing abiotic resource, water, and air as well as the material intensity of the

material amount embedded in the evaluated robot. The second to the last line

shows the sum over all materials examined. The last line shows the material

intensity of the consumed energy during four years of operation time by the

robot. The estimation of the energy consumption is based on measurements for

standard movements assuming a power demand of 4,875 W during operation

and 945 W during standby. A comparison of the material intensities shows that

Table 6.1 Material intensities for articulated industrial robot [14]

Articulated robot Abiotic material Water Air

Material Unit Amount

MI-

factor kg

MI-

factor kg MI-factor kg

Steel kg 828 7.63 6,318 56 46,368 0.41 343

Stainless

St.

kg 63 17.94 1,130 240.3 15,139 3.382 213

Copper kg 250 179 44,768 236.39 59,098 1.16 290

Aluminum kg 219 8.11 1,776 234.1 51,268 2.93 642

PVC kg 85 3.47 316 305.3 25,951 1,703 232

Electronic kg 20 436 8,720 5,971 119,420 264 5.28

Sum kg 1,465 63,028 313,061 1,725

Electricity MWh 60 1.55 277,939 66.7 4,914.201 0.54 35,482
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the energy consumption during the use phase is the dominant and hence the

principal driver of ecological impact.

Figure 6.3 shows the results of the LCA study performed using GABI software

from PE International, Stuttgart. The LCA study is based on the life cycle inventory

of the whole product life cycle and the results are calculated based on the estimated

impacts of this inventory. In order to model a product or system the processes during

the production, use, and recycling of the system are modeled with the respective

resource inputs and outputs. The results are based on internationally accepted impact

categories by the Centre for Environmental Studies (CML) at the University of

Leiden [16]. These impact categories characterize the single in- and outputs to

different environmental impacts.

Fig. 6.3 The largest contributors to the global warming potential of an articulated industrial robot

Fig. 6.4 The largest contributors to the global warming potential of an automated assembly

station
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Figure 6.4 and Table 6.2 show the respective results for the automated

assembly station with half a shift use per day over four years. The evaluated

assembly station is a packaging machine consisting of two conveyer belts,

four pneumatic pick and place handling devices and two pneumatic centering

devices. The calculations are based on the bill of material and energy based

on compressed air field measurements. In contrast to the robot, the energy

consumption during the use phase only represents 20% of the overall global

warming potential in the LCA study. Thus the composition of the station and

the embodied materials, mainly aluminum and steel, influence the life cycle

ecological impact.

The material intensity (MIPS) and LCA results were substantially different

in these two case studies. Some of these differences can be explained by the

fact that the MIPS approach does not consider the end of life phase and the data

for energy consumption seems to be quite different. Unfortunately, the calcula-

tion method and assumptions behind the MIPS data is not public, and thus a

further analysis of these difference is not possible. Nevertheless, the variations

seen in this case study seem to indicate that the difference is too big to use

MIPS as proxy for the ecological impact. The evaluation of the robot shows that

the energy consumption during the use phase has to be investigated in more

detail to understand the ecological impact more precisely. The following sec-

tion will present a study of machine tools to predict the energy consumption of

production equipment.

6.3 Machine Tools and Energy Consumption

The focus in this section is closer to the production floor at the line/cell level with

specific interest in one of the primary pieces of manufacturing hardware: the

machine tool.

Machine tool energy consumption may be reduced in one of four areas of its life

cycle: manufacturing, transportation, use, or end of life. Early life cycle assessments

Table 6.2 Material intensities for assembly automation station

Assembly automat Abiotic material Water Air

Material Unit Amount MI-factor kg MI-factor kg MI-factor kg

Aluminum kg 338.6 19.0 6,426.6 539.2 182,573.1 5.9 2,000.8

Steel kg 336.9 9.3 3,139.9 81.9 27,592.1 0.8 260.1

ABS, PVC kg 7.0 5.5 38.7 205.0 1,441.2 4.2 29.5

Stainless St. kg 5.4 17.9 96.9 240.3 1,297.6 3.4 18.3

Copper kg 8.7 179.1 1,561.5 236.4 2,061.3 1.2 10.1

SBR kg 0.5 5.7 2.7 146.0 69.2 1.7 0.8

Electronics kg 5.0 174.4 872.0 2,388.4 11,942.0 105.6 528.0

Sum kg 702 12,138 226,977 2,848

Electricity MWh 10.0 4.7 47,000 83.1 831,000 0.6 6,000

6 Closed-Loop Production Systems 123



of machine tools and manufacturing processes have focused on quantifying the

energy and resource consumption during use. Shimoda [17] contended that

minimizing cutting fluid consumption provides a more effective means of saving

energy when compared to the use of recycled material in manufacturing a machine

tool since the use of the machine tool is extensive. However, Diaz et al. [18] showed

that the impact of the manufacturing and transportation of the machine tool with

respect to carbon-equivalent emissions per part produced depended on the facility in

which the machine tool was used. Much of the literature on machine tools and the

environment reduces the scope of the analysis and presents design- or process-level

changes, each ofwhich affects the energy requirements of themachine tool during its

manufacture and use.

Design-level changes provide the greatest flexibility and therefore the greatest

opportunity for energy savings [19]. Such strategies include design for disassembly

[20, 21] and remanufacturing to reuse material for the machine tool frame [22].

Strategies that require a design change of the machine tool to save energy during

use are also extensively studied, such as Minimum Quantity Lubrication (MQL),

which provides the added benefit of using three to four times less cutting fluid than

conventional flood cooling [23]. MQL strategies require modifications to the cooling

system of the machine tool if it uses an internal coolant feed, though [24]. Dry

machining has been another area investigated to eliminate the impacts of cutting

fluid. While dry machining does not require substantial machine tool design changes,

proper tooling and cutting conditions must be practiced to reduce excess tool wear,

which would overshadow initial energy savings [25].

Munoz and Shengy [26] developed amodel that incorporated cutting fluid flow as

an environmentally conscious measure in machining as well as process-level

dynamics such as machining mechanics and tool wear. This model served as the

foundation for the development of an environmental process planning system that

works with conventional process planning methodologies to evaluate trade-offs

between environmental and productivity requirements [27]. Narita et al. [28, 29]

developed a similar tool called an “environmental burden calculator” related to part

manufacture that allowed a user to input cutting conditions and work piece

information.

Recent research also includes power consumption analyses of machine tool use.

Dahmus and Gutowski [30] conducted an environmental analysis of machining that

quantified the energy consumption of four types of milling machines varying in

automation as well as accounted for material production and cutting fluid

preparation. Taniguchi et al. [31] studied the effects of downsizing a CNC milling

machine tool on its energy and resource requirements. Gutowski et al. [32] broadened

the scope to include ten types of manufacturing processes, and noted that the low

throughput of additive processes such as sputtering amplify the specific energies

relative to other manufacturing processes even though the power requirements of the

processes studied do not vary by more than 2 orders of magnitude.

Ultimately, a life cycle energy assessment is required to determine the

appropriate strategy to “green” a machining process. This type of analysis

yields two general possibilities: (1) high constant energy demand due to the

dominance of noncutting operations and peripheral equipment, or (2) low
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constant energy demand due to the dominance of cutting operations. Sample

strategies to address the first case include using machine design to minimize the

energy requirements of peripheral equipment (e.g., kinetic energy recovery

systems used in conjunction with the spindle) and focusing on machine opera-

tion to increase the production rate of the machine tool. Strategies to address

the second case generally require optimization of the cutting process itself. This

may be difficult to accomplish from a design perspective due to the influence of

desired process parameters, but energy savings may be achieved by considering

typical machine tool use in design (e.g., ensure that axes with high motion carry

less weight).

6.4 LCA of Machine Tools

While the current literature provides an extensive knowledge of the life cycle

energy consumption of machining, it is limited by the assumption that machine

tool operation dominates the overall impact such that other aspects of the

machine tool’s life cycle, such as its manufacture, are neglected. Furthermore,

much of the literature neglects transportation, material inputs (e.g. cutting fluid),

or facility inputs (e.g. HVAC and lighting), which may all have a significant impact

on the overall energy consumption. So, it was the goal of Diaz et al. [18] to study

the effect of these aspects as well as that of the manufacturing environment and

degree of automation on the life cycle energy requirements of milling machine

tools. The work is summarized here as an example of a systematic analysis of

process technology and equipment.

6.4.1 Methods

Two types of machine tools were studied in this analysis: (1) the Bridgeport Manual

Mill Series I (for low automation), and (2) the Mori Seiki DuraVertical 5060 (for high

automation). Energy consumption and CO2 emissions were calculated for each life

cycle stage in different manufacturing environments [18].

Each machine tool was divided into its primary components (machine tool frame,

spindle, ball/lead screws, X/Y axes, tool changer, casing, and controller) to determine

the energy consumed during its manufacture. The material composition of the

components were simplified—the machine tool frame was assumed to be gray cast

iron, the casing was low carbon steel, and the remaining components were low alloy

steel—and all choices assumed standard recycling content [33].

The following processes were considered when calculating the energy consumed

during the production of each component: casting, extrusion, rolling, stamping,

milling, turning, grinding, case hardening, annealing, and tempering. Embodied

energy of deformation processing was used for the extrusion, rolling, and stamping

processes [33]. Specific energies were used for the milling, turning, grinding, case

hardening, annealing, and tempering processes [32, 34–36]. To compute resultant
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CO2 emissions, a Japanese energy mix (360 g of CO2-e/kWh) was used for the Mori

Seiki [33] and a Connecticut energy mix (420 g of CO2-e/kWh) was used for the

Bridgeport [37, 38].

Transportation energy and CO2 emissions were calculated—the Mori Seiki

originated in Nagoya, Japan, and the Bridgeport originated in Bridgeport, CT

[33]. Both were sent to San Jose, CA for use and then to Los Angeles, CA for

resale at the end of life.

To analyze the effect of different facility characteristics and production schedules,

the use phase of both machine tools was studied across three manufacturing

environments: a community shop, a job shop, and a large commercial facility. The

functional unit of a machine tool in each environment depends on its performance

and ends once resold by the original owner. A 101 � 101 � 25.4 mm AISI 1018

steel standard part served as the functional unit in this analysis.

Energy consumption was measured during part production. Cutting fluid was

considered for both machine tools, while lubricating oil was only considered for

the Mori Seiki; both analyses utilized an embodied energy approach. The energy

required for HVAC and lighting to support machine tool operation was calculated

based on facility square footage and data from [17]. Total HVAC and lighting energy

was allocated to the machine tools according to the size of the workspace required to

operate the tool. Emissions were calculated using a California energy mix (320 g of

CO2-e/kWh) [38–42].

Labor and workpiece preprocessing were omitted. An end-of-life analysis has also

been omitted due to the uncertainty in the amount of times a machine tool is reused.

But, material recyclability was accounted for when considering the manufacture of

the machine tool.

6.4.2 Results

The energy required to manufacture the Bridgeport and Mori Seiki was estimated to

be 18,000 MJ and 100,000 MJ per machine tool, respectively. Material extraction

was the most energy intensive process—it was responsible for 70% of the total

energy consumed in manufacturing for both machine tools—followed by casting.

Accordingly, the machine tool frame was the component of both machine tools that

required the greatest amount of energy to manufacture.

Both machine tools have similar transportation emissions; 1,200 kg of

CO2-equivalent for the Bridgeport and 1,600 kg of CO2-equivalent for the Mori

Seiki. Now considering the actual use of the machine tools, the Bridgeport con-

sumed 600 kJ per part and theMori Seiki consumed 1,000 kJ per part to manufacture

the standard part that served as the functional unit.Maintenance energy consumption

was negligible while HVAC and lighting consumed 40–65% of the total energy

required during use of the machine tools. The most energy intensive scenario during

use of the machine tool was the Mori Seiki in the community shop due to the low

production volume; the energy consumed in this scenario was 2,800 kJ per part.
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The CO2-equivalent emissions calculated for both machine tools in all three

manufacturing environments resulted in measureable differences with the

manufacture of the machine tools being significant relative to their use (see

Fig. 6.5). The percentage of CO2-equivalent emissions during the manufacture of

the machine tools was smallest for both machine tools in the commercial facility

because of the higher production rates possible. The use of the machine tools

dominated the total emissions, varying from 70 to 90% of the Bridgeport’s

emissions and 60–85% of the Mori Seiki’s emissions.

6.4.3 Conclusions

This analysis of two milling machines placed in three environments has quantified

the CO2-equivalent emissions associated with producing a standardized part over

the lifetime of a machine tool. Several findings show significant differences from

previously published literature, such as the manufacturing phase impact. Since

HVAC and lighting requirements are a significant portion of the use phase

emissions, future studies should use specific facility HVAC and lighting data

since average national energy intensity data were used in this study.

Fig. 6.5 CO2-equivalent emitted per standard part produced. *Numbers provided are in grams of

CO2-equivalent emitted per part
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In addition to the significant impacts of parameters that have been disregarded in

the literature, the results suggest areas for reducing energy consumption. For

example, a more energy-efficient thermal control system could reduce the overall

energy usage since HVAC is energy intensive. This analysis may also provide

greater clarity to other LCA studies by highlighting potential impacts on a product’s

manufacturing phase since machine tools are key to manufacturing all other

products. Finally, these results may be extended to other manufacturing processes

by showing new areas to consider for energy and environmental impact reductions.

There were sources of error in this analysis that may be improved upon in future

studies. For example, the manufacture of a machine tool is much more complicated

with many steps that are more difficult to quantify than we present in this analysis.

Also, material extraction and processing were influenced by aggregate effects since

each machine tool component is made from several materials. Focusing on the use

phase, labor was not considered due to its inherent complexity even though

machine tools require operators and maintenance technicians, and the widget itself

is simpler than many manufactured parts. In addition, the experiments performed to

determine the energy consumed to produce a widget were limited by the available

resources and thus likely employed process parameters that were not reflective of a

true production run. Despite these sources of error, the analysis was designed to

provide a broad initial assessment of energy consumption over the life of a machine

tool. Future work will strive to improve the data used in this analysis as well as

refine the analysis itself by incorporating other potentially significant factors.

6.5 Process Parameter Optimization

Given the significant environmental impact of the use phase of a machine tool, an

analysis was conducted on end milling process parameter selection for energy

consumption reduction [43]. The energy per unit manufactured is determined by

both the power demand of the machine tool during machining and the processing

time (see Fig. 6.6).

The power demand of a machine tool may be divided into a constant and a

variable component [30]. The constant power can be attributed to the computer,

fans, lighting, etc. of the machine tool. This component of the total power demand

is independent of process parameter selection. The variable power demand, though,

Fig. 6.6 Influence of process parameters on the energy per unit manufactured
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is dependent on process parameter selection and can be attributed to the spindle or

the drives of the table axes.

The processing time per unit manufactured is determined by the feed rate.

Cutting conditions at a specific feed rate depend on the selection of the number

of revolutions per minute of the spindle, the feed per tooth and the number of flutes.

Figure 6.7 identifies two opposing effects on the energy per unit manufactured.

First, as the feed rate increases the processing time is reduced. Therefore, the

contribution of the constant power demand of the machine tool to the energy per

unit manufactured decreases. Second, an increase in the feed rate demands

more power from the machine tool with or without adjustment of the cutting

speed. Depending on which effect prevails, three different machining regions may

be found.

The sum of both energy contributions results in a parabolic-total energy plot also

shown in Fig. 6.7. In Region 1 the decrease due to a shorter processing time

dominates the increased variable power demand. In this region the feed rate will

be chosen as fast as technically possible. In Region 2 the energy per unit

manufactured is fairly constant, whereas the increase of the variable power demand

dominates in Region 3. If the process is located in Region 3, slower feed rates

would lead to lower energy per unit manufactured.

Experimental studies were conducted to determine the region of the machining

process in Fig. 6.7. Initial experiments (a) kept the feed per tooth constant by

increasing the spindle speed proportionally to the feed rate and (b) varied the feed

per tooth at a constant spindle speed. Subsequently, the energy per unit

manufactured of conventional cutting with a 2-flute uncoated carbide end-mill

was compared to the energy per unit manufactured of high speed cutting with a

2- and 4-flute TiN-coated end-mill.

Slot cutting experiments of a low carbon steel (AISI 1018) were conducted on a

Mori Seiki NV1500DCG with an 8 mm uncoated carbide end-mill and a depth of

Fig. 6.7 Regions of machining process
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cut of 2 mm to be consistent with [31]. For each process parameter combination, 52

slot cuts were performed in order to study the wear of the tool. The power demand

of the machine tool was recorded using a WattNode Modbus power meter via an

MTConnect monitoring system (see Chapter 11).

6.5.1 Constant Feed per Tooth

The initial cutting conditions used a recommended feed per tooth of 0.125 mm/

tooth and a spindle speed of 800 rpm to generate a feed rate of 200 mm/min.

Figure 6.8 shows that the energy consumed by the machine tool per unit

manufactured decreases over feed rate at a constant feed per tooth of 0.125 mm/

tooth. However, tool wear increases significantly over feed rate. The tool

consistently broke before having cut 52 slots at a feed rate of 500 mm/min.

It has to be taken into account, that tool production consumes energy as well.

Thus, increasing the cutting speed at a constant feed per tooth might result in

smaller amounts of energy consumed by the machine tool per unit

manufactured, the increased wear of the tool leads to greater overall energy

demands of the process. It can be concluded that increasing the spindle speed at a

constant feed per tooth is not a strategy to lower the energy demand of the

material removal process.

6.5.2 Constant Spindle Speed

The feed per tooth was varied between 0.025 mm/tooth (feed rate of 40 mm/min)

and 0.15 mm/tooth (feed rate of 240 mm/min). Preliminary studies showed that

increasing the feed per tooth beyond 0.15 mm/tooth results in tool breakage.

Fig. 6.8 Average energy per unit manufactured versus feed rate
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Figure 6.9 shows that by lowering the feed per tooth (analogous to lowering the

feed rate) the energy per unit manufactured increases. However, surface quality

improves creating a trade-off between surface quality and energy consumption

during machining. Furthermore, the tool wear effectively decreases as the feed

rate is reduced since the load on the tool is smaller.

6.5.3 Conventional Versus High-Speed Machining

High-speed cutting with coated end-mills involves greater cutting speeds at a lower

feed per tooth. The feed rate increases since the increase in cutting speed is greater

than the decrease in the feed per tooth compared to cutting at conventional speeds. In

this study a 4-flute TiN coated end-mill was used and the energy consumed was

compared to the 2-flute uncoated end-mill. Table 6.3 summarizes how the number of

flutes (z), spindle speed (nspindle), feed per tooth (ft), and feed rate (vf) were varied

across the three experiments.

The energy per unit manufactured decreases due to the selection of a high-speed

cutting process over a conventional cutting process (Fig. 6.10). The increase in

power demand due to the higher spindle speed and the greater feed is compensated

Fig. 6.9 Average energy per unit manufactured versus feed rate at constant spindle speed

Table 6.3 Summary of conventional versus high-speed cutting parameters

Units Conv. High-speed

Coating – – TiN

z – 2 4

nspindle rev/min 800 7,334

ft mm/tooth 0.125 0.033

vf mm/min 200 968

tcut s 28.8 6.0
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by the shorter cutting time. The selection of a 4-flute end-mill over a 2-flute end-

mill reduces the energy per unit even further. The wear is reduced by choosing

coated end-mills and running high-speed cutting processes.

Figure 6.11 shows the tool wear of the conventional and the high-speed cutting

tools after 52 slots. It can be seen that although high-speed cutting using a TiN-

coated tool leads to a greater productivity at a higher feed rate, the tool wear is

reduced in comparison to the conventional cut.

If the additional production energy of providing coating to a tool is reasonably

small compared to the total production energy of the tool, the fraction of the

Fig. 6.10 Energy comparison of conventional cutting versus high-speed cutting

Fig. 6.11 Tool wear comparison after 52 slots
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production energy of the tool that has to be considered within the equation of

the energy per unit manufactured is roughly constant for conventional and high-

speed cutting operations. Under this assumption high-speed cutting operations are

more energy efficient than conventional cutting processes.

6.5.4 Conclusions

The tool limits the possibilities to reduce the energy per unit manufactured by

process parameter selection, because elevated tool wear was observed at process

parameter combinations, which reduce the energy demand of the machine tool

during the manufacturing process. In order to examine the influence of tool choice,

the energy per unit manufactured of TiN-coated end-mills at their recommended

cutting parameters were compared to the energy per unit of uncoated end-mills.

Coated end-mills enable high-speed cutting, whereas the uncoated end-mills can be

used for conventional cutting only.

High-speed machining is carried out at drastically elevated cutting speeds and

reduced feeds per tooth compared to conventional cutting. In general, higher cutting

speeds increase the power demand of the machine tool whereas a lower feed per

tooth reduces the power demand. The experimental studies show that high-speed

cutting results in smaller energies per unit manufactured compared to a machining

operation at conventional cutting speeds. The decrease in the processing time has a

greater impact on the energy demand per unit manufactured than the increase in

power demand. Also, only minimal tool wear was observed on TiN-coated end-

mills after the predefined number of 52 slot cuts. Therefore, it can be concluded that

high-speed cutting is more energy efficient than cutting at conventional speeds.

Future work should include the variation of coating as well as the consideration of

the additional production energy of coating.

6.6 Dry Machining and Minimum Quantity Lubrication

From an economical and environmental point of view, it is desirable to minimize

the coolant use in machining. In the metal cutting industry, coolants play a crucial

role in the production of high quality products and are used in large quantities. Old

coolant or chips with oil contamination have to be specially disposed of in order to

prevent contamination of the ground water. The bulk of coolants are water mixed

with a concentration between 3 and 10%, such that the avoidance of coolants helps

reduce the contamination of water. It is estimated that the cost of coolant lubricants

is between 7 and 17% of the total manufacturing costs, depending on the process

and the production location [24]. So, the minimization of coolant use will help

reduce this cost component drastically. Moreover, coolants can affect the body (air

way or skin disease) and elicit allergies.
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For many machining processes the use of coolant is not imperatively necessary.

However, simply turning off the coolant supply can deteriorate the cutting result,

since the functions of the coolant are not fulfilled any more. In detail, the primary

functions of coolant lubricants comprise lubrication, cooling and cleaning. Without

these functions, more friction and adhesion between the tool and the workpiece

occur. Moreover, the heat produced in the cutting process has to be discharged only

by the chips, the tool and the workpiece and not by the lubricant any more. The

result is a higher thermal load on the tool, the workpiece and the machine tool,

causing a shorter tool life and a reduced workpiece and machine tool accuracy.

Therefore, the absence or minimization of coolant lubricant as with minimum

quantity lubrication (MQL) necessitates an analysis of the boundary conditions

and the work dependencies between the process, the cutting tool, the workpiece and

the machine tool.

MQL is an alternative to the large consumption of cutting fluid during flood

cooling and high temperature machining that dry cutting creates since it uses small

amounts of lubrication during machining. MQL techniques have flow rates which

range from 50 to 500mL/h,which is three to four times lower than flood cooling [23].

This section will analyze how theMQL technique compares to flood cooling and dry

cutting with respect to the quality of the part, tool wear, health and environmental

effects, and the challenges that the user faces in implementing MQL.

MQL can be implemented by two different methods: using external or internal

feeds [23]. The external feed is similar to how flood cooling is accomplished

where a nozzle is adjusted so that it points at the cutting tool and workpiece

interface (see Fig. 6.12). In the case of internal feed, a channel(s) is built in the

cutting tool so that the coolant ejects precisely onto the cutting tool and work-

piece interface, making this method more effective at cooling the tool/workpiece

interface.

Experiments showed that the use of MQL while turning AISI 4340 steel resulted

in a 5–10% decrease in cutting temperature when compared to flood cooling [23].

External Feed Internal Feed

ChannelsFig. 6.12 External and

internal feed systems for

MQL
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The surface roughness of the turned part also proved to be superior to dry cutting

and flood cooling; the difference in surface roughness amongst the three techniques

was even more disparate as machining time progressed as can be seen in Fig. 6.13 in

the absence of coolant or lubrication (i.e., under dry cutting conditions).

A surface roughness analysis of the three cooling conditions was also conducted

on grinding of 100Cr6 hardened steel and 42CrMo4 soft steel by [44]. In grinding,

surface quality is of even greater importance since it is a finishing process. The

results were consistent with [23] in grinding 100Cr6 hardened steel in that MQL

proved to have a lower surface roughness than when grinding dry or with flood

cooling, which was attributed to plastic deformation in the contact zone. Dry

grinding of 100Cr6 hardened steel resulted in the largest surface roughness, while

the surface roughness of wet grinding was in between dry and MQL. For the

grinding of 42CrMo4 soft steel wet grinding fared better surface quality than

MQL and dry grinding conditions.

Aside from the surface quality of the machined tool, the length of the tool life and

thus the wear that the cutting tool undergoes is another important point to take into

consideration when analyzing the effects of cooling conditions while cutting. Tool

wear experiments comparing dry,wet, andMQL cutting have been conducted byDhar

et al. [23] andWeinert et al. [24]. Dhar et al. [23] found that usingMQLwhile turning

resulted in less wear than when flood cooling or cutting dry. Wakabayashi et al. [45]

Fig. 6.13 Surface roughness for various cooling conditions [23]. Copyright 2006 Elsevier

reprinted with permission
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conducted milling experiments and showed that flood and MQL cooling behaved

similarly with respect to tool flank wear, but much better than when milling with

pressurized air. This relationship was pronounced as the cutting distance increased. In

fact, at a cutting distance of 12m as the operator switched fromflood andMQL cutting

to dry cutting, tool flank wear doubled from nearly 0.1 mm to more than 0.2 mm. The

high temperatures at the chip–tool interface highly degraded the flank-side of the tool,

which flood cooling and MQL techniques were able to minimize.

Tawakoli et al. [44] showed through experimental results that grinding 100Cr6

hardened steel with MQL proved to have the lowest surface roughness. Grinding of

42CrMo4 soft steel had the lowest surface roughness when done under conven-

tional flood cooling. Although MQL and wet cutting appear to provide superior

results when compared to dry cutting, the results are material and tool dependent

and dry machining can in fact be successfully done [46]. For example, Klocke and

Eisenblatter [25] found that dry machining of cast iron is feasible with respect to

achieving good surface quality because temperatures in the tool and workpiece

interface are not as high as when machining other materials such as steel. Dry

drilling was also analyzed and the dry drilling of some materials, such as steel, can

be achieved with the use of a proper cutting tool. The greatest challenge in

dry drilling is chip removal and overcoming high temperatures, which lead to the

expansion of tool diameter and cause the tool to jam in the hole. Klocke and

Eisenblatter [25] also illustrated that dry drilling of steel can be successfully

accomplished with a TiN-coated tool with a modified flute and tapering. It was

also shown that the flank wear when dry face milling the cast aluminum alloy,

AlSi10Mg-wa, can be reduced if the cutting tool type was changed from an

uncoated tool to a TiN+MoS2 or diamond-coated tool.

6.6.1 Health and Environmental Hazards

The surface quality and tool wear aspects have been analyzed for the various

cooling conditions, but it is also important to take into consideration the health

and environmental hazards. The following health and environmental risks with

relation to coolant use have been identified:

Improper disposal: Since coolant is usually considered a toxic material and

therefore hazardous chemical, it must be disposed of through a proper

environmental, health, and safety organization. The disposal of toxic chemicals

therefore becomes expensive, which is why it would be ideal for a manufacturing

facility to recycle its coolant internally. If the coolant were to be disposed of

improperly to the environment, the coolant could leach into the soil and/or water

supply and potentially pose a significant risk to the surrounding community.
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Bacteria build-up: Within a machine tool, coolant is typically stored in an

enclosed tank, in the dark, and at warm temperatures due to machining, conditions

ideal for the build-up of bacteria. If the coolant is not properly treated with anti-

fungicide, the operator is at risk for skin disease if they have an open wound and

have direct contact with the bacteria-infested coolant [47]. Bacteria would be less

of a problem with MQL systems than with flood cooling because a significant

amount of the coolant evaporates upon contact with the tool/workpiece interface

due to the high temperatures.

Inhalation of coolant mist or particulate matter: When flood cooling is not used,

the inhalation of coolant mist with MQL or particular matter with dry machining

becomes more likely. The inhalation of coolant mist could be avoided by using a

system as has been proposed by [48], the direct oil drop system (DOS). Particulate

matter in dry grinding, for example, could be avoided by installing a ventilation

system above the workspace.

The aforementioned health and environmental hazards can be avoided by

following proper safety protocol, but are noteworthy nonetheless.

6.6.2 Challenges of Implementing MQL and Dry Cutting

There are of course some challenges with implementing MQL and/or dry cutting,

which include the cleanability of the workpiece and the cost associated with

incorporating an MQL cooling system. In conventional machine tools with flood

cooling systems the coolant serves as the primary chip removal mechanism in that it

carries the chips to the chip collector. With an MQL system or dry cutting, though,

there would not be sufficient coolant to remove the chips. The operator would have

to resort to manual removal, which means increased costs associated with

additional postprocessing tasks or the incorporation of a pressurized system to

automate the chip removal process. The latter situation, though, would result in

the consumption of additional energy.

The second challenge associated with the MQL system requires the modification

of the machine tool to install appropriate pumps and sensors. So, costs for the

modification would arise, but since they could be amortized over the lifetime of

the machine tool, MQL would still be a less-expensive option considering that

coolant consumption would decrease tremendously. Also, the energy consumed

while runningMQL in comparison to flood cooling systems could be greater because

of the additional sensors and special tooling (if using internal coolant feed) that

would be required. But, once again less coolant would be consumed so the energy to

manufacture and transport the coolant would decrease accordingly.

The additional costs of changing the cutting tool and machine tool, and the

environmental and safety effects associated with MQL and dry cutting should be

considered on a case by case basis when choosing which cooling method to practice

for a particular machining application. Even though under conventional cutting
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conditions MQL has proven to be superior to dry and wet cutting in most instances,

dry cutting can be successfully accomplished by changing the cutting tool

accordingly to achieve the desired results.

6.7 Remanufacturing

6.7.1 Product Recovery Management

“The management of used and discarded products, components or materials within

a manufacturing environment” is referred to as product recovery management [49].

The aim of product recovery management is to recover as much economical and

ecological value of an asset (so-called cores) as possible and avoid as much waste as

possible. Six different recovery strategies exist:

Reuse is the simplest form of product recovery. It can be defined as “. . .the process of
collecting used materials, products, or components from the field, and distributing or

selling them as used. Thus, although the ultimate value of the product is also reduced

from its original value, no additional processing is required ” [50]. The German

Industry Standard VDI 2243 [51] differentiates the terms “reuse” and “continued

use.” “Reuse” is the use of an object for the same purpose, and “continued use” is the

use of an object for a different purpose. Besides the reuse of a complete product, the

reuse of components is possiblewhich leads to the definition of reuse as the “process of

using a functional component from a retired assembly” [52].

Repair is probably the best know product recovery process. Repair is the “process of

bringing damaged components back to a functional condition”, including disassem-

bly, reassembly, and replacement of components [52]. Specific to repair (as a

subprocess of maintenance) is its application not only at the end of use or end of

life, but also during the complete life cycle.

Reconditioning and refurbishment are simultaneous terms for the “process of restor-

ing components to a functional and/or satisfactory state but not above original

specification using such methods as resurfacing, repainting, sleeving, etc.” [53].

Products are disassembled, all critical components are inspected, if necessary

repaired or replaced and reassembled to the reconditioned or refurbished product.

Remanufacturing can be defined as “the process of bringing a product to like-new

condition through reusing, reconditioning, and replacing component parts” [53].

Lund et al. [54] also use the terms restoring of a discarded or traded-in cores to a

like-new condition. Nasr and Thurston [55] add the term upward-remanufacturing if

products are remanufactured for integration into new products or systems with

extended functionalities. Remanufacturing encompasses collection of cores,

cleaning, inspection, separation, disassembly, reprocessing, reassembly, and

redistribution.
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Cannibalization can be defined as “the process in which a limited number of

components are extracted from a product for recovery” [56]. This differs from

remanufacturing since remanufacturing preserves a product’s identity and replaces

or reprocesses the components while cannibalization reprocesses some components

as spare part for other products.

Recycling aims to reuse materials of used products and components for the fabrication

of new component parts [49]. Products for recycling are dismantled andcarefully sorted

and processed in order to recover pure material of high quality. Themajor drawback of

recycling is its destruction of assed value (e.g., added labor or energy) [54].

Product recovery is typically split into six sub processes:

• Collection: Two different scenarios can be distinguished: end-of-use and end-of-
life returns. End-of-use returns are returns of used working products for which

the end-user has no further use. End-of-life returns are at the end of the products

life cycle.

• Inspection and Separation: The cores are inspected, cleaned and separated after

the collection. The aim of this process is the evaluation of the core’s condition

and the determination of its further treatment (e.g., disassembly level). The

material flow is divided into a flow for direct reuse for product reprocessing or

for final disposal.

• Disassembly: The recoverable cores are disassembled with the aim to selectively

extract valuable and pollutant-containing components. The separated

components are cleaned, inspected, tested, and evaluated for further treatment.

• Reprocessing: Possible operations are cleaning, replacement, machining,

painting, inspection, and testing [58]. A used part or component is transformed

into a reusable part or component.

• Reassembly: Reassembly is the process which reintegrates reprocessed parts and

components into the forward supply chain. After the final functional test the

product is prepared for shipment or put into storage [58].

• Redistribution: Redistribution is concerned with the market supply of recovered

products. It includes logistics and sales operations to move recovered products to

retailers or prospective end-users [59].

The literature on remanufacturing classifies remanufacturing companies as

OEMs, contracted remanufacturers, and independent remanufacturers [54, 57].

Independent remanufacturers buy cores from end-users or core brokers for

remanufacturing and resale. Contracted remanufacturers remanufacture products

on a third company’s behalf; often an OEM. They have the advantage of technical

knowhow and replacement parts from the OEM [57]. Often OEMs remanufacture

their own products in order to offer their customer additionally low-cost solutions.

OEMs can use their service network and contact with customers to facilitate

the acquisitions of cores [54]. These three are surrounded by various supply and

service firms: core brokers, warehouse distributors, parts and component suppliers,

process equipment suppliers, consulting services, academic research, and trade

associations [54].
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6.7.2 Industrial Practice in Remanufacturing of Industrial Robots

The Xerox Corporation is a well-known example of a company that uses con-

sumer product remanufacturing as part of its business strategy. Xerox reclaims its

copier at the end of its service life and returns them to market after a

remanufacturing process [53]. In his study of remanufacturing companies in the

US, Lund [54] could identify 48 of the 401 listed companies in the association for

manufacturing technology that are offering retrofitted products. The companies

belong to different fields such as metal cutting, forming machinery, mining,

oilfield, material handling, textile, woodworking, food processing, and special

industry machinery. Another example is Caterpillar, the world‘s largest maker of

construction and mining equipment, diesel and natural gas engines, and industrial

gas turbines, who offers certified used equipment, rebuilt power trains, and

remanufactured products with like new warranties [60]. In 2007, Caterpillar

remanufactured 2.2 million cores [61].

The remanufacturing of industrial robots is offered by OEM manufacturers

such as Kuka Robotics, ABB Automation, or by smaller third party companies.

The International Federation of Robotics (IFR) indicates that refurbished robots

are gaining importance and estimated a market share of 10% in 2007. ABB is

offering an “ABB Certified Refurbished Robot,” with 152 check points, 12 months

warranty, and ABB OEM factory specifications according ISO 001 standards and

a 24 h testing period with maximum load [62]. The cost for remanufactured robots

are between one-third or one-half of the replacement costs [63]. Specific to the

remanufacturing of robots is the mainly complete disassembly of the manipulator

and the replacement bearings and internal wiring harness if it requires harmonic

drives and gears [62, 63].

6.7.3 Challenges and Opportunities in Remanufacturing

Lund [54] points out that the main driver for remanufacturing is profitability. From

industrial examples, a price reduction up to 50% for remanufactured products

compared with new products is possible. Additionally, the remanufacturing of a

company’s own products allows companies to apply new business strategies (e.g.,

product–service system or operator models) and protect their brand by controlling

the aftermarket [56].The customer feedback gained can be used to tighten the

customer relationship and can be valuable feedback for product development

where the user acts as the innovator. Looking at remanufacturing from a societal

view, the mainly manual remanufacturing processes encourages a higher employ-

ment rate. Finally, one cannot forget the ecological impact of remanufacturing:

recovered added value and reduced energy in the initial manufacturing processes of

remanufactured goods.

The main challenges of remanufacturing are small lot sizes, unknown conditions

of the cores, and a poor availability of cores [64]. Further obstacles include the

sourcing of appropriate replacement parts and the acquisition of technical

140 A. Vijayaraghavan et al.



information and documentation of the products [53]. Lund [54] adds to this the lack

of public image and difficult dissemination of technical knowhow. The few R&D

efforts in the remanufacturing field is likely a result of the company structure with

mainly small and medium sized enterprises (SMEs) not able to finance a significant

R&D program.

Nasr and Thurston [55] formulate design principles for remanufacturing.

A product should be designed for disassembly, multiple life cycles, and on a modular

structure. Especially fasteners and interfaces have to be adapted to facilitate the

access and replacement of components. Embedded condition monitoring can

support decision making in product recovery management.

6.8 Reuse

Reuse of equipment, where feasible (and distinct from remanufacturing) is another

recovery strategy. Equipment used in assembly offers a good example. Assembly

equipment is often used for a shorter period than its physical and technological life

cycle. Industrial companies could increase their cost-efficiency and take advantage

of ecological benefits by reusing their assembly equipment and thus exploiting their

whole potential. The mean physical life cycle of manufacturing equipment is

around 20 years [65]. In a study by Schmaelzle [66], half of the examined products

were produced for less than six years. Only 11% of the examined products from

assembly operations were produced for over 12 years.

Within the European Integrated Project PISA the potential of reuse was

identified in a survey showing that manufacturers recognize the advantages of

equipment reuse and that reuse is increasingly undertaken [13]. Nevertheless, the

analysis of reasons for reuse shows that decisions about the reuse process are not

specified in business decision-making processes and are not based on relevant

knowledge or information. This results in costly and inefficient reuse projects.

Almost every reuse case was carried out without using acquired knowledge and

experience from prior and successful reuse cases. The lack of fully developed reuse

planning business processes leads to the insufficient exploitation of reuse potentials.

Consequently, the utilization of existing management information systems are not

suitable for this analysis. Often, there is no explicit information about reuse and

reusability; rather, there is a strong dependency on individual implicit knowledge.

There are no standardized evaluation methods to assess reusability, especially the

incorporated flexibility. The cost evaluations within the reuse projects are based

mainly on simple cost or net present value comparisons of the price for a new

system and the effort to reuse existing systems. These simple comparisons are not

able to model and evaluate the flexibility which is enabled by the equipment reuse.

Alternative evaluation methods for this purpose were described in Chap. 3.

In the following, the analysis methodology for two phases during the automotive

product development process are described and knowledge-based software systems

to support the involved business processes are proposed. In the early planning

phase, the system operator/OEM has to access information on possible reuse rates
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for new projects. In the implementation phase, the system integrator has to access

the existing system and plan the reuse process of the production system. This early

planning phase is illustrated in Fig. 6.14.

During that early product planning phase the planner needs a rough decision on

which of the existing equipment is potentially reusable. To do so, three decision

categories could be distinguished: reusable, conditionally reusable, and not reus-

able. To decide which category a particular piece of equipment is in, an evaluation

based on the data in the knowledge base will take place. The evaluation categories

are divided into economic criteria, technology criteria, and risk criteria. Using a

portfolio method, the individual results will be calculated to one overall evaluation.

Additionally, the social and ecological impact of reusing the system will be

calculated using standard LCA software and available social indicators. The result

of these calculations will support the sustainability reporting of enterprises as

proposed by the Global Reporting Initiative.

Figure 6.15 shows the processes that the system integrator is involved in. The

reusability evaluation contains all processes that are needed to assign particular

equipment to a particular process. That includes the evaluation and estimation of

the equipment condition, the comparison of this project to older ones, and the

assignment of equipment as well as the layout configuration.

The system integrator will be supported in evaluating the economic

changeability potential with a real option valuation approach. Matlab® software

can be structured for a simplified development of a decision tree and the calculation

of the option value is generated by the reuse possibility of the equipment. The

process is simplified by assumptions which are generated through the knowledge

Fig. 6.14 Early planning phase within preproduction planning
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base. The software should support the preparation of the purchase order and the

generation of a reuse project plan, including required maintenance tasks.

6.9 Approaches for Sustainable Factory Design

6.9.1 Energy-Efficient Building Technology

Energy-efficient building technology should not only be a topic for residential

buildings. The term “green factory” often refers to the factory buildings designed

and built to minimize energy use and built to recover resources. Industrial buildings

often consume and waste a huge amount of energy in terms of electricity and heat.

In particular, when a factory or a building gets designed from scratch, energy-

efficient building technologies can easily be implemented. However, in existing

buildings, small and inexpensive changes can lead to big energy savings and

improve the energy efficiency of the whole building. An excellent example of a

factory designed to be energy and resource efficient, with respect to building use, is

the Ford Motor Company Rouge Plant [67].

The facades of a building have a number of functions including thermal and

sound insulation as well as protection from humidity. In particular, thermal

insulation for production facilities is not only important from a sustainable point

Fig. 6.15 System integrator planning process
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of view; it also provides thermal stability for the processing equipment. In addition

to masonry walls, prefabricated façade elements with an integrated insulation layer

provide excellent thermal insulation and rapid installation. It can be distinguished

between wavy, corrugated, or trapezoidal profiles with and without insulation layer

and sandwich elements.

Technically, the fenestration includes every opening in a building’s outer shell

(e.g. windows, doors, and gates). The energy lost in heating or cooling through

these openings can add up to 30%. In the last decade, windows have become much

more sophisticated. Single-pane windows have been replaced by double, triple, or

even quadruple panes. The layers are separated by insulating materials, such as inert

gasses, which make the windows work comparable to Thermos bottles. A low

emissivity coating on the glass can help reflect heat back inside in winter or prevent

unwanted heat from entering in summer. To prevent an unintentional airflow, called

infiltration, frames should be well sealed. The frame material should be chosen to

minimize heat conductivity (wood, vinyl, vinyl clad wood, fiberglass). The U-value
or U-factor measures how well an entire window transfers heat. The lower the

value, the better a window insulates. If the building is ventilated by an air

conditioning system, the windows should be fixed and not operable to prevent

unwanted opening of the windows and wasted energy.

For production facilities, gates or material ports usually tend to cause the highest

energy loss inside the fenestration since they are oftentimes left open to permit a

frequent and rapid material flow. Rapid action doors open and close quickly for each

crossing and therefore prevent energy losses. This effect can be enhanced if two rapid

action doors are arranged consecutively as a lock.

The inside of a building should be illuminated as much as possible with daylight,

since this is the most natural and energy-efficient type of light. The minimum

intensity of illumination cannot always be achieved only by daylight. Therefore,

artificial lighting is oftentimes necessary. In order to reduce energy consumption, a

sensor that measures the intensity of illumination can be installed. A controller in

connection with a dimmer regulates the artificial light such that the overall intensity

of illumination is permanently above the minimum threshold.

In spacious rooms or halls the lighting can be divided into zones such that only

used areas are illuminated. If the facility is not used 24 hours a day, then the lighting

can be automatically switched off after the last shift or after the last person usually

leaves the building. After that, emergency lighting provides a minimum illumination.

Motion sensors are another option to control the lighting in the facility. However,

frequent switching-on and -off is generally detrimental for the lamps such that motion

sensors should not be used in highly frequented areas like toilets and stairways.

6.9.2 Energy-Efficient Process Technology

Inside a factory, water is used for consumption, cooling, fire, and process water.

Generally, water is withdrawn from the local water systems. To reduce the

consumption, there is the possibility to obtain water from a well or to collect
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rainwater in a reservoir. The latter is cost-free and has the advantage that the water

is already de-ionized and can therefore be used directly in the cooling system.

Regular water from the water system would eventually cause fouling in closed

networks, like the cooling system, if not manually de-ionized. In cooling towers,

where a part of the water evaporates, a large amount of water is needed and can

cost-effectively be replaced by well or rainwater. Furthermore, rainwater can be

used for other purposes, which do not require clean and drinkable water (e.g.,

flushing the toilet).

Parts of equipment in a factory produce a lot of heat as a by-product. Usually,

this heat is released in the environment and therefore lost. For example,

compressors to produce compressed air emit 96% of the energy they consume as

heat either in the form of hot air or in the form of hot water. For that reason,

compressed air is one of the most expensive and least energy-efficient ways of

transporting energy. Other examples of equipment that produce a lot of heat are

compression refrigeration or extrusion machines.

The waste heat can be transferred to a cooling water circuit and then be used for

heating or even cooling by means of a plate heat exchanger. However in each case,

it has to be investigated if the total waste heat is sufficient to justify the investment

in a plate heat exchanger and even to replace a boiler.

Cooling that is required in certain processes is usually produced with

refrigeration equipment. The latter consumes a lot of energy to cool down the

liquid in the cooling circuit. Depending on the local climate (in particular

the temperature and humidity), cooling towers can unload the refrigeration machine

sometimes up to 100%. The cooler and dryer the air, the more efficient the cooling

tower works. It has to be distinguished between dry and hybrid cooling towers. Dry

cooling works as long as the temperature outside is below a certain threshold

dependent on the temperature level that has to be achieved. Hybrid cooling towers

can at first be used in the same way as dry cooling towers. As soon as the

temperature exceeds the threshold, the fins in the cooler are sprayed with water in

order to take advantage of the evaporative heat loss. In this way, the temperature

level that can be achieved in the cooling circuit goes down to the cooling limit

temperature.

6.9.3 Compressed Air

Compressed air was referred to in the previous section with respect to energy

consumption. In a factory, it is often regarded as the fourth utility, after electricity,

natural gas, and water. In manufacturing plants, compressed air is widely used for

actuating, cleaning, cooling, and drying parts, as well as removing metal chips [68].

However, the cost of compressed air production is one of the most expensive and

least understood processes in a manufacturing facility [69]. The cost of electric

power used to operate an air compressor continuously for a year (about 8200 h) is

usually greater than the initial price of the equipment [70]. Per million British
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Thermal Unit of energy delivered, compressed air is more expensive than the other

three utilities as shown in Fig. 6.16.

Besides cost issues, compressed air production consumes a huge amount of

energy. It is estimated that about 3–9% of the total energy consumed in US in

1997 was for air compression in manufacturing [71]. Common supply patterns for

compressed air include the following three options:

(1) Plant air: the whole plant is supplied with compressed air from the air house

with pipelines spread out in the plant to provide compressed air to all facilities.

(2) Point-of-use: each machine is exclusively supplied by an independently

installed air compressor.

(3) Local Generation: a certain number of machines are grouped together and

supplied by an air compressor.

An example of compressed air use analysis is given by Yuan et al. [72].

Compressed air is used relatively indiscriminately in automotive manufacturing

due to its ease of setup. There is no need for additional maintenance or special

machines; the task can be accomplished by adding piping. In addition, as a form of

energy, compressed air represents no fire or explosion hazard; as the most natural

of substances, it is clean and safe and regarded as totally “green” [73].

Yuan et al. [72] found that plant air was the more typical supply of compressed

air, but that it suffers from a number of limitations:

1. Infrastructure Complexity: A plant air system is usually very complicated,

especially in large-scale use like that of an automotive facility. The complexity

of the system not only brings challenges in layout and supply of the compressed

air through the pipelines, but it also creates high costs and difficulties in

subsequent maintenance and operations.

2. Low Efficiency: The plant air system operates at low efficiency. Typically, less

than 60% of the total compressed air consumed contributes directly to the

Fig. 6.16 Relative cost of factory utilities
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goods and services for which production was intended [74]. Leaks are a major

problem in plant air supply. They can occur anywhere along the pipeline,

especially at interfaces and connectors of supply lines such as couplings,

fittings, filters, regulators, valves, and thread sealants. Eliminating leaks

entirely is not feasible, and the system infrastructure often makes ongoing

repair costly and difficult.

3. Energy Storage: The compressed air system works as a power source to the

production facilities. Pressure is difficult to store due to inevitable leakage and

limited storage space efficiency.

4. Excess Supply: Stable air pressure is critical for the practical operation of

production facilities. Further, the supply system must be able to meet maximum

demand at all times. These demands require that excess compressed air be

provided for the system, which not only consumes more energy than needed

but also increases equipment wear and causes reduced equipment life and higher

maintenance cost.

5. High Cost: With the large amount of compressed air consumed daily for various

operations in manufacturing facilities, the total cost may be reduced by using

other supply patterns.

An investigation of the compressed air supply methodologies was conducted to

determine which of the three supply options mentioned previously could be the

most cost-effective considering energy and related operating costs, including

equipment purchase and operation.

In this analysis the compressed air was used to supply operating air to 24

computer numerical control (CNC) machine tools in an automotive manufacturing

facility. For the “local option” a number of different alternative compressed air

supplies were evaluated. Here, local generation is to group a certain number of

CNC machines together to be supplied by one air compressor. The advantage of this

pattern is elimination of the problematic long, complicated pipelines in the plant air

supply pattern, which makes the system easy and convenient to control and

maintain. Here, local generation is analyzed with six options, namely LG1 through

LG6, according to the number of CNC machines a single compressor is able to

supply. Different commercially available compressors were evaluated [72].

An environmental analysis of the competing technologies was also done. The

environmental analysis was divided into several stages. First, process identifica-

tion is the analysis of the demand side of requirements for compressed air in

various components of the 24 CNC machines to be served. The step following is

the collection of the performance specifications of the supply side of compressed

air. These are primarily the compressor characteristics, including energy and load

efficiency. Facility information is obtained and utilized to perform a complete cost

of ownership (CoO) study. The problem is set up to perform the study for a set of

alternative air supplies. The data obtained from various sources were entered into

the analysis and the results are presented with a functional unit of cents or kilowatt-

hours per 1,000 cubic feet of air to conform to industry standards.

In addition to the environmental analysis, a CoO study was done of the two

alternative usage patterns to compare their cost of ownership with that of plant air in
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supplying the CNC machines. The costs considered were depreciable costs, setup

costs, and annual costs for the operation of the equipment annually. Depreciable costs

are equipment cost divided by equipment life; setup costs include those for installa-

tion, transportation, and engineer training; annual costs include those for electricity,

space consumed on the factory floor, maintenance, and some consumables.

The analysis found that a “local generation” option would be best when

compared with POU and plant air options for cost consideration and energy

efficiency (Fig. 6.17). Employment of local generation instead of plant air could

potentially save $2,000 to $3,200 dollars and 95,000 KWH each year on the CNC

milling machines at the automotive production facility. Meanwhile, local

generation offers numerous advantages over plant air in regard to reliability,

simplicity, leakage prevention, and flexibility. Local generation is supplied by

relatively short pipelines, which may lead to a significant reduction of losses due

to leaks. Extra local compressors may be connected to the CNC machines in

parallel, which automatically builds a great deal of redundancy into the system.

Furthermore, the scale of local generation compressors enables greater flexibility as

machines and processes change.

6.10 Conclusions

This chapter covered a wide range of topics under the general heading of closed-loop

aspects of production systems. Here, this included the life cycle impacts of pro-

cesses, systems, and facilities in the context of green and sustainable manufacturing,

utilization, plant services, and plant design. This can be translated into cost of

ownership if the suitable metrics are used to analyze the costs and benefits of

alternative approaches—whether it is reuse, remanufacture, or reorganization.

Fig. 6.17 First year cost of supply configurations (with setup cost)
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resources and a source of environmental impact. The objective of this chapter is
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detailed analysis of the energy and global warming impact of manufacturing one

typical semiconductor product, the complementary metal oxide semiconductor

(CMOS) chip. Process steps are reviewed, materials, consumables, and waste

streams described, and then an example of applying life-cycle analysis to CMOS

fabrication and use (including materials processing through transportation and
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7.1 Overview of Semiconductor Fabrication

The term “microfabrication” is used interchangeably to describe technologies that

originate from the microelectronics industry as well as small tool machining for

mechanical parts production. This chapter focuses on microfabricated semiconduc-

tor devices. These are principally integrated circuits (“microchips”), but similar

technologies are used to fabricate a wide variety of other products such as

microsensors (e.g., air bag sensors), inkjet nozzles, flat panel displays (FPDs),

laser diodes, and so on. Similarly, the term “micromachining” is used for semicon-

ductor processing as well as mechanical machining at the micron scale. Overall,

microelectronic fabrication, semiconductor fabrication, MEMS fabrication, and

integrated circuit technology are terms used instead of microfabrication, but

microfabrication is the broad general term.

Modern semiconductor devices require hundreds of manufacturing process

steps, using high purity materials in energy-intensive clean rooms. The high purity

requirements of integrated circuit manufacturing extend from the starting material

(silicon wafers), throughout the process flow to nearly all of the chemicals and

materials used in production and the exacting specifications of the manufacturing

clean room environments. Each wafer is processed to form layers of patterns using a

repetition of the following three basic processes. First, thin films of conductive,

insulating, or semiconductor materials are deposited on the wafer by physical or

chemical means. This is followed by a lithography step, in which a pattern is

transferred from a mask to a sacrificial photosensitive material. Finally, the thin

films are etched through the pattern in the photosensitive material resulting in its

transfer to the deposited film. Other processes are related to growing insulating

layers (oxidation), introduction and control of dopants used to moderate transistor

active regions (ion implant), chemical mechanical planarization (CMP) of films,

and wafer cleaning. After processing, each wafer contains hundreds of individual

devices called “dies,” which are tested, diced, and packaged into chips. Fundamen-

tal processes for manufacturing modern silicon wafers are described in detail

below. This chapter discusses the manufacture of integrated circuits, though some

of the following process steps are also used in manufacturing FPDs, photovoltaics

(PVs), and other semiconductor products.

Semiconductor production is highly resource intensive and generates a wide

variety of emissions, some of which have global effects. The processes used to

manufacture semiconductors emit several major classes of pollutants, including

global warming gases (e.g., CF4, NF3, C4F8), ground level ozone-forming volatile

organics (e.g., isopropyl alcohol, formaldehyde), hazardous pollutants (e.g., arse-

nic, fluorine), and flammable materials (e.g., silane, phosphine). Semiconductor

fabrication facilities also consume large volumes of water and energy, and the high

purity chemicals used in production are highly refined and thus have high “embod-

ied energy.” The upstream environmental effects due to chemicals manufacturing,

as well as fabrication facility (fab) infrastructure and equipment, represent signifi-

cant components of the environmental impact profile of semiconductor

manufacturing. The use phase of semiconductor devices results in indirect
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environmental and human health impacts resulting from energy-related emissions

which, in the case of logic devices, has been shown to dominate impacts over the

product life-cycle. The end of life of a semiconductor chip results in lead emissions

if there is lead present in the chip’s leadframe solder. After 2006, the EU’s

Restriction on Hazardous Substances, commonly known as RoHS, banned the use

of lead in electronics and most manufacturers switched to lead-free solders world-

wide to comply with this regulation. While other effects from end-of-life disposal

of semiconductor devices may exist, they are not included in this discussion

because they have never been specifically measured.

This chapter cannot cover this important subject in any real detail. Some

examples of challenges and approaches to analysis are given. For a more extensive

treatment of this topic readers are referred to [1] and [2].

7.2 Microfabrication Processes

Microfabrication refers to a set of technologies utilized to produce microdevices.

Many of the technologies are derived from very different processes and “arts,”

often not connected to manufacturing in the traditional sense. For example, lithog-

raphy derives from early printing techniques using etched plates to transfer patterns

to paper. Planarization technology, formerly referred to as only polishing, comes

from optics manufacturing dating back to the time of early astronomers and

physicists. Much of the vacuum techniques also come from nineteenth century

physics research. Electroplating is also a nineteenth century technique adapted to

produce micrometer scale structures, as are various stamping and embossing

techniques.

In the fabrication process for microdevices, a number of types of processes must

be performed, in a defined sequence, often repeated many times. In the fabrication

of memory chips, over 30 lithography steps, 10 oxidation steps, 20 etching steps, 10

doping steps, etc. are carried out as part of this process. Typical process steps

include:

– Photolithography

– Etching (microfabrication), such as RIE (reactive-ion etching) or DRIE (deep -

reactive-ion etching)

– Thin film deposition, see, e.g., sputtering, CVD (chemical vapor deposition),

evaporation

– Epitaxy

– Thermal oxidation

– Doping by either thermal diffusion or ion implantation bonding

– Chemical mechanical planarization (CMP)

– Wafer cleaning also known as “surface preparation”

The complexity of microfabrication processes can be described using a number

of measures, but “mask count” is typical. Mask count refers to the number of

different pattern layers that will make up the final microelectronic device. Modern

microprocessors are made with upwards of 30 masks while only a few masks may
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be used for a microfluidic device or a laser diode. The fabrication process is not

unlike multiple exposure photography in that many individual patterns (each on a

mask) must be aligned with each other in the various layers of the process to create

the final structure. In between the stages of fabricating these layers a number of

other critical process steps occur (for example, etch/strip and CMP). The masks

used in photolithography constitute a major portion of the cost of processing the

microdevice and, recently, a number of so-called maskless techniques relying on

writing processes without the mask have been discussed [3].

A few of the more prominent process steps are described in more detail below to

illustrate the complexity.

7.2.1 Lithography

A major component of semiconductor fabrication is photolithography. The lithog-

raphy process is the means whereby patterns are transferred onto a substrate (e.g.,

silicon, gallium arsenide, etc.). The pattern is used to isolate areas for subsequent

etching to create trenches for interconnects and lines or to protect the substrate from

etching. The patterns are written on glass plates called reticles, much like the glass

slides used in earlier forms of photo presentations with projectors. These are the

masks referred to in the previous section. Lithography is used because it allows

exact control over the shape and size of the features created, and because it can

create patterns over an entire surface simultaneously. The main disadvantages are

that it is primarily used for creating 2D (i.e., “flat”) structures, and, as with other

semiconductor processes, requires extremely clean operating conditions. In a com-

plex integrated circuit (for example, CMOS), a wafer will go through the photolith-

ographic cycle up to 50 times. Lithography machines are designed to enhance

throughput but necessarily require sophisticated mechanical structures, control,

and metrology to maintain pattern quality at high exposure speeds.

Photolithography involves a number of steps in a series of often repeated

combinations including:

– Substrate preparation

– Photoresist application

– Soft-baking

– Exposure

– Developing

– Hard-baking

– Etching

and various other chemical treatments (thinning agents, edge-bead removal, etc.) in

repeated steps on an initially flat substrate.

A typical cycle of silicon lithography would begin with the deposition of a layer

of conductive metal several nanometers thick on the substrate. A layer of photore-

sist—a chemical that hardens or softens when exposed to light (often ultraviolet)—

is applied on top of the metal layer by spinning the substrate under a stream of

photoresist. The mask, basically a transparent plate with opaque areas printed on it,
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is placed between a source of illumination and the wafer, selectively exposing parts

of the substrate to light. The photoresist is then developed during which areas of

unhardened photoresist undergo a chemical change. After a hard-bake, a series of

subsequent chemical treatments etch away the material under the developed photo-

resist, and then etch away the hardened photoresist, leaving the material exposed in

the pattern of the original photomask.

A characteristic of photolithography clean room environments is that the filtered

fluorescent lighting contains no ultraviolet or blue light to prevent accidental

exposure of the photoresist. Most types of photoresist are available as either

“positive” or “negative” resists. With positive resists the area that is opaque

(masked) on the photomask corresponds to the area where photoresist will remain

upon developing (and hence where conductor will remain at the end of the cycle).

Negative resists will create the inverse—any area that is exposed will remain, while

any areas that are not exposed will be developed. After developing, the resist is

usually hard-baked before subjecting to a chemical etching stage which will remove

the metal underneath.

7.2.2 Oxidation and Annealing

Thermal oxidation of silicon produces silicon dioxide, a high-quality insulator that

can also be used as a gate oxide, as a stress barrier for nitride (pad oxide), or to

prevent contamination in ion implant (screen oxide) and undoped silicate glass

(USG) applications (barrier oxide). In this process, silicon on the wafer reacts

with oxygen or oxidizing chemicals such as N2O in a temperature range of

1,173–1,373 K, to form silicon dioxide. Vertical furnaces can be used to produce

thicker oxide layers on batches of wafers, or Rapid Thermal Processing (RTP)

equipment can be used to produce thinner oxide layers on individual wafers.

Annealing is another high temperature process that can be performed in RTP

chambers. Annealing is used to control the concentration profile of dopant and to

reduce defects.

7.2.3 Wet Cleans

Wafer cleaning is the most frequently occurring category of process step in the

production of a wafer due to the need for contamination removal and surface

conditioning before sensitive deposition and thermal treatments. Wafers are

cleaned after each photoresist (PR) removal and CMP step, and before nearly

every oxidation, anneal, and deposition step. A brief summary of the main types

of wafer cleaning steps is given in Table 7.1
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7.3 Facility Systems

7.3.1 Resource Use

In addition to the specific chemicals used in processes such as cleaning and etching

process steps vast volumes of other fluids, resources, and materials are used.

For example, ultra pure water (UPW) or deionized (DI) water are used for

numerous cleaning steps in semiconductor manufacturing as seen in Table 7.1.

A typical semiconductor fab uses two million gallons of water or more [4]. Out of

that, about three quarters of the water is used for UPW and a single wafer may

require 2,000 gallons of UPW. UPW is treated to remove minerals, colloids, and

bacteria using reverse osmosis, ion exchange, and/or ultra filtration processes. UPW

is expensive both to produce and to treat for release because of its use of water,

energy, and consumable materials. However, used rinse UPW is typically much

cleaner than municipal supply water and may be treated and reused in the UPW

system or reclaimed for other uses in a fab. In certain cases, fabs that reclaim UPW

water for cooling towers may eliminate the need to purchase municipal water for

their cooling towers altogether.

Nitrogen is an inert gas that is used to purge chambers and pipes between processes.

Nitrogen may also be used to condition other purge gasses to desired temperatures.

Generally, it is produced onsite and piped into a fab rather than delivered in tanks.

Argon, carbon dioxide, or clean dry air (CDA) may also be used for similar purposes.

Use ofCDA instead of nitrogenmay represent significant cost and energy savings for a

fab. CDA is likewise produced onsite via filtration and dehumidification. It is used for

various purposes but particularly for drying wafers following wet clean steps.

Table 7.1 Wafer cleaning methods [1]

Clean name and

components Purpose Usage

SPM or

“Piranha” clean

H2SO4:H2O2:

UPW (1:1:6)

Removal of organic

materials

SPM is used as the primary means of PR

removal or to supplement plasma PR strip

SC1 (Standard

Clean 1)

NH4OH:H2O2:

UPW(1:1:6)

Removal of organic and

some metal impurities

SC2 (Standard

Clean 2)

HCl:H2O2:UPW

(1:1:6)

Elimination of metallic and

alkaline contaminants

Hydrofluoric

oxide strip

HF:UPW (1:100)

Silicon dioxide (“oxide”)

layer removal

Before any metal deposition and as a part of, or

after, most dielectric etch steps
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Maintaining a clean room requires numerous energy-intensive components,

including fans, filters, air conditioning, and dehumidifying. The air in a clean

room must be filtered to remove particles corresponding to the clean room class,

recirculated to provide a specified number of air changes per hour, and pressurized

with make up air so that contaminants do not enter the room even as air or process

gasses are exhausted out of the clean room. The class clean room refers to the max

number of particles up to 0.5 mm in size allowed per cubic foot of air. The number

of air changes per hour varies from double to triple digits with air grades varying

from grade D to grade A (for explanation of grades of clean room see, for

example [5]).

Process cooling water (PCW) systems are another energy-intensive component

of a semiconductor fab. PCW is used to cool process chambers, pumps, and

abatement equipment. PCW is either cooled via the cooling tower alone or chilled

via an additional chiller. The energy intensity of PCW may be reduced by

moderating the temperature differential between the supply and return PCW.

7.3.2 Abatement

The oldest and most fundamental of the facility abatement systems is the “house

scrubber,” an enclosed, water-sprayed matrix of inert mesh. This system captures

gaseous inorganic emissions, largely acids, which are sent as liquid effluent to the

acid waste neutralization (AWN) system, which continuously monitors and corrects

the pH of the incoming liquid waste.

Gaseous ammonia is emitted in small quantities from most nitride CVD

processes, either as unreacted precursor or as a byproduct emission. Fabs with

gaseous ammonia exhaust are fitted with a separate ammonia exhaust system and

scrubber in order to prevent particulate formation, clogging, and corrosion in the

acid exhaust system. Gaseous ammonia waste is captured using a water scrubber

similar in design to the facility acid scrubber but about a tenth of the size.

Complementary metal oxide semiconductor (CMOS) logic fabs use large

quantities of both liquid ammonia and sulfuric acid in wafer cleaning processes.

Liquid ammonia, collected via drain, may be recycled on site using membrane

filtration or distillation, or treated using sulfuric acid to produce ammonium sulfate.

In this model, the latter is assumed and thus ammonium sulfate, which results from

the neutralization of ammonia and sulfuric acid effluents in the AWN system, is

among the liquid wastes produced in the highest volume by wafer fabrication in

this model.

There are several combinations of treatment methods that may be used to

address the liquid effluent of copper CMP processes. Copper CMP waste treatment

is described in the work of Krishnan [6, 7] as a sequence of ion exchange,

microfiltration, activated carbon filtering, and filter pressing. An ion exchange

resin bed removes copper and is regenerated at the fab using sulfuric acid, to

produce CuSO4 liquid waste. Slurry particles are filtered and pressed into a solid

non-hazardous waste which is sent to a landfill. The remaining water contains less
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than 2 ppm dissolved copper and is sent to the AWN system. The concentrated

CuSO4 liquid is sent offsite as hazardous waste to be electrowinned for copper

recovery or possibly purified into a useable byproduct.

The fluoride waste system treats fluoride wastewater using CaOH and a flocculant

material to produce non-hazardous solids containing calcium fluorite (CaF2).

CVD steps emitting per-flouro-compounds (PFCs) require combustion and

water scrubbing or plasma point-of-use (POU) abatement because water scrub-

bing alone does not break down these compounds (and in some cases may form

reactive fluorinated byproducts). CVD steps emitting silane or hydrogen above

flammable concentrations also require immediate combustion of their emissions

in POU systems due to the risk of explosion in exhaust lines. Implant processes

emitting phosphine and arsine are typically abated using cold bed adsorption

systems.

7.4 Green Manufacturing in the Semiconductor Industry:
Concepts and Challenges

The semiconductor manufacturing process is exceptional in the large variety of

chemistries that it employs. As can be seen in the previous section, wafer

processing involves a number of different acidic (the hydrofluoric and sulfuric

acids used in wafer cleans), basic (wafer clean steps including ammonia), oxidizing

(wafer cleans using peroxide), and other highly reactive chemistries (fluorine used

in etching), as well as compounds which are extremely toxic (arsine and phosphine

used in implant). The equipment used to administer these reactions must be

designed to protect the manufacturing personnel, following safety rules outlined

by government agencies such as OSHA and standards (e.g., SEMI S2) developed

within industry groups such as Sematech.

As all mainstream semiconductor manufacturing equipment currently sold and

used follows these regulations, the direct human health impacts and risks within the

fab have been nearly eliminated in normal operation. (Though, hazards still exist in

cases of catastrophic breakdown, fire, or earthquake.) Once these chemicals leave

the equipment, they must be further handled and neutralized by the POU and facility

abatement systems, in a safe and efficient way. While the guidelines and standards

for equipment safety are enough to thoroughly guide and ensure the design of safe

equipment, the design and operation of facility abatement is a much more complex

undertaking. The abatement and neutralization of emissions is not as predictably

efficient or controlled as the reaction of chemicals within the process equipment in

part because the processes used to neutralize emissions to the extent necessary to

make them safe for release into the environment do not need to be as precise as those

used within the process chamber. Additionally, within the facility abatement

systems (the house gaseous waste, fluorine abatement, and AWN systems), the

chemistry of the combined emissions of the many processes running on site can be

unpredictable. Facility abatement systems are designed to continuously measure the

incoming waste stream and adjust the neutralization chemistry accordingly.
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Nevertheless, neutralization of an unpredictable waste stream cannot be as efficient

or controlled as that of a known waste stream.

When facility abatement systems are not operating ideally, or were not originally

designed or built to sufficiently handle the current waste streams entering them, a

variety of environmental impacts can result. For example, the “house scrubber”

(facility gaseous abatement system) may be accepting significant concentrations of

gaseous fluorine (F2), either because no POU abatement is set up on plasma etching

equipment or because POU systems are not sufficiently scrubbing the F2 gas. This

gaseous fluorine will react with water to a small extent to form OF2, a reactive and

highly toxic gas [8]. Another product of the reaction of fluorine with water is HF.

When fluorinated compounds are effectively abated from processes at POU, the

resulting liquid HF is sent to a fluorine waste treatment system which is separate

from the house AWN system. Any HF captured in the house scrubber system could

not be effectively treated before being released into the environment, as it would

already be mixed in with the larger volume of non-hazardous waste. Ineffective

abatement of fluorine and the consequent release of reactive fluorine species into

the environment could result in human health and ecological impacts.

While the potential environmental and health impacts from semiconductor

manufacturing are understood and, in most cases, successful efforts are made to

eliminate or mitigate them, the global warming potential (GWP) impacts associated

with certain PFCs were not recognized or controlled until many years after the

introduction of their use.

PFCs are an important group of emissions from semiconductor manufacturing

due to their high infrared absorption, long lifetimes, and consequential global

impact. These compounds are used in wafer etching and include CF4, C2F6, NF3,

and SF6. For this reason, global warming impacts are an important impact category

to consider in the production of ICs.

The abatement of some PFC emissions are regulated by the Kyoto Protocol (in

Annex I and II nations) and, in 1999, the World Semiconductor Council (WSC),

which includes the semiconductor industry associations of Japan, Europe, Korea,

Taiwan, and the USA, issued a position paper which committed members to PFC

emissions reduction by 10% of 1995 or 1999 baseline levels by the end of 2010. The

China Semiconductor Industry Association (CSIA) joined the WSC in 2006 but did

not sign on to the climate protection agreement at that time. In 2009, CSIA stated an

intended plan to join the WSC agreement on PFCs but did not commit to a baseline

year for that goal, and has not yet as of the year 2010 [9].

Although these two agreements have resulted in tremendous progress in the

reduction of semiconductor PFC emissions, more than half of semiconductor

production occurs outside of Kyoto Protocol Annex I and II nations, and, in 2008,

almost 20% of semiconductor production capacity was held in China, Singapore,

and Malaysia, where the industrial consortia have not committed to the WSC PFC

goals. Semiconductor capacity has continued to grow in those countries where PFC

emissions control is not required by any public agreement or national policy. NF3 is

not regulated by the Kyoto Protocol, but is among the PFCs which are used in

highest volume in the semiconductor industry [10, 11].
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7.5 Use-Phase Issues with Semiconductors

Most consumer products which consume more than a few watts in operation will

have a use phase which dominates energy consumption impacts among all of the

life-cycle stages. Depending on the electricity mix in the location of use, therefore,

the use phase of an integrated circuit will in most cases be the largest contributor

among its life-cycle stages to primary energy and water use, as well as GWP,

acidification, ground-level ozone formation, and other impacts related to electricity

generation. Even in the case of an IC with a low power consumption, the use phase

is an important contributing stage to life-cycle impacts.

Most ICs are built into products which have a use phase which dominates energy

consumption impacts among all of the life-cycle stages. The importance of the use

phase has thus been no secret to those concerned with the environmental impacts of

integrated circuits and computers in general. Indeed, the longest running and likely

most well-known environmental initiative concerning electronics is Energy Star

[12]. Energy Star is a labeling program operated in cooperation between the US

Environmental Protection Agency and Department of Energy. The Energy Star

program develops testing protocols, collects data, and sets thresholds for the

definition of energy efficiency in a variety of categories of consumer electronics.

Manufacturers who certify their product to the standard may then print the Energy

Star label on their product or packaging. Computers and monitors became the first

consumer products to carry the Energy Star label in 1995.

In addition to the improvement in efficiency related to hardware (e.g., lower

power consumption in integrated circuit chips, more efficient battery technologies),

power management through software applications has also played a significant role

in improving the efficiency of laptops and other electronic products. For example,

advanced, or “dynamic,” operating system-integrated chip power management

allows software to shut down the central processing unit (CPU) when the user is

inactive. Introduced in the early 2000s, this software was available as part of both

the Windows 2000 and XP operating systems, but neither of these platforms had

advanced power management settings enabled by default, and the functionality was

often not enabled by the user. In 2007, when many used their computers with

advanced power management features disabled due to the default Windows

settings, a market research study found that as many as 60% of computer users in

the USA did not shut down their computer at the end of the day. These computers

which were left on (termed “zombie” computers), which would otherwise have

been put to sleep via advanced power management, resulted in the needless

emission of an estimated 14 million tons of CO2 that year (Alliance to [13]). In

Windows 7, the default settings for shipment were for lower power consumption,

which supported wider use.

The Climate Savers Computing initiative is a more recent industry initiative

concerning the use phase of computing which put a particular focus on software-

integrated power management. Climate Savers has served as a platform for collab-

oration and technical standard-setting to improve efficiency in hardware as well as

increase the adoption and consumer use of advanced power management.
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More recently, other manufacturers and distributors have been working on

labeling standards for indicating the consumption of consumer electronics. The

Sustainability Consortium has an Electronics Sector Working Group that is focused

on creating scientifically grounded and transparent metrics for measuring and

reporting environmental and social impacts of electronics [14]. A large group of

companies and organization representing the sector is working to create these

metrics using a life-cycle based platform and will be in an ISO-certifiable and

index-ready format.

7.6 Example of Analysis of Semiconductor Manufacturing

7.6.1 Introduction

The semiconductor manufacturing process is complex and, unsurprisingly, deter-

mination of the associated emissions and their impacts is not a straightforward task.

Nevertheless, it is instructive to look at a detailed analysis of the life-cycle energy

and global warming emissions of CMOS logic. This section is taken substantially

from the doctoral thesis of one of the chapter authors, Sarah Boyd, and can be found

in its entirety in [1] or [2].

Information and communication technology (ICT) has the potential to reduce the

impact of human activities on the environment. In order to fully understand

the environmental benefits of ICT, the life-cycle impacts of computer systems

must be compared with those of the products and services they replace. The

questions of whether reading news on a handheld device rather than newspaper or

purchasing books from an online retailer instead of from a bookstore reduces

environmental impact are two examples of this sort of comparison in the recent

literature [15–17]. While, initially, the replacement of traditional products such as

newspapers by a small fractional increase in the use of a handheld mobile device

seems a winning environmental trade-off, there has been increasing concern over

the large energy demands of the Internet infrastructure, with data center energy

demand in the USA reaching 1.5% of the national total in 2006 and estimates of

2011 demand surpassing 10 billion kWh [18].

Among the numerous parts which compose the IT infrastructure, semiconductor

chips are among the most resource intensive to produce as well as the most difficult

to characterize for the purposes of life-cycle assessment (LCA). While it may be

possible to estimate the environmental impacts of a cable or plastic computer

housing knowing only their masses and material types, the impacts associated

with a semiconductor chip are not represented well by the substance of the device

itself. While a logic chip may weigh only a few grams, the chemicals and water

required to produce it weigh many kilograms. There is a need for a more detailed

and transparent life-cycle inventory (LCI) for semiconductor products.

CMOS is the dominant device structure for digital logic. The CPU in desktops,

laptops, handheld devices, and servers, as well as nearly all embedded logic (the

chips in appliances and toys) are CMOS-based. Every 1–3 years, a new generation
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or technology node of CMOS is introduced, based on design laws which have been

established through industrial collaboration. Due to the cooperation necessary to

plan and achieve the goals for each generation, there is considerable homogeneity

among the devices manufactured by the major logic producers at each technology

node. A generic version of CMOS may thus be used to represent logic products

from many different manufacturers.

This section provides a summary of a life-cycle energy analysis for CMOS chips

over seven technology generations with the purpose of comparing energy demand and

GWP impacts of the life-cycle stages, examining trends in these impacts over time

and evaluating their sensitivity to data uncertainty and changes in production metrics

such as yield. Chips of generic CMOS logic, produced at a semiconductor fabrication

facility (fab) located in Santa Clara, California are evaluated at each technology node

over a 15-year period, from the 350 nm node (circa 1995) to the 45 nm node (circa

2010). This study is composed of production-related LCA data, based on emission

measurements, process formulas, and equipment electrical tests, combined with

previously published LCA data for chemicals, electricity, and water, as well as

publicly available use-phase data for computer chips. A hybrid LCI model is used.

Wafer production, electricity generation, water supply, and certain materials are

represented by process LCA data, while the remaining materials are described using

economic input–output life-cycle assessment (EIO-LCA) methods [19]. While life-

cycle energy andGWPof emissions have increased on the basis of awafer or die as the

functional unit, these impacts have been reducing per unit of computational power.

Sensitivity analysis of the model shows that impacts have the highest relative sensi-

tivity to wafer yield, line yield, and die size and largest absolute sensitivity to the use-

phase power demand of the chip.

The methodology used in the study is detailed first, including the materials and

other resource and production data sources covering the full range from material

production to end of life of the CMOS device. The results of the study are then

summarized. This example illustrates the level of detail necessary to adequately

measure, or estimate, the impact in terms of energy use and GWP of such a complex

production.

7.6.2 Methodology

The scope of this LCA includes materials production, wafer processing, die pack-

aging, transportation, and use of the logic chip, Fig. 7.1. The LCA model is hybrid,

using a combination of process-based LCA and economic input–output (EIO) LCA

data (Table 7.1). The functional unit is one packaged die, but in order to allow

further analysis and to investigate trends, results are also presented per wafer and

per million instructions per second (MIPS). The stages of analysis cover from

materials production through end of life.

At end-of-life, it is assumed that there is no recoverable energy value in the chip.

Other end-of-life impacts are not included because the functional unit of this LCA

is the chip alone and past studies of electronic waste impacts have generally
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concerned the computer as a whole. A great deal of effort has been focused on the

end-of-life of computer systems because irresponsible recycling practices can

produce dramatic and visible human health and environmental impacts. The

major pollutants associated with e-waste (flame retardants, polychlorinated

biphenyls, dioxins/furans, polycyclic aromatic hydrocarbons, lead, cadmium, and

mercury) are largely emitted from the incineration or chemical breakdown of circuit

boards, wiring, housing, and displays. Although there may be harmful emissions

from the decomposition or combustion of a logic chip, these have not yet been

measured in isolation, but remain an important topic for future work. Because there

is no positive energy value and no global warming impacts at end-of-life, the net

impact in this life-cycle stage is zero.

In order to clarify the model structure and in order to demonstrate the sensitivity

of results to variation in model parameters, the inventory model is described

algebraically. The contributors to the life-cycle energy requirements (etotal) and
global warming potential (GWP) of life-cycle emissions (gtotal) are illustrated in

(7.1) and (7.2).

etotal ¼ eup þ einf þ eprod þ etrans þ euse (7.1)

eup: energy for upstream materials;

einf: energy for infrastructure;

eprod: energy for production;

etrans: energy for transportation;

euse: use-phase energy.

gtotal ¼ gup þ ginf þ gprod þ gtrans þ guse (7.2)

gup: GWP of emissions due to upstream materials;

ginf: GWP of emissions due to infrastructure;

gprod: GWP of emissions due to production;

gtrans: GWP of emissions due to transportation;

guse: GWP of emissions due to use-phase energy.

A schematic of the mass and energy flows used in this analysis relative to the fab

is shown in Fig. 7.2, from [1].

The compositions of these various terms from (7.1) and (7.2) are now described.

Fig. 7.1 Life-cycle stages with data source types [1]
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7.6.3 “Upstream” Materials

7.6.3.1 Chemicals
Among the life-cycle impacts of semiconductor products, the importance of

energy-related emissions from the production of high purity chemicals has been

noted previously by a number of authors [20–23]. The limited LCA data available

for exotic and/or high purity semiconductor process chemicals remains a challenge

in quantifying these impacts. The formulas for advanced semiconductor processing

materials such as CMP slurries are closely held intellectual property. Chemical

textbooks and handbooks simply do not contain information about the production

processes used to make them, and it is challenging to identify the dominant

production method among patent filings, as enterprises will at times file multiple

patents describing different production pathways or describe production recipes

broadly. While LCA data are available for some basic chemicals used in wafer

manufacturing, such as elemental gases, metals, and common acids, it is usually

representative of the industrial grade, with a purity of 99% or lower, rather than

ultra-high purity or semiconductor grade (99.9997–99.9999999% pure).

This example uses a method of LCA data collection by which data based on

process descriptions are used where available, and data from the Carnegie Mellon

EIO-LCA database are used where costs are known. When no process LCA data

and no cost information are known, an estimate for the energy intensity of chemical

manufacturing developed by Overcash is used [24]. In this study, the

Fig. 7.2 Overview of mass and energy flows considered in the fab model [1]
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“pharmaceuticals and medicines” rather than “photographic film and chemicals”

commodity sector (NAICS #325400) is used in the EIO analysis for those materials

which are high value specialty chemicals (those with a purchase price over $1,000

per kg), since the economic value of these materials is represented more closely by

the former sector. The organic chemicals (NAICS #325190) and inorganic

chemicals (NAICS #325180) commodities are used for the remaining materials,

as appropriate. Although additional impact categories are available for those

materials analyzed using EIO-LCA, the inventory is limited to primary energy

demand and the GWP of emissions. Data sources for all inventory materials are

detailed in [1]. The uncertainty of EIO-LCA data is given as one order of magnitude

for each result. The uncertainty of process data from textbooks and manuals is

assumed to be zero, because it is unknown but assumed to be small as compared

with other chemical LCA data sources. All data sources and impact values for

materials using published process energy data are given in [1].

7.6.3.2 Silicon
Silicon is the purest substance used among all semiconductor process materials.

There are several processing steps that raw silica takes to become a pure silicon

wafer, the substrate of semiconductor devices. Raw silica is refined into metallur-

gical grade silicon, which is twice refined to produce a single crystal ingot that is

then sliced into wafers. The high embedded energy of the final product (approx.

2,000 kg) is due not only to the energy intensity of these processes but also to a

cumulative low yield caused by the losses at each step. Full descriptions of the

energy requirements and environmental emissions of high purity silicon production

are available from previous sources [21, 25]. The LCA data provided by Williams

and used in this study [21] is duplicated here for clarity, Table 7.2.

7.6.3.3 Water
Since the focus of this example is the production of chips of generic CMOS logic at

a fab located in Santa Clara, California, the environmental impacts associated with

the Santa Clara water supply are modeled. Modeling is done using information

from the Santa Clara ValleyWater District and previous work on LCA of California

water supplies by [26]. The Santa Clara Valley Water District infrastructure is

composed of three treatment plants for local and imported water, one recycled

Table 7.2 Summary of data sources [1]

Silicon Process LCA

Chemicals Process and EIO-LCA

Infrastructure and equipment EIO-LCA

Fabrication Process LCA

Electricity Process and EIO-LCA

Water Process and EIO-LCA

Transportation Process LCA

Use Process LCA
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water treatment facility, 142 miles of pipelines, and three pumping stations.

According to a report from the district board, approximately 51% of the water

used in Santa Clara is imported, while 45% comes from local sources and the

remaining 4% from recycled stocks [27]. Most water imported to Santa Clara

comes from the Sacramento-San Joaquin River Delta via the South Bay Aqueduct,

though a small fraction also comes from the Hetch-Hetchy reservoir via the San

Francisco water system. Local water sources include groundwater basins and ten

surface reservoirs. The life-cycle environmental impacts evaluated by Stokes for

imported and recycled water from the Oceanside Water District in San Diego are

applied, on a per volume basis, to the imported and recycled fractions of water in the

Santa Clara system. Life-cycle environmental impacts associated with Santa Clara’s

locally sourced water are estimated based on the energy required for treatment and

distribution of imported water in Stokes’ model of Marin’s water treatment works.

The global warming emissions intensity for the power utility in Santa Clara (Pacific

Gas and Electric), 280 g CO2eq./kWh, is used. The energy intensity and percent

contribution of each source is presented in Table 7.3. The resulting global warming

emissions per liter of water provided in Santa Clara is 0.6 g CO2eq.

7.6.3.4 Infrastructure and Equipment
The energy use and GWP for infrastructure and equipment are evaluated using EIO-

LCA. Rock’s Law (which says that the cost of a semiconductor chip fabrication

plant doubles every 4 years) is used to estimate the total cost of the fabrication

facility and the costs of wafer fabrication equipment are taken as 70% of the total

cost of the fab, based on a commonly stated approximation. Expenditures are

depreciated over a 10-year period, using a straight line schedule, yielding an annual

cost which is corrected to 1997 dollar values using the average US inflation rate

over the 1995–2008 period of 2.7%. Total costs for the building and equipment for

each technology node are provided in Table 7.4.

Table 7.3 Energy intensity of silicon production [21]

Process step Electrical energy/kg Si out (kWh) Si yield (%)

Refining Silica to Mg-Si 13 90

Mg-Si to trichlorosilane 50 90

Trichlorosilane to polysilicon 250 42

Crystallization of polysilicon to sc-Si ingot 250 50

Sawing Sc-Si ingot to Si wafer 240 56

Process chain from silica to wafers 2,127 9.5

Table 7.4 Global warming intensity of Santa Clara Water [1]

Local supply Imported Recycled

Contribution of source (%) 45 51 4

kWh/l 0.0021 0.0019 0.0002
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7.6.3.5 Electricity
The emissions associated with electricity use at the different geographical locations

of each life-cycle stage are reflected in the model. In the fabrication and use stages,

emissions factors for electricity are specific to California, while the stages of

chemical and infrastructure production are represented by each US industry average

GWP emissions factors, via EIO-LCA [19].

The environmental impacts associated with electricity supplied to the California

plant are evaluated using two previous LCA of electricity generation, data from the

EPA and information from Santa Clara’s electric utility, Pacific Gas and Electric.

The electricity mix of Pacific Gas and Electric in 2008 was 47% natural gas, 23%

nuclear, 13% large-scale hydroelectric, 4% coal, 4% biomass or other waste

combustion, 4% geothermal, 3% small-scale hydroelectric, 2% wind, and 0.1%

solar photovoltaic [28]. The life-cycle GHG emission factors (g CO2eq./kWh) for

natural gas, coal, large-scale hydroelectric, and solar photovoltaic power are taken

from the work of [29], while that for nuclear electricity is taken from a study by

[30]. Direct GHG emissions for geothermal and biomass combustion are taken from

the EPA [31]. Small hydro is considered to have the same impacts as large hydro.

A national average for the Chinese grid of 877 g CO2eq/kWh, based on a previous

LCA [32], is used for the production scenario in China.

In order to facilitate comparison with preceding studies, for most life-cycle

stages, the convention of 10.7 MJ of primary energy per kWh electricity is used.

This represents a worldwide average value for fuel consumption in electricity

production [21]. The primary energy intensity of electricity supplied in Santa

Clara is not documented, and since there have been no studies which provide net

fuel intensity of nuclear, geothermal, wind, or the other non-combustion generation

technologies used by the California grid, the fuel intensity of the electricity used in

fabrication is taken as the worldwide average. In actuality, the primary energy

intensity of Santa Clara electricity is estimated as the world average. Since most

of the thermal generation in California is combined cycle natural gas combustion,

and the contribution of renewables and nuclear are higher than the world average,

the net primary energy demand for electricity production is somewhat lower than

10.7 MJ/kWh. For the purposes of this example, however, the global average

is used.

The fuel intensity of electricity in China, however, is higher, with an average

value of 12 MJ/kWh of electricity, due to an average lower conversion efficiency of

power plants as well as higher losses in transmission and distribution [32].

Table 7.5 Cost of fab infrastructure and equipment [1]

Year 1995 1998 1999 2001 2004 2007 2010

Technology node 350 250 180 130 90 65 45

Equip. cost, depreciated ($M/year) 42 71 84 119 200 336 400

Construction cost, depreciated ($M/year) 18 21 25 30 36 43 51
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7.6.3.6 Semiconductor Manufacturing
In this analysis the primary model for wafer manufacturing is located in Santa

Clara, California, USA. A separate scenario for production in China is developed in

order to demonstrate the environmental effects of using China’s electricity supply

mix and neglecting PFC abatement. Although PFC emissions may be abated in

some fabs in China, the assumption is made that there are few if any controls on

PFC emissions at the Chinese production site.

The mass and material flows are accounted at the level of the fab and equipment,

see Fig. 7.2.

A complete summary of changes to the process flow for each device over the

technology nodes covered in this example is given in [1]. The process change which

has allowed the greatest reduction in GWP from one technology node to the next is

the switch from in situ plasma generation to remote plasma generation for etch and

post-dielectric deposition chamber cleaning.

Facility and Process Equipment Energy Demand. While device design, process

complexity, and the length of the process flow grow continuously, total fab energy

consumption has not increased at the same pace and has at times decreased in the

past decade due in large part to facility efficiency improvements. These changes are

reflected in the model; at each technology node, improvements are made to certain

facility equipment, such as the water chillers or exhaust pumps, which allow

reduced energy consumption. Rising energy costs as well as pressure to achieve

GHG emission reduction goals set by the World Semiconductor Council have

driven fabs to reduce their total energy consumption. These efforts are reflected

in the industry goals set in the ITRS, which show an ongoing effort to reduce

facility energy consumption on a kWh/cm2 wafer area basis. The trend may be

verified using an EIO perspective. By normalizing per unit of silicon area used,

rather than by economic value of production, energy consumption can be analyzed

independent from increases in off-shoring and outsourcing of fabrication by US

companies or the increasing economic value of products. US Census data from

1995 to 2005 show that the total electricity consumed by the semiconductor

industry in the USA, when normalized per area of silicon consumed by the industry,

did not increase significantly from 1995 to 2005 [33, 34]. The energy consumption

per area of silicon consumed increases and decreases slightly over time, but was

roughly the same in 2005 as in 1995, approximately 1.5 kWh/cm2 [21, 34].

Energy efficiency goals have largely been achieved through changes to fab

facility systems. Throughout the industry, improvements have been made to the

energy efficiency of nearly all of the major fab systems: water cooling, exhaust

flow, water distribution, clean room air flow, CDA and facility nitrogen delivery

systems, and chamber vacuum pumps. Facility energy efficiency improvements can

be classified as advancements in both the technologies and in the techniques applied

in fab design and operation. Higher efficiency pumps and fans, variable speed

drives (VSDs), and improvements in ducting and clean room airflow arrangement

such as mini-environments represent technological developments. Reduction of

pressures in CDA and exhaust systems, optimization of clean room temperature
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and air speed, and the use of larger cooling towers to allow reduced chiller size are

examples of operational improvements.

These advancements are reflected in the model for each technology node in this

study. At the 250 nm node, the pressure maintained in the CDA delivery system is

increased to support stepper systems required for this generation’s photolithography

tools. (This change does not enhance energy efficiency but was necessary to enable

pneumatic stepping for lithography.) At the 180 nm node, the air change-over rate

(ACR) is reduced in the clean room heating ventilation and air conditioning (HVAC)

system, allowing fans speed to be lowered, the scrubber exhaust pumps are upgraded,

a smaller and more efficient chiller, using a VSD, is installed; chiller use is also

reduced by increasing the size of the cooling towers. Total facility energy consump-

tion is cross-verified against industry reports and published literature [35, 36].

The wafer yield (good chips per wafer), line yield (finished wafers per wafer

starts), and chip size are key variables which influence the environmental impacts

per chip. The values for these parameters at each technology node are based on

industry average data [35].

Power data for process tools are based on measurements taken using three phase

power measurement equipment, which have a maximum error of �2.6%. Power

requirements for facility systems are determined usingmass flow analysis and facility

energy consumption models, which are developed based on data from industry and

technical reports [37, 38]. Power and facilities requirements for process tools are

from process equipment measurements [39] and requirements for abatement equip-

ment are based on manufacturers’ specifications, which have an undefined error.

Process Emissions. The abatement of some PFC emissions are regulated by the

Kyoto Protocol (in Annex I and II nations) and, in 1999, the World Semiconductor

Council (WSC), which includes the semiconductor industry associations of Japan,

Europe, Korea, Taiwan, and the USA, issued a position paper which committed

members to PFC emissions reduction by 10% of 1995 or 1999 baseline levels by the

end of 2010. However, more than half of semiconductor production occurs outside

of Kyoto Protocol Annex I and II nations, and, in 2008, almost 20% of semicon-

ductor production capacity was held in China, Singapore, and Malaysia, where the

industrial consortia have not joined in theWSC. Thus, although PFC emissions may

be abated in some fabs in China, the assumption is made that there are no controls

on PFC emissions at the Chinese production site.

GWG emissions from each process step have been determined, pre- and post-

abatement, using in situ mass spectrometry and Fourier transform infrared (FTIR)

spectroscopy analysis by a procedure which requires mass balance to be closed

within 10% of chamber inputs. Each of these measurements thus has a maximum

uncertainty of �10% for each element. For most materials, the uncertainty of the

total mass of emissions per finished wafer can be considered as a uniform distribu-

tion with variance equal to (10%)2 of the expected value. For NF3 which is at more

than 30 points during processing of a single wafer the uncertainty is reduced via the

central limit theorem, and the total mass flow is modeled as a normal distribution

with variance equal to (3.3%)2 of the expected value. GWPs are taken from [40].
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7.6.3.7 Transportation
Chips are typically cut and packaged at a facility separate from the wafer fabrication

site, often in a different country or on a separate continent altogether. Semiconductor

products therefore travel twice within the production phase: wafers are transported

from the fab to an assembly plant, where they are cut into die, packaged into chips,

and tested and finished chips are then transported to the place of eventual use.

The global industry of semiconductor packaging and testing, or “back-end”

processing, is clustered in Vietnam, Malaysia, Costa Rica, Puerto Rico, China,

and the Philippines. Costa Rica is the closest location to Santa Clara and is therefore

the location of assembly designated in this study.

Travel from the wafer fab to the assembly facility is taken as 50 miles by truck

and 3,000 miles by plane, and from assembly to the final POU, travel is 3,000 miles

by air and 200 miles by truck. Energy consumption and GWP of emissions for truck

and air freight are from [41]. The distance of each travel leg and its corresponding

GWP impact and energy intensity is given in Table 7.5.

It is assumed that between wafer production and assembly, the finished wafer is

transported in a wafer carrier and additional casing with a total weight of 500 g per

200 mm wafer or 700 g per 300 mm wafer. Between assembly and use, the product

and packaging has an assumed weight of 20 g regardless of technology node.

The total energy and GWP intensity of transport for each technology node is

detailed in [1].

7.6.3.8 Use Phase
The use phase represents the power consumption of the chip assuming an average

power supply efficiency of 70%. The lifetime of the chip is taken to be 6,000 h

(3 years, being used 8 h a day, 5 days per week, and 50 weeks per year) in a 70%

active state, representing a business user. An assumption of 3 years is consistent

with the literature, which identifies the typical lifespan of personal computers as

2–3 years in business applications and 4–5 years in residential use [33, 42, 43]. The

lifetime assumed in this study would also be equivalent to an 18-month lifespan of

a data center processor, operating continuously, with 95% uptime, at a 30%

activity rate.

The average power requirements for logic chips are taken from the 2001 to 2007

International Semiconductor Manufacturing Roadmap reports [4, 35, 44] and, for

years previous, from manufacturer’s specifications. These power values represent

operation at full capacity or at a 100% activity rate (Table 7.7).

Table 7.6 GWP intensity of transportation [1]

Distance, fab. to

assembly (miles)

Distance, assembly

to use (miles)

CO2 intensity

(g CO2eq./ton-mile)

Energy intensity

(MJ/ton-mile)

Truck 50 200 187 2.7

Air freight 3,000 3,000 18 0.38
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The average chip power demand has risen from 14 to over 140 W over the past

15 years. The steady increase in power requirements for logic chips is the main

cause of rising energy-related life-cycle impacts, as will be shown in Sect. 7.6.4.

In order to compare impacts on a common basis of operational performance, the

rate of instructions performed, usually denoted in million instructions per second,

MIPS is used, rather than clock speed or transistor density, as a common metric of

computational capacity. Transistor density is not ideal as a computational power

metric because while increased transistor density usually results in increased

computational power, the relation is not necessarily proportional. Although clock

speed, which is dependent on transistor density, is used as a popular measure of a

CPU performance, computational power is determined by the CPU’s architecture,

instruction set, cache size, and memory speed as well as clock rate. The rate of

instructions in MIPS accounts for both the speed and design of the chip but remains

highly dependent on the instruction sequences used to define the metric. Though

instruction rate falls short of providing a perfect description of a CPU’s perfor-

mance as processors with different instruction sets or architectures are not compa-

rable, instruction rate is a more representative metric than clock rate or transistor

density and is a commonly reported measure of performance. MIPS is thereby used

in this analysis as a metric for comparison based on computational performance.

7.6.4 Results and Discussion

As technology has progressed, life-cycle energy use and greenhouse gas emissions

have in general been increasing per wafer and per die but decreasing when

normalized by computational power. Figure 7.3 shows how total life-cycle energy

demands per wafer, per die, and per 1,000 MIPS have changed over the period

under study.

The increases in per-wafer and per-die life-cycle impacts have one dominant

cause: the escalation of use-phase chip power. The growth in per-wafer impacts,

however, is also due to the lengthening of the manufacturing process flow and

concomitant expansion in manufacturing infrastructure and equipment, as shown

in Fig. 7.4.

At each technology node, the complexity of device design has increased, and the

number of process steps required to produce a finished wafer has escalated. In this

model, for example, production of a finished wafer entails 147 process steps at the

350 nm node, while the process flow for a 45 nm device consists of a total of 251

process steps. The lengthening of the process flow follows from increasingly

Table 7.7 Use-phase power by technology node [1]

Technology node (nm) 350 250 180 130 90 65 45

Year 1995 1998 1999 2001 2004 2007 2008

Power (W) 14 23 25 61 84 104 146
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detailed construction necessary to scale down the device’s transistors as well as

additional interconnect layers to wire them together.

Growth in manufacturing and materials-related impacts over time has been

counteracted by shrinking die sizes, which allow more die to fit on each wafer.

Thus, use-phase power is the lone reason for increases in impacts per die. For all

technology generations, the use phase represents the largest proportion of energy-

related impacts per die among the life-cycle phases. The dominance of the use

phase has also increased over time, with use contributing about 51% of life-cycle

Fig. 7.4 Energy use per 300 mm wafer equivalent, by life-cycle stage, over seven technology

nodes [1]

Fig. 7.3 Energy use per die, per wafer, and per 1,000 MIPS by technology node [1]
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GWP consumption per die at the 350 nm node, and over 95% per die at the 45 nm

node. Despite the long distances that semiconductor wafers and chips are typically

shipped during production and prior to use GWP of transportation is almost

insignificant due to the small mass of the product.

The improvement of several production performance metrics has allowed

reductions in the manufacturing energy and GWP per chip. Line yield reflects

wasted processing used for process monitoring, testing, and wafer loss in the

form of damage or breakage. Although wafer damage has remained the same

over the years, at about 2%, the number of test or monitor wafers per finished

wafer has been reduced over the last decade, resulting in higher average line yields

[20, 45–47]. Although reduced feature sizes have made maintaining wafer yield

difficult, industry reports indicate that wafer yields for full-scale production have

not fallen with decreasing device dimensions. Mature wafer yield is assumed to be

75% for all technology nodes, based on ITRS reports [4, 35, 44].

The results of this study enable LCA practitioners to answer important questions

concerning the energy-related environmental impacts of computing with greater

certainty than ever before. The life-cycle impacts for energy and GWP of semicon-

ductor chips presented in this analysis are more complete, accurate, and transparent

than those of any previous study, and data are presented for chips spanning many

generations, from 1995 to 2010. Energy and GWP impacts for semiconductor logic

chips are clearly dominated by the use phase. Chip power demand and the GWP of

use-phase electricity are thus the variables with the largest influence over energy-

related life-cycle impacts. Production yield, die size, geographical location or

electrical energy supply of the plant, and the choice to abate PFCs are the most

important metrics and decisions to be made concerning energy and GWP impacts in

the production stage.

7.7 Conclusion

Semiconductor manufacturing, a manufacturing sector which supports growth in

many areas of the world economy, has been a major consumer of resources and

source of environmental impacts. The industry has made great strides to improve

efficiency of resource utilization (from energy to materials) motivated by both cost

savings and environmental, health, and safety considerations. Hence, it is almost a

“poster child” example of green manufacturing analysis and technology develop-

ment. This chapter has introduced the basics of semiconductor manufacturing and,

then, provided a detailed analysis of the energy and global warming impact of

manufacturing one typical semiconductor product, the CMOS chip. This chip,

ubiquitous in many consumer products today, offers an example of the benefits of

technology advances as well as the challenges. The life-cycle analysis of CMOS

fabrication and use (including materials processing through transportation and use

phases) illustrated the level of data detail required and demonstrated trends in

manufacturing over several technology nodes. This same approach, relating
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environmental impact in terms of GWP, resource consumption, or other measures,

is applicable to a wide variety of products. The LCA study presented in this chapter

highlights the importance of identifying of the proper functional unit in semicon-

ductor LCA, as impacts per die, per wafer, and per 1,000 MIPS may be applicable

in different contexts, but yield contrasting trends over time.
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Environmental Implications
of Nano-manufacturing 8
Chris Yuan and Teresa Zhang

There’s Plenty of Room at the Bottom

Richard P. Feynman

Abstract

Green manufacturing for nanotechnologies must be considered, while it is most

impactful to do so, during early development and early application stage. There

are still a lot of challenges in applying conventional green theories and

methodologies to nano-manufacturing technologies, particularly for their overall

sustainability assessment and improvement. This chapter provides a basic over-

view of potential environmental impacts associated with nanotechnology and its

manufacturing processes. The fundamental knowledge and scientific methods

useful in understanding the environmental impacts of nanotechnology from a

holistic view are discussed. A few examples on environmental studies of nano-

manufacturing technologies are provided as well. A systematic view of the

potential environmental impacts of nano-manufacturing will be helpful for

guiding future research in this subject.

8.1 Introduction

Nanotechnology is the science of understanding and control of matter at dimensions

of roughly 1–100 nm [1]. Nano-manufacturing is using nanotechnologies to make

engineered nano-materials, structures, and devices for novel industrial and social
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applications. It has been widely believed that nanotechnology is the right technology

to address challenges the human beings is and will be facing in industrial, social, and

environmental aspects. In the past decade, nanotechnology has undergone rapid

development in both R&D and commercialization. Until end of 2009, global spend-

ing on nanotechnologies has been approximated as $50 billion in a total [2]. There

were a wide variety of nano-materials being developed and produced for commer-

cial use through various nano-manufacturing processes and technologies, such as

carbon nanotubes, nano-TiO2, nano-Ag, etc. The statistical data shows that there

have already been more than 1,000 nanotechnology-made-products available on the

commercial market, including micro-processors of computers, wax and polish of

vehicles, sunscreens and cosmetics of personal cares, and many others [3].

Nanotechnology is relevant because of its high potential in revolutionizing

technologies for almost all industrial sectors. Nanotechnology can produce nano-

materials through manipulation of atoms and molecules in nanometer scale. The

engineered nano-materials have strikingly different properties from their macroscopic

or bulk counterparts [4, 5]. It has been understood that at the nanoscale, quantum

mechanics, and wave physics versus classical mechanics are jointly functional in the

material property determination [6]. As a result, superior material in such aspects

including physical, chemical, optical, electrical, catalytic, magnetic, mechanical, and

biological properties can be obtained on nano-structuredmaterials which are potential

for awide rangeof applicationsonelectronics, automobiles, cosmetics, energy storage,

medical devices, etc. Use of such materials can lead to significant improvement of

products’ performance, upgrading of product functionalities, creation of novel

applications, development of new technology solutions, etc.

Although nanotechnology is favored due to its great potential in future industrial

and social applications, serious concerns have also been raised regarding its poten-

tial impact on the environment and eco-system, particularly during its large-scale

industrial applications in future. At industrial scale, the environmental impact of

nanotechnology will be generated from all the aspects of its applications, ranging

from material production, manufacturing, product use, until final disposal.

In general, the types of impacts nanotechnology generates on the environment and

eco-system can be divided into two categories: conventional impacts similar to those

generated by existing technologies from energy and material consumptions, and

unconventional impacts resulting from nano-structured material production and con-

sumption. Within the conventional impact category, the energy consumption and

material wastes generated in nano-manufacturing are particularly important in deter-

mining its environmental performance. The energy intensity of nano-manufacturing is

super higher when compared with conventional manufacturing technologies. Besides,

toxic chemicals are widely and heavily used in nanoscale manufacturing for various

operations including etching, cleaning, reacting, catalyzing, etc. The consumed

energy and toxic materials plus generated nano-process wastes from the nano-

manufacturing could have significant impact on the environment and public health.

However, when compared with those conventional environmental impacts,

those unconventional impacts resulting from nano-structured materials on
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human health and eco-system are more concerned by industry and society. The

nano-structured materials are so “tiny” in their size and shapes that such materials

can easily transport in the environmental media including air, water, and soil.

Following different exposure routes as inhalation, ingestion, and dermal uptake,

nano-materials can readily enter human body and transport between human cells

and might cause unrecoverable health damages.

A comprehensive understanding of the environmental implications of

nanotechnologies requires systematic investigation and study of the environmental

impact associated with every stage of the application of the nanotechnology.

Particularly, green manufacturing is needed to control and minimize the environ-

mental impact of nanotechnologies within the whole manufacturing system. For

this purpose, the environmental and human health impact of conventional

emissions and nano-particles both need to be assessed. As stated in the first chapter,

the best opportunity for environmental impact control and mitigation of nanotech-

nology is to apply pollution prevention strategies during its early development and

application stage, to understand its environmental performance and find technical

solutions to minimize its environmental impact. With the environmental perfor-

mance being scientifically characterized and assessed at the early development

stage, the sustainability performance of such emerging manufacturing technologies

and their future production systems could be improved and then designed with a

minimum amount of emission and waste output.

However, the scientific understanding and investigation of the environmental

impact of nanotechnologies are very limited in current stage. Currently, only a

limited number of studies have been performed on environmental or sustainability

performance of a few nano-materials or nanotechnologies. The studies available in

current stage are all focused on the analysis and characterization of those conven-

tional impacts from energy or material consumptions. Overall sustainability studies

of nanotechnologies are still at conceptual analysis stage or early discussion stage.

Greenmanufacturing for nanotechnologies is very necessary, particularly at its early

development and application stage. The results from green manufacturing research

conducted in the early stage of nanotechnologieswould be valuable for use in the future

during the environmentalmanagement of nano-manufacturing and in the risk control of

nano-material emissions in the interests of public health and the environment. But

implementation of greenmanufacturing needs to understand the specific characteristics

of the nanotechnology first. There are still a lot of challenges in applying conventional

green theories and methodologies on nano-manufacturing technologies, particularly

for their overall sustainability assessment and improvement.

This chapter provides a basic overview of potential environmental impacts

associated with nanotechnology and its manufacturing processes. In that context,

fundamental knowledge and scientific methods for understanding the environmen-

tal impacts of nanotechnology from a holistic view is provided. Specifically, the

focus is on examining the environmental impacts of nano-manufacturing processes

due to their primary role in linking the material flow and energy flows between

nano-material production and nano-product use as well as the final disposal.
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A few examples on environmental studies of nano-manufacturing technologies

are provided as well. A systematic view of the potential environmental impacts

of nano-manufacturing will be helpful for guiding future research in this subject.

8.2 Nano-manufacturing Technologies

Before the environmental impacts of nano-manufacturing technologies are presented,

a brief summary of nano-manufacturing technologies available in current research

practice and industrial production are reviewed. An overview of these nano-

manufacturing technologies and their operational characteristics would be helpful

in understanding, mitigating and controlling the environmental impacts of these

nanotechnologies.

In current practice, there are quite a number of technologies being used for

nanoscale manufacturing. Generally, the nanoscale manufacturing technologies

can be categorized into the following three groups: top-down, bottom-up,

and hybrid nano-manufacturing technologies [7]. A detailed overview of

nano-manufacturing methods toward sustainable nano-products is presented by

Sengül et al. [8].

8.2.1 Top-down Nano-manufacturing

Top-down nano-manufacturing produces nanoscale features and patterns by using

carving or grinding methods including lithography, etching, milling, etc. [8].

Top-down nano-manufacturing is the technology more commonly used today in

nano-fabrication due to its high manufacturing efficiency. But top-down nano-

manufacturing technologies require very high energy consumption in the high-

precision manufacturing of nanoscale features and structures.

With the advanced research and development in precision engineering and

lithography technologies, and the relative ease of maintaining control over the

precise process and ambient conditions, top-down manufacturing is the more

preferred method when compared to bottom-up technology [9, 10].

8.2.2 Bottom-Up Nano-manufacturing

In contrast to top-down nano-manufacturing technologies, the bottom-up

nano-manufacturing produces nanoscale features and patterns through atomic-

scale manipulation of molecules through chemical reactions or physical processes.

The representing bottom-up nano-manufacturing technologies includes chemical

vapor deposition (CVD), atomic layer deposition (ALD), physical vapor deposition

(PVD), etc. It is generally believed that bottom-up nano-manufacturing are less
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waste-producing than top-down nano-manufacturing [8]. It is also suggested that

bottom-up nano-manufacturing methods should be the ultimate tools for green

manufacturing since they allow for the customized design of reactions and

processes at the molecular level, thereby minimizing unwanted waste [11].

8.2.3 Hybrid Top-Down and Bottom-Up Nano-manufacturing

Hybrid top-down and bottom-up nano-manufacturing combines the best aspects of

top-down and bottom-up nano-manufacturing techniques for massively parallel

integration of heterogeneous nano-components into higher-order structures and

devices [7]. The hybrid top-down and bottom-up nano-manufacturing technologies

are still under development in current stage, but it is expected that the hybrid

nano-manufacturing techniques could lead to a major advancement in developing

high-precision nanoscale features and simultaneously improving the throughput of

nano-manufacturing processes. The hybrid nano-manufacturing could also be

promising in offering a solution to environmental issues of nano-manufacturing

with a reduced energy consumption and waste generations.

8.3 Conventional Environmental Impact
of Nano-manufacturing

Nano-manufacturing technologies, similar to those conventional manufacturing

technologies, consume both materials and energy in producing nanoscale features

and structures. But these nanoscale operations usually consume much more energy

and materials, and accordingly generate more wastes and emissions, than conven-

tional manufacturing on an equal mass basis, due to the fact that nano-manufacturing

requires highly precise processes and technologies to manipulate molecules and

atoms to make nanoscale materials and devices. The energy consumption and

material consumption as well as emissions generated from the consumed energy

and materials are classified as conventional environmental impacts of nano-

manufacturing, which could be measured and characterized by using conventional

analytical metrics as discussed in Chap. 3. In this section, we discuss the conven-

tional environmental impact of nano-manufacturing in the following two aspects:

energy use and material consumption.

8.3.1 Energy Use of Nano-manufacturing

Nanoscale manufacturing is very energy-intensive in terms of material processing

and nano-feature manufacturing. As more than 70% of world energy is supplied by

fossil fuels [12], the large amount of energy consumed in nano-manufacturing

would contribute, either directly or indirectly, to generations of a wide range of
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emissions including such greenhouse gases as CO2, CH4, N2O, etc., and such

pollutants as SOx, NOx, PM, etc. In real practice, understanding the energy con-

sumption and energy flows within a nano-manufacturing process is important to

reduce the energy consumption and overall environmental impact of nano-

manufacturing.

Although the energy consumption of conventional manufacturing industries is

enormous due to their large production volume and product size, the energy

intensities of nanoscale manufacturing processes are even higher than those of

conventional manufacturing processes. Gutowski et al. have studied the energy

consumption of eleven manufacturing processes and found that the energy intensity

of nanoscale manufacturing processes (sputtering, CVD, oxidation, etc.) are typi-

cally 3–5 orders of magnitude higher than those of conventional manufacturing

processes (machining, injection molding, grinding, etc.) [13] (Fig. 8.1).

The high energy intensity of nano-manufacturing technologies directly leads to a

high energy requirement on nano-material productions. For example, Kushnir and

Sanden studied the energy requirements of carbon nano-particle production and

found that the carbon nano-particles are highly energy-intensive materials, on the

order of 2–100 times more energy-intensive than aluminum, even with idealized

production models [14]. The energy-induced environmental impact, if not success-

fully reduced during the early development stages of these nano-manufacturing

processes, might generate even more significant environmental problems during

their future large-scale industrial productions, when compared with those conven-

tional manufacturing industry.

Fig. 8.1 [13] Significant energy use in nanoscale manufacturing. Copyright T. Gutowski, 2006,

used by permission
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8.3.2 Examples of Energy Analysis in Nano-manufacturing

It is instructive to review two detailed examples to demonstrate the high energy

consumption of nano-manufacturing. As mentioned earlier, there are few studies

available in environmental analysis of nanotechnologies. Among them, two

studies performed at UC-Berkeley evaluated the energy intensity of: Plasmonic

Imaging Lithography (PIL), a top-down nanoscale manufacturing technology,

and Atomic Layer Deposition (ALD), a bottom-up nano-manufacturing technology.

The first example focuses on PIL. PIL is a new photolithography exposure tech-

niquewhich allows researchers to surpass the diffraction limit of light using the special

properties of surface waves or plasmons [15, 16]. The effervescent nature of plasmons

requires the use of a near-field scanning system, in this case, one based on hard disk

drive technology. PIL has the potential to pattern sub-wavelength features with the

precision and throughput time suggested by established hard disk technology.

The second example comes from studies on Atomic Layer Deposition. ALD is a

promising nanotechnology process currently under development for a wide range of

potential applications. ALD is a bottom-up nanoscale manufacturing technology,

derived from Chemical Vapor Deposition (CVD), for depositing highly uniform

and conformal thin films by alternating exposures of a surface to vapors of two or

more chemical reactants [17]. ALD is different from CVD in that the ALD reactions

are separated by complete purging in between, and accordingly, the reaction only

takes place on the surface. The ALD surface reaction is self-limited and the film

thickness could be accurately controlled in atomic scale. ALD is a cyclic nano-

manufacturing technology. An ALD surface reaction is called a cycle and the time

to finish a cycle is called cycle time. As needed, the ALD cycling process can be

repeated hundreds or even thousands of times to obtain a film layer for a specific

thickness. ALD can deposit highly uniform and conformal thin films on extremely

complex surfaces [18], and accordingly, has potential applications on a wide variety

of products including CMOS chips, flat panel displays, optical filters, medical

devices, etc. [19].

In the following, detailed examples are given on energy consumption analysis

and improvement of two nano-manufacturing technologies: PIL and ALD.

8.3.2.1 Energy Use of Plasmonic Imaging Lithography
The first example deals with a developing nano-manufacturing process, PIL, on its

operational energy use. The direct electrical energy use of the PIL process flow is

interesting compared to that of masked optical projection lithography (OPL) and

maskless electron beam lithography (EBL).

As shown in Fig. 8.2, the process steps affected by PIL in addition to the

exposure step itself are evaluated. Spin coating is included, for example, because

PIL uses a hard phase-change resist to facilitate reliable light of the scanning head,

and this resist must be sputtered, rather than spin-coated, onto the wafer. Reflecting

the capabilities of PIL, we consider the exposure of one layer of a 4 in. wafer with

120 nm line width, 30% density features for each of the lithography techniques.
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Energy use data is collected from various sources. Electrical energy use is

ideally measured directly using power monitoring equipment with logging

capabilities, such as those made by Summit Technology, Fluke, and Dent

Instruments. However, it is often not possible to take functional equipment off-

line for power measurement. Instead, power supply requirements are collected from

physical power supply inspection, and user and installation manuals. Power supply

requirements are related to actual power use as follows

Puse ¼ S� PF� UF�
ffiffiffiffi
f

p
(8.1)

where Puse is the actual power use in kilowatts (kW), S is the apparent power supply
in kilovolt-amperes (kVA), PF is the power factor, UF is the ratio of power use to

power supply, and f is the phase of the power system (either single or three-phase).

Power factor (PF) is the ratio of real power (P) to apparent power (S), where
apparent power is the product of voltage and current [20]. Power factor is 0 for a

purely reactive load and 1 for a purely resistive load. California utilities charge for

power factors less than 0.85 [21], so a power factor of 0.85 is assumed. The analysis

also assumes a usage factor (UF) of 0.67 for all process tools [22]. Process time

information is collected from expert machine operators, technicians, and sales

representatives based on average batch sizes and processing times. In the case of

electron beam lithography exposure, expert operators reported an enormous range

of processing times, ranging from 1 h/cm2 [23] to over 20,000 h/cm2 [24]. We

instead calculated operational processing time as

t ¼ D� A

I
(8.2)

Fig. 8.2 Scope of analysis comparing electron beam lithography (EBL), plasmonic imaging

lithography (PIL), and optical projection lithography (OPL)
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where t is the time in seconds, D is the dose in C/cm2, A is the exposure area in cm2,

and I is the current in nA. As with all process tools, startup and idle times are

included where appropriate.

Actual power use, processing time, and resulting energy use is shown in Fig. 8.3

for the three lithography techniques.

Figure 8.4 shows energy use as a function of design agility, which we associate

with wafers per design change. The crossover point at which OPL becomes more

energy efficient than PIL is 11, 39, and 85 wafers for 1, 10, and 100 plasmonic

lenses per air bearing slider, respectively. This suggests that PIL is most appropriate

for prototyping or highly flexible manufacturing.

These results are also useful for informing the design of the PIL process for

energy efficiency. Design for environment is especially valuable to consider at this

early stage in the development process, as the design space is still relatively

unconstrained.

The range in which PIL is the best option in terms of operational energy use can

be expanded most significantly by addressing the biggest sources of energy use in

the PIL process flow. The ion laser used in PIL wafer exposure is a good example,

consuming 78% of energy used in wafer processing. It draws 10 kW of electrical

power, and though it is capable of much higher powered laser beams, it is only used

to produce a 260 mW laser beam, representing a loss of four orders of magnitude.

Another change that could expand the niche of PIL considerably would be to

increase the number of lenses on each air bearing slider. Assuming the use of the

same laser, the number of lenses on an air bearing slider head is inversely propor-

tional to wafer exposure time and resulting energy use (Fig. 8.4).

Outside of wafer exposure, the greatest contributor to operational energy use for

PIL is sputtering of the resist. To protect the phase-change resist, a metal adhesion

layer and a diamond-like coating are also applied to each wafer, requiring two

separate sputtering processes. The analysis presented here adds to the practical

argument for a liquid photoresist.

Fig. 8.3 Operational energy use per 4 in. wafer for a one-off design, including the processing

energy of an air bearing slider (ABS) for plasmonic imaging lithography (PIL) or a mask for

optical projection lithography (OPL)
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A realistic manufacturing scenario lies somewhere between these bounding

cases. While an air bearing slider head is assumed to have a functional life of one

wafer pass, a photolithography mask can be used well past the desired life of a

particular design.

8.3.2.2 Energy Consumption of Atomic Layer Deposition
Nanotechnology

Energy consumption of ALD is much concerned for both economic and environ-

mental justifications. ALD typically has to be operated at the vapor phase of

precursor materials and requires ultra-high vacuum conditions for system

operations. Energy consumed in the ALD system is mainly for heating, pumping,

and process control.

ALD process temperature is a critical parameter in evaluating the energy

consumption of an ALD system. In ALD operations, sufficient energy must be

supplied into the ALD system to overcome the energetic barrier of the surface

chemistry and maintain the reaction conditions.

The study is performed on ALD of Al2O3 high-k dielectric films which uses

trimethylaluminum (TMA) as the metal source and water as the oxidant

2AlðCH3Þ3 þ 3H2O ¼ Al2O3 þ 6CH4

This is a process developed for replacing conventional SiO2 dielectric gate in the

Metal Oxide Semiconductor Field Effect Transistors (MOSFETs) as the semicon-

ductor process is down-sizing from 90 to 45 nm [25–27]. From experiments, the

highest growth rate of Al2O3 films was found around 200�C [28]. In this analysis,

the process temperature is set at 200�C to ensure a high deposition efficiency of

Fig. 8.4 Energy use as a function of design agility
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Al2O3 films. The inlet pipelines are heated to 70�C, while the outlet pipelines are

heated to 160 �C to facilitate the pulsing and purging of precursor materials.

During operation, the whole ALD system needs to be heated to maintain the

vapor phase of each precursor reactant, and meanwhile, to supply the activation

energy to the chemical reaction. In order to have a full understanding of the process

energy consumption within the ALD system, a detailed energy flow analysis has

been conducted on the ALD of a 20 nm Al2O3 high-k dielectric gate at a 4-s cycle
time condition. The energy consumption is systematically investigated for each

process and component of the ALD system, with an aim to provide useful informa-

tion for both economic and environmental performance analysis of the Al2O3 ALD

technology. There are a number of processes and components in the ALD system

consuming energy through such activities like heating, pumping, actuating, moni-

toring, etc.

Power demands of each ALD subprocess and component are measured by a

power meter for the Cambridge NanoTech Savannah 200 system used in the

experiment. The ALD operations are divided into four categories: pre-treat wafer

and system, pulse Al2O3, pulse H2O, system heating and control.

For such a deposition of 20 nm on a 4 in. silicon wafer, the ALD processes

consume a total of 1.2 MJ energy. From the perspective of ALD operations, 62% of

the total energy is consumed by ALD process operations, 15% consumed by

pipeline heating, and 23% used for system control and data acquisition. A detailed

energy flow of the ALD process is demonstrated in Fig. 8.5.

The energy flow analysis demonstrates that heating of the outlet pipeline

consumes about twice the energy as the inlet pipeline, while the energy consumed

in pulsing TMA and H2O are at the same level. Wafer pretreatment, due to the

length of time for system heating and wafer hydroxylation, is the largest process

energy consumer among these ALD operating activities. The break-down analysis

of ALD energy consumption is shown in Fig. 8.6.

As indicated, the energy consumed in the ALD process is mainly for system

heating, process pumping, and experimental control. Regarding the ALD activity,
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Fig. 8.5 ALD process energy flows on 200 cycles at 4 s at 200�C
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system heating in total consumes 42.7% of the energy; pumping consumes 32.8%;

the electronics used for system control and data collection consume 24.5% of total

energy. Regarding the 1.2 MJ energy consumed in the ALD system, 0.188 MJ is

used for the system preparation and wafer pretreatment, and 0.75 MJ is consumed

for operating the 200 cycle depositions, while the other 0.279 MJ is used for

system monitoring and control. At a 4 s cycle time, this ALD module has a

throughput of four wafers per hour for 20 nm film applications (considering

60 s of overhead time for wafer loading, system adjustment, etc.). As a result,

the averaged energy consumption is approximately 0.7 MJ/wafer considering the

processing capacity of such an ALD module during a typical 8 h period for batch

production.

8.3.3 Material Use and Waste Generation of Nano-manufacturing

Besides energy consumption and the associated environmental impact, nano-

manufacturing also consumes a lot of materials, as working materials or supple-

mental materials in the manufacturing processes. In particular, toxic chemicals are

widely used to aid process control in nano-manufacturing. But due to the high

precision requirements, among the amount of various materials put into nano-

manufacturing system, only a small fraction of materials have finally turned into

products. The material utilization efficiency of materials in nano-manufacturing is

very low, when compared with conventional manufacturing systems. As a result,

these materials input into the nano-manufacturing system but not turned into final

products would be generated as process wastes, categorized as either air emission,

water discharges, or land wastes.
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The material uses of nano-manufacturing are dependent on the characteristics

and process requirements of nanotechnologies. Different nano-manufacturing

technologies and processes may require different material input. In the conven-

tional impact category, the impact of such material wastes from nano-

manufacturing system could be characterized and assessed by using those conven-

tional environmental impact assessment metrics, as presented in Chap. 3. Among

these metrics, material flow analysis (MFA) is a powerful metric for understanding

the material utilizations and waste generations along the nano-manufacturing

process chain.

Among the different types of materials used in nano-manufacturing system,

toxic chemicals are of special concerns due to their toxic effects on human health

and eco-system. Toxic chemicals are heavily used in nano-manufacturing, particu-

larly in bottom-up nano-manufacturing processes, on such applications as cleaning,

etching, reacting, forming, catalyzing, etc. Toxic chemicals have been identified as

a major source of environmental impact of nano-manufacturing. But in current

stage of nano-manufacturing, the utilizations of toxic chemicals are inevitable. In

order to green the nano-manufacturing system, the toxic chemicals should be used

either at their minimum amounts or with the least impact among the candidate

chemicals on the environment and eco-system.

As stated earlier in this chapter, the most effective strategy for green nano-

manufacturing is to apply pollution prevention techniques to minimize its environ-

mental impact prior to the real production. Regarding the toxic chemical control in

nano-manufacturing, effective decision support tools are still needed for material

screening and benchmarking during the material selection stage of nano-system

design and manufacturing.

In current practice, the impact of toxic chemicals on human health is assessed

based on risk analysis principles, which require consideration of the fate and

transport of toxic chemical release in the environmental media, and the final

exposure and impacts on public health. A simplified flow chart of toxic chemicals’

impact on human health is presented in Fig. 8.7.

An innovative schematic method to characterize and benchmark the human health

impact of toxic chemicals is presented here [29]. This schematic method uses a

Toxic chemical release

Concentration in environment

Exposure to humans

Intake by humans

Impact on human health

Fig. 8.7 Human health

impact of toxic chemical

release
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streamlined three-tiered hierarchy process which includes intake, toxicity, and persis-

tence of a toxic chemical release for its impact characterization. In the schematic

method, the human health impact of a chemical is represented by its position in a

two-dimensional characterization plot, which enables the benchmarking of chemicals

to be easily done by comparing the relative positions of the chemicals in the charac-

terization plot.

In Fig. 8.8 three chemicals, m, n, k, are used as examples to demonstrate the

schematic characterization of their human health impact. In the characterization

plot, the two axes are both set on logarithmic scales due to the large differences of

R and T magnitude. In this schematic method, the sustainable material selection of

toxic chemicals can be made by benchmarking the relative positions of the candi-

date chemicals in this R–T two dimensional plot. The fundamental benchmarking

principle is that the chemical with a higher risk and a longer persistence has a higher

impact on human health. So in Fig. 8.8, those chemicals with relatively high impact

on human health are characterized in the upper right corner of the characterization

plot, while those with relatively low impact on human health are in the lower left

corner of the plot. To facilitate rapid decision-making in material selections, the

characterization plot is divided into eight regions, as shown in Fig. 8.8. Those

chemicals characterized in region V and VI have higher human health impact than

those in region I and II because both R and T values of chemicals in region V and VI

are larger than those of chemicals in region I and II. While for those chemicals in

such regions as III, IV, and VII, VIII, the tradeoffs are analyzed by evaluating the

slope value of the line between the two chemicals. For two chemicalsm, n, the slope
value of line mn, Smn, is calculated through:

Sm;n ¼ LogRn � LogRm

LogTn � LogTm
(8.3)
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A summary of the benchmarking principles of two chemicals’ human health

impact under various scenarios is presented in Table 8.1 [29].

8.3.4 Example on Conventional Waste Generations
of Nano-manufacturing

This example addresses material use and waste generations from ALD nano-

manufacturing processes. The example is given on the model system of ALD for

deposition of Al2O3 high-k dielectric gate in semiconductor applications. As stated

in early sections, this ALD process uses trimethyaluminum (TMA) and water as the

precursor materials. Trimethylaluminum, CAS number 75-24-1, is a flammable and

toxic chemical. The principal byproduct of the ALD process is methane, which is a

major greenhouse gas, with a global warming potential 25 times of that of carbon

dioxide.

In ALD manufacturing, the precursor materials are alternatively pulsed into the

reactor and only the material deposited on the wafer surface is desired for producing

economic value of the high-k dielectric gate product. The material utilization

efficiency of the precursor materials, �, as defined in the following expression, is

employed here for assessing the material usage of precursor materials in the ALD

system:

� ¼
P

MwaferP
Minput

(8.4)

The utilizations of precursor materials under three process conditions are calcu-

lated for both the trimethylaluminum and water precursors. The results are shown in

Fig. 8.9 [30].

The results indicate that in this ALD operation both TMA and H2O precursors

have very low material utilization efficiencies at the three pressure levels. TMA is

Table 8.1 Human health impact benchmarking of two chemicals

Condition Result

If Rm > Rn and Tm > Tn Im > In
If Rm > Rn and Tm < Tn

Rm

Rn
> Tn

Tm
Im > In

Rm

Rn
¼ Tn

Tm
Im ¼ In

Rm

Rn
< Tn

Tm
Im < In

If Rm ¼ Rn and Tm > Tn Im > In
If Rm > Rn and Tm ¼ Tn Im > In
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between 12 and 20%, and H2O is between 8 and 15% [30]. That means more than

80% of the TMA and more than 85% of the water are wasted in current ALD

operations. Increasing the material utilization efficiencies of both precursors is

essential to reduce both its economic costs and environmental impacts.

As investigated, theAl2O3 deposition process on a siliconwafer involves a series of

unstable intermediate materials at various stages of the reactions. For understanding

the material flows within the ALD experimental system, the amounts of precursor

materials supplied, formed and emitted from the ALD system for a 200 cycle

operations at 600 mTorr are assessed and the results are shown in Fig. 8.10.

The environmental waste and emissions from an ALD system could be signifi-

cant for the impact generated on the environment and human health. To understand

the environmental performance of ALD technology, the amounts of TMA and

water wasted from the ALD processes are shown in Figs. 8.11 and 8.12.

The wasted amounts are calculated for depositing a single Al2O3 film on a 4 in.

silicon wafer with a typical thickness between 20 and 200 Å. Although the wasted

amount seems negligible in each figure, the total wasted amount from the whole

semiconductor industry would be huge, approximately at the level of 109 kg per

year for TMA and 1011 l per year for deionized water, based on the 108 kg Al2O3

global annual demand of dielectric materials [31, 32].

Treatment of such process wastes from ALD operations for emission control and

environmental management would be a huge burden for both the semiconductor

industry and the environment. As identified, increasing the material utilization

efficiency through proper ALD system design and process optimization would be

viable solutions to improve both the economic and environmental performance of

the ALD technology.

The principal emission from this ALD process is CH4. For the amount of CH4

being generated, one-third is produced from the reaction between

trimethyaluminum and hydroxyls, and the other two-thirds from the reaction

between H2O and the absorbed trimethyaluminum, as demonstrated in Fig. 8.10.

The amounts of CH4 emission, based on the trimethyaluminum input, are shown in

Precusor Material Utilization Efficiency
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Fig. 8.9 Material utilization

efficiency of TMA and H2O
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Fig. 8.13 for the ALD applications between 20 and 200 cycles. A rough estimate of

the methane emissions from global application of ALD Al2O3 in the semiconductor

industry would be in the amount of 108–109 kg per year, based on the 108 kg Al2O3

global annual demand [31, 32].

As a self-limiting process, the amount of methane generated from the ALD

process is in direct proportion to the amount of Al2O3 formed during the reaction

process, but independent of initial concentrations of precursor materials and process

parameters. Such an emission generation mechanism indicates that any attempt to
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reduce methane emissions has to be made with a reduction of ALD operating

cycles. For a targeted Al2O3 layer deposition, the layer thickness is fixed and the

amount of methane emission is a fixed value, which can be computed through

applying stoichiometric principles on the ALD deposition reactions.

8.4 Unconventional Environmental Impacts
of Nano-manufacturing

The environmental impacts of nanotechnologies include not only those conventional

impacts from energy and materials consumptions in the nano-manufacturing system

but also a new set of impacts from nano-particle emissions. The impacts of nano-

particles on the environment and eco-system are new effects from nanotechnology’s

application and are beyond the theoretical and instrumental limits of current envi-

ronmental impact assessment practice. In order to fully characterize and assess the

environmental impact of nano-manufacturing, the nano-particle emissions need to

be considered together with those conventional material and energy emissions on

their total environmental impact assessment. However, there are quite some

challenges from both theoretical and experimental aspects of this work to include

the impacts of nano-particles in the assessment.

From the nano-manufacturing system, nano-particle emissions could be produced

in various processes and could be easily released into environmental media. When

entering the environment, these nano-particles could be readily subject to human

exposure through such exposure pathways as air, water, soil, food, etc. and through

such exposure routes as inhalation, ingestion, dermal contact, etc. The impact of nano-

particles would also appear on the environment and eco-system.

The impact of nano-particles on human health and eco-system could be very

severe. Nano-particles and materials have been observed with more toxic effects on

animals than their bulk materials due to the small particle size and large surface area

to mass ratio [33]. It has also been recognized that these nanoscale particles and

materials are capable to penetrate dermal barriers, cross cell membranes, breach the

gas exchange regions of the lung, travel from the lung throughout the body, and

interact at the molecular level [34]. It is expected that with the growing applications

of nanotechnologies in industrial productions, both occupational and public expo-

sure to the nano-particles and nano-structured materials would be dramatically

increased in the near future [33].

Understanding the environmental impact of nano-particles would be very helpful

in this early development stage for sustainable development of nanotechnologies.

However, for the potential impact assessment of nano-particles, there are quite a few

challenges which need to be scientifically solved first. At this starting stage, the

impacts of nano-particles are concerned more with the health damage of human

beings. For human health impact assessment of nano-particles, it is generally

believed that the methods used should follow risk analysis principles. Here a few

major challenges existing in the impact assessment of nano-particles on human

health are listed as follows.
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1. Characterization of nano-particles. The first challenge in assessing the potential

impact of nano-particles is on characterization of nano-particles. Conventional

environmental impact assessment is based on the mass of emissions. For the

same material, a large amount of emission generates more environmental impact

than a small amount. However, nano-particles’ impact are not purely determined

by their emission amount. Instead, the impact of nano-particles are decided by

quite a number of factors including emission amount, particle size, particle

number, particle shape, aspect ratio, and many others. The impact assessment

of nano-particles will be based on multi-parameters, but how to scientifically

characterize nano-particles for their impact assessment is still at starting stage

and a lot of scientific investigations are needed in this subject.

2. Toxicity of nano-particles. A number of common nano-particles such as silver,

TiO2, carbon nanotube, etc. have been tested for their toxic effects on animals.

But the toxicity of these nano-particles has not been determined due to the lack

of appropriate characterization metrics and lack of scientific dose response

modeling approach for nano-particle exposure. As mentioned early, the impact

of nano-particles is not determined by a single parameter but by multi-

parameters. In current stage, there is in great needs of developing scientific

dose response modeling approach based on multi-parameters of nano-particles

to determine the threshold level and safety factor of each nano-particle.

3. Exposure of nano-particles. Conventional exposures assessment is made by

considering such exposure pathways as air, water, soil, food, etc. and such

exposure routes as inhalation, ingestion, and dermal contact. To clarify exposure

routes and pathways of nano-particles, environmental studies of nano-particles

need to be conducted first to understand their fate, transport and transformations

within and among various environmental medium.

4. Measurement of nano-particles. Nano-particles are so small that the measure-

ment and characterization needs to be done with super high precision. Although

the nano-particle testing techniques are under rapid development, in the current

stage there is a great lack of appropriate technologies and instruments for precise

and reliable measurement of nano-particles, particularly for in situ measurement

in nano-manufacturing processes.

8.5 Life Cycle Assessment (LCA) of Nanotechnologies

A comprehensive environmental impact assessment of nanotechnologies needs to

be conducted through LCA approaches. Among the LCA methods developed for

use in the market, process-based LCA methods are preferred for nanotechnologies

as they could offer detailed insight information about each specific process. But at

present, those conventional LCA methods cannot be directly applied on

nanotechnologies due to the needs of assessing those unconventional impacts of

nanotechnologies from nano-particles. The conventional LCA methods must be

adapted for application on nanotechnologies if pursing a comprehensive analysis.
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As there is lack of LCA tools and methods for comprehensive assessment of

environmental impact of nanotechnologies, current research conducted on LCA of

nanotechnologies are mostly focused on assessing the conventional impacts, particu-

larly on life cycle energy impact assessment. For instance, Krishnan et al. conducted a

life cycle inventory analysis of nanoscale semiconductor manufacturing and found

Chemical Vapor Deposition (CVD) is the largest process energy consumer (24% of

total energy) and the largest greenhouse gas emission contributor [35]. Healy et al.

performed a conventional environmental assessment of carbon nanotube processes

and found the energy consumption (particularly the energy use in its production phase)

dominates its life cycle impact [36]. Khanna et al. performed an investigation on life

cycle energy consumption of carbon nano-fiber production and found that the energy

requirements for carbon nano-fibers from a range of feedstock materials are 13–50

times that of primary aluminum on an equal mass basis [37].

To apply a comprehensive LCA of nanotechnologies, there are a lot of

challenges which need to be resolved through rigorous research activities and

investigation. By following the official framework of LCA as stated in ISO

14,000, some basic ideas are presented in the following about application and

challenges in applying LCA on nanotechnologies.

8.5.1 Goal and Scope Definition in LCA of Nanotechnologies

As a first step of conventional LCA methodology, the goal and scope need to be

defined. For applying LCA on nanotechnologies, the conventional practices of goal

and scope definitions could still be followed. But some special characteristics of

nanotechnologies should still be considered in this step before moving to the next

steps for inventory and impact assessment.

8.5.2 Challenges in Inventory Analysis

Although the conventional emissions of nanotechnologies are generated along the

whole LCA chain from raw material acquisition until end-of-life of the nano-based

product, nano-particle emissions occur mainly in manufacturing, product use, and

end-of-life stages. In order to establish a full life cycle inventory of a specific

nanotechnology, those conventional emission and nano-particle emissions both

need to be collected. At present, a full life cycle inventory analysis of specific

nanotechnologies is unavailable. The major obstacle is the characterization of nano-

particles. As stated in previous sections, conventional life cycle assessments are all

conducted based on the mass of the emissions [38], but the impact of nano-particles

could be linked to other factors like particle size, shape, aspect ratio, etc. A more

fundamental scientific characterization of nano-particles for inventory data collec-

tion is vital for life cycle assessment of nanotechnologies.

Another challenge for life cycle assessment of nanotechnologies is due to the

uncertainty of future production scales for the products using these technologies.

8 Environmental Implications of Nano-manufacturing 199



Most current nano-processing technologies are still under development at the

laboratory scale. For a meaningful life cycle assessment, these lab scale

developments need to be extrapolated to the production scale of a benchmark

technology. If not, the lab scale nanotechnology will be unfairly disadvantaged

by lower throughput, lower materials efficiencies, greater labor requirements,

higher idle times, over-specified equipment needs, etc.

8.5.3 Challenges in Impact Analysis

Conventional life cycle impact assessment (LCIA) methods are based on life cycle

impact categories. In current practice, different numbers of impact categories are

employed in different methods with inherent differences using commercial tools

including GaBi, Simapro, TRACI, etc. As conventional life cycle impact assess-

ment methods are developed mainly for conventional industrial processes and

production systems, the potential impact of nano-particles and the significance of

the impact may not be appropriately reflected in conventional LCIA methodologies.

Additional impact categories might have to be added into the category list of these

various LCIA tools. This is likely to occur as research work on environmental

studies of nanotechnologies shed new light on nano-particle characterization,

toxicity level definition, risk of nano-particle exposure, etc. Besides, the character-

ization models for the new categories of nano-particle impact needs to be devel-

oped. The methods for normalization and weighing may also need to be modified.

8.6 Summary and Conclusions

Sustainable development of nanotechnology in these early stages is critical for

protecting the environment and welfare of human beings in the future. By applying

appropriate green manufacturing strategies in the early stages of their development,

the environmental impact of nanotechnologies in future large-scale industrial

production could be minimized with the least amount of environmental emissions

and wastes. To enable this, environmental impact assessment methods and tools are

very important in assessing and understanding the overall impact of

nanotechnologies.

The environmental impact of nanotechnologies is different from those conven-

tional technologies in that they can generate nano-particle emissions during the

manufacturing processes, product use, and end-of-life. At present, it is not possible

to characterize and assess the impact of nano-particles, either on the environment or

on human health, due to lack of fundamental science in characterize nano-particles

and lack of scientific models and methods to assess the impact of nano-particles. As

a result, there are very limited studies on the environmental implications of

nanotechnologies. Further, the environmental impact assessments of

nanotechnologies available in public sources are focused on conventional impact

of nanotechnologies, particularly on energy consumption.
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There is a lot of fundamental research and science work needed in this subject in

order to understand and control the environmental impact of nanotechnologies.

A lot of challenges still exist particularly for applying life cycle assessment method

to perform a comprehensive assessment of nanotechnologies.
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Green Manufacturing Through Clean
Energy Supply 9
Chris Yuan

The time to embrace a clean energy future is now.

Barack Obama

The stone age didn’t end because we ran out of stones

Sheikh Yamani, former OPEC oil minister

Abstract

This chapter focuses on introducing the application of clean energy supply for

conventional manufacturing systems to reduce energy-related environmental

emissions. Three candidate energy sources, solar photovoltaic (PV), wind, and

fuel cell stationary power systems are briefly introduced. The chapter then

discusses the working principles and characteristics of these three clean energy

technologies, the application potential of each system assessed using quantita-

tive methods, and an example of the reduction of greenhouse gas emissions from

a global automotive manufacturing system.

9.1 Introduction

Manufacturing operations are energy-intensive. All types of manufacturing pro-

cesses including casting, drilling, milling, turning, grinding, etc., need energy input

to actuate machines and equipment to convert raw materials into parts and products.

Energy matters in green manufacturing not only because of economic costs added

to the products but also because of environmental impacts associated with the

energy production and supply.
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The typical energy consumed in manufacturing is electricity supplied from the local

electrical grid, while other forms of energy sources such as natural gas, oil, coal, etc. are

also commonly used for on-site energy supply in various manufacturing operations.

Electricity supplied from a local grid is the energy generated from a number of sources

including coal, natural gas, nuclear, hydro, and some renewable energy technologies

such as solar, wind, biomass, geothermal, etc.

As fossil fuels such as coal, natural gas, oil, etc. contain a number of chemical

elements including carbon, sulfur, nitrogen, etc., burning fossil fuels in electricity

production inevitably leads to generation and emissions of a number of environmental

pollutants including carbon dioxide, methane, sulfur oxides, nitrogen oxides, etc.

When these emissions are released into the environment, such damaging effects as

global warming, acidification, eutrophication, etc., can be introduced to the

environment. The level of severity of the environmental impacts depends on

the amount of emissions and the chemicophysical properties of the pollutants.

As a means to encourage sustainable practices, the environmental emissions

from electricity generation are allocated to the electricity end-users. In this way, the

environmental emissions associated with the amount of electricity consumed in a

manufacturing system are characterized as indirect emissions, while those

emissions from on-site burning of fossil fuels are characterized as direct emissions.

When compared with other industrial and commercial activities, the energy

consumption of manufacturing can be intensive. Depending on the manufacturing

technologies and processes employed, the amount of energy input from the local grid

power and on-site burning of fossil fuels can be very different. The amounts of

indirect emissions and direct emissions are also different for different manufacturing

systems and facilities. The amount of energy consumed in manufacturing results in

significant environmental impacts from both the direct and indirect sources of

emissions and has raised much concern across government, industry, and society.

In the USA, the energy consumption of the manufacturing industry is surveyed

and statistically estimated for various manufacturing sectors by the US Energy

Information Administration (EIA) since 1985 [1]. The EIA’s manufacturing

energy consumption survey was conducted initially every 3 years during

1985–1994 and afterwards was conducted and planned for every 4 years [1].

Figure 9.1 shows the energy consumption of major manufacturing sectors in 2002

and 2006, respectively, as a result of the EIA’s manufacturing energy consumption

survey. The data shows that there was approximately a 3.8% average energy con-

sumption decrease in US manufacturing industry from 2002 to 2006 [1].

Depending on the geographical location, the environmental emissions resulting

from energy consumption of manufacturing are quite different from region to region

because of the different technologies employed in the energy supply structure. For

example, China is mainly relying on coal-fired power plants for electricity generation,

while nuclear power is the primary energy source of France. When compared, the

energy structure of USA is a bit more diversified, with approximately half based on

coal and one-fifth based on nuclear power. As a result, the differences in electricity

generation technologies employed for energy supply leads to different environmental

204 C. Yuan



emissions on the same amount of energy consumptions in a manufacturing system.

Thiswas referred to inChap. 1with respect to themanufacture of a typical automobile.

Take greenhouse gas emissions as an example, Table 9.1 shows the three major

greenhouse gas emissions of electricity generation, per kilowatt-hour produced, in

the world’s five major manufacturing countries.

Reducing energy consumption of manufacturing can certainly lead to

reduction of the energy-related emissions and, additionally, cut the economic

costs of manufacturing systems. In the past several years, the manufacturing

industry has generally taken this strategy to heart in greening their manufacturing

systems through energy efficiency improvements or switching from high-

polluting energy sources such as coal to low-polluting energy sources such as

natural gas. However, there are natural limits to the improvement of energy

efficiency in the operation of manufacturing facilities, and at this stage, it is

difficult to further improve the energy efficiency of manufacturing systems to

substantially reduce emissions without dramatic changes in manufacturing pro-

cess technology or energy sources.

Fig. 9.1 Energy consumption of US major manufacturing sectors. Data source: US EIA [1]

Table 9.1 Greenhouse gas emissions of electricity generation in five major manufacturing

countries from 1999 to 2002, in grams/kilowatt-hour

USA China Germany South Korea Japan

CO2 (g/kW h) 676 839 539 493 417

CH4 (g/kW h) 0.01815 0.01458 0.00637 0.00758 0.00839

N2O (g/kW h) 0.01053 0.01841 0.00779 0.00672 0.00465

Data source: US EIA [2]
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For reducing the energy-related emissions from manufacturing, supplying the

partial energy needs of manufacturing systems through clean energy technologies

has great potential since the environmental emissions of clean energy power

systems are lower than those of a grid power supply, for the same amount of energy

delivery. Typical clean energy technologies available on the commercial market

include solar, wind, fuel cells, geothermal, and biomass.

In the past decade, these clean energy technologies have undergone rapid

development and deployment internationally. Figure 9.2 shows the average annual

growth rates of typical clean energy power capacity in the world during the 5-year

time period between 2004 and 2009.

For large industrial scale power generation, the most popular clean energy

technologies nowadays are solar photovoltaic (PV) and wind, based on the installed

capacity worldwide. Statistical data shows that by the end of 2008, the installed wind

power capacity has reached 121 Gigawatts (GW) worldwide, and the grid-connected

solar PV capacity was 13 GW [3]. But the share of clean energy power in the global

energy structure is still small when compared with fossil fuel. In 2008, 78% of

global energy consumption was supplied by fossil fuel compared to only 2% from

such clean power sources as solar, wind, biomass, and geothermal [3].

Application of clean energy technologies can significantly reduce the

environmental emissions of manufacturing systems and, with current incentives on

clean energy technologies, may also cut the economic costs a bit if appropriate clean

energy power systems are selected for appropriate geographical locations [4]. For

adoption of clean energy technologies in green manufacturing, there are a number

of factors to be well considered in advance, especially relative to the cost benefits of

the emission reduction through a clean energy supply. Since such clean energy power

systems as solar, wind and geothermal are geographically dependent, selection of clean

power systems also need to be considered based on the local geographical conditions.

Fig. 9.2 Annual growth rates of clean energy capacity from 2004 to 2009 [3]
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Considering the specificity and requirements of generic manufacturing systems

as well as the maturity and adaptability of clean energy technologies, such clean

energy power systems as solar PV, wind and fuel cells have good potential as

stationary power supplies to reduce the environmental emissions of manufacturing.

This chapter focuses on introducing the application of clean energy supply for

conventional manufacturing systems to reduce the energy-related environmental

emissions. The contents of this chapter are organized as follows: the working principles

and characteristics of the three clean energy technologies are briefly reviewed first; then

the application potential of each clean energy power system are introduced through

quantitative studies. The chapter does not go into great detail on the operation of these

energy systems as there are numerous other references available. The examples are

shown applied to the reduction of greenhouse gas emissions and conventional air

pollutants from a global automotive manufacturing system.

9.2 Clean Energy Technologies

When it comes to employing clean energy technologies to partially replace grid

power supplies in manufacturing, the life cycle emissions of such clean energy

technologies must be considered in the calculation of overall environmental

emission reduction. In this section, the three clean energy power systems, namely

solar PV, wind, and fuel cell stationary power systems are briefly introduced to aid

the understanding of their application potential in green manufacturing to reduce

fossil-fuel-related environmental emissions.

9.2.1 Solar Photovoltaic

Solar photovoltaic (PV) is the most popular solar technology employed in power

generations. Solar PV systems use the photoelectric effect of semiconductor

materials to convert sunlight directly into electricity. The major component of PV

systems is the solar module, normally a number of cells connected in series. Solar

PV power system produces negligible emissions during its operations and

maintenance, but there are still emissions associated with other life cycle phases

of a solar PV power system, including raw material acquisition, material

production, manufacturing, and end-of-life.

The electricity generation of solar PV depends on the solar insulation level the

PV system is exposed to, which is closely linked to the geographical conditions of

the location where the PV system is deployed.

For solar PV application, the actual power output of the solar PV system under

specific geographical conditions is an important measure of both the economic and

environmental performance of the energy supply system. In general, the actual

power output of a solar PV system in terms of AC electricity supply can be

calculated through the following expression [5]:

ACout¼nm �Iave �Am �em �fDC�AC (9.1)

9 Green Manufacturing Through Clean Energy Supply 207



where

ACout actual power output, AC electricity (kWh); nm number of PV modules; Iave
average annual solar insolation (kWh/m2/y); Am surface area of one PV module

(m2); em module efficiency; fDC–AC DC–AC conversion efficiency.

On the commercial market, there are quite a number of solar PV systems

developed by various manufacturers worldwide. These solar PV modules have

different technical parameters for power generations, and accordingly the PV

modules selected for deployment at a specific location have direct influence on

the results of the environmental impact mitigation.

9.2.2 Wind Energy

Wind is another energy source readily available in most locations. In nature, wind is

another form of solar energy generated by uneven solar heating of the earth’s land

and sea surfaces. Wind energy resources are geographically dependent on the local

conditions. Measurement of wind energy resources can be made by using wind

energy density.

At a specific location, such environmental parameters as wind speed and air

density (related to temperature, atmospheric pressure, and altitude) jointly deter-

mine the wind energy density. The wind speeds vary with the height above the

surface of the earth, and the wind speed values obtained from the public reports are

typically for 10 or 50 m height above the ground. If needed, wind speed at other

heights above the ground can be obtained by using the following transformation [6]:

vz ¼ v0
z

z0

� �k

(9.2)

where

vZWind speed at Z m height above the ground; v0 Wind speed at specified height of

z0; Z0 specified height (m); k Hellman exponent.

In (9.2), the Hellman exponent value is a key parameter in converting wind

speed at different heights above the ground. In general, the k value depends on the

location and the shape of the terrain on the ground and the stability of the air [7]. In

the city area, the k ¼ 0.34 value is usually selected for the condition of neutral air

above human inhibited areas [7].

As a result, the wind power density of a location can be calculated through the

following expression [8]:

W ¼ P

A
¼ 1

2
r� v3z � G

lþ 3

l

� �

(9.3)

where

W wind power density, w/m2; P air pressure (in units of Pascals or Newton/m2); A
area (m2); r air density; vzwind speed at z m height; l the dimensionless Weibull

shape parameter.
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9.2.3 Fuel Cells

Fuel cells are electrochemical devices which consume fuel and convert the fuel

energy into electricity. A fuel cell is very much similar to a battery in the way of

electricity generation. The major difference between a fuel cell and a battery is that a

fuel cell needs a continuous supply of fuel to produce electricity, while a battery has

chemicals stored inside to react and produce electricity.

Fuel cells can be used for large-scale industrial power supply when sufficient

amount of fuel can be continuously supplied to the fuel cell system. At this point, fuel

cell power systems are superior to solar and wind power systems for manufacturing

energy supply because the power supply is independent of local environmental

conditions and can be supplied steadily for continuous operations of the

manufacturing equipment and facilities.

For those stationary fuel cell power systems developed for commercial power

generation, the fuel cells are usually designed to use hydrogen (or hydrogen fuels)

as input to produce electricity. The application of different fuels may take the form of

different chemical processes in the electricity generation. Take hydrogen as an exam-

ple, the chemical reaction within the fuel cell system can be demonstrated as follows.

Anode side:

2H2 ! 4Hþ þ 4e�

Cathode side:

O2 þ 4Hþ þ 4e� ! 2H2O

Net reaction:

2H2 þ O2 ! 2H2O

But in the current stage of fuel cell application, due to the limitation of hydrogen

production and storage as well as cost issues, stationary fuel cell power systems

available on the commercial market are primarily built for natural gas fuel. Since

natural gas ismainly composed ofmethane, consumption of natural gas in such fuel cell

power systems leads to generation of carbon dioxide, following the reaction below:

CH4 þ 2H2O ¼ CO2 þ 4H2:

If the natural gas-based fuel cell power system is to be used for energy supply for

manufacturing systems, a quantitative trade-off analysis must be conducted to evalu-

ate the net environmental emission savings of using the fuel cell power system over

local grid electricity. In such a case, the life cycle emissions of the fuel cell power

system must be considered in the trade-off analysis to assess the effect of environ-

mental emission mitigations.
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9.3 Application Potential of Clean Energy Supply
in Green Manufacturing

The previous sections introduced the background and feasibility of using clean

energy technologies to supply the power needs of manufacturing in order to reduce

the environmental emissions from the use of fossil fuel-based energy. The working

principles and application characteristics of solar PV, wind and fuel cells, were

briefly reviewed. In this section, the application potential of these three clean

energy sources is discussed for supplying the power needs of conventional

manufacturing systems. The quantitative results are presented on an example of

clean energy supply for global automotive manufacturing.

From previous sections in this chapter, it is clear that clean energy technologies

have different application potential under different application conditions. And,

accordingly the sources result in different mitigation effects on the environmental

emissions reduction relative to grid power supply. In particular, such clean power

systems as solar PV and wind are dependent on geographical conditions for

electricity generation and need quantitative assessment of their application poten-

tial for sound decision support prior to the system deployment. For assessment of

the application potential of solar and wind power systems, the geographical

conditions of the installation site must be integrated in the analysis to quantify

the actual power output of each clean energy supply option.

In this section, the application potential of the three clean power supply options

for green manufacturing is discussed quantitatively. Assessing the application

potential of clean energy supply under a specific application condition is critical

for successful implementation of these systems in green manufacturing. The quan-

titative assessment of the application potential can be conducted in many ways.

Here two quantitative methods are presented to assess clean energy application

potential from two perspectives: technological performance of the supply and cost

benefit of environmental emission reduction. The two aspects of assessment can be

implemented together or separately depending on the actual requirement of the infor-

mation for decision support in the early stages of the project planning and implementa-

tion. In particular, the cost benefit results are more valuable information and can be

used directly as decision support information for strategic-planning in corporate

sustainability management.

9.3.1 Technological Performance of Clean Energy Supply

Technological performance of clean energy systems is an important indicator of

their application potential in power supply for manufacturing systems. But it is

relatively easy to obtain the technical specifications of most of these technologies

and thus convenient to assess the technological performance of clean energy

supply options.

In actual application, the success of providing clean energy supply depends on a

variety of factors covering the manufacturing system requirements, clean energy

210 C. Yuan



specifications, geographical environmental conditions, and energy sources of local

grid power supply. A comprehensive assessment of all the factors for application

potential of a clean energy supply typically needs multivariate decision analysis

which is quite complicated and often lacks reliability in practical applications.

While the assessment of the technological performance of a clean energy

supply option is important during the decision-making and strategy-planning

processes, the technology assessment of clean energy power systems for a specific

application can be made simply by assessing the capacity factor of the clean

energy system under specific application conditions. The capacity factor of clean

energy power systems is defined as the ratio between the actual power output and

the total rated power of the system available for the power generations. For clean

energy technologies, capacity factor can serve as a meaningful metric to assess

their actual application potential in a specific geographic location for an industrial

application. The capacity factor is generally defined through the following

expression.

CF ¼ Poutput

Psystem

� 100% (9.4)

where CF capacity factor of a power supply system; Poutput actual power output of

the supply system; Psystem rated power of the supply system.

From (9.4), we can see that the capacity factor metric actually serves as an

indicator of the system efficiency for the clean energy power system when operated

at different environmental conditions. For solar PV and wind power systems, the

capacity factor is dependent on the technology specifications and the local environ-

mental conditions, while the fuel cell power systems are dependent on continuous

supply of fuels only. In this section, an example is shown below on the capacity

factor of solar and wind power systems under different environmental conditions.

As the solar and wind power systems are dependent on the local environmental

conditions for electricity generations, selection of different energy systems and

installation at different sites may have a totally different energy output and emis-

sion mitigation effect. As a result, selection of sites and energy systems for

installation is critical for a successful implementation of clean energy supply in

green manufacturing.

For solar and wind power systems, the energy density information of installation

sites and the technological specifications of the clean energy systems may serve as

the basic indicators of the application potential of the clean energy power system

under the local environmental condition. But more systematic assessment of the

application potential requires the assessment to be conducted integrating both the

local energy density information and technology performance of the clean power

systems together, so as to provide accurate estimate of the system efficiency and

power output of the system for sound decision support in green manufacturing

applications.
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In this section, an example is shown on the calculated capacity factors of

representative solar PV and wind power systems at representative locations around

the world. The geographical locations selected for demonstration are representative

regional manufacturing centers of global automotive manufacturers, including

Detroit (USA), Mexico City (Mexico), Sao Paulo (Brazil), Shanghai (China),

Cairo (Egypt), and Bochum (Germany). The technical parameters of solar PV are

taken as the average of the most popular five multi-crystalline photovoltaic systems

in terms of the production volume and installed capacity worldwide, as shown in

Table 9.2 [5]. The technical parameters of wind power systems are taken as the

average of the most popular four 1.5 MW wind turbines installed in the world, as

shown in Table 9.3 [5].

Taking the average of the selected solar PV and wind power systems, the

calculated capacity factors for their applications at the selected six global locations

are shown in Fig. 9.3.

For the calculated results shown in Fig. 9.3, the geographical differences of solar

energy among the six selected cities are characterized by the average amount of the

total solar radiation incident on a horizontal surface on an annual base. The solar

insolation data used in this analysis were data collected by NASA on each geograph-

ical location during a 22-year time period (from July 1983 to June 2005) [9]. The

geographical differences of wind energy are characterized by the differences of wind

speed and wind power density among the six selected locations. The wind speed data

for the six selected cities are the data collected by NASA during a 10-year time

period (from July 1983 to June 1993) [10]. The NASAwind speed data are collected

only for 50 m height above the ground, while the average height of the selected four

wind turbines is 80 m. In the calculation, the NASA 50 m data are transformed to

80 m wind speed data by using (9.2) as described in the previous section.

Table 9.2 Representative solar PV modules for clean energy supply

Solar PV module

Rated module power

(W)

Module efficiency

(%)

Module surface area

(m2)

Suntech STP210-18/Ud 210 14.30 1.47

Sharp ND-224uC1 224 13.74 1.63

Qcells Q.BPPARROSOE

225

225 17.00 1.67

YingLi 210 P-26b/

1495x990

210 14.20 1.48

Trina Solar TSM-PC05 230 14.70 1.64

Table 9.3 Representative wind turbines for clean energy supply

Wind turbine Rated capacity (kW) Rotor diameter (m) Sweep area (m2)

GE 1.5XLE 1,500 82.5 5,346.00

Sinovel 1500/77 1,500 77.4 4,705.13

Suzlon S82 1.5 MW 1,500 82 5,281.02

Nordex S77 1.5 MW 1,500 82 5,281.02
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The results in Fig. 9.3 clearly demonstrate that the capacity factors of such

clean energy power systems as solar PV and wind, when deployed at different

locations and under different environmental conditions, can be dramatically

different. From the calculated capacity factor values, the application potential

of such clean energy systems at a specific location can be quantitatively assessed

and benchmarked. As indicated in Fig. 9.3, the quantitative results demonstrate

that for current solar PV power systems, the actual capacity factors are all below

20% at these six selected locations around the world, while the capacity factor of

wind can reach up to 47% among the six selected locations, depending on the

local wind energy resources. Based on the quantitative results of capacity factors,

the preferred installation site for solar PV and wind power systems can be easily

determined from the list of potential locations. The higher the capacity factor

value is, the better the application potential would be, and the better the econom-

ics of the clean energy supply.

9.3.2 Cost Benefit of Environmental Emission Mitigation
Through Clean Energy Supply

The application of clean energy technologies in manufacturing for must be

supported by a sound economic performance of such clean energy supply options

in real practice. Since such clean energy power systems as solar PV, wind and fuel

cells are produced from different technologies and processes, their economic costs

are very much different. At present, the cost of electricity generation, per kilowatt-

hour, through these clean energy technologies is still higher than conventional grid

electricity supply, even though the costs of these clean energy technologies has

decreased rapidly in the past several decades. As a result, the costs associated with

Fig. 9.3 Capacity factor of solar PV and wind power systems at the six selected global locations
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the clean energy supply for manufacturing are of concern to the manufacturing

industry—and this limits the practical application of clean energy supply to some

extent.

To understand the economic performance of potential energy supplies for

manufacturing, a conventional cost benefit analysis provides a viable means to

assess the economic feasibility in real practices. The cost benefit analysis can

provide an estimate of the economic costs of environmental emission reductions

associated with each clean energy supply option. When employed in the decision-

making process, the costs of emission reduction can be used in benchmarking the

economic performance of different clean energy supply options under different

application conditions.

For determining the cost benefit of clean energy supplies the economic costs of

electricity generations through each type of clean energy power system need to be

specified first. As there are quite a number of different models available on the

commercial market in each clean energy category, the costs of each clean energy

technology might be slightly different with each other. In order to represent the

average of the economic costs for each type of clean energy technology, here the

economic costs of each clean energy power system refer to the statistically aver-

aged economic costs data released recently by US Energy Information Administra-

tion (EIA). The costs of each clean energy system include the overnight cost and the

associated variable and fixed O&M costs, as shown in Table 9.4 [11].

With the cost data as listed in Table 9.2, the economic costs of clean energy

supply for manufacturing systems can be easily computed based on the scale of

energy supply and the installed capacity of the clean energy power system.

For cost benefit analysis, the objective is to maximize the benefit while minimize

the economic costs, if possible. The benefits of clean energy supply for

manufacturing systems are the amounts of various environmental emissions

which can be reduced from the local grid electricity supply which is mainly

generated from fossil fuel energy around the world.

The benefits of interest here are the potential reduction in the amount of

pollutants from grid electricity production compared to those from the life cycle

impact of a clean energy power system. If the amount of an emission from the life

cycle of a clean power system is more than that from the local grid power supply,

there would be no positive benefits from the clean energy supply in this emission

reduction and this option must be rejected during the decision-making process if no

other benefits are to be pursued.

Table 9.4 Costs of clean energy power systems

Overnight cost ($/kW) Variable O&M ($/kW h) Fixed O&M ($/kW)

Solar PV 6,171 0.00 11.94

Wind 1,966 0.00 30.98

Fuel cells 5,478 0.049 5.78

Data source: US EIA [11]
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As a result, the cost benefit model can be constructed by considering the

economic costs of each clean energy power system and the amount of each

emission that can be reduced from manufacturing energy use by clean energy

supply. In general, the cost benefit analysis of employing an alternate supply to

reduce a specific emission from manufacturing can be conducted by using the

following equation:

Ri ¼
ðEi

local � Ei
jÞ � Aj � Tj

ðCNj þ CVj � Tj þ CFjÞAj
(9.5)

where Ri the emission reduction of pollutant i, ton/$1,000; Ei
local Emission factor

of pollutant i from local grid power supply, kg/kWh; Ei
j the life cycle emission of

pollutant i from clean energy j, kg/kWh; Aj total installed capacity of clean energy

power system, j; Tj operational life time of clean power system, j, in hours;

CNj overnight cost of clean power system, j, $/kW; Cvj Variable O&M cost

of clean power system, j, $/kWh; CFj Fixed O&M cost of clean power system,

j, $/kW.

Equation (9.5) can be applied generally on any emission reduction from grid

electricity consumption in manufacturing by using such clean energy supplies as

solar, wind, fuel cell, etc. The quantitative result, Ri, is the amount of emission

reduction per unit scale of economic input or investment. It must be noted here that

the results are site-dependent on geographical locations due to the difference of the

emission factors of the local grid power supply and the actual power output of clean

power systems.

In this section, the application of clean energy supply for conventional

manufacturing systems are demonstrated on the reductions of greenhouse gas

(GHG) emissions from global automotive manufacturing systems.

9.3.3 Example of Greenhouse Gas Emission Mitigation of Global
Automotive Manufacturing Through Clean Energy Supply

Automotive manufacturing is very energy-intensive. Greenhouse gas emissions are

generated in automotive manufacturing from both the direct on-site consumption of

fossil fuel energy and indirect consumption of grid electricity. As estimated, a

typical vehicle requires approximately 120 Gigajoules of energy input for its

manufacture [12]. Aware of the heavy energy consumption in automotive

manufacturing and the associated environmental impacts, the Alliance of Automo-

bile Manufacturers (AAM), formed by such major global automotive

manufacturers as GM, Ford, Chrysler, Toyota, Mitsubishi, Mercedes, Porsche,

Volkswagen, Volvo, and Jaguar, have committed to achieve a 10% reduction in

greenhouse gas emissions per number of vehicles produced from their US automo-

tive manufacturing facilities by 2012 from a base year of 2002 [13]. During the time
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period between 2002 and 2005, the AAM members have already reduced the GHG

emissions intensity, measured as CO2 emission per number of vehicles produced, of

their US facilities by nearly 3% [13].

But further reduction of GHG emissions through conventional energy efficiency

improvement and management is very difficult at this stage. Take General Motors

(GM) as an example. GM facilities have participated in a total of 1,753 energy

improvement projects from 1991 to 2007, which led to a total reduction of GHG

emissions over 17 million metric tons CO2 equivalent [14]. Through such efforts,

GM has significantly improved the capacity utilization of its facility operations. In

terms of the CO2 emission intensity of its facilities in the USA, GM has decreased

its CO2 emission per vehicle built from 2.71 metric tons/vehicle in 1990 to 2.2

metric tons/vehicle in 2007 [14]. However, with such significant efforts in GHG

mitigation, the total CO2 emissions from GM’s US facilities are still over 6.0

million metric tons each year, due to the large volume of production [14]. The

recent economic downturn will have impacted this somewhat due to reduced

demand but, over time, demand grows.

Clean energy supply for global automotive manufacturing provides a possible

way to further reduce its greenhouse gases emissions and other fossil-fuel-energy-

related emissions. Certainly there are costs associated with the benefits of environ-

mental emission reduction through clean energy supply. In this section, a cost

benefit analysis is applied to clean energy power systems of solar PV, wind and

fuel cells to supply the partial energy needs of the global automotive manufacturing

industry. The selected solar PV and wind power systems are shown in Tables 9.2

and 9.3. The commercial fuel cell power systems selected for study are shown in

Table 9.5.

The cost benefit analyses on greenhouse gas reduction are calculated separately

for solar PV, wind, natural gas fuel cells, and hydrogen fuel cells by using (9.5). The

results are shown in the amount of greenhouse gas reduction per unit scale of

economic input (tons GHG reduction/$1,000 economic input). The calculated

results are shown in Fig. 9.4. As demonstrated by the calculated results, Fig. 9.4

shows the different GHG mitigation effects of clean energy supply patterns based

on the same amount of investment scenario at the six selected regional automotive

manufacturing locations around the world.

From the calculated results in Fig. 9.4, it can be seen that wind power has the

greatest application potential among the three types of clean energy power systems

for GHG emission mitigation, in particular at those locations with high wind energy

density and/or high GHG emissions from local grid power supply. From the figure,

it shows that application of wind in Bochum and Shanghai (two of the potential

Table 9.5 Selected fuel cell stationary power system for clean energy supply

Fuel cells Manufacturer Fuel type Rated power (kW)

PureCell 200 UTC Power Natural gas 200

Nedstack PS100 Nedstack Hydrogen 100
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automotive manufacturing sites analyzed earlier) can achieve a GHG reduction

over 20 tons per $1,000 economic input, while the application of wind in such cities

as Mexico city and Sao Paulo has almost negligible mitigation effects.

From Fig. 9.4, the best GHGmitigation effects from solar PV systems are only at

the level of a quarter of the mitigation effects from wind applications, based on the

same scale of economic input. The economic performance of fuel cell power

systems are closely related to the type of fuel used. The natural gas-based fuel

cells, due to the CO2 generation from the consumed natural gas, in most cases will

further increase the total GHG emissions. The results in Fig. 9.4 indicate that GHG

mitigation through natural gas-based fuel cell power system is only feasible in

Shanghai, China, because of the high GHG emission factor of the local power

supply [2]. In all other five locations, using natural gas-based fuel cell power system

will increase the amount of GHG emissions.

The hydrogen fuel cell power system, based on the calculated results in Fig. 9.4

can achieve a mitigation effect on GHG emissions between solar and wind at the six

selected locations. This is partially due to the high cost of the hydrogen-based fuel

cell power system and the high energy density required for hydrogen production.

It is expected that in the future hydrogen powered fuel cells would have a greater

application potential as the economic costs of the systems are further lowered down

and after better ways are identified for hydrogen production and storage.

The above analysis results are for applications of the selected representative

clean power systems at specific geographical locations (cities). To further

Fig. 9.4 Economic analysis of GHG mitigation through clean energy supply
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understand the GHG mitigation potential of clean energy supply for broad areas,

the cost benefit analysis results for GHG mitigation through each of these clean

energy supply patterns are extended to the country-wide geographical area,

with the range of GHG mitigation potential assessed in the six selected countries.

The range of GHG mitigation potential for solar PV and wind power systems

are calculated based on the selected average technical parameters shown in

Tables 9.2 and 9.3. The range of GHG mitigations from solar PV power supply

is calculated by considering the best and worst power generation scenarios under

the highest and lowest solar insolation conditions within the geographical bound-

ary of the selected country. The range of GHGmitigation from wind power supply

is calculated by considering the best and worst power generation scenarios under

the highest wind energy density of that country and the minimum wind speed

(4.47 m/s) required for wind turbine installation [15]. The range of GHG mitiga-

tion from fuel cell power supply is calculated by considering the fuel differences

of the power systems based on the technical parameters shown in Table 9.5.

The calculated range of GHG mitigation potential gives the maximum and

minimum amount of GHGs which can be mitigated through each clean

energy supply option in these six countries on the basis of the same economic

input. The results are shown in Fig. 9.5, with the median value indicated for each

mitigation range.

The results in Fig. 9.5 demonstrate that the best GHG mitigation opportunity is

in China. With $1,000 economic investment, the maximum amount of GHG

reduction can be as high as 60 tons, while application of wind power systems in

the USA and Germany may also obtain a maximum of GHG reduction between

40 and 50 tons. When compared with the wind supply pattern, application of solar

Fig. 9.5 Range of GHG mitigation potential through clean energy supply in the selected six

countries
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and fuel cell power systems has much less potential for GHG mitigation in each

country. The median values of GHG mitigation range from solar and wind power

supply are almost at the same level.

The successful reduction of GHG emissions through clean energy supply

depends on many factors. From the results of the analysis presented here, the

most important factors for an optimal GHG mitigation are the selection of the

clean energy technology and the geographical location for system installation. In

this analysis, the technical differences of the selected power systems in each clean

energy category have not been fully assessed and benchmarked, but such

differences are believed to have very small influences on the decision-making in

clean energy technology selections.

Besides the greenhouse gas emission mitigation, application of clean energy

supply for manufacturing can also reduce the emissions of many other environmen-

tal pollutants such as carbon monoxide, nitrogen oxides, particular matter, sulfur

oxides, etc. A more detailed study of reducing the emissions of such environmental

pollutants from conventional manufacturing systems through clean energy supply is

presented in [4].

9.4 Summary

Manufacturing consumes a significant amount of energy and produces a number of

environmental emissions from the direct and indirect use of fossil fuel energy. Green

manufacturing opportunities drive the manufacturing industry to reduce the environ-

mental impacts of their production activities asmuch as possible. One critical aspect of

green manufacturing is reducing the energy-related environmental emissions from

manufacturing (machines, processes, systems, facilities, and supply chains).

Reducing the energy consumption of manufacturing systems can cut the energy-

related environmental emissions as well as bottom line energy costs. While the

reduction of energy consumption through energy efficiency improvement is chal-

lenging to implement today as a number of efficiencies have been realized but, at

the same time, manufacturing is still expanding around the world. As a result,

alternative methods for further reduction of energy-related environmental

emissions from manufacturing systems need to be explored.

This chapter reviews the possibility of supplying clean power for conventional

manufacturing systems to reduce the energy-related environmental emissions. The

three clean energy power systems reviewed here included solar PV, wind, and fuel

cells. Their working principles and performance characteristics in supplying the

energy needs of conventional manufacturing systems were reviewed.

For studying the feasibility of clean energy supply in green manufacturing, the

application potential of clean energy power systems under various application

conditions is used as the metric to assess the potential of clean energy supply for

industrial manufacturing system. The assessment of clean energy application

potential under a specific application condition can be conducted in two phases:

technological and economic performance assessment.
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The technological performance of clean energy is assessed by using the capacity

factor of each clean energy power system at a geographical condition. The eco-

nomic performance of clean energy supply for manufacturing systems is assessed

by using cost benefit analysis, with a generic mathematical method presented in this

chapter to assist the cost benefit analysis of each clean energy supply option.

An example is taken for clean energy supply for three selected power systems to

reduce the greenhouse gases emissions of global automotive manufacturing. The

application potential of each clean energy supply option is assessed by using the

metrics presented in this chapter to benchmark both their technological and eco-

nomic performance at different geographical conditions.

The information and results provided in this chapter can serve as decision

information in the early stage of corporate sustainability management through

clean energy supply, particularly in determining and benchmarking the economic

costs of environmental emissions reductions using various clean energy supply.

Although the example used here is for greenhouse gas emissions reduction, the

methods and principles presented in this chapter can be used for other emission

reductions associated with fossil fuel energy consumptions and clean energy supply

for various manufacturing industries and applications.
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Packaging and the Supply Chain: A Look
at Transportation 10
Rachel Simon and Yifen Chen

And Man created the plastic bag and the tin and aluminum can and the
cellophane wrapper and the paper plate, and this was good because Man
could then take his automobile and buy all his food in one place and He
could save that which was good to eat in the refrigerator and throw away
that which had no further use. And soon the earth was covered with plastic
bags and aluminum cans and paper plates and disposable bottles and
there was nowhere to sit down or walk, and Man shook his head and cried:
‘Look at this Godawful mess.

Art Buchwald, 1970

Abstract

In the interest of sustainability, many manufacturers have taken steps to

analyze the key components of their products and processes across the span

of their supply chain. Product packaging—which is an especially pervasive

component, spanning across the supply chain of nearly all products—has

garnered particular interest in discussions of sustainability. Packaging is not

only associated with its own sourcing impacts but also influences the impacts

of the product, especially in terms of the shipping impacts of the product.

Several organizations have developed tools and guidelines to help

manufacturers make greener packaging choices in terms of packaging. Pallet

utilization is one practice for improving packaging that has been put forth in

these publications and is one of the few practices that consider the impacts of

packaging, not only in the context of its own supply chain but also as a

component of a product. This study discusses the practice of pallet utilization

and identifies the cases in which it would serve as potentially beneficial. These

considerations are currently lacking in the recommendations for the adoption

of pallet utilization. In addition, an overview of the current methodologies used
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to evaluate the environmental impacts of transportation and to optimize the

distribution of the product is provided.

10.1 Introduction

In recent years producers and retailers have shown an increased focus on

sustainability. Many manufacturers, both of their own accord, and in catering to

the demands of the public, have sought ways to green their products and operations.

To achieve these ends, many have taken steps to analyze the key components of

their products across the multiple parameters of sustainability. Product packaging

has become one such component.

Packaging distinctively represents the pressures that producers face in making

more sustainable sourcing choices. Of all possible product components, it is one

of the most pervasive, as it spans across the supply chain of nearly all products.

Packaging has its own impacts from sourcing, processing, transportation, use, and

disposal, and also has the potential to influence the impacts of the product. Also,

packaging suffers from a profound image problem. It serves a very significant

function by protecting products during transit and storage, thereby reducing the

amount of waste that would occur in its absence. This practical function goes by

largely unnoticed by the consuming public. Since packaging is often the only part

that remains to be disposed of after the product has been consumed, end line

consumers may not recognize the purpose it served in the use phase. For them

packaging is the embodiment of waste. However, the impacts of the packaging

industry are not insignificant. For instance, in Europe, the packaging sector has

been attributed with 3.5% of CO2 emissions [1]. Yet, it is because the utility of

packaging occurs primarily before the use phase that it is an ideal candidate

for an investigation into the opportunities for sourcing and manufacturing

improvements.

Packaging impacts are best analyzed through an investigation into their supply

chain. These impacts consist of the direct inputs and outputs of the container, aswell as

their contributions to the impacts of the product. The two product life cycle phases in

which packaging contributes to product impacts are the transportation and use phases.

However, it is difficult to generalize the functional needs that packaging must provide

over diverse products. For instance, packaging serves a very different purpose over the

transport and consumption of perishable food items, as compared to the functional

needs itmust provide for small electronic goods. Therefore, the transportation phase of

the life cycle has been identified as an ideal focus for this study.

Several organizations have developed tools and guidelines to help manufacturers

make greener packaging choices. These efforts have laid a necessary foundation for

packaging improvements and sustainability practices in general. Out of these

works, specific trends in packaging practices have emerged. These various

sustainable packaging practices have been understood and achieved with varying

degrees of success.
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Sustainable packaging practices can be organized into three categories, those

relating to their: sourcing, production, and end-of-life. Sourcing practices refer to

the type of material that goes into a package. In the context of sustainability, these

types of materials include those that have been deemed as “eco-friendly,” come

from recycled stocks, or have been sourced from regions where there are not

particular concerns about impacts to the ecosystem. Production practices are

associated with how materials are processed and handled in the creation and

distribution of the package. These tactics can typically only be achieved when

integrated into the design of the package. Practices that fall under this category are:

packaging designed to have a minimal carbon footprint; packaging that helps

achieve efficiencies in distribution and logistics (e.g., pallet efficiency); multi-

functional packaging that may be incorporated in with other product components;

separate auxiliary refill packaging; packaging whose weight has been minimized;

and packaging designed to minimize the use of specific materials—such as water or

energy—in processing. End-of-life practices deal with what is done with the

packaging materials after the product has been consumed. Practices that encompass

the end of a package’s life cycle include making it so that it can be: biodegraded,

composted, recycled, or reused, specifically for another purpose. Pallet utilization

and lightweighting are the only two sustainability packaging practices that address

the impacts of packaging in relation to the product. The benefits of packaging

lightweighting can be achieved broadly, across most products, because the practice

leads to reductions simultaneously in the extraction, transport, processing, and

disposal of materials, all in all resulting to reductions many times over throughout

the supply chain. Alternatively, the applicability of pallet utilization is nuanced;

requiring consideration of a container’s weight and volume, the logistics of distri-

bution, and the methodology used in environmental impact assessments. This study

will be an exploration of these aspects and a discussion of cases in which pallet

utilization can be most beneficial.

10.2 Background

10.2.1 The Packaging Supply Chain

The packaging supply chain illustrates the general complexities associated with

impact assessments, as essentially two chains must be considered: (1) packaging as

a contributing component to the product and (2) packaging as a standalone item that

has its own sourcing and logistical aspects. The sustainability of packaging is not

solely measured for its own impacts, but also for the potential it has to improve the

overall sustainability of the associated product.

10.2.1.1 The Supply Chain of a Container
A typical supply chain for packaging, which includes material extraction and

production, and packaging production, distribution, and end-of-life alternatives, is
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depicted in Fig. 10.1. The use phase of packaging is often times considerably

shorter than that of the product; where packaging’s primary function is to protect

the product until it is delivered to the consumer. In contrast to industrial packaging,

consumer packaging is rarely used after the product has been fully consumed,

although this trend is somewhat the result of consumer attitudes and behaviors.

While some industrial packaging, such as stretch films, is used only once during its

life cycle, most industrial packaging, such as pallets and plastic trays, are typically

designed to be used numerous times in the system. These differences between

industrial and consumer packaging translates into differences in the drivers and

factors that affect their sustainability.

The sustainability of consumer package is mainly driven by the government

regulation and societal demand. In addition, emphasis is very rarely placed on the

impacts from packaging use because manufacturers have very little control on con-

sumer behavior during this phase. The lack of recycling infrastructure is a common

issue for consumer packaging. Consumers generally consider the recyclability of

packaging as the main measure of sustainability [2], and as a result when firms

attempt to green their packaging they tend to adopt materials that are recyclable.

However, the environmental impacts of packaging cannot be evaluated based solely

on its recyclability or any other singlemetric. Take for instance, the illustrative case of

Stonyfield and their decision to switch their yogurt cup packaging material in 2001 to

one that was recycled at a low rate because of the other benefits it offered. Stonyfield

Raw Material
Packaging
Material

Packaging
Manufacturing

Distribution
with Product

Use Phase

Inspection and
Sorting

Disassembly

Disposal

Recycling

Remanufacturing

Refurbish

Repair

Recycled Material Outside the
System

Recycle the Material to
Make Other Products

Fig. 10.1 The life cycle of packaging
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made this choice after conducting a life-cycle assessment (LCA), changing from high

density polyethylene, which was recycled at a rate of 18.5% at the time, to polypro-

pylene, a material with negligible recycling rates, because it was the lightest weight

option for their product [3]. The switch allowed for the use of less material, as

polypropylene provided containers with thinner walls that still maintained the same

structural integrity, and resulted in reduced material extraction and processing, and

lower transportation and waste impacts. Stonyfield compensated for the fact that most

communities do not accept polypropylene for recycling, by partneringwith Preserve, a

producer that makes household products from 100% recycled materials, to provide

consumers with locations to recycle their used yogurt cups.

In contrast to consumer packaging, industrial packaging is typically used in a

closed system and kept track of through company accounting. As a result,

manufacturers have a financial incentive to improve the efficiency of their industrial

packaging system, which often times correlates to improved environmental

impacts. The duration of the use phase for the industrial packaging life cycle can

also typically be made longer than that of consumer packaging, since companies

have more control of the former. Therefore, the sustainability focus for industrial

packaging shifts to use efficiency and processes for recycling. In practice, many

companies work with their supply chain partners on developing a more sustainable

packaging system. In such collaborations manufacturers can more easily design the

packaging system which reduces the overall environmental impacts. Verghese and

Lewis [4] provide nine case studies in which companies work with their supply

chain partners on sustainable industrial packaging system. They conclude that

commercial considerations, such as the need to reduce product damage or to

improve supply chain efficiency, are the main driver for changing packaging. In

addition they determine that the broader benefits can usually be achieved from a

well-planned and coordinated project.

An important feature of the packaging industry is that recycled materials are

neither sourced from, nor made into, packaging in a closed loop system. In general,

any given recycled material is collected from a variety of different products, and

reprocessed in China, before it is purchased as feedstock made of recycled content

[5–8]. Additionally, because the quality of packaging material degrades with each

successive round of recycling, it is down cycled in most cases, meaning that it is

made into products that use a lower grade of materials that are completely unlike

their original form. For example, in 2008, the primary domestic end market for

recycled HDPE was composite lumber, comprising 29% of demand [9]. In compar-

ison, exports made up 57% of demand, while 4% were used in films and sheets in

2008. Trends for recycled HDPE from 2006 through 2008 can be seen in Fig. 10.2.

The general trend of downcycling inhibits the possibility of recycling as a long-term

solution to packaging because products cannot be infinitely made or downgraded.

Eventually these systems will need the further input of raw materials.

Downcycling forms the basis for an open-loop recycling system, whichmakes the

environmental assessment of a packaging more difficult. In LCAs many allocation

procedures exist that may be used to assign the proportional shares of environmental

burdens associated with a process across multiple products. However, allocation
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procedures are not standardized, and the lack of consensus on an optimal technique

has resulted in a great degree of variability in LCA results, making the process of

allocation a continued source of debate over the past two decades [10–15].

Recycling in particular has been regarded as a distinct allocation problem in need

of resolution [16], as it represents both waste treatment and secondary material

production. Huppes [17] presents a method to assign responsibility according to the

economic value of co-products, Frischknecht [18] puts forward an allotment tech-

nique based on internal cost accounting, and Ekvall [10] suggests the use of the

relative importance of supply and demand of recycled materials as market

mechanisms to drive recycling as the means to assigning loads. Generally, credit

is given in LCAs for avoided impacts that are associated with the displacement of

virgin materials with recovered materials. Evaluations frequently show recycling to

be favorable over using virgin materials, particularly for metals [19]. The allocation

of recycling credits, either to the product that produces or utilizes the recycled

materials, continues to be a point of contention amongst researchers [20, 21].

One simple procedure for allocation in the case of recycling has been suggested

by Koltun et al. [25]. They suggested that emissions from the recycling

(remanufacturing, reuse) processes and all the resources associated with it should

be ascribed to the product, which is produced from these material. Figure 10.3

shows the concept behind this method. As can be seen at the end of a product’s life,

the environmental burdens from shipping that product to the collection and recycle

facility are fully ascribed to that product. After being collected, all of the

Fig. 10.2 End markets for

recovered HDPE. Adapted

from Moore Recycling

Associates [22–24]
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environmental burdens from processes used to recycle and remanufacture the

product into a new item are ascribed to the new product. This also means that if

any recycled material is used in the initial manufacturing processes of the original

product being considered, then only the environmental burdens from the recycling

and remanufacturing process are counted. For any components that cannot be

recycled, all the environmental burdens associated with their disposal are ascribed

to the original product from which they came. This method can be easily

implemented for dividing the environmental burdens of open-loop recycling. It

can also avoid predicting future recycling rate and remanufacturing processes.

Hence, the uncertainty of the assessments is reduced under this method.

10.2.1.2 The Container as a Component of the Product Supply Chain
In every stage of the product supply chain, packaging plays an important role in

protecting it and reducing the waste from damage. Each product generally has three

levels of packaging. Primary packaging holds the basic product and is what most

people identify as packaging; it is sold by the retailer and disposed of by the

consumer. Secondary packaging is designed to contain and protect the primary

packaged product and is used to help consumers or retailers load and unload

products from shelves. Tertiary packaging is designed to bundle secondary pack-

aging units for transport between facilities. In the past, most people have focused on
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Fig. 10.3 The allocation procedure for open-loop recycling
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the levels of primary packaging and ignored the impacts of secondary and tertiary

packaging, viewing them as necessary byproducts. However, all packaging

associated with a product’s life cycle needs to be considered in aggregate to get

an accurate indication of the impacts of packaging. Moreover, improvements

generally only occur through as a result of a trade-off between these different

types of packaging. For example, the shape of the primary package may affect

the numbers of product can fit into a secondary package, say, a box, and thus

impacts the number of products that can be shipped in one truck. When primary

packaging is reduced, secondary packaging may have to be increased if it causes the

product to become more fragile. As a result the benefit of reducing primary package

is someone offset by a need for more transport packaging and could cause an overall

gain in the amount of packaging.

Additionally, all of the activities in a supply chain are linked and any change is

accompanied by a trade-off. Gustafsson et al. [26] note that several trade-offs

exist between packaging impacts and the cost of logistics, as shown in Table 10.1.

While these trade-offs are focus on economic costs, they help to illustrate

the nature of the relationships between the different activities. By extension,

these considerations can provide useful insights for the evaluation of the

sustainability of a product’s packaging. For instance, if more packaging material

is used to increase product protection thereby decreasing the damage rate, it will

result in less total material wasted, since packaging usually requires far less

material than the product. These trade-offs within the supply chain are all the

more observable for secondary packaging. Take the case of a reusable/returnable

transport packaging system, where the reuse rate of a tray or container depends on

its durability.

Table 10.1 Potential trade-offs of packaging change with logistics activities, adapted from [26]

Packaging

changes

Trade-offs

Transportation Inventory Warehousing

Increased

package

information

Decreases shipment

delays and the tracking

of lost shipments.

Decreases order filling

time and labor cost

Increased

package

protection

Decreases damage and

theft in transit, but

increases package

weight and

transportation costs.

Decreased theft, damage,

insurance; but increases

product availability

(sales), product value and

carrying cost.

Can decrease cube

utilization by increasing

the size of product

dimensions, but can

increase it by stacking

Increased

standardization

Decreases handling

costs, vehicle waiting

time for loading and

unloading, and the need

for specialized transport

equipment; but increases

modal choices for

shippers.

Decreases material

handling equipment costs
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Since any change to the packaging system also affect the other activities in the

supply chain, the scope for the packaging assessments should incorporate these

aspects of the product supply chain. Not only should resource consumption and

associated impacts from packaging be included but those associated with the

product also need to be recorded for further assessment. For example, if a company

would like to change the packaging of their product by making it lighter in weight,

the impact of these changes also need to consider the protection they provide for the

product. Otherwise, even if the new packaging is made from fewer resources,

the increase in product damage rates may cancel out those benefits. Packaging

only comprises a small portion of the life cycle impacts of a product, any company

looking to green their operations will conduct these full product assessments in

order to identify opportunities. Meanwhile, companies that specialized in packag-

ing must take the functionality of packaging into account if they are to prove the

sustainability of their offerings. A possible equation for a particular packaging

option is offered below:

The life cycle environmental impact of the packaging

ð# of reuses)� ð1� product damage rate)� ðpackaging capacityÞ

In LCAs, the functional unit defines the unit of the entities being examined. For

example, in comparisons of plastic and paper bags, it is not useful to perform

evaluations based on the unit of 1 g of bag material. Instead, more insights can be

gained if units are defined by their function, say, the number of bags needed for a

consumer to carry 1 kg of groceries. Lilienfeld [27] notes that one paper bag is

equivalent to one and a half plastic bags. Hence, functional unit evaluations would

compare the environmental impacts of 1.5 plastic bags to one paper bag. In general,

we can define the functional unit for packaging applications as the amount of

packaging that can protect a certain amount of product over a certain period of

time. One instance would be as the amount of packaging that can protect a single

product during its transportation from warehouse to retailer.

Recently, several big retailers have started to look at the environmental perfor-

mance of their supply chains. For example, Wal-Mart found that 90% of the carbon

emissions associated with their operations (transportation, manufacturing, farming,

etc.) come from their suppliers and have started to work on greening their supply

chain. As part of their sustainability initiatives, Wal-Mart has set a goal to reduce

packaging by 5% of their 2008 baseline globally by 2013. Reduced packaging can

not only contribute to greater environmental sustainability but can also lower

transportation, inventory, and waste handling costs, and reduce the shelf and

storage space needed. As part of their efforts, Wal-Mart has developed a packaging

scorecard to help supplier evaluate their packaging. The scorecard will be an

additional basis upon which Wal-Mart will evaluate their suppliers and as a result

is pressuring suppliers to improve their packaging. While their scorecard has been

subjected to criticisms, and in fact may have flaws in its methodology (see more

details about metrics in Chap. 2), it serves to show that the whole supply chain is
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being held responsible for issues of sustainability due to the expectations of

downstream customers and the regulation put forth from governments.

10.2.2 Focusing on Transportation Practices

Logistical optimization has been studied and implemented into practice for

decades. It has been considered at different levels of detail, from the optimal

truckload utilization, shipping frequency, and routing, to the best network design

and facility locations. Across these various levels, models have been created either

to minimize total cost or maximize total profit, given certain assumption on

parameters at other levels. For example, the classical minimum cost network design

and facility location problems usually assume a fixed unit transportation cost where

the truckload utilization is given. The basic network design models take into

account the trade-offs between transportation cost and facility location cost.

Other constraints are included in the models, such as the maximum distance from

distribution centers to retailer and the maximum number of facilities. In addition to

high-level strategic network design problems, real-time routing and scheduling

problems have been optimized within the field given known starting and

end locations, and assumed time constraints of each shipment. For example, a

minimized cost routing problem may specify a certain delivery time for each

task. In some cases, companies may want to simultaneously minimize their delay

and costs.

Shipment container utilization is one index of efficiency. Full truckload

shipments can lower the unit transportation cost per product. However, when the

demand is stable, increasing shipping quantity per shipment also implies increasing

inventory holding in the facilities. Therefore, depending on the trade-off between

inventory holding cost and the fixed ordering transportation cost, one may choose to

order fewer products in shipments that are not full. To eliminate the aforementioned

problem, companies tend to combined several products into a single order when

possible. The joint shipment reduces the transportation cost but increases the

complication of ordering policy and may increases the processing time.

Traditionally, cost and service are the major performance factors of logistics

system. However, more recently, companies have also begun focusing on

integrating sustainability as a goal. Often times the goals of sustainability coincide

with the methods of lowering costs and improving service, such as in the case of

better routing planning, education of ECO-driving, and coordination of shipments.

In addition, several big companies have adopted changes to decrease their trans-

portation emissions by reducing shipment frequencies, changing to lower-carbon

transportation modes, and reducing the size and weight of products or its packaging.

However, some of the strategies aimed at improving sustainability, may actually

result in worse effects on environment. For example, changing the transportation

mode may increase the lead time for shipments and further increase the energy

consumption at distribution centers due to increased inventory levels. Also,
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reducing the size of products or packaging may not benefit the environment without

ample consolidation of freight flows.

10.2.3 Sustainability Impact Assessments of Transportation

The proportional impacts of transportation vary greatly between products. In one

instance, Zhang et al. [28] found that the transportation impacts contribute between

10 and 20% to the emissions for the delivery of a SolFocus concentrator PV

technology to its assembly site. Pa et al. [29] found that the oceanic transport of

wood pellets from British Columbia to Europe comprised about 45% of the life

cycle energy consumption and contributed the greatest amount of pollutants.

Meanwhile Weber and Matthews [30] note that for food items, the impacts of

transportation can vary between 9 and 50%, depending on how extensive the rest of

the supply chain for a particular food item is.

While the significance of transportation impacts can vary immensely between

products, aggregate freight-based emissions are fairly significant at the national

level. According to the EPA [31] freight transport contributes 11% of all national

GHG emissions and 38% of the transportation-specific GHG emissions. In addition,

the transportation sector has been a substantial contributor to increases in national

emissions, accounting for 28% of the growth of all GHG emissions, and 46% of

energy-related emissions, since 1990 [32].

Furthermore, the impacts of freight have become more severe over time, making

the need to improve the impacts of transport all the more important. US GHG

emissions from freight increased 69% between 1990 and 2005, corresponding to a

30% growth in ton-mileage during this period [33]. Bomberg et al. [33] note that

most of the increase in the intensity of freight emissions can be attributed to more

energy-intensive modes of transportation. The four major modes of cargo freight,

namely truck, rail, air, and water, account for 60, 6, 5, and 13% of freight-related

GHG emissions, corresponding to the transport of 28.5, 38.2, 0.3, and 13.0% of

freight tonnage, respectively [34]. One shift that has caused a rise in emissions has

been a rapid growth in air cargo, which increased 63% from 1993 to 2002, making it

the fastest growing mode of freight transport despite only representing a fraction of

a percent [34]. However, most of the overall growth in freight GHG intensity has

been from the increase in truck market shares at the expense of other, more

efficient, modes of transportation [33]. Simultaneously, there has also been a drop

in the energy efficiency of freight trucks [35] due to an operational decline in

efficiency [33].

The transportation impacts of a product are calculated in the inventory analysis

step of LCA, as described in Chap. 3. A variety of methods are used to approximate

these impacts, mostly relying on existing research on vehicle emissions factors. The

GHG emissions of freight transportation can be approximated as a function of either

the cargo’s weight or the cargo’s volume [36]. Traditionally, researchers have

investigated the environmental impacts of different modes of transportation from

a life cycle perspective to obtain mode-specific emission factors based on the
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distance and weight of shipments for specific geographic regions [37, 38]. Models

have also been developed which incorporate fuel use, in addition to weight-distance

data for different modes of transportation [39].

The benefit of a mode-specific weight-distance based emission factor for

assessing transportation impacts is that it allows organizations a simple and

standardized way to estimate the life cycle contributions from the distribution of

a product. In addition the method allows for the allocation of the multiple factors

that comprise a vehicle’s life cycle impacts, such as fuel processing and consump-

tion, vehicle manufacturing and maintenance, and the infrastructure needs, across

the various products served by the vehicle. However, the weight-distance based

methodology also has limitations. For instance the number of vehicle trips needed

to transport a given number of products is not considered. To illustrate, under a

weight-distance methodology, there is no differentiation between transporting 100

units in one shipment by one vehicle versus transporting them in 100 different

vehicle shipments. By standardizing the baseline emissions that occur from

commissioning a transportation vehicle across the miles that it travels, weight

reduction is the only method that can be measured or easily identified to improve

transport efficiency.

Meanwhile, a few researchers have developed methodologies to allocate the

impacts of shipping according the volume the item occupies in the shipments. In

studies on online shopping, the need for such an evaluation has been identified, out

of the necessity to package each order individually, which causes it to take up more

space in vehicles [40]. Matthews et al. [41] calculate the energy requirements to

ship a book purchased through e-commerce, where transportation impacts are

calculated based on volume, the distance traveled, and the fuel efficiency of the

vehicle. Williams and Tagami [42] also recognize that shipping individual

packages affects the energy efficiency of shipping vehicles because of the volume

they take up. Their model for assessing the energy impacts for transporting each

unit is similar to Matthews, but also incorporates the number of trips needed to

make a successful delivery to the consumer’s home. In addition, Williams and

Tagami attempt to incorporate the energy impacts of vehicle production based on

the proportion energy consumption associated with the production phase, as com-

pared to the use phase of its life cycle. Also, because these models use actual fuel

consumption rates, they implicitly incorporate the impacts that the freight’s weight

has on fuel efficiency.

In addition, extensive research has been dedicated to identifying the multiple

aspects that contribute to transportation impacts. Assessments can vary dramati-

cally based on which transportation impact factor is used, and how comprehensive

researchers were in their considerations for obtaining these factors. At the base

level, many researchers calculate emissions as a function of weight, distance, and

fuel use based on vehicle type [30, 43–47]. However, emissions factors may vary

depending on the scope of a vehicle impacts. First it should be noted that in addition

to variations between vehicle types, or at the inter-modal level, there is also a great

degree of variability in emissions impacts within each vehicle type or in

intra-modal comparisons. Trains, planes, trucks, and ships all come in a wide
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range of different models, each of which have different capacities and fuel

efficiencies associated with them. Further, in a mode-specific assessment of life

cycle emission factors of freight transportation, Facanha and Horvath [45] incorpo-

rate the transportation infrastructure and vehicle maintenance needed to support

different types of vehicles. Bomberg et al. [33] acknowledge that a vehicle’s fuel

economy is influenced by aerodynamic drag, rolling resistance, idling losses,

accessory loads, and transmission and engine inefficiencies. However, they also

identify some technologies that may mitigate some of these factors. In addition,

Helms and Labrecht [48] point out that most resistance factors for ground vehicles,

such as rolling resistance, gradient resistance, and acceleration resistance, are all

linearly dependant on transport weight.

The assumptions about the distance of the trip also play a large role in how

impacts are assessed. Foremost is the way in which the transportation distance for

delivering a product is calculated. Actual miles driven, routing software, and

straight line regression have all been used for these assessments. The difference

between these methodologies can lead to large differences in evaluations. Impacts

can also vary based on the assumption of whether a vehicle is traveling a long

distance or making a short trip [48]. One factor for this, as noted by Büttner and

Heyn [49] and Pearce et al. [50], is that the acceleration and deceleration of a

vehicle impacts its fuel efficiency. In addition, fuel efficiency is affected by the

speed at which the vehicle travels [50]. For instance, Cummins Engine Company

points out that decreasing the speed of a vehicle from 65 to 60 mph can improve its

fuel economy by 8% [51].

McKinnon and Edwards [52] present a framework for identifying the

opportunities to reduce the environmental impacts of delivering products to

retailers based on the quantity of goods. This framework, adapted from the work

of McKinnon [53], maps the environmental impacts of transporting goods to a

retailer based on seven factors. The first parameter is the modal split, which is the

total proportion of each mode of transportation vehicle that is used to ship the

freight. Another consideration is the average handling factor, or the number of

times goods must be handled during their distribution, based on the structure of the

logistical system and the number of channels involved. The average length of the

haul, determined by the retailer’s sourcing strategy as well as the efficiency of

routing, also plays a role in determining the environmental impacts of freight

transportation. Additionally, the aggregate amount of transport needed can be

minimized through the optimal utilization of the vehicle’s capacity, as determined

by the average load on laden trips, the percentage of empty runs, and the vehicle’s

carrying capacity by weight and volume. The energy efficiency of the haul, or the

energy use per distance traveled, is an important factor that has received a great deal

of attention in discussions regarding the environmental impact of transportation.

McKinnon and Edwards note that the energy efficiency is affected by the

characteristics of the vehicle, as well as the behavior of the driver, and traffic

conditions. Similarly, the pollutant content of the energy, or the amount of pollution

that is created from the type of fuel that is used by a vehicle, has been identified as

an important consideration in transportation decisions. Lastly, McKinnon and
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Edwards note the impact of other environmental effects of the transport vehicle not

associated with the consumption of energy, such as an increase in noise irritation

and accidents. A representational flow diagram of this framework can be found in

McKinnon and Edwards.

10.2.4 The Practice of Pallet Utilization

To address the sustainability of packaging and its potential impacts on the supply

chain several organizations have developed tools and guidelines to help

manufacturers make greener packaging choices. Generally, these recommendations

have developed out of the best practices noted by experts and are focused on

methodologies for designing or redesigning packaging. These efforts have laid a

necessary foundation for further improvements in packaging and sustainability

practices in general. Out of these works, general trends in sustainable packaging

practices have emerged and have been understood and achieved with varying

degrees of success.

Pallet utilization, also known as cube utilization, is one practice that is com-

monly recommended as a means for improving the sustainability of packaging.

Generally, pallet utilization refers to the total space that packaged products take up

and the resulting number of units that can fit onto a pallet. The practice of

improving pallet utilization consists of two techniques. One method is to redesign

packaging elements so that the total product shipment more efficiently utilizes the

available space. Another approach is to mix products of different densities in one

shipment to exploit more of the space and weight constraints for shipments simul-

taneously. The latter technique may also involve the redesigning of packaging

elements to better achieve the objectives of improved shipping efficiency.

Shipments are restricted by both the weight and volume constraints of the

vehicles they will be transport in. Very few shipments simultaneously fulfill both

of these capacities, as a load either tends to reach the container’s weight limitations,

where the shipment is said to “weigh out,” or its space restrictions, where the

shipment “cubes out,” but rarely does both. Although, shipments that cube out

frequently only maximize the floor space of a shipping container and leave excess

vertical space still unused. In most cases, manufacturers have optimized the logis-

tics of their product shipments along the parameters of weight and size, as these

efficiencies lead to cost benefits. However, the employment of these optimizations

only considers the current size, shape, and weight of products and does not

necessarily imply that further shipping efficiencies cannot be obtained through a

redesigning of the product’s packaging.

Product packaging is often not designed in a space efficient way, leaving many

opportunities for improved pallet utilization to be beneficial. In a survey of the

packaging for 468 products sold in selected European countries, Europen [54]

found that on average about 80% of the weight of a packed pallet consisted of the

product, but only around half of the volume was composed of the product. In many

cases product packaging can be improved so that the total number of units that can
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be included in each shipment can be increased by better fitting the products into a

case or by improving the composition of cases on a pallet. For example the shape of

packaging can be changed to improve stacking and nesting possibilities for multiple

products with more rectangular sections or a more flat surface on top. In other

instances, the void space between the product and packaging can be reduced to

decrease the total volume of the packaged product. These are the primary concepts

behind pallet utilization.

If utilized correctly, pallet utilization can provide manufacturers with a means to

achieve cost and environmental benefits. Unlike other sustainable packaging

practices related to material sourcing, end-of-life options, and most production

practices (with the exception of multipurpose packaging), pallet utilization is one

of two sustainable packaging options that considers the influence of a container on

the product. More succinctly, pallet utilization automatically affects packaging and

product impacts simultaneously, unlike most sustainable packaging practices.

In the case of shipments that have reached their volume capacity constraints, pallet

utilization can drive down shipping impacts that have already been optimized based

on the existing design. If more units are included in each shipment, it will cause

reductions in the aggregate amount of fuel, labor, and vehicles needed to transport a

manufactured goods.

Low density products in particular are well suited for consideration for improved

pallet utilization. For instance, many snack products, such as potato chips, are

packaged in bags filled with air to reduce the amount of damage that occurs during

shipments. These types of products occupy the entirety of the container’s space

without using all of its available weight capacity. If improvements were made in the

amount of space these packaged products occupy, so that more units fit into each

shipment, fewer total shipments would be necessary, and the impacts associated

with transit of a greater number of vehicles needed to carry shipments would be

mitigated.

However, the packaging for other products, such as those that cannot be stacked,

can also benefit from improved pallet utilization. In addition secondary benefits

may be gained through the implementation of pallet utilization. In most cases

improvements in pallet utilization will result in reductions in secondary packaging

for transport and handling. For instance, as more units can be moved in each pallets

and boxes, fewer of them are needed. However, there are often trade-offs between

primary, secondary, and tertiary packaging, where an increase in one can lead to

savings in another. Ideally, any redesign will result in an overall reduction in the

total packaging needed. Additionally, the handling and storage needs for the

product can also potentially be decreased. As an example, refrigerated or frozen

items that are redesigned for better pallet utilization require less fuel and energy,

not only for shipping but also for handling and storage as well.

However, these secondary benefits do not necessarily follow from every

implementation of pallet utilization. Further, if the primary objective of an applica-

tion of pallet utilization is one of these secondary benefits, packaging designers

would be better served by trying to meet these primary objectives instead. For the

remainder of this chapter, the focus of pallet utilization will be on the benefits that
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occur generally across all products and their packaging, namely: improving

shipping efficiency by making better use of the available space.

Given its potential opportunities to provide benefits, pallet utilization is often

recommended as a generalized way to improve the sustainability of packaging. For

instance, in their packaging scorecard, Wal-Mart has assigned it 15% of the score.

In addition, another 10% of their evaluations are assigned to general transportation

impacts. Additional sustainable packaging guidelines also recommend pallet utili-

zation. To address the issues of resource scarcity and transport efficiency

Envirowise [55] advises improving transport efficiency by choosing packaging

sizes and shapes that will maximize the case and pallet utilization. Similarly,

WRAP [56] notes that packaging can be used to improve the efficiency of distribu-

tion by increasing the number of items per pallet. They also suggest changing the

size or shape of the primary packaging to fit more items in a box or on a pallet.

Meanwhile INCPEN’s [57] Responsible Packaging Code of Practice suggests that
packaging headspace should be kept to a minimum, but recognizes that in some

cases it is needed. Later, in a joint effort with Envirowise, Incpen [58]

recommended that packaging be minimized so that “the sales packs fit snugly

into the transport packaging, and the transport packaging’s dimensions are

optimised [sic] to ensure good pallet utilization (unless weight rather than volume

is the critical factor for vehicle loading).”

One popular use of pallet utilization has been a redesign of cylindrical containers

which have a great amount of void space when combined in cases. For instance, in

2009, Kraft Foods redesigned their Crystal Light Drink Mix canister from a round

shape to a more oval design, so that around 10% less material was used in the

primary packaging and 25% less was used in the shipping trays [59], improving the

pallet efficiency by 33% [60]. Bottles are particularly inefficient because even

greater volumes of space around the neck of the bottles are wasted, in addition to

the void space around the cylindrical body. With this in mind, the Cyprian company

Cubis, in a collaborative effort with the Swedish design studio “Love for Art and

Business,” have developed a rectangular packaging for water bottles. Similarly, in

2008 Sam’s Club and Costco stores adopted a new rectangular-shaped milk jug (see

Fig. 10.4). The primary benefit of this new design was that the jugs could be

stacked, thereby mitigating the need for crates to transport and store the milk.

Instead, containers could be stacked layers four high on a pallet with cardboard

sheets between each layer, fitting more gallons of milk on trucks and in coolers.

Superior Dairy of Canton, Ohio, which initially launched the design in 1998,

estimates that the new jug is 50% more space efficient than traditional containers,

fitting 4.5 gallons into a cubic foot versus 3 gallons in the old design [61]. It has

been estimated that these savings have reduced the number of deliveries to retailers

such as Sam’s club store from five to two per week [61].

In addition, several manufactures have integrated the idea of pallet utilization

into their overall business strategy, giving them financial and environmental com-

petitive advantage. Twede et al. [62] note that IKEA’s success can be attributed to

their practice of shipping furniture in the smallest form possible, in which it is

broken down into parts for assembly by the consumer. Fully assembled furniture is
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awkward to handle and usually cannot be done mechanically. According to Twede

et al. [62], by breaking down the product into compact packs, IKEA has improved

logistical efficiencies and reduced damage rates. Other companies have used pallet

utilization to improve the transportation impacts of one or more products. For

instance, Snyder’s of Hanover, the nation’s largest pretzel manufacturer,

redesigned their packaging to increase the number of boxes that fit on each pallet,

with the help of Georgia-Pacific’s Packaging Systems Optimization (PSO) service.

Snyder’s also upgraded to larger shipping trailers, increasing the capacity for each

of their shipments. As a result, the total greenhouse gas emissions were reduced by

32,328 lb/year [63]. Similarly, in 2007, SC Johnson reconfigured their shipments to

improve logistical efficiencies. While they did not redesign their packaging, they

were able to achieve savings through strategically packing multiple products on the

same load to obtain the best space and weight arrangement possible for each

truckload. As a result, SC Johnson was able to cut their fleet by 2,098 trucks,

their GHG emissions by 1,882 tons, and their costs by $1.6 million annually [64].

While pallet utilization provides a means to improve transportation impacts,

current environmental assessment methodologies may not recognize such impro-

vements. As previously mentioned, numerous factors are considered to influence

the impacts of freight transportation. While transportation impacts can be calcu-

lated along the volume of cargo, a better case can be made for the use of weight as a

direct contributor to transportation-related emissions impacts. As per the current

techniques commonly used to estimate transportation impacts, as described above,

any potential or actual emission reductions achieved through the employment of

pallet utilization may not change the outcomes of these assessments. With trans-

portation impacts that are calculated as a function of weight, distance, and vehicle

type, evaluations will often times remain unchanged despite actual reductions in

shipping as the result of improved pallet utilization, unless these savings are also

Fig. 10.4 Rectangular stackable milk jugs developed by superior dairy [65]. Reprinted with

permission from Packaging World magazine and http://www.packworld.com
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accompanied by changes in weight. In these cases, only manufactures that are

knowledgeable about the distribution of their products and the potential benefits

of pallet utilization are likely to make use of the practice to achieve improvements.

The implications of this situation are that the opportunities for pallet utilization

may not be easy for manufacturers to identify, and as a result packaging designers

may be misguided as to when the practice of pallet utilization would be beneficial.

Pallet utilization will become an increasingly significant practice, as many

manufacturers and retailers are setting goals to reduce the overall amount of their

packaging and as more obvious techniques are exhausted. For this reason, any

instance of packaging design for improved pallet utilization serves as examples to

others in the industry at this point in time, even if the actual results are less than

impressive.

However, there are many instances in which pallet utilization can actually

increase transportation impacts. This is often the case when improvements in

space utilization are associated with more packaging material needed for a design

alternative. For instance, in the case of rectangular milk jugs, like those that have

been adopted by Costco and Sam’s Club, Singh et al. [66] show that it is not

necessarily the practice of pallet utilization, but rather the reduction of secondary

packaging, that leads to improvements in transportation impacts. Singh et al. also

note that for liquids in general, weight plays a greater role than space as a factor for

impacts, as trailers transporting these products “weigh out” before they “cube out.”

In their study of three different packaging systems—traditional jugs, jugs that have

been cubed for better space utilization, and jugs that have been designed to be

stackable—they found that in the case of jugs that have been cubed but were not

made stackable, pallet utilization was improved but the weight transported per unit

increased. This was due to the fact that each container required more material and

that while the accompanying shipping crates were lighter, more of them were

required, so that their total weight impacts per shipment were also higher. By

switching to this container design marginal improvements of 0.8% more units per

shipment could be obtained, but only at a trade-off of an increase in weight by 2.2%

per unit shipped, resulting in a net increase in shipping impacts. Meanwhile the

stackable containers that were designed to mitigate the need for crates resulted in

5.8% more units per shipments and an overall 5.6% weight reduction, despite the

fact that the primary packaging material for the jug was increased by 43%. The

details of Singh’s findings can be seen in Fig. 10.5 and Table 10.2.

Given the opportunities that pallet utilization provides, it is important to distin-

guish between the cases where the practice is in its own right beneficial and those in

which it is not pallet utilization, but the accompanying byproducts—such as weight

reductions—that actually causes improvements in shipping. Otherwise, pallet utili-

zation may be applied inappropriately, leaving all that use it vulnerable to

accusations of greenwashing. The remainder of this chapter is dedicated to explor-

ing the potential of pallet utilization and determining the specific cases in which it

can be most beneficial.
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10.3 Recommended Method to Determine Opportunities
for Improved Pallet Utilization

10.3.1 Conceptual Overview for the Applicability
of Pallet Utilization

As previously noted the practice of lightweighting is generally applicable to most

products; in many cases reducing the weight of packaging and products will improve

their impacts. In addition, for packaging professionals lightweighting is an easily

Fig. 10.5 Shipment weight aspects for different container designs for 3.79 l (1 gallon) packaging

systems. Adapted from Singh et al. [66]

Table 10.2 Design differences for a 3.79 l (1 gallon) milk packaging systems

Traditional Cube Cube and stackable

Total weight per shipment 19,380 19,800 18,360

Number of units per shipment 4,284 4,320 4,536

Weight per unit 4.52 4.58 4.05

Adapted from Singh et al. [66]

10 Packaging and the Supply Chain: A Look at Transportation 241



identifiable opportunity for improvements, especially with the methodology

typically used to evaluate transportation impacts. However, lightweighting is not

appropriate in all cases and can result in greater overall emissions. This occurs when

packaging is reduced to a level that compromises its functionality, causing an

increase in product damage.

While lightweighting is a technique that is generally applicable to achieve

shipping improvements, the same is not necessarily true for pallet utilization. For

items that are heavier, and reach weight restrictions long before space restrictions,

improving the use of space is often not beneficial unless it is also paired with

improvements in weight. However for these items, pallet utilization can be a helpful

means to conceptualize methods to achieve reductions in weight.

Only certain products benefit from a reduction in packaging space occupancy.

Discussions on the nuances of pallet utilization are currently lacking, and just a few

studies currently exist on average space utilization rates and the potential impacts of

improving them in shipping. For instance, Samuelson and Tilanus [67] explored the

typical cube utilization rates of trucks in the Netherlands and Sweden. By consult-

ing with industry experts, they discovered that cube utilization rates were typically

very low, at approximately 28%. More specifically, while container floor area

utilization was generally high, at an average of 80%, load heights were only

about 47%. Other researchers have focused on the different techniques to improve

cube utilization. Palmer [68] notes that the utilization of shipping containers can be

improved by mixing different items according to their densities. For instance,

shipping container utilization can be improved by mixing pallets of items that

would weigh out a shipment on their own with items that would cube out a

shipment. Alternatively, in a study conducted in England, the Department for

Transportation [69] found that by expanding truck container space capacity with

the use of double-decker trailers, the vehicle-kms, fuel, and CO2 emissions for

shipments were cut almost in half.

What is lacking in research and the guidelines that promote sustainability

packaging practices is an identification of the cases in which pallet utilization is

most appropriate. Here, we provide a conceptual methodology for designers and

producers to determine these cases. The premise upon which potential packaging

can be determined as ideal for improved pallet utilization is simple: focus on items

whose size prevents more units from fitting on each shipment. While this concept

may seem simplistic, it is not one that is specified in recommendations for the

adoption of pallet utilization. Items that weigh out a shipment, rather than cube it

out, will not benefit from the practice of pallet utilization, unless such applications

are accompanied by secondary benefits, such as reductions in secondary or tertiary

packaging. For example, it is not generally beneficial to reduce the volume of an

item that weighs out a shipping container but only occupies a fraction of the

available space, unless such changes are also associated with weight savings.

It should be noted that the focus of this paper is on the practice of pallet

utilization in general and not the specific instances in which supplementary effects

result from its employment. As was previously discussed, pallet utilization may be

associated with reductions in the overall packaging weight. However, this benefit is
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not insured from the uptake of pallet utilization and can better be achieved by

focusing on reductions in the weight of packaging rather than the amount of space

the packaging takes up. In general, any implementation of pallet utilization that can

also lead to shipping weight reductions will benefit most products, as long as the

functionality of the packaging is not compromised. However this phenomenon does

not occur in all cases and should not be assumed when references are made to the

applicability of pallet utilization.

Below is a discussion of the applicability of pallet utilization to the different

cases of single product shipment types. The instances considered are shipments that

weigh out, cube out, are at floor capacity, and are partially loaded. It is assumed that

very few products will cause a shipment to simultaneously max out both the space

and weight constraints of a shipping container. Since these circumstances are

considered to be negligible, they will not be considered in the discussion below.

10.3.2 Pallet Utilization in the Context of Shipment Density

While the applications of weight and space saving improvements are not mutually

exclusive, generally one factor is more important than the other in determining the

amount of products that can fit into a shipment. To discuss the concepts behind

the weight and space trade-offs in shipping, consider a comparison of the density,

or the ratio of weight to volume, for a product shipment and the associated shipping

containers that will be used in shipments. For the product, it is assumed that the

existing packaged product has already been optimized on pallets to best utilize

the container capacity. For instance, if loading a pallet well below capacity allows

for better stacking in the shipping container, then it is assumed that this opportunity

has been exploited.

The density, or weight versus volume diagram, is shown graphically in Fig. 10.6.

For any shipping containers that will be used in product transportation, the density

ratio for the container’s capacity is represented as the slope of the capacity line, c.

Any point on line c corresponds to the percent of the respective weight and space

capacity that has been occupied in a shipment. This line also intersects the point

where the weight and volume capacity lines cross, represented by the top horizontal

line and the far right horizontal line, respectively. Meanwhile, the density for each

product can also be represented by a line, upon which the total shipment dimensions

will be a point on. While the actual possible shipment weight and volume will be a

set of discrete points on the line, that in general are multiplicative factors of the

pallet dimensions, the density line aids in conceptualizing the relationship of

the product weight and volume in comparison to this relationship in the shipping

container’s capacity.

Products that weigh out a shipment, such as those represented by line l1, have a

greater density slope than the container capacity line, meaning that they reach the

container’s weight capacity without crossing the volume capacity line. Another

way to conceptualize these items is that for any given volume, the utilization rate of

the weight capacity will be greater than that of the volume capacity, since the
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density ratio of weight to volume is greater than that of line c. Since weight is the

limiting factor for the shipment of these items, improvements that focus on

reductions in weight would be most beneficial. For these products, lightweighting,

and not pallet utilization, should be the primary guiding principle for packaging

improvements. Meanwhile products that cube out a shipment, such as those

represented by line l2, have a smaller slope than the capacity line. These items

will cross the volume capacity line, but not the weight capacity boundary of the

shipping container. Since space is the limiting factor for the shipment of these

items, they are potential candidates for improved pallet utilization. It should also be

noted that there is also a lower bound for any shipment, corresponding to the

minimum weight and volume for shipping products without packaging. However,

reducing packaging to these non-existent levels is probably not ideal, as it will most

likely result in reduced marketability and increased product damage.

It should be noted that the magnitude of the density, which signifies the utilization

rate of the shipping weight capacity in comparison to the utilization rate of the

shipping volume capacity, does not reflect on the efficiency of the packaging. Since

the density represents the relationship between the weight and the volume, any given

density can simultaneously represent products with packaging that is grossly ineffi-

cient as well as those with packaging that is highly optimized. In addition, shipping

improvements can change the density in either direction. For example, if only the

weight per unit is improved for an item that weighs out, then the density will

decrease, and as a result more units will fit into each shipment, causing the volume

of the shipment to increase. Meanwhile, if such an improvement in weight is also

accompanied by a better utilization of the volume, the density could change in any

direction, or not at all, depending on the degree of both of these improvements.

Therefore, for these purposes, the density primarily signifies which aspect of

the capacity is constrained, but not whether this is due to packaging efficiencies.

Weight

Volume

l1

l2

Weight vs. Volume

c

Volume 
Capacity

Weight
Capacity

Product
Weight 

Product
Volume

Fig. 10.6 Product and shipping container density comparisons
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The density is primarily useful in identifying which constraint is at capacity and

which one has excess slack, indicating which factor is more important in determining

shipping rates.

10.3.3 Shipment Cases and the Applicability of Pallet Utilization

10.3.3.1 The Applications of Pallet Utilization for Shipments
That Weigh Out

For products that weigh out a shipment, the potential benefits from improved pallet

utilization are limited, since the greatest restrictions for these items are on their

weight. In many cases, pallet utilization also results in changes to shipment weights

and can actually result in a decrease in shipping efficiency. One option for items

that weigh out is to use pallet utilization to mix heavier products in shipments with

those that have a lower density, to better utilize the space capacity. In addition,

pallet utilization can be used as a technique to conceptualize ways to lightweight

the packaging for these products. In general, though, packaging improvements for

items that weigh out should be focused on ways to decrease the weight, regardless

of whether pallet utilization is used.

For product shipments that are at or near weight capacity, improved space

efficiency can actually decrease the number of units that fit into a shipment. In

many cases, improved pallet utilization will result in increases in the total shipment

weight and possibly in greater weight per unit. Since pallet utilization allows for

more units to fit into the same amount of space, there can also be added weight

associated with these extra units. However, aggregate weight changes are also

influenced by the weight of the packaging, which can vary depending upon the

net change in the primary, secondary, and tertiary packaging, and may even change

inversely to the total shipment weight.

To illustrate the potentially adverse effects of improved pallet utilization on a

shipment whose weight has been maxed out, consider the following hypothetical

scenario. Assume a truck is filled with 100 boxes, each containing 100 units,

where the per unit weight of each product and all of its associated packaging is

equal to eight pounds, where secondary and tertiary packaging is assigned pro-

portionately to each product. This shipment perfectly meets the 80,000 lb weight

capacity of the vehicle, but is assumed to take up only 60% of the available space.

Pallet utilization can be used such that 5% more units can fit in each box. This is

achieved by maintaining the original shipping case size and shape, elongating the

round cylindrical form of the primary package so it better fits in the box, and

adding corrugate reinforcement to each box for improved stacking strength. In

total the increases in packaging are offset by the fewer number of boxes that are

needed in aggregate, so that the weight per unit remains about the same at eight

pounds. With this improved pallet utilization, 100 boxes, with 105 units apiece,

now exceed the weight limitations of the shipping container. Instead, the maxi-

mum number of boxes that will still meet the vehicles weight constraints is 95,

with the assumption that only full boxes can be included in each shipment.
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With this figure, the maximum number of units that can be shipped is 9,975, which

is 25 fewer than were originally in each shipment. In this case, improving pallet

utilization makes shipping less efficient and results in greater transportation

impacts. These figures can be seen in Table 10.3.

When there is no slack on weight constraints, any improvements in shipping

quantities (i.e., an increase in the number of units per shipment) have to be

proportionally offset by a reduction in weight, since the total shipment weight is

equal to the product of (1) the number of boxes, (2) the number of units per box, and

(3) the weight per unit. While this scenario is fictitious, it serves to illustrate how

weight constraints can limit the potential benefits from pallet utilization.

As such, the focus for shipments that weigh out should be on the best methods to

reduce the weight of the shipment. In many cases pallet utilization can be used as a

technique to conceptualize a potential way to decrease the weight. However, weight

reductions are notguaranteedwith improvedpallet utilization. Pallet utilization canalso

be used to focus on the logistics of the shipment, by combining heavy products with

lighter ones that take upmore space, to utilize more of this capacity. So, while possibly

helpful, the potential for pallet utilization is limited for shipments that weigh out.

10.3.3.2 The Applications of Pallet Utilization for Shipments
That Cube Out

For items that cube out, most of the available shipment space is occupied, and so if

changes can be made to decrease the shipment’s volume they are likely to be

beneficial. Since the space capacity is the primary factor that determines how

many units can fit into a cubed out shipment, the use of pallet utilization can

improve shipping rates. If improvements in design are not a possible means to

achieve these goals, pallet utilization can also be used to improve the space

utilization through the mixing of products of different densities into a load.

It should again be noted that, lightweighting is in general a beneficial way to

improve shipping impacts, since the fuel efficiency of transport vehicles is affected

by weight. However, under these circumstances, there are instances where it can

actually be more advantageous to increase shipment weights. For example, if items

are redesigned to take up less space, then more units could potentially fit into

shipments, typically resulting in an increase in the aggregate weight of the ship-

ment. In other instances, part of the shipment load could be replaced with different,

denser, products to use more of the available space and weight capacity.

Table 10.3 Example scenario illustrating the limitations of pallet utilization for

weight-constrained shipments

Scenario

Number of

boxes

Number of units

per box

Weight per

unit (lb)

Total units

shipped

Total shipment

weight (lb)

Original 100 100 8 1,0000 80,000

Improved pallet

utilization

100 105 8 10,500 84,000

95 105 8 9,975 79,800
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While pallet utilization is generally applicable to shipments that cube out, there

exist instances in which the details of its implementation could lead to no overall

improvements. Unlike products that weigh out shipments, items that cube them

out have slack in their weight constraints, and as a result the options for pallet

utilization can more often actually be implemented. On the other hand, similarly

to shipments that weigh out, the space gained from a redesign may not actually be

usable to increase the number of products that can fit into a shipment. In some

instances the space gained from improvements may not be substantially enough to

fit extra units. Say, for instance, that each box is decreased in height by a few

inches, and then if the aggregate reduction in the height of a stack is less than that

of a box, an additional row of boxes will not fit in the empty space at the top of

the shipment. Depending on what changes are made, pallet utilization can

decrease the total number of units that can fit into a cubed out shipment. However,

this should only occur in the unlikely instances that pallet utilization is also

associated with large increases in weight or when the original shipment is near

the container’s weight capacity. In general these trade-offs must be considered to

determine the best option.

10.3.3.3 The Applications of Pallet Utilization for Shipments
at Floor Capacity

Many products maximize the shipping container’s available floor space, but not its

available weight or space capacity. The main issue with these items is that they have

structural restrictions against stacking to the full height of the container. Pallet

utilization can help improve the shipping efficiency for many of these items.

However, the practice alone does not provide the sole means necessary to improve

stacking height for all of these types of items. Instead, deeper considerations as to

why a particular item cannot be stacked must be taken into account to ascertain the

best possible solution to improve shipping efficiency.

There are three main reasons why products cannot be stacked to utilize all of the

available vertical space, they are either: too heavy, too fragile, or too large. Products

with a high density are often too heavy to support the stacking beyond a few layers.

Conversely, as products and packaging have progressively become lighter in

weight, many of these items have also become too fragile to support the stacking

of multiple units. Meanwhile, items that take up a lot of space may not allow for

many units to simultaneously fit in the space allowed by the container. In addition it

should also be noted that a producer may ship only a partial load by choice.

However, the assumption for the cases being discussed here is that the best

available shipping option for the existing product and packaging designs has been

exploited. The applications of pallet utilization for partial load shipments will be

discussed later in this chapter.

McKinnon [70] notes several reasons for declines in stacking height over time.

These range from the production of lighter and smaller products that are also

covered by lightweight packaging to more efficient handling equipment, and even

increased health and safety regulations. For example, it has become common in

sectors such as electronics, for product stacking heights to be limited by either
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the increased fragility of the product or the weakening of packaging materials.

For these items, shipments are restricted so that they never reach the maximum

volume constraint and may not reach the maximum weight constraint.

There are numerous approaches to improve the packaging of these items, so that

either their stackingheight canbe increasedor the numberofunits that canfitwithin the

restricted height can be improved.Where shipping improvements can be obtained, it is

likely that pallet utilizationwill be ahelpfulmethod, since spaceuse is an issue for all of

these items as the available space is underutilized regardless ofweight.However, pallet

utilization isonlyoneof several possible techniques to increase thenumber ofunits that

can fit into the available space. Adjustments can also be made to the weight of

packaging so that either each unit is denser, and can potentially bear the weight of

more stacked items, or that each unit is lighter, so that there is less pressure on items on

the bottomof a stack.Another possible option is to reinforce packagingwith additional

layers, to improve the structural stability for stacking. The trade-offs between weight

and space use associatedwith any changes must be closelymonitored. No one of these

particular solutions is appropriate to improve stacking in all cases, and the best solution

can only be determined by a deeper consideration of the specific weight and space

issues associated with any given product.

10.3.3.4 The Applications of Pallet Utilization for Partial Shipments
In addition, other logistical prerogatives, such as ordering flexibility, can take

precedent over maximizing the shipping capacity. McKinnon [70] notes that

order picking tends to happen early in the supply chain, causing distribution to be

more demand driven. As a result pallet loads frequently consist of mixed products,

making them less efficient and harder to stack. Out of this trend new challenges to

remedy these shipping inefficiencies have arisen. In these cases, not only is the

space and weight occupancy of an item important but also how multiple items can

best be combined for a shipment. When improvements are made to partial

shipments, it allows for more container capacity for other items or even the use

of smaller shipping containers or vehicles. In addition, these improvements usually

translate into reduced shipping costs, especially if shipping is outsourced, where the

shipment’s dimensions is a primary factor in pricing.

However, despite the generally positive impacts that improvements in the

shipping efficiency of these items can have, the best method to achieve such

efficiencies is often ambiguous. To begin with, determining how any potential

changes to product and packaging dimensions will affect shipping impacts is

difficult. This is due to the variability in the number of units and the type of

accompanying products that will be included in any given shipment. In addition,

if the improvement of the space and weight dimensions of a product allows for the

inclusion of an increased number of units of another product to fit into a shipment,

it is unclear how credit for these improvements is allotted between the products.

What is evident for the shipment of these products is that ordering flexibility takes

precedent over the impacts of shipping, and any recommendations for distribution

changes should not put this option in jeopardy.
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For items that are commonly shipped in a partial load, it is difficult to determine

the best method to achieve improved shipping impacts. If a full load of the product

would cause a shipment to cube out, space use is the primary determinant of

shipping capacity. For these items pallet utilization should be considered as one

means to achieve greater shipping efficiency. Again, lightweighting should also be

considered, as it will lead to shipping improvements for most products if they can

be obtained. For products that would cause a full shipment to weigh out, the best

course of action is less clear cut. The weight of these items obviously plays an

important role in determining the shipping efficiency. However, the impact of these

items on the total shipping efficiency of full load is unknown. The space that these

items occupy could be more important than weight in determining the quantities of

other products that can fit into a shipment. Therefore, in these cases, it is suggested

that potential improvements in both weight and space occupancy be explored.

10.3.4 The General Applicability of Pallet Utilization

The application of pallet utilization is to redesign packaging to be more space

efficient in a useful means to improve the shipping capacity for products when such

options are possible. However this method is not recommended for products that

weigh out shipments. Although, for these and other types of shipments, pallet

utilization can be an advantageous way to pair multiple products of different

densities into shipments so that they better meet the weight and space constraints

of the container simultaneously. In addition, the practices of pallet utilization and

lightweighting are neither mutually exclusive nor contradictory. If the shipping

impacts of a product can be improved, weight-based changes will be beneficial in

most situations. However, the instances in which pallet utilization will be beneficial

are more limited. The instances discussed above and the potential for pallet

utilization are summarized below as well as in Table 10.4.

For items that cause a shipment to weigh out, pallet utilization will be beneficial

when it is applied to specifically: (1) mix products of different densities in

Table 10.4 The application of pallet utilization in various shipping cases

Shipment type General approach to improve shipments

Full shipments Focus on the capacity constraint that restricts the quantity of units that fit

into a shipment. Pallet utilization will be most applicable to shipments that

cube out, but can help practitioners conceptualize methods to reduce the

weight of weighed out shipments.

At floor capacity

shipments

The primary focus should be on the chief aspect that is preventing stacking.

However, since space use is an issue, pallet utilization should be considered

in all instances.

Partial shipments Focus on whether marginal changes in weight and space can effect

shipping requirements or increase the capacity available for other products.

Pallet utilization can be a helpful means to conceptualize possible

improvements.
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shipments and (2) modify space utilization in a way that also results in reductions in

weight. For these items, weight is a more important factor limiting the number of

units per shipment, even though the amount of space that a shipment occupies can

theoretically be improved. In these cases it is primarily the practice of weight

reduction, not pallet utilization that will lead to improvements in shipping. Alter-

natively, for product shipments that space out, pallet utilization will typically

provide a beneficial means to improve space efficiency, potentially even in cases

it also results in increases in weight. Meanwhile, shipments at floor capacity are

best improved by focusing on the particular aspects that prevent the maximum use

of the available vertical space. However, with only the floor space filled, and not the

volume of weight capacity constraints reached for these shipments, methods to

improve the use of space—such as pallet utilization—should be considered, in

addition to the specific restraints that exist on stacking. For products that will be

shipped in partial loads, capacity constraints are less of an issue. Instead, marginal

improvements in shipping can potentially alter shipping costs per unit, the size of

shipping containers needed, and the number of units of other products that can be

combined into shared shipments. For these items, the impacts of small changes in

weight and space should be considered for these potential benefits.

10.4 Discussion

The complexities of the supply chain have been illustrated through a discussion of

packaging. The current methodologies to assess and improve impacts have specific

limitations, due, in part, to the different interpretations of sustainability. For

instance, in general considerations of the functionality of components are often

lacking in sustainable assessment methodologies. Also discussed here is the role

that packaging plays in logistical optimization, as one of many factors influencing

the transportation of freight.

Pallet utilization was identified as a practice that can provide manufacturers with

a means to achieve cost and environmental benefits. Unlike most sustainable

packaging practices, pallet utilization affects packaging and product impacts simul-

taneously. However, discussions on the nuances of pallet utilization are currently

lacking, and at present require further investigation. Here a conceptual methodol-

ogy for designers and producers to determine the cases in which pallet utilization is

most appropriate was provided. Specifically, redesigning packaging to be more

space efficient should be considered in most cases, except for products that cause

shipments to weigh out. However, for these and other types of shipments, pallet

utilization can be an advantageous way to pair multiple products of different

densities into shipments so that they better meet the weight and space constraints

of the container simultaneously.

However, while pallet utilization provides a means to improve transportation

impacts, current environmental assessment methodologies may not recognize such

improvements. This can lead to an improper evaluation of transportation impacts.

Another implication of this situation is that the opportunities for pallet utilization
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may not be easy for manufacturers to identify, and as a result packaging designers

may be misguided as to when the practice of pallet utilization would be beneficial.

There are also other sustainable packaging practices that may conflict with the

overriding imperative of space minimization of improved pallet utilization. For

instance, packaging that is made to be reusable, or out of recycled materials, often

requires more material. In one study, Europen [54] found that Italian products had

the lowest amount of packaging material per unit weight of product, as compared to

other countries, because none of the packaging is reusable. A discussion of the

comparative impacts of these conflicting practices is needed to determine which of

the existing sustainable packaging practices is more advantageous.

While a substantial degree of research has been executed in the field of green and

sustainable supply chains, techniques to improve them are slowly emerging. Future

work will involve an assessment of the different evaluative methodologies for

supply chains in general, and packaging specifically, to determine the role different

considerations play in achieving more sustainable sourcing. Continued research is

required on the different sustainability practices to achieve products and packaging

that are truly sustainable.

References

1. Hekkert MP, Joosten LAJ, Worrell E (2000) Reduction of CO2 emissions by improved

management of material and product use: the case of transport packaging. Resour Conserv

Recycl 30(1):1–27

2. Rokka J, Uusitalo L (2008) Preference for green packaging in consumer product choices—do

consumers care? Int J Consum Stud 32:516–525

3. Brachfeld D, Dritz T, Kodama S, Phipps A, Steiner E, Keoleian G (2001) Life cycle assess-

ment of the Stonyfield Farm product delivery system. Center for Sustainable Systems, Univer-

sity of Michigan, Ann Arbor, Michigan

4. Verghese K, Lewis H (2007) Environmental innovation in industrial packaging: a supply chain

approach. Int J Prod Res 45(18):4381

5. Butler NB (2007) What’s in store for plastic bags. Resour Recycl 26(6):15–19

6. Stafford B (2007) China and forest trade in the Asia-Pacific region: implications for forests and

livelihoods. Environmental Aspects of China’s Papermaking Fiber Supply. Prepared for Forest

Trends. http://www.forest-trends.org/documents/files/doc_521.pdf. Accessed 15 Apr 2011

7. USGS (2009) Minerals yearbook 2008. US Department of the Interior, Bureau of Mines,

Reston, VA

8. WRAP (2009b) The Chinese markets for recovered paper and plastics. Market situation

report—Spring 2009. http://www.wrap.org.uk/downloads/China_MSR.95cc7faa.6971.pdf.

Accessed 15 Apr 2011

9. American Chemistry Council (2010) The resin review. The annual statistical report for the

North American plastics industry, 2010th edn. American Chemistry Council, Arlington, VA

10. Ekvall T (2000) A market-based approach to allocation at open-loop recycling. Resour

Conserv Recycl 29(1–2):91–109

11. Frichknecht R (2000) Allocation in life cycle inventory analysis for joint production. Int J LCA

5:85–95

12. Reap J, Roman F, Duncan S, Bras B (2008) A survey of unresolved problems in life cycle

Assessment. Part I: goals and scope and inventory analysis. Int J Life Cycle Assess 13:290–300

10 Packaging and the Supply Chain: A Look at Transportation 251

http://www.forest-trends.org/documents/files/doc_521.pdf
http://www.wrap.org.uk/downloads/China_MSR.95cc7faa.6971.pdf


13. Sayagh S, Ventura A, Hoang T, François D, Jullien A (2010) Sensitivity of the LCA allocation

procedure for BFS recycled into pavement structures. Resour Conserv Recycl 54(6):348–358

14. Schneider F (1994) Allocation and recycling: enlarging to the cascade system. Proceedings of

the European Workshop on Allocation in LCA, Leiden, pp 39–53

15. Weidema BP (2001) Avoiding co-product allocation in life cycle assessment. J Ind Ecol

4:11–33

16. Huppes G, Schneider F (1994) Proceedings of the European workshop on Allocation in LCA.

Centre of Environmental Science of Leiden University CML, Leiden, 24–25 February

17. Huppes G (1994) A general method for allocation in LCA. In: Huppes G, Schneider F (eds)

Proceedings of the European workshop. Center for Environmental Sciences, Leiden Univer-

sity, Leiden, the Netherlands

18. Frischknecht R (1998) Life cycle inventory analysis for decision-making. scope-dependent

inventory system models and context-specific joint product allocation. Ph.D. diss., Swiss

Federal Institute of Technology. Zürich, ESU-services
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Athulan Vijayaraghavan and Moneer Helu

If you cannot measure it, you cannot improve it.

Lord Kelvin

Abstract

This chapter reviews various technologies applicable in characterizing the

resource utilization of manufacturing processes. A review of sensors to measure

and quantitatively characterize the various flows involved in manufacturing

processes and machines is first presented. Given the complexity of managing

and parsing the sensor data, software tools are needed to automate data monitor-

ing and the chapter presents a framework based on event stream processing to

temporally analyze the energy consumption and operational data of machine

tools and other manufacturing equipment. Finally, a case study that focuses on

energy measurements and demonstrates the use of energy monitoring in

reasoning over the performance of a manufacturing system is presented.

11.1 Motivation

Through these past chapters, the various motivators for green manufacturing, its

specific application in different manufacturing domains, and a variety of frameworks

to suit particular implementations of green manufacturing have been examined. This
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brings the discussion to this penultimate chapter where critical technologies needed

to enable green manufacturing in actual practice are identified. Like any systematic

approach tomanufacturing operations and process management, greenmanufacturing

requires tools to measure and manage system performance. Critical enabling

technologies for these tasks are sensors and other data collection equipment to

measure resource flows and other consumption points in the manufacturing system,

as well as software-based analytical techniques to apply the sensor measurements in

effectively enabling and managing a green manufacturing system.

The discussion begins by looking at various sensors that can be applied in

measuring resource consumption and process flows from a green manufacturing

perspective.

11.2 Process Monitoring System

Critical flows of interest for manufacturing processes include electrical energy,

cutting fluid, compressed air, water, and solid process waste. These flows can be

divided into two categories of generalized, similarly monitored flows: electrical

flows (electrical energy) and fluid flows (cutting fluid, compressed air, and water).

Solid process waste flows are not included here, not because they are insignificant,

but because they are normally considered as part of the standard material removal

analysis. The relative importance of these flows can be determined based on

the physics of the manufacturing process. For instance, many material removal-

based processes occur at elevated temperatures and so will have significant fluid

flows. Table 11.1 identifies critical flows for different types of manufacturing

processes.

Table 11.1 Critical flows for different manufacturing systems.

Process

type Process mechanics Critical flows

Metal

cutting

Shearing (i.e., removal) of material

across a sharpened edge

Electrical energy, water, oils, compressed

air, solid waste, liquid waste, cutting tools

Metal

forming

Reconfiguration (i.e., conservation) of

material by volumetric and geometric

changes to the bonding structure

Electrical energy, water, oils, solid waste,

liquid waste, dies

Lithography Formation (i.e., addition) of material

layer by selective UV exposure

Electrical energy, water (DI), solid waste,

liquid waste, hazardous waste, chemicals

(photoresist, solidifying agents, adhesion

promoters, etc.), lenses, UV light sources,

masks, various gases (to fuel ovens)
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11.2.1 Electrical Flows

Monitoring electrical energy consumption can be challenging depending on the

component that one wishes to monitor and whether it requires AC or DC power.

All machine tools typically require 3-phase AC power from the facility source, and

thus overall electrical energy consumption can be monitored through the use of

a wattmeter calibrated and setup for a 3-phase, 3-load, 3-wire measurement (see

Fig. 11.1). It must be emphasized that the derivation of AC power is not as straightfor-

ward asmultiplying current and voltage.Adescription ofACpowermeasurement is too

complicated to present here, but the reader is encouraged to consult one of a number of

texts on the issue such as Whitaker [1]. The wattmeter performs these calculations for

the user, which allows for a straightforward measurement of electrical energy.

Once power enters the machine tool, it may be used as either AC or DC power

depending on the specific component within the machine. Submetering AC power

components can be accomplished using wattmeters as described previously while

submetering DC power components requires only the measurement of current and

voltage at the input of each component with electrical power then being the product

of the measured current and voltage. The electrical energy consumed by any

component is the power integrated over a time interval. It is important to mention

here that submetering in practice is not as straightforward due to the complexities of

a machine tool’s circuitry. A challenge is that it may be difficult to know what

causes a change in electrical energy consumption of any one component due to the

interplay of all components within the machine tool.

Both AC and DC current can be measured using a variety of devices called

ammeters that rely on the changes introduced by fluctuations in the current induced

in magnetic fields. While many ammeters require that the sensor be placed into the

circuit, the most effective ammeters for manufacturing applications employ the Hall

effect so that they are noncontact and generally possess the highest degree of accuracy.

Hall effect sensors are essentially coils placed at a known distance around a wire to be

measured. These coils then output a voltage change that is induced by the change in

magnetic field that is caused by a change in current in the wire. Despite their high

accuracy, there are integration challenges for Hall effect sensors, particularly in AC

circuits. Specifically, these sensors are unidirectional and must be placed relative to

Power
Supply

Machine
Tool

1R

2S

3T

1R

2S

3T

U1U2 U3 I1 I2 I3

Fig. 11.1 A schematic of a 3-phase, 3-load, and 3-wire measurement used to monitor input

electrical energy consumption for a machine tool
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the direction of current flow. However, the direction of AC current is not always

intuitive due to current reversals. Also, the size of the coils dictates accuracy: smaller

diameter coils are generally more accurate. Furthermore, many wattmeters must

measure each phase of current in a particular order so that internal algorithms to

determine AC power are used correctly. Both of these issues require that a certain

amount of testing be performed when implementing Hall effect sensors.

Voltages can be measured using another family of devices called voltmeters that

essentially measure voltage by placing a large resistor in series with the circuit. This

resistor allows the voltmeter to sample a small amount of current, the amount

of which is proportional to the voltage drop. The accuracy of these measurements

is dependent on several factors including temperature and voltage fluctuations.

So, it is important to ensure constant operating conditions when performing these

measurements. Also, it is recommended that Wheatstone bridge circuits be used to

ensure greater precision since voltages are being measured.

11.2.2 Fluid Flows

The cumulative volume, volumetric flow rate, and mass flow rate of any fluid flow

is typically monitored by a family of sensing devices called flowmeters [2]. The

following discussion summarizes the use and operating principles of appropriate

flowmeters for each fluid flow in machining. The reader is encouraged to consult

Baker [3] for a more detailed discussion on flow measurement.

Relative to many families of sensors, flowmeters apply a wide variety of energy

measurands to capture the phenomenon of interest. The most common types of

flowmeters are broadly classified as flow-induced differential pressure sensors [2].

The two most popular styles of flow-induced differential pressure sensors are orifice

plate meters and venturi meters. This category of flowmeters measures the differ-

ence between the pressure at point upstream, p1, and the pressure at another point

downstream, p2, of a narrowing in the flow. If we then assume ideal incompressible

volumetric flow, then the volumetric flow rate, qv, can be estimated using the

measured pressure differential, Dp ¼ p1 � p2, and (11.1), which is derived from

both the continuity equation and Bernoulli’s equation:

qv ¼ m
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� m2

p 2Dp
r

� �1=2

; (11.1)

where m ¼ d2/D2, D is the main pipe diameter, d is the throat diameter, and r is the

density of the fluid.

While flow-induced differential pressure sensors have historically dominated the

industrial marketplace due to the wealth of experience engineers have had with these

devices as well as the general perception of their accuracy and cost, they have slowly

phased out of use in many applications due to their susceptibility to unsteady and

pulsating flows aswell as the difficulty of their construction [2]. Other types of volume

and mass flow sensors have taken the place of these flowmeters due to their higher
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precision and accuracy. The selection of a flowmeter from among these varied choices

is highly dependent on the flow of interest. According to Baker [2], for a given set of

monitoring requirements, a flowmeter should be selected based on the following

properties:

• Type of fluid: Single phase (liquid or gas), slurry, or multiphase

• Special fluid constraints: Cleanliness, corrosiveness, abrasiveness, flammability,

viscosity, pressure, temperature, etc.

• Environmental effects: Ambient conditions, vibrations, geometry of pipework

• Flow rate of interest: Volume or mass flow rate

Based on these considerations, three separate types of flowmeters should be used

for each of the three fluid flows of interest in a machine tool or process.

11.2.2.1 Cutting Fluid
Cutting fluids are typically oil-based mixtures with a viscosity greater than water.

When used in the cutting process, the volume of cutting fluid is the parameter of

greatest interest since we seek to reduce chemical and resource consumption. So,

positive displacement meters seem to be the most suitable type of flowmeter for

cutting fluid given its physical properties.

Due to their relatively high viscosity and hydrocarbon composition, positive

displacement meters are typically recommended for measuring flows of oil [2].

Positive displacement meters are volumetric flowmeters composed of gears or

rotors positioned to only allow a fixed volume of fluid to pass for any one revolution

of its components. The rotors can be placed in a variety of formations each with its

own advantages and disadvantages depending on the fluid of interest. Example

rotor configurations for positive displacement type flowmeters includes multi-rotor,

oval gear, nutating disc, sliding vane, and helical rotor.

Because fluid is carried through what are essentially self-contained

compartments in the flowmeter, the cumulative volume of fluid passed through is

directly proportional to the number of rotations of the rotors [2]. The flow rate of the

fluid can also be determined because it is directly proportional to the rotational

speed of the rotors. While accuracy is dependent on the specific rotor configuration,

both the cumulative volume of fluid and the fluid flow rate can be determined with

typically high accuracy for positive displacement devices. These flowmeters are so

well known for their accuracy that these are the sensors of choice for the metering

of valuable fluids such as fuel, oil, milk, and water. In fact, generally speaking, only

magnetic flowmeters are capable of greater accuracy, but magnetic devices can

only monitor conducting liquids.

Accuracy is not the only benefit of positive displacement devices, nor is it a

major reason why these are typically used to measure and control oil hydraulics.

Other advantages of positive displacement devices include its relatively large

measurement range, its lack of sensitivity to upstream flow profiles, and its ability

to easily relate pulse outputs (typical of flowmeters) to the flow rate [2]. Further-

more, of the main types of flowmeters, positive displacement devices best handle

higher viscosity liquids.
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Positive displacement devices do have certain disadvantages as well including a

relatively bulky structure, an ability to create flow pulsation downstream of the

sensor or a flow blockage at the sensor, and sensitivity to sudden flow changes

(especially in terms of pressure) [2]. Many of these concerns, though, are either

already indirectly addressed by typical machine tool design and use (e.g., cutting

fluid is already filtered to remove any particulates that could clog or damage the

lines or sensor) or inconsequential to machine tool use (e.g., bulky structures are

fine as long as they do not interfere with the process and flow pulsation will only

result in problems if a part does not see enough cutting fluid). A specific issue that

would need to be addressed, though, is that control valves should be used both

downstream and upstream so that the acceleration and deceleration of cutting fluid

is low enough to not cause excessive wear on the rotors and/or throw off the

calibration. Furthermore, it may be necessary to simultaneously monitor the tem-

perature of the flow to remove any thermal effects on the density of the cutting fluid

and normalize the measurements made by the sensor.

11.2.2.2 Compressed Air
Similarly to cutting fluid, the consumption of compressed air is of greatest interest

for cutting processes. While many flowmeters can measure gaseous flows, mass

flowmeters are specifically suited for measuring the mass of any fluid and work

particularly well with gases. Mass flowmeters based on convective heat transfer (or

thermal mass flowmeters) are well suited to monitor compressed air flows as they

are simple to implement and readily available on the commercial market. These

types of mass flowmeters generally employ Equation (11.2) to determine the mass

flowrate, qm, from the measured temperature rise in the fluid flow, DT, due to an

applied heat transfer, Qh:

qm ¼ Qh

KcpDT
; (11.2)

where K is a constant determined by calibration, and cp is the specific heat of the

fluid at a constant pressure [2].

There are two main types of thermal mass flowmeters for gaseous fluids:

capillary thermal mass flowmeter (CTMF) and insertion/in-line thermal mass

flowmeter (ITMF) [2]. The general operating principle of both types of mass

flowmeters is that the mass flowrate is proportional to amount of heat dissipated

by the flow. To measure the heat dissipation, CTMF devices heat a central

location of the flow and take measurements using thermocouples before and

after the heat transfer location at points equidistant from this location. Equation

(11.2) can then be used to determine the mass flowrate from the temperature

change. Alternatively, ITMF devices insert two thermal sensors into the gaseous

flow: one that measures the temperature of the flow for reference and the other that

is kept at 20�C above the flow temperature. The mass flowrate is then proportional
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to the amount of heat required to keep the second sensor at 20�C above the flow

temperature. For ITMF devices, Equation (11.2) must be modified as follows:

Qh ¼ k 1þ Kqnm
� �

DT; (11.3)

where k is a constant that allows for heat transfer and temperature difference at zero

flow, K is another constant that incorporates the area of the duct, and n is power

constant related to the flow that varies between ½ and ⅓.

Both CTMF and ITMF devices have the advantage of being capable of measur-

ing a wide range of mass flowrates, which differs from other flowmeters that tend to

have difficulty measuring especially low flowrates [2]. Of the two, CTMF devices

offer higher accuracy while ITMF devices tend to be much cheaper. While the

difference in accuracy may not seem especially substantial, ITMF devices may

be more influenced by the nature of the fluid being measured. Really, though, both

are likely affected by the heat transfer rate, which depends on the fluid as well as

pipe condition.

When installing either type of flowmeter, there are certain precautions that must

be observed. Both devices must be installed such that the heat transfer and thermal

measurement sites are insulated from the rest of the pipe to ensure that the change in

measured temperature is due only to the amount of heat supplied [2]. Also,

calibration should be performed as close to operating conditions as possible to

remove any other sources of thermal fluctuations. For the CTMF device in particu-

lar, if a bypass arrangement is used (needed when the main flow is too large, which

requires that a sample of it should be directed to an adjacent capillary tube where

the CTMF is installed), then flow must be laminar to ensure that the measurement

remains independent of flow profile. Lastly, CTMF devices typically require

“clean” (i.e. no particulate matter), single-phase flows while ITMF devices may

measure “dirty,” single-phase flows. Since compressed air used in machine tools is

expected to be particulate free, though, this should not be a significant concern.

11.2.2.3 Water
Again, the interest here is in the volume of water consumed by machining pro-

cesses. Because water is a relatively low viscosity fluid medium, turbine flowmeters

are typically selected for any volumetric flowrate measurement. While other

flowmeters, such as the positive displacement flowmeters described for cutting

fluid monitoring, can be used for water as well, turbine flowmeters represent an

affordable, relatively high accuracy selection ideal for lower viscosity fluids.

Turbine flowmeters operate by placing a small turbine within the fluid flow [2].

The flowrate is then proportional the rotational speed of the blades. Several means

can be used to measure the rotational speed of the blades, but a popular choice is to

apply the Hall effect to determine the number of complete rotations of the blade.

This approach takes advantage of the fact that the metal content of the blade alters

the magnetic field generated in between the fork of the blade, which then generates

a voltage that can be measured. Another popular choice is the use of radio
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frequency to determine the number of complete rotations of the blade without

inducing a lot of drag forces. In this approach the blade rotation changes the

impedance of a radio frequency oscillator circuit, which can then be measured.

Despite the relatively high accuracy, easy use, and low cost of turbine

flowmeters, there are several potential disadvantages that must be addressed

during the integration of such a sensor. First, bearing selection for the rotor is

important to ensure that frictional effects do not affect the accuracy of any

measurement [2]. Self-balancing journal bearings made of tungsten carbide,

sapphire, or PTFE are typically selected for water applications because it is a

clean liquid. These bearings may sufficiently wear, though, such that constant

recalibration may be required. Also, the rotor must be placed in the fluid such

that drag is minimal, stall does not occur, and the blades cut the fluid perfectly.

This requires that the rotor be “twisted” by an appropriate angle, but even then one

must be cognizant of changes in flow profile and how they may affect this

placement. The flow profile itself can cause further problems as pulsating flows

may be over-read due to the inertia of the rotor, and any swirl in the flow may not

be captured given the placement of the rotor. To correct these problems, an

upstream flow straightener should be used to ensure smooth, constant flow.

Lastly, any particulate matter in the flow or high viscosity may damage the

rotor and/or bearings. Since machining processes typically use clean, fresh

water, though, these problems will likely not affect our measurements.

11.3 Applying Sensor Flows in Decision Making:
Automated Monitoring

The sensors described in the previous section can be applied in characterizing the

various flows that determine the environmental impact of a manufacturing process.

In order to apply the sensors flows in decision making, automated tools are needed

to measure and parse the flows [4]. Automation is a vital requirement due to the

number of flows involved in a manufacturing process and the complexity involved

in applying them in decision making. Moreover, manufacturing systems can be

studied at different levels of analysis, ranging from that of the entire enterprise to

the tool–chip interface. Each of these levels of analysis also has a corresponding

temporal scale of decision making, which ranges from several days at the enterprise

level to microseconds at the tool-chip level. Figure 11.2 illustrates the range of

variation in the analysis and temporal scales, along with the types of decisions that

are made at each level.

Automatedmonitoring can significantly decrease the complexity of workingwith

large systems. While manual approaches are available for measuring flows (such as

with handheld power meters), they can be cumbersome for simple systems,

and impossible for more complex systems. A more important consideration is the

need to analyze the temporal aspects of the flows. In order to decrease energy

consumption, sensor data has to be placed in context of the manufacturing activities.

262 A. Vijayaraghavan and M. Helu



Automated monitoring systems can help attach contextual process-related

information to the raw energy data.

Another motivator is the growth of smart grid technologies for energy genera-

tion, transmission, and delivery [5] that necessitates the integration of factory flow

measurements with the “outside world.” The goal of these technologies is to save

energy, reduce cost, and increase reliability. Smart energy delivery technology

includes demand response, where demand requirements are driven based on energy

pricing and availability. While demand response technologies are taking hold in

consumer energy markets, their growth has been much slower in industrial markets.

A main reason for this has been the lack of detailed demand data from the

manufacturing facilities that can be used to drive grid requirements. Moving

towards automated monitoring systems will allow better communication of

manufacturing system demand data to the grid, enabling smart grid technologies

in manufacturing systems.

11.3.1 Approach

Past efforts in sensor-based monitoring and analysis of manufacturing systems have

been performed either as an accounting exercise or by using theoretical estimates of

the energy required for the various tasks and subtasks involved in manufacturing a

part. The former approach is not granular enough to support decision making at the

different levels outlined in Fig. 11.2, and the latter approach is not accurate enough,

especially in complex systems.

A more effective approach, proposed here is a software-based approach for

automated sensor data reasoning, which can support decision making across the

supply chain mgmt.
enterprise asset mgmt.

production planning &
scheduling

macroplanning

microplanning

process
control

m-Seconds Seconds Hours Days

Tool Chip
Interface

Sub-
Components

Manufacturing
Equipment

Manufacturing
Supply Chain

Manufacturing
Enterprise

Temporal Decision Scale

M
an

uf
ac

tu
rin

g 
A

na
ly

si
s 

S
ca

le
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multiple temporal levels shown in Fig. 11.2. Figure 11.3 shows examples of the

types of analysis required across some of these levels. Based on the analytical

complexity of manufacturing processes and systems, the software tools need to

have the following capabilities:

• Concurrent monitoring of system flows with process data

• Standardized data sources

• Scalable architecture for large data volumes

• Modular architecture to support analysis across different manufacturing scales

Based on these requirements, the automated sensor-data monitoring system is

developed using two key components: an interoperability standard for

manufacturing data that can normalize data exchange in the manufacturing system,

and a rules engine and complex event processing (CEP) system to handle data

reasoning and information processing.
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Fig. 11.3 Examples of

analysis across temporal

scales
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11.3.2 Data Standards: MTConnect

The MTConnect standard for data exchange is selected for data collection from the

manufacturing equipment. MTConnect defines a common language and structure

for communication in manufacturing equipment and enables interoperability by

allowing access to manufacturing data using standardized interfaces [6]. It is an

XML-based standard, and describes the structure of manufacturing equipment along

with the near-real-time data occurring in the equipment. It allows data from equip-

ment to be logically organizedwithout being constrained by physical data interfaces.

Previous work by researchers has used the MTConnect standard in monitoring the

energy consumption of machine tools [7]. With MTConnect, the operational data of

the machine tool can be monitored in context with the energy consumption data.

11.3.3 Reasoning: Event Stream Processing

Events can be understood as something that occurred either at a point in time or over

a range of time. In manufacturing systems, events can be a numerical value (e.g., the

instantaneous power consumption at a point in time) or can be a type of annotation

(e.g., the alarm state of the machine tool over an interval). Complex events are

abstractions of events that are created by combining simple events. For example, a

complex event indicating that the machine tool’s spindle has crashed can be created

based on simple events pertaining to the tool position, the instantaneous power

consumption, and the machine tool’s alarm state. Event streams are linearly ordered

sequences of events and, in this context, correspond primarily to time series events.

Events stream processing techniques include rules engines (RE) and complex event

processing (CEP). These techniques can be used to create higher-level abstract

events and reason on them by pattern matching and identification.

11.3.4 Case Study

The following case study is presented to illustrate the development of an automated

system to reason over sensor data flows. It specifically focuses on energy

measurements and demonstrates the use of energy monitoring in reasoning over

the performance of a manufacturing system. A simulated energy profile is devel-

oped based on actual measured data from Toenissen [7] and Diaz et al. [8] from the

end-milling of aluminum using a 2-flute carbide cutter in a 3-axis precision milling

machine. The simulated profile extrapolates the laboratory measurements to a more

representative industrial case with multiple parts/cycles, machine tool events, and

longer operational time. The profile also corresponds broadly with the research

presented by Hermann et al. [9]. The spindle occupies three states during this

profile: idle (0 rpm), low (8,000 rpm) and high (16,000 rpm). The operational states

of the machine tool include startup, shutdown, idle, and in-cycle (machining a part).

The machine tool demonstrates “spikes” in the energy consumption during a spindle
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speed change. The power consumption increases when the spindle is engaged at a

higher rpm and when there is material removal (or when the machine is in-cycle).

The temporal analysis framework is applied in automatically detecting phenomenon

pertaining to relationships between energy usage and operational performance of

the machine tool across various temporal ranges. The software framework

was implemented using the open source rules engine package, Drools Expert [10].

The specific events identified by the analysis framework with the energy and spindle

profiles are shown in Fig. 11.4. The events are discussed inmore detail in Table 11.2.

This automated temporal analysis supports decision making to improve the

operational and environmental performance of the machine tool. Some scenarios

supported by this analysis include:

• Reduce total energy use for the machine tool based on the usage during idle and

non-value-added periods.

• Identify disruptions in smooth part production based on anomalous power usage

spikes.
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Table 11.2 Event Reasoning Case Study

Event Time (s) Reasoning

1. Machine idle 242 Average energy use < idle threshold; spindle speed ¼ 0.

2. Expected energy spike 243 Spike due to spindle start-up (0–8,000 rpm).

3. Expected energy spike 464 Spike due to spindle speed increase (8,000–16,000 rpm).

4. Idle energy constant 1,457 Previous two idle periods energy use constant at 124 kJ.

5. Anomalous spike 1,679 Energy spike unaccompanied by shift in spindle RPM.

Potential failure in spindle.

6. Idle energy increase 2,612 Current idle period energy use (211 kJ) > past idle

period average energy use (124 kJ).

7. Part energy higher 3,074 Current part energy (1,218 kJ) > previous parts

average energy (1,087 kJ).

8. Idle energy trend 3,309 Idle energy increasing monotonically over past two periods

(342 kJ > 211 kJ > 124 kJ).
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• Track maintenance state of the machine tool using historical power usage profiles.

• Enable environmental reporting on a per-part basis by accurately accounting for

the energy use of the part as it is being manufactured.

• Notice emerging trends in the energy usage, such as increased total consumption

for successive parts, which may indicate process plan deviations and

inconsistencies.

11.4 Summary

This chapter looked at various technologies that can be applied in characterizing the

“greenness” of manufacturing processes. Quantitative characterization of green

manufacturing processes requires sensors to measure and characterize the various

flows involved in the manufacturing process. Given the complexity of managing

and parsing the sensor data, software tools are needed to automate data monitoring.

The chapter presented a framework based on event stream processing to temporally

analyze the energy consumption and operational data of machine tools and other

manufacturing equipment. This can be expanded to analyze other types of environ-

mentally pertinent data streams in manufacturing systems, which enables decision

making to improve the environmental performance of machine tools. As demon-

strated, the event stream processing technology enables reasoning of vast data

streams over the events that occur in the streams, as well as complex, abstracted

events. This capability simplifies environmental analysis and optimization for

complex manufacturing systems where decision making is required across multiple

levels of abstraction.
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Concluding Remarks and Observations
About the Future 12
David Dornfeld

If you don’t know where you’re going, you might not get
there

Yogi Berra

To succeed, jump as quickly at opportunities as you do at
conclusions.

Benjamin Franklin

Abstract

This chapter first looks at the principal developments inmanufacturing over the last

several hundred years andwhere this is leading in the future. The role of sustainable

manufacturing, and requirements to actually enable this, is discussed. Then, some

discussion of “what is manufacturing’s role” relative to the life cycle impact and

resource consumption of products is presented. Depending on what phase of

product represents the most impact will determine the strategies for greening the

product. Finally, the concept of “leveraging” manufacturing to insure the maxi-

mum improvement in product life cycle impact is introduced.

12.1 Introduction

This book has tried to accomplish a number of things. In no particular order they are

help to define, in engineering terms, some of the motivations, challenges,

opportunities, tools, and methodologies associated with the discussion of green and

sustainable manufacturing, review the ongoing research and educational activities of
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the Laboratory for Manufacturing and Sustainability at UC-Berkeley, present some

specific examples of the application of these tools and methodologies to challenging

manufacturing problems, encourage individuals, companies, and other organizations

to think about green manufacturing in the context of something that is achievable in

the short, medium, and long term and lay out some ideas for the future directions of

green manufacturing. This chapter is focused on this last part—the future.

This chapter starts with the past developments, generally, in manufacturing and

follows that trajectory into future directions for manufacturing. First, the principal

developments in manufacturing over the last several hundred years are reviewed

and comments as to where this is leading in the future are made. The role of

sustainable manufacturing, and requirements to actually enable this, is discussed.

Then, some discussion of “what is manufacturing’s role” relative to the life cycle

impact and resource consumption of products is presented. Depending on what

phase of product represents the most impact will determine the strategies for

greening the product. Finally, the concepts of “leveraging” manufacturing to insure

the maximum improvement in product life cycle impact and the energy of labor as a

parameter in life-cycle analyses are introduced.

12.2 Evolution of Manufacturing

Society has always affected industrial development and evolution. This extends to

manufacturing as well. Technology advances the leveraging of scientific investiga-

tion, discovery, and, eventually, reduction to practice. Manufacturing is part of that

scientific discovery and reduction to practice. Now the interest in minimizing the

impact of manufacturing across the product life cycle is added to the discussion.

To understand where manufacturing has come from and its evolution it is usually

helpful to see where technology has been to help determine what the future will

hold. This is certainly true for manufacturing and, now, green manufacturing. There

are many ways to look at the past, for example, to consider the evolution of

“mechanization” of manufacturing and individual processes. This is especially

interesting with respect to the relationship of mechanization to the increase in

power and control of machines and processes.

Early researchers in manufacturing and the machine tool/manufacturing machin-

ery industry, such as Dr. Eugene Merchant of Cincinnati Milacron company, were

early observers of the need to “systematize” machine tools and manufacturing.

Driven by an interest in automating manufacturing as well as a pragmatic vision of

“100% availability” for machine tools, Merchant proposed an integrated system

of machine tools, robots or part handling machinery, tooling and fixturing, and

inspection all controlled by central computers. This was in 1983. The idea was

computer integrated automation—moment by moment optimization of manu-

facturing processes and decision making in addition to the control of a large and

constantly changing variety of produced items with numerically controlled

machines and support hardware.
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There was no thought to energy consumption or “green” manufacturing in those

days—only increasing productivity and flexibility. Earlier, Henry Ford commented

that “reduction of waste (in any form) is desirable” [1]. Ford continued that “. . .we
will not so lightly waste material simply because we can reclaim it—for salvage

involves labor. The ideal is to have nothing to salvage.” Ford was not known as a

leading environmentalist but he knew the value of wasted materials, labor and

energy and how to minimize this waste in industrial settings although we might not,

now, endorse some of his methods.

Merchant had also observed another key driver to the development of flexible

manufacturing systems—social and economic factors. Workers were, even in 1983,

increasingly shunning jobs in manufacturing and it was felt that machinery needed

to fill the gap. For workers in manufacturing, the industry and government were

striving to improve working conditions and automation was the solution. Tie this

into concepts of lean manufacturing and kan ban and the “future of manufacturing”

was conceived. To a great extent the world is still trying to build that future. One big

difference is that the information technology of today allows things that Merchant

could only have dreamed about.

When looking at the future of manufacturing—or, at least, about what will be

influencing the world in the future and to what extent this will drive green technol-

ogy and sustainable development one can consider the individual components of the

triple bottom line—social values, economic values, and environmental values. The

basis for assessing environmental values is well established and there have been

examples presented earlier in this book. Society and economy need a bit more

discussion—especially with respect to future directions and drivers.

12.2.1 Society

Society has always affected how industry develops and evolves. This is more

apparent today as society finds itself challenged by problems that cannot be solved

only by technology—for example, global warming and the access to energy, water,

materials, etc. Sustainable development (and all of the requirements and impacts

that will entail) will determine many aspects of the future of manufacturing. The

three elements (or stakeholders) shown earlier in Fig. 1.1 must each be considered

equally as a sustainable manufacturing base for living is built. The “sweet spot” for

sustainability or a sustainable business is right in the center at the intersection of the

three elements—a balance of social impact and needs, environmental impacts and

needs, and business and economy impact and needs.

There are many definitions of sustainability that have been cited earlier in this

book but, in general, the idea is that one should not do anything today that would

limit the well-being or quality of life of future generations. Here well-being would

have as a basic requirement access to clean air, water, sufficient food, and shelter

and opportunity for each individual to pursue whatever the individual wishes as

a career path. Right now this is not true for many of the people around the world.

A balance of social needs (education, employment, health care, nourishment, the
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rights of the individual, etc.), the environment (sustainable use of natural resources,

water, renewable energy, protection of nature, etc.) and the economy (business

success, free enterprise, distribution of wealth, infrastructure, etc.) will require a

different view of the value of all these elements in the world of the future. It also

means that if one aspect of life is not sustainable (say energy use, for example, due

to energy use per person increasing as well as the number of people in the world

increasing) the technological developments must drive reduction of energy use to

offset the initial degree of overuse/person as well as enough to accommodate the

increasing population! This will mean big changes to our way of business if this is

to be realized. And this will mean big changes to manufacturing and manufacturing

machinery as well. But, they offer part of the solution.

And there is a strong and growing link between business and society.

12.2.2 Business and Economy

The outlook proposed in the section above requires a dramatically different view of

the economy as a start. Lester Brown observed in The Second Coming of

Copernicus [2] that

Today, we need a shift in how we think about the relationship between the earth and the

economy. This shift is no less fundamental than the one proposed by Copernicus back in

1575. This time, the issue is not which celestial sphere revolves around the other—but

whether the environment is part of the economy—or the economy is part of the

environment.

Chapter 1 and subsequent examples throughout this book outlined the pivotal

role that manufacturing plays in the life cycle of a product—products upon which

businesses depend for their livelihood and upon which the economy is built. The

increasing costs of energy and other raw materials, the reduced availability of many

vital resources, the impact of industry and consumption on the environment and the

awakening of the public to the need to and desire for change will drive our

manufacturing future. The economy is indeed part of the environment.

Business has been concerned about sustainability and the impacts of humans on

the environment for some time. The current challenges heighten our awareness of

the need to take action systematically. The Ricoh Company in Japan introduced

what they called the “comet circle™” in the late 1990s to graphically represent a

society that recirculates resources. Industry plays a large role in this. According to

the circle concept, the closer to the consumer that the recycling or reuse occurs,

according to the circle, the more efficient the use of resources is. Logically, as you

move away from reuse or recycling close to the consumer, more processing is

involved, more transportation, more loss of energy and materials, degradation of

material properties, etc. can occur. This puts a lot of responsibility on the manufac-

turer to create products that can be reused or recycled effectively, or upgraded and

returned to the consumer without needing to start back at the resource extraction

stage. This will take time. Changes in product design, whether it is a coffee maker,
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computer, aircraft, or solar panel, or machine tool, to address the reuse and recycle

challenges will evolve over time. And, in use, the products will be required to

efficiently use energy and other resources.

Similarly, manufacturing will be required to embody these changes. The

machinery and hardware in a factory (where ever it is in the world and whatever

role is plays in the supply chain) derives from the same cradle-to-cradle (or cradle

to grave) life cycle. Machine tools are products. They will need to be manufactured

using sustainable technologies, operate to use minimum energy and resources, be

able to be reused or recycled effectively at their end of life. And the factories that

build machine tools, like the homes people live in and the other facilities that

provide the products and services everyone depends on, will need to operate with

minimum energy and resource use and will minimum or zero waste or impact to the

environment. That means these factories will also have to operate according to

the comet circle. This emphasizes the importance of renewable energy and rene-

wable resources to meet the goal of sustainable manufacturing.

To determine whether or not this kind of development and progress is possible, it

is necessary only to look at how far industry and manufacturing have come over the

past 200 years. If one reviews the progress, or evolution, of manufacturing in terms

productivity, flexibility, response time, work philosophy or business model, or

market responsiveness/customer “pull,” one can see tremendous changes from the

earliest organized industry or manufacturing in the 1800 s to today.

These changes occurred in specific “leaps” of development/progress:

• Craft production: In the early days of industry-skilled workers, artisans, worked

on a variety of machines to create special build products with high labor input.

Very little mechanization was available to the craftsman, who was completely

on his own in terms of process planning, timing, and techniques used.

• Mass production: In the late 1800 s to early 1900s saw the development of mass

production (e.g., Eli Whitney, Henry Ford and the assembly line, etc.). This

yielded a dramatic reduction of direct labor (at the expense of the craftsman),

higher production rates, more control of the process, ability to satisfy larger

customer demand, interchangeable parts, and the first elements of automation.

Cost per piece dropped substantially.

• Flexible production: In the 1980s, thanks to visionary thinkers like Eugene

Merchant in the USA, Japanese manufacturers like Taiichi Ono and the Toyota

Production System, and others, a tremendous increase in the efficiency of these

production systems was seen. Unnecessary operations were done outside of

the manufacturing process on the machine resulting in high levels of machine

utilization thanks, in part, to the computer and clever methods of preparing the

workpieces and tooling for themachineoff linewhile assuringquality and accuracy.

• Lean Manufacturing and “Mass Personalization”: The late 1990s and 2000 saw

the introduction of concepts of true response to customer demands with abilities

to manufacture customized products in small quantities with the efficiency of

mass production and with short lead times (order placed to product delivered).

This was enabled by strict quality methods to insure “first part correct” built on

Ohno’s ideas and the strict quality control methodology taught by W. Edwards
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Deming and others thus eliminating backup stock, inventory (and the cost of

capital associated with mounds of parts and products kept available to cover for

manufacturing faults or inability to plan for or respond to customer demand).

Reviewing all these “leaps” one asks the question—what caused these big shifts

between each of these phases? Each change occurred because of a realization that

an improved system of manufacturing could be realized if the system was “designed

and optimized” based on an understanding of some new criteria—more control of

the process and standardization introduced by Henry Ford, better use of manu-

facturing machinery and increased productivity introduced by Taiichi Ohno, and

reduced inventory and buffer stocks for quality production of Edwards Deming

and Ohno. That is, costs and other considerations that had been previously included

as a normal part of the process, that is, internalized, were externalized, counted and

either avoided, deleted or put in parallel to the core process.

12.2.3 The Next Big Change

Following these improvements, then, what is expected to be the next big change?

This is relatively easy to predict—sustainable production. How will this be accom-

plished? The driver for this big change is to include the true cost of the production

of a product from resource extraction to end of life and reuse or recycling in the cost

of the product. This true cost is more than the “value added” through all these stages

(which one might argue is already included following the best of capitalism).

We need to add the environmental and social costs associated with the life cycle.

This will not be easy and it is not proposed that all the information or tools

necessary to do this exist today. It is necessary to incorporate a cost for all the

embedded energy, materials and other resources, labor, impacts on the environ-

ment, and accompanying social requirements and impacts, etc. in the cost of the

product. Then, when the consumer purchases a new computer, automobile, airplane

ticket, machine tool, etc. she will “see” the true impact of that product reflected in

the price. And, on that basis, can shop around. The cost of recycling, or disposal,

now covered by local governments, or whoever is paid to pick up the trash at our

curbs every week, will be reflected in the cost of the product.

Manufacturers will design and build products to minimize this “life cycle cost”

just as they did to exploit mass production, or lean manufacturing, in the past. The

comet circle™ of Ricoh will be a roadmap to minimizing product cost for sustain-

able manufacturing. The unit of measure of economic value may well be the

“carbon footprint” of the product (i.e., a measure of how much carbon, greenhouse

gases, or equivalent) was used in the manufacture and operation of the product—

how much of an imprint on the world does the manufacture and use of this product

create? Distributed manufacturing with “world-wide factories” was based on rela-

tively inexpensive labor in other parts of the world and very inexpensive transpor-

tation to move products to market. Not surprisingly, as countries develop the cost of

labor inches upward. In addition, as fuel prices rise (especially faster than normal

inflation would dictate) the cost of transportation can become unacceptably high.
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Then the model of building components of a product in facilities scattered around

the world and assembling the product in one of the locations for shipment to another

location may not serve business well. If life-cycle costs are considered, the entire

supply chain might look very different and manufacturing in locations of clean,

renewable energy, water supplies, and reasonable labor costs may offset the high

cost of transportation and penalties assessed to products built where the electricity

generated contributes more greenhouse gas emission per kilowatt hour due to coal

or other carbon-based sources of energy for the power plant.

Engineers will need to be educated in the tools and metrics for assessing the

impact of a product and whether or not it meets the requirements of sustainability to

be able to function in this industry. This will be integrated in the product develop-

ment cycle and in the computer aided design and manufacturing tools that engineers

use to realize the design and manufacturing procedures. And business and govern-

ment will need to see the benefit of sustainable manufacturing. Importantly, there

will not be one “silver bullet,” one solution to address all these challenges. Rather, it

will be the accumulated impact of many, many technological, social and business

advances, wedges if youwill, together that finally move towards a sustainable world.

12.3 Leveraging Manufacturing

12.3.1 Background on Leveraging

Manufacturing offers many opportunities for reducing environmental impact,

utilizing resources more efficiently and, overall, greening the technology of pro-

duction. These opportunities are most often related to process, machine or system

improvements that impact only the operation of the process, machine or system.

But, there is more potential in manufacturing enhancements to have a larger impact

on the life cycle impact of the product the manufactured item is used in. This is

referred to as “leveraging” and identifies manufacturing-based efficiencies in the

product that are due to improved manufacturing capability but which, in the long

run, have their biggest effects on the lifetime consumption of energy or other

resources or environmental impacts.

First, what is meant by the term “leveraging”? A lever is understood to be a device

to increase mechanical advantage, as a bar used with a fulcrum to pry a heavy load

allowing a larger load to be moved than with simple force alone. Leveraging is used

as a transitive verb, usually in financial discussions such as [3]:

The use of credit or borrowed funds to improve one’s speculative capacity and increase

the rate of return from an investment.

The general idea is to employ resources in such a way as to insure a larger return

on the effort (or in financial terms, money) than might otherwise be realized.

How this relates to manufacturing, and, in specific, green manufacturing will

depend on the component being manufactured by a machine or process and its

eventual use in a product. It will also depend on where the largest impact of the

product comes from—the manufacturing phase or the use phase.
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12.3.2 Use vs. Manufacturing Phase Impacts

Depending a lot on the product and its use, different impacts (meaning consumption

of resources or environmental impact resulting from that consumption) can occur.

This can be illustrated in Fig. 12.2 [4] and plots use phase resource intensity as a

function of manufacturing phase resource intensity.

In the figure “things that don’t move or need power to operate” like bridges,

furniture, etc. are dominantly manufacturing phase consumers of resources and, by

extension, impact. Things that do “move and need power to operate” like auto-

mobiles, airplanes, etc. are use phase heavy. Interesting to note are the items that are

close to the break-even 45 degree line. Personal computers overall, but not the chips

in them, are a bit heavier in the manufacturing phase than use phase. Cell phones

more heavy (but likely not if you include the embedded impact of the infrastructure

needed to operate a cell phone network.) As usual, the details matter.

12.3.3 Strategies for Product Greening

One can actually visualize this use vs. manufacturing impact space in terms of what

needs to be done to improve product impact (or performance) depending on where

the product sits in that space. One can identify four quadrants of “sustainable

product” characterization, Fig. 12.3. The axes are the same as in the use vs. manu-

facturing discussion and indicate, from low to high, the consumption or impact of

that phase of the product’s life cycle. Then the “low–low” quadrant indicates the

most sustainable product. The “high–high” quadrant contains products that are to

be avoided or, in another sense, offer the most potential for improvement. The two

“high–low” quadrants represent products where we need either to increase the

efficiency of the product (with respect to design or using manufacturing leveraging)

or to improve the efficiency of the manufacturing process relative to use and

manufacturing phases, respectively.

Fig. 12.2 Use vs.

manufacturing phase resource

intensity and impact [4].

Copyright 2007 LMAS

reprinted with permission
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Depending on where a product lies in this diagram, and assuming it is not yet in

the lower left quadrant of “most sustainable,” one can determine the strategy for

improving product performance or manufacturing impact. For example, if the

product is in the “high manufacturing phase consumption/impact and low use

phase consumption/impact,” that is the lower right quadrant, then it is incumbent

upon manufacturing engineers to reduce the manufacturing impact. This could be

done by a number of means. If the process is a “high tare” process (meaning

the manufacturing process uses almost as much energy or resources when in idle

mode as it does in production—for example a heat treating furnace or a high

precision machine tool) then one should look for ways to increase production to

minimize the per part energy or resource content. For a process that is highly

energy intensive one needs to modify, or replace, the process with an alternate

process. Or, one can look at combining operations to eliminate energy intensive

process steps.

Alternatively, if the product is in the “low manufacturing phase consumption/

impact and high use phase consumption/impact” quadrant, that is, the upper left

quadrant, then it is incumbent upon design engineers to reduce the use phase

impact. This could be done by increasing the efficiency of the product (i.e., better

use of energy in operation) or reduce the impact by reducing the waste or non-useful

output of the process. Recent improvement in automobile fuel economy is an

example of increasing the efficiency of the product. This will add up significantly

over the product’s lifetime.

The question is raised, what if manufacturing is a small contributor to the life

cycle impact of the product (either in terms of consumption or impact)? Is it then

that engineers ignore manufacturing improvements and rely only on design of

product to improve performance? This is where “leveraging” can be valuable.

Fig. 12.3 Regions of

product performance
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12.3.4 Leveraging

Two different classes of leveraging of manufacturing can be defined. The difference

is due to the magnitude of the impact. That is, whether it impacts only the

performance of the manufacturing process, machine or system or whether it impacts

the performance of the product resulting from the application of the process,

machine or system. An additional distinction must be made for products used in

manufacturing—for example, machine tools and other manufacturing hardware.

In the case of an improvement, say in energy consumption of a process, one

would require that, at minimum, the “cost” of the improvement (in embedded

energy, carbon footprint, etc.) would be more than offset but the reduction in

energy consumption or carbon footprint in operation of the “improved” process.

This is the basic definition of energy payback or greenhouse gas return on invest-

ment. The magnitude of the impact reduction can be measured simply by knowing

the number of manufactured products coming from the process over the lifetime of

the process. This is a minimum amount of leveraging for any contemplated process

improvement to insure that we are making progress.

A second, more impressive, leveraging is due to process (or machine or system)

improvements that have an inordinately high ability to reduce the impact of the

product of the manufacturing operation (or machine or system) over the lifetime of

the product use. The original process improvement may not have been made as part

of a greening analysis of the process but is due to the introduction of new

technology, machine capability, or materials. It is this second type of leveraging

that is likely to have the greatest potential for reducing the T term in the impact

equation—making a larger than normal reduction in the product impact/GDP

during the product’s life time.

Why this distinction is important is discussed in the next section.

12.3.5 Does Manufacturing Matter?

The base of this discussion is an assessment of whether or not manufacturing is a

significant component of energy and resource consumption and the impact from

this consumption, and, then, whether or not changes in manufacturing can really

help overall. A review of all the data, pie charts and discussions about how much of

the world’s energy use is attributed to manufacturing is not presented here.

Allwood [5] points out that industrial carbon emissions are predominately due to

production of goods in steel, cement, plastic, paper, and aluminum.With the demand

for these materials expected to double at least by 2050, during which the global

carbon emissions are desired to be reduced by at least 50%, simply improving

process efficiency will fall far short. Allwood suggests several strategies for indus-

trial emissions reduction in addition to process efficiency, increased recycling, and

carbon sequestration and storage, as (1) reducing demand for materials; (2) nonde-

structive recycling; and (3) radical process innovations which allow shorter, less

energy intensive process routes to yield the completed component.
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But, for “general product manufacturing” is there enough that can be accomplished

by manufacturing improvement? Especially if this is applied to what many

manufacturing operations consider core process capabilities—like machining?

It is helpful to consider a specific example. In the discussion about use vs.

manufacturing phase impacts the automobile has a distinctly “use phase” impact.

At a presentation at the ICMC Conference in Chemnitz in September 2010 by a

representative of a large German automaker the speaker mentioned that, by their

analysis, about 20% of the impact of a typical small sedan car they produce came

from manufacturing while 80% was due to the use phase.

Materials and part suppliers account for much of the embedded energy in the

manufacturing phase. Machined components, such as the gear box and engine are a

small percentage of the total (accounting for about 10% overall or about 25% with

materials and parts from suppliers included).

If one looks at the impact of the auto, including car production, fuel production

and use phase it is clear that the fuel production and consumption in the use phase

dominates all categories of emissions to air and water with the exception of dust

generated by material production and casting of some components and painting of

the vehicle and biological oxygen demand impacts on water [6].

Thinking a bit more about the data above, does this make sense in terms of

reducing the impact/GDP? If the focus is only on the manufacturing phase it is not

very encouraging—especially if the predominant impact is in the use phase.

Consider the automotive example of 20% manufacturing phase impact vs. 80%

use phase impact above. Assuming that about 20% of the manufacturing is machin-

ing or machining related, that gives a potential for an improvement of 20% of 20%

or only 4% (and then only if all machining is eliminated—not likely). Assume that

some of the better technology for improving machining efficiency is employed, say

some specialty tooling material that reduces machining power consumption and

that is worth another 20%. Now the impact of machining as part of manufacturing

on the life cycle impact of the auto is down to 0.8% (20% of 4%).

One could argue that this is hardly worth the effort it would seem. Of course, for

the company paying the electricity bill for the if this 0.8% technology wedge is

added to a lot of others in machine operation it can add up to real savings. But, still

not impressive compared to use phase impacts. That is, impact over the full life

cycle of the auto.

12.3.6 Accounting for More of Manufacturing’s Impact

The question is, then, what is the true leverage effect of manufacturing on the life

cycle impact of a consumer product—one that has its dominant impact in the use

phase rather than the manufacturing phase? If one is referring to a manufacturing

machinery builder, like a machine tool company, then one can argue that the

machine tool has its largest impact in the use phase so that improvements in energy

efficiency of the machine will been seen over its life since it is the “product” [7].
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The thesis here is simple. If improvements in manufacturing yield a substantial

reduction in the life cycle impact of a product, should not manufacturing get some

of the “credit” for this improvement? And, by similar reasoning, can one claim this

as a part of “green manufacturing” contribution towards sustainability since it is a

major element in reducing the technology impact of the product?

An example of leveraging is instructive. Manufacturing has a number of funda-

mental effects on a product. In no particular order, manufacturing can:

– Guarantee a certain level of precision or accuracy of the produced component.

– Allow the use of advanced materials (enhance strength to weight, improved

surfaces, wear resistance, thermal stability, etc.).

– Allow reductions in process steps or sequences.

– Combine processes for enhanced effects as in hybrid processes or mill-turn

machine tools.

– Achieve complex shapes or features to improve performance and so on.

How these manufacturing-induced effects influence the life-cycle performance

of the product must be clearly understood to explain the full potential of leveraging.

This influence usually comes from the extension of one of the above listed effects

onto the energy consumption or “environmental performance” of the product the

manufactured components are used in.

A simple example might be a spindle motor for a machine tool. If the production

technique for the motor, using advanced magnetic materials, allows the construc-

tion of a motor that extracts more useful work from the energy supplied to it, then

the manufacturing effect is leveraged over the life of the spindle.

Alternatively, if the improvement in energy consumption is due to controller

related performance enhancement, as the 40% reduction in energy consumption

illustrated by Mori Seiki due to overall system component improvements and

optimum acceleration of spindle and servo motor during machining [8], this is

not due to manufacturing leveraging but, certainly, improves the life cycle impact

of the machine tool—the product in this case.

Two examples are presented here that illustrate the concept of leveraging

manufacturing with life cycle impacts on the product that the manufactured com-

ponent(s) is (are) used in. And the life cycle impact is substantial and most of the

benefits are due to manufacturing.

Both of these examples relate to improved machining tolerances and their

impact on product performance. On an aircraft airframe (a large one like a B747

or the A380) savings in weight correspond directly to savings in fuel. And many

other aspects of an aircraft scale with weight. This is, to some extent, true also for an

automobile. That is the second example.

If the machining process for large airframe components is under control and

precision manufacturing principles applied, a reduction in machining tolerances

from approximately �150 mm to �100 mm on the features of the airframe can

account for a weight reduction of 4,500 kg/aircraft and substantial fuel savings

(8%) [9]. This allows an increase of 10% in passenger load (the engines don’t need

to carry as much plane), or increase in cargo payload and a substantial reduction in

manufacturing cost of the aircraft (less material and improved assembly) and the
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accompanying reduction in scrap. And less fuel consumption means reduced CO2

impact from aircraft operation. The accumulated savings over the life of the aircraft

are incredible. The fuel consumption per km is estimated as 11.88 L/km (or about

5 gallon per mile). Thus, the CO2 emission rate can be estimated at 30.64 kg/km.

A reduction in fuel consumption of 8% results in a reduction of almost 2.5 kg/km

CO2. And this is over the life of the aircraft—many millions of kilometers.

The next example relates to a similar impact on product use for an automobile. It is

also due to enhancement inmanufacturing capability due to precisionmanufacturing.

The improvement for the Boeing aircraft example was based on tightened

tolerances allowing increased structural performance by better control on

dimensions—resulting in lower weight components. Looking at improvements in

engine performance for automobiles we can see similar improvements. The perfor-

mance (power density in kW/L) of diesel passenger car engines is shown in the

graph in Fig. 12.4 from [10]. With better tolerances, better surface finishes, better

control of orifice size, and shape on the fuel injector nozzles (with diameters on the

order of 60 mm), tighter control on cooling channels and fluid flow in the engine

due to enhanced casting techniques, and so forth, the engine (still working on

the same old Diesel principles) performs dramatically better.

The “dog leg” in the chart above corresponds to the introduction of high

performance, precision, manufacturing to the power train manufacturing in the

automobile. In the years since 2000, the power density has been improved by

double (in 2007) and anticipated to quadruple by 2020; Similar improvements can

be seen in the transmission as well. And, with advanced sheet metal forming

Fig. 12.4 After [10] Change in power density over time for Diesel engines
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technologies (another manufacturing technology enhancement) and replacement

of metal components with non-metallics (manufacturing and materials enhance-

ment) more improvements would be anticipated. This is not to suggest that

precision technologies had not been employed before. But, the engine and

associated fuel injectors, etc. were designed to take advantage of increasing

manufacturing performance and, as a result, yielded tremendous product perfor-

mance as well.

The small percentage of manufacturing phase improvement in this example has

a giant leverage effect on use phase impact. Since the principal element in use phase

impact of the automobile, the reduction in consumption (due to increased power

density of the engine), hits both the fuel production impact as well as the fuel

consumption impact there is additional impact. In the earlier automobile data for

emissions, 90% of the CO2 impact was due to the use phase (81% from driving and

9% from fuel production). A doubling of the fuel economy, by manufacturing

induced engine efficiency improvements, by precision machining and processing

will essentially halve that (same distance driven)—or account for, in this example, a

reduction of some 16 tons of CO2. And if, in the process of manufacturing

enhancement, most of our 4% impact from machining can be saved, that’s .4 ton

of CO2. So, for the .4 ton we get a return of 16 tons (a factor of 40!).

Actually, more likely it will require manufacturing processes that will result in

an increase in impact (meaning machines that consume more energy or processes

requiring additional resources) so that it would be better to calculate the “return in

investment” of the improvement. In any case, the leveraging effect is impressive.

There are constraints of course. As noted, the technology enhancement (the

“wedge”) needed to improve precision of the machine tool to enable some of

the product performance increases may not be strictly “green” (meaning there is a

cost in terms of embedded energy, energy/unit product, or other measure). Trends

in machine and process design are showing that one can enhance the performance

of the manufacturing process and also realize reduced impacts. But, this needs to be

carefully accounted for.

A second issue is whether or not manufacturing can rightfully claim credit for

any or all of these improvements under leveraging. Traditional design textbooks

outline the design process in stages with clever designs being turned into real

products through manufacturing. So, for sure, the role of manufacturing as a design

enabler is undisputed. In that case, we can claim the benefits of leveraging manu-

facturing as well.

There are other considerations for the future of green manufacturing also. One

dominant issue is the value of labor in manufacturing. This will be important as it

addresses social issues of course and also can have an impact on the potential for

reuse or remanufacturing of products. Labor and energy are addressed in the next

section.
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12.4 Energy of Labor

12.4.1 Introduction

Finally, what is the role of labor in manufacturing and what role might it play in

the future? If a company reduces the amount of machinery used in manufacturing

and replaces that machinery with manual labor does that help? The response was

typically academic—it’s complicated. Clearly there are some products and pro-

cesses that don’t lend themselves to this “conversation.” But, for assembly tasks,

one might make the argument that more human labor (replacing automation) might

produce the product using less energy and resources and, ultimately, making the

product easier to disassemble at its end of life. And then one must consider the

quality of the labor (meaning is it dull and repetitive or intellectually stimulating

and, for sure, is it free from danger or other safety issues). This discussion is based

on a research paper and thesis [11, 12].

It is conceivable that understanding this “tradeoff” might define a new economic

basis of comparison that could actually encourage improvedworkplace environments

for manual workers.

Energy is an important metric of environmental impact and manufacturing effi-

ciency. It is known that in life-cycle assessment (LCA) analyses, energy consumption

as a key parameter that can dominate environmental impacts such as global warming

potential, carcinogenic emissions, and acidification potential. Energy assessment is

also effective as an indicator of manufacturing efficiency. As yield, manufacturing

cycle efficiency, process capability, and other manufacturing performance metrics

improve energy use per unit output decreases accordingly.

The metric of energy use was popularized largely due to the work of Howard

Odum, who has written numerous books on energy and environmental accounting

since the 1970s (e.g., Odum [13]). In another publication, Odum [14] presented

several methods of quantifying the energy use of labor, in terms of metabolic

energy, national fuel share, national energy share, and as a function of the level

of education enjoyed by a worker. Others have also discussed the energy use of

labor in the form of caloric content of food consumed. Calculated as such, the

conclusion is that the energy contribution of human labor to energy use is negligi-

ble. But that cannot be the full story.

Energy of labor and EIO-LCA should not be applied at the same level of analysis

because many sources of energy use would be double counted. However, energy of

labor can be very effective if incorporated into hybrid process-based EIO-LCA, for

example, to assess activity upstream of the process-based analysis. The energy use

of labor enriches the horizontal scope of process-based LCA, while EIO captures

vertical supply chain impacts.

In addition to improving the accuracy of LCA, evaluating the energy of labor can

be applied to extend the decision making capabilities of LCA. The energy of labor

enables the analyst to quantify and inform decisions that introduce or reduce the

degree of automation, deal with the location of a plant, or involve labor intensive

process steps.
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The energy use of labor helps address the disparities between environmental and

economic accounting. Environmental analysis largely ignores labor, while the cost

of labor factors very heavily into economic analysis. Evaluating the energy use of

labor can help reduce the gap between those who prioritize environment and those

who prioritize economics.

Finally, human capital, like environmental capital, has externalities that can be

passed from a manufacturing system to society at large. For example, manu-

facturers who pay workers less than a livable wage rely on social programs to

support their workforce. The energy use of labor is a tool with which one can begin

to account for the environmental externalities of labor.

One of the questions that comes out of considering the energy of labor is “could

this justify exporting all labor intensive industry” to “make the numbers look

good?!” If it appears that manufacturing that is more labor intensive than automa-

tion intensive uses less energy/unit of product, one might argue this is a convenient

way to offset high energy consumption (and its impact) of domestic production.

That would be an unfortunate, and unjustifiable, conclusion.

Without quantifying the energy use of labor, it is easy to underestimate the

environmental impacts of labor intensive processes, such as those used in product

installation, maintenance, repair, and recycling. For example, energy payback time

analyses for solar cells often do not consider panel installation, even though it is a

major component of their financial cost. Evaluating the energy use of labor is

necessary to determine the impact of expensive and labor-intensive solar cell

installation on energy payback time.

Labor-intensive sorting processes for recycling are another important application

of the energy use of labor. It is important to know the degree to which the energy

expended in sorting processes counteracts the energy savings of recycling. There

many benefits to recycling outside of energy savings, but the ratio of energy inputs,

including that of labor, to energy savings can serve as a measure of efficiency for

recycling operations.

The degree of labor required between industries can vary dramatically. Agriculture,

handcraft, textile, and service industries are especially labor-intensive. These

industries have typically not been the subject of life-cycle analysis, even though

their products are consumed in relatively large quantities. Process-based LCA

would in fact grossly underreport the environmental costs of a service or an entirely

handmade product.

It is also interesting to note that new industries, such as the renewable energy and

nanotechnology industries, typically employ more workers per unit output than

more established industries. Emerging industries may present problems for LCA

practitioners seeking to perform comprehensive assessments. As EIO-LCA data is

not yet available for the industry in question, new technologies must be assessed

using process-based or hybrid EIO-LCA. Evaluating the energy use of labor is

therefore especially valuable to accurately assess the environmental impacts of new

technologies and industries.
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12.5 Closing Comments

This book has tried to give a perspective to a complex concept of green

manufacturing—how it is defined, where is “fits in” relative to sustainable produc-

tion, what are the basic guidelines and tools of the trade for analyzing and practicing

green manufacturing and some examples of applications. The content reflects the

research activities of the Laboratory for Manufacturing and Sustainability at

the University of California-Berkeley and is presented in the voice of number of

the student researchers in the lab over the last few years. As this is being written,

much more has been accomplished recently that will not be included here due to the

continuously evolving nature of the subject and the constant advance of research

and understanding. Like painting the Golden Gate Bridge across San Francisco

Bay, when one finishes at one end it is time to start again from the beginning!

The authors hope that this view into green manufacturing from our perspective

will help the reader to understand a bit more some of the practical aspects of the

topic, encourage them to look more closely at the processes and systems around

them in their work or research to observe the opportunities for improvement,

replacement, reuse and, overall, reduction of impact, allow them to quantify

the effects of these improvements and impact reductions and, hence, support the

overall goal of greening manufacturing as part of the move towards sustainable

manufacturing.
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